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Abstract

An innovative concept of seasonal storage of satargy for house heating by absorption is

developed in this thesis. The process is introdarebdescribed.

The study of the storage capacity, the efficienlog, operating pressure, the temperature need
for solar energy, the possible temperature for édusating, the material security and the
material economy of seven absorption couples: &HgD, Glycerin/HO, KOH/HO,
LiBr/H,0, LICI/H,O, NaOH/HO and HO/NH;z is performed by a static simulation.

A prototype of demonstration of the feasibility thfe concept with the absorption couple
CaCb/H,0 is designed, dimensioned and built. It has bgimized, in order to minimize the
number of components of the system. Experimentatawa carried out at different operating

conditions. The thermodynamic performances angbtbblems of the prototype are analyzed.

As the experimental results are influenced by sdvfactors such as the presence of the air in
the system (especially for the absorption phake)ptecision of the sensors and some human
factors during the operation, for a better undeditag of the process, a dynamic simulation is
developed to represent the prototype. The optionadtioning of the prototype is thus studied
through the dynamic simulation.

A global annual dynamic simulation is performedonder to obtain the annual performance
of the seasonal storage system in a building. Modithe storage system, of a solar collector,
a building and weather conditions are used. Theacheristics such as the pressure, the
temperature, the mass, the mass fraction, the polesefficiency, the storage capacity etc. of

the storage system are presented and analyzed.

Keywords: Seasonal storage, absorption, static lailon, dynamic simulation, annual

simulation, efficiency, storage capacity



Résumé

Un nouveau concept de stockage inter-saisonnierapaorption de I'énergie solaire pour

I'habitat est développé dans cette thése. Le psoisesst présenté et décrit.

L'étude de la capacité de stockage, du rendemed, gfession de fonctionnement, du besoin
de température pour I'énergie solaire, de la teatpér possible pour le chauffage du
batiment, des criteres de sécurité et du colt da®riaux de sept couples d'absorption:
CaCb/H,0, Glycérine/HO, KOH/HO, LiBr/H,0, LiCl/H,O, NaOH/HO et HO/NH; est

effectuée a l'aide d’une simulation statique.

Un prototype de démonstration de la faisabilité oge concept innovant avec le couple
CaCb/H,0 a été concu, dimensionné et construit. Il est éBgne optimisation minimisant le

nombre de composants du systeme. Des expérimergatiot été effectuées a différentes
conditions de fonctionnement. Les performances ntbdynamiques et les différents

problemes du prototype sont analysés.

Comme les résultats expérimentaux sont influeneéplosieurs facteurs tels que la présence
d'air dans le systeme (en particulier pour la plthalesorption), la précision des capteurs et
des facteurs humains lors de I'opération, pourme#éleure compréhension du processus, une
simulation dynamique est développée. Le fonctiorer@noptimal du prototype est alors

étudié.

Une simulation globale annuelle est effectuée dfétudier le fonctionnement annuel du
systeme de stockage inter-saisonnier en lien amesyatéme solaire et un batiment. Les
modeles du systéeme de stockage, d’'un capteur eoldiun batiment et des conditions
météorologiques sont couplés. Les caractéristigpesssions, températures, masses, fractions
massiques, puissances échangées, rendements,téapbei stockage, etc. du systéeme de

stockage sont présentés et analysés.

Mots-clef : stockage saisonnier, chaleur, absampti®dimulation statique, simulation

dynamique, prototype, expérimentations
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Nomenclature

Note: the symbols which are not included in thismeaclature are explained in the text.

Latin Symbols

><g,<-—r—|m§;u,o.fo_'g'03.§3—x1:rmo_g

Specific heat capacity [kJ/(RE)]
Diameter [m]

Thickness of the walls [m]
Enthalpy [kJ/kg]

Height [m]

Heat transfer coefficient [kJ/(m.K)]
Length [m]

Relative mass [kg/kg absorbent]
Mass [kg]

Mass flow rate [kg/h]

Pressure [Pa]

Prandtl number

Heat [kJ]

Power of heat [kW]

Ratio of crystallization

Reynolds number

Surface area of the tanks and heat exchangéls [m
Temperature [°C]

Time [s]

Volume [nT]

Power of the pump [kW]

Mass fraction of absorbent [kg absorbent/kg sofijtio

Greek symbols

a
A
0

Subscripts

a
atm
Cc

cr
cry

Heat convection coefficient [kJ/@K)]
Heat conductivity [kJ/(nK)]
Density [kg/ni]

Absorption/absorber
Ambiant
Condensation/condenser
Critical

Crystal

Desorption
Evaporation/evaporator

b
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Heat exchanger
Generator
Inlet/inside

Heat loss
Outlet/outside
Solution
Solubility

Total

Vapor

Water

States in the figures of the static siation
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Synthése de theése (en Frangais)

Synthése de these (en Francais)

R.1 Etat de I'art des Systémes de stockage int&esmier d’énergie solaire

Aujourd'hui, la plupart des batiments répondentea dharges thermiques en utilisant des
systemes qui produisent ou évacuent la chaleuguerdes charges sont présentes. Des
systemes de stockage d'énergie thermique (TES)leahéitiments permettraient de répondre
aux besoins de chauffage et de refroidissementtibgant de I'énergie produite a un tout
autre moment.

Les TES peuvent étre concgus pour la charge etdhadge de I'énergie sur trois types de
durées: diurne, hebdomadaire et saisonniére. lokage d'énergie thermique inter-saisonnier
(STES) permet a un batiment l'utilisation de laletarecueillie durant I'été pour chauffer le
batiment pendant I'hiver, ou l'utilisation du frawecueilli au cours de I'hiver pour refroidir le
batiment en été. Par rapport aux systemes de gjedtti@arne, les STES dans le batiment
nécessitent un plus grand volume parce que la ig@alénergie a stocker est augmentée. Les
systemes STES sont constitués de plusieurs élémientsource chaude (ou froide), les
systemes d'échange de chaleur, le systeme debdigin de la chaleur, le matériau de
stockage thermique, le tout lié aux charges tharasglu batiment. Une question clé dans la
conception d'un systeme de stockage d'énergie itpeenest sa capacité thermique - la
guantité d'énergie qu'il peut stocker et fourniep€ndant, le choix du systeme approprié
dépend d’'un compromis codt-efficacjteil al A. et al. 2010]

Le colt d'un systeme TES dépend principalemenpdiggs suivants: le matériau de stockage
lui-méme, les échangeurs de chaleur pour chargi#attarger le systéme, le codt de I'espace
occupé. Tous ces points doivent étre considéréma@ment de décider du type et de la

conception du stockage thermique. Beaucoup de méshet de systéemes ont été développés
pour les systemes STES. Les procédés de stockagergie thermique peuvent étre classés
selon leur mécanisme de stockage : le stockagehadeur sensible, le stockage par chaleur
latente, le stockage par réaction et le stockagsgration.

R.1.1 Stockage par chaleur sensible

Pour le stockage thermique par chaleur sensildegnjie thermique est stockée par le
changement de la température du matériau de stecRaugi, la capacité de stockage dépend
de la différence de température, de la chaleurifigpée et de la quantité de matériau de
stockage.

Les systemes de stockage de chaleur sensible geitvertlassés sur la base du matériau de
stockage : stockage par un liquide (I'eau, lesidiegia base d'huile, de sels fondus, etc.) ou
par un solide (comme les roches, les métaux ekgutr

Stockage par un liquide

L'eau est I'un des meilleurs matériaux de stockalgasse température. Elle présente une plus
grande chaleur spécifique que d'autres matériaixpeu colteuse et largement disponible.

1
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Toutefois, en raison de sa pression de vapeur &ldeg systemes utilisant de I'eau doivent
résister a une haute pression de confinement psuaipplications a haute température. L'eau
peut étre utilisée sur la large gamme de tempéradar25 a 90°C. Pour une variation de
température de 60°C, I'eau peut stocker 250 kJsbkg,5 x 18 kd/nT [Amaya V. Novo et al.
2010] En raison de son abondance, une grande quargit@dodnées sont publiées et
disponibles sur les criteres de conception deesyest utilisant 'ealiJcar A. 2005]

Un étang solaire est un moyen de stockage d'éntrgienique basé sur un phénomeéne de
stratification d'eau contenant une quantité vagiatd sel. Le fond sombre de I'étang absorbe
I'énergie solaire et chauffe I'eau fortement chargé sel. Celle-ci, plus lourde que l'eau
moins chargée, reste au fond; il n'y a pas de nmoaaéde convection, elle reste isolée de la
surface (ou elle aurait tendance a s'évaporerljgaar de surface, moins chargée en sel. L'eau
du fond peut dépasser 80°C alors que l'eau decsurtsste a 30°CVelmurugan V. et al.
2008] Ainsi, I'énergie solaire peut étre stockée pehttargtemps avec une perte de chaleur
beaucoup plus basse qu’un réservoir de stockaga.dendant la phase d'hiver, I'eau au fond
de I'étang solaire peut étre utilisée pour chauéfiebatiments.

Les substituts les plus fréquemment proposés peau kont des huiles a base de pétrole et de
sels fondus. Les capacités calorifiques massiqoes de 25 a 40% de celle de l'eau.
Cependant, ces substituts ont de plus basses@resi vapeur que I'eau et sont capables de
fonctionner a des températures élevées (supérialB@8°C). Les huiles sont limitées a moins
de 350 °C pour des raisons de stabilité et de séatrpeuvent étre trés colteuses. Quelques
mélanges de sels minéraux en fusion ont été cagsigdur les hautes températures (300°C
et plus). Les caractéristigues de ces matériauxgmtuétre trouvées dans la Table 1-1
[Pilkington Solar GmbH International, 2000]

Stockage par des solides

L'énergie peut étre stockée dans des roches ogatiets contenus dans des récipients isolés.
Ce type de stockage est tres souvent utilisé pesitempératures jusqu'a 100°C en lien avec
des capteurs solaires. Il est de conception simiptelativement peu colteux. Typiquement,
la taille caractéristique des morceaux de rochbésési varie de 1 a 5 cm. Une regle
approximative pour le dimensionnement est d'utilide 300 a 500 kg de roche par meétre
carré de surface de capteurs solaires pour le felmgufdes locaux. Des roches peuvent
également étre utilisées sur une grande gamme rdpétatures supérieures a 1000°C
[Hasnain S. M. 1998 L'oxyde de magnésium (magnésie), I'oxyde d'alumin(alumine) et
d'oxyde de silicone sont des matériaux réfractageds sont également appropriés pour le
stockage de chaleur sensible a haute températeseptopriétés des matériaux solides de
stockage sont présentées Table 1-2.

R.1.2 Stockage par chaleur latente

Dans le stockage par chaleur latente, le princgiegee lorsque de la chaleur est fournie a la
matiére, elle change de phase de I'état solidétatlliquide pour le stockage de la chaleur
sous forme de chaleur latente de fusion ou deda&yai vapeur sous forme de chaleur latente
de vaporisation. Lorsque la chaleur emmagasinéexéstite par une charge, le matériel subit

2
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a nouveau un changement de sa phase de liquidéda so de la vapeur a liquide. La
chaleur latente de transformation d'une phaseesdlithuide est faible. Les transitions solide-
vapeur et liquide-vapeur impliquent de grandes tjiiéende chaleur de transformation, mais
le grand changement de volume correspondant resgstéme complexe et peu pratique. Les
transformations solide-liquide par contre impliqudas changements de volume relativement
faibles. Ces matériaux sont disponibles dans uge lgamme de températures de transition.

bY

Les matériaux a utiliser pour le stockage d'énethermique doivent avoir une grande
chaleur latente et une grande conductivité thermidls doivent avoir une température de
fusion adaptée a leur utilisation pratique et @hnémiquement stables, peu colteux, non
toxiques et non corrosifs. La Figure 1-3 montreelation entre la température de fusion et la
chaleur de fusion de ces matéridttauer AZ et al. 2002] Des listes détaillées de la plupart
des matériaux qui peuvent étre utilisés pour lekstge de chaleur latente sont indiquées dans
la Table 1-3Agyenim et al. 2010].

Beaucoup des matériaux de stockage par chaleatdatat une faible conductivité thermique,
et donc besoin d'une grande surface d'échange deeuch D'autres sont corrosifs et
nécessitent des matériaux de réservoirs spéciaex.nhatériaux de stockage par chaleur
latente sont plus chers que les matériaux de sjecker chaleur sensible généralement
utilisés, comme l'eau et les roches. En raisorodece(t éleve, le stockage de chaleur latente
est donc plus susceptible de trouver une applicddisque:

1. Une haute densité énergétique ou une haute itagaergétique volumique est souhaitée,
par exemple, dans un habitat ou I'espace estafésix, ou dans les transports ou le volume
et le poids doivent étre réduits au minimum,

2. La charge est telle que I'énergie est nécesaainee température constante ou dans une
petite plage de températures,

3. La taille du stockage est faible. Un stockagieagqun petit volume a une surface spécifiqgue
élevée, donc le colt des parois est relativemewééla compacité est donc trés importante
afin de limiter les colts d’investissement.

R.1.3 Stockage par réaction chimique

Le principe du stockage de chaleur par réactiomichie est A+B&~ AB + chaleur.

Au cours de la phase d’été, le composé AB est §&rarcomposants A et B par I'action de
I'énergie solaire. A et B peuvent étre stockés ré@pent pendant la phase de stockage.
Pendant la phase d'hiver, A et B sont mis en coqawr la réaction et AB est formé. La
chaleur de réaction est libérée pour le chauffagelagements ou d'autres usages. La capacité
de stockage dépend de la chaleur de la réaction.

Pour ce type de stockage, il est nécessaire guédetons chimiques en jeu soient totalement
renversables. La chaleur produite par le captelaireoest utilisée pour exciter une réaction

chimique endothermique. Si cette réaction estaotaht renversable, de la chaleur peut étre
récupérée completement par la réaction inverseveswudes catalyseurs sont nécessaires
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pour libérer la chaleur. Cela est d'autant plusntageux que la réaction peut alors étre
contrblée par le catalyselitilkington Solar International GmbH, 2000]

Les avantages fréquemment cités du stockage diénergrmique par réaction sont leurs
fortes densités de stockage de I'énergie et unéedundéfiniment longue de stockage a
température ambiante. Leurs inconvénients peuvemhpmendre : la complexité, des
incertitudes sur les propriétés thermodynamiques atemposants de la réaction et de la
cinétique de réactions dans le cadre d’'un largatailade conditions d'exploitation, un colt
élevé, la toxicité et l'inflammabilité.

Bien que le stockage d'énergie thermique par degtiofas ait plusieurs avantages d'un point
de vue thermodynamique, leur développement est stade trés amont. A ce jour, aucun
prototype viable n’a été construit. Le Table 1-&gante plusieurs réactions qui ont été
etudiées pour étre utilisées comme matéeriaux dkage chimiquep/an Berkel J. 2005]

R.1.4 Stockage par sorption

La sorption peut étre définie comme un phénomenéxdéon ou de capture d'un gaz ou
d’'une vapeur (sorbat) par une substance a I'étadextsé (solide ou liquide) (sorbafitauer

A.% 2007] La sorption peut impliquer & la fois I'absorptienl’adsorption[Aveyard R. &
Haydon D.A. 1973]L'absorption est définie comme un phénomene apgel un liquide ou

un gaz entre en liaison avec un solide ou un lgulautefois, dans le cas des applications de
stockage, ce terme est généralement relatif dofpben d'un gaz par un liquide (absorbant).
De la méme maniere, I'adsorption est généralentdistée pour désigner un phénomene de
liaison d'un gaz sur une surface d'un matériaglegbreux ou, dans une acception plus large
du terme, se référe a un phénomene de surfaceliaisen d’un gaz ou d'un liquide d'un
composant a la surface d'une autre subst&roeastava N.C. et al. 1998]

Le principe de stockage par sorption est égaleBnt chaleur&~ A + B.

A /| B est appelé une paire de travail ou un cogplgtion. Sous l'influence d'un apport de
chaleur, un composé AB est dissocié en composantt B qui peuvent étre stockés

séparément (phénoméne endothermique). LorsqueBAsent mis en contact, le composant
AB est formé avec un dégagement de chaleur (phémoragothermique). L'énergie peut

donc étre stockée avec des pertes thermiques eables puisque la chaleur n'est pas
maintenue dans une forme sensible ou latente, coaise un potentigKato Y. 2007]

Les matériaux choisis jouent un réle clé dansdekstge par sorption. Un matériau approprié
peut stocker l'énergie sans perte de chaleur etcaghble de libérer cette énergie
immédiatement lorsque cela est nécessaire. Il ynagrand nombre de matériaux qui
pourraient étre utilisés pour la sorption en co@éiEdt uniquement le principe
thermodynamique de réactions réversibldsuer A® 2007] Certains critéres techniques,
économiques ou écologiques conduisent a une pauslgrrestriction. En effet, les critéres de
sélection habituels des matériaux utilisés dansmashines a sorption sofiisscher K.
2004}



Synthése de theése (en Frangais)

- une grande affinité du sorbat pour le sorbarla eeun effet sur le taux d'ab/adsorption, ce
qui est important pour une densité importante desamce utilisable:

- Une plus grande volatilité du sorbat (que destabant);

- Une grande densité de stockage;

- Une conductivité thermique élevée (en particypieur I'adsorption);

- Une température basse pour la régénération (eimangt);

- La neutralité vis-a-vis de l'environnement, lanfioxicité, un faible potentiel d’effet de serre
et d'appauvrissement de la couche d'ozone;

- la non-corrosivite;

- le codt.

Les couples qui ont été étudiés pour les systemasodkage d'énergie thermique sont:
- Solide-gaz (adsorption)

Zéolites/HO: Hauer a rapporté dans ses résultats expérimentaala capacité de stockage
par la zéolite synthétique 13X est de 124 kWhawvec un COP (coefficient de performance)
de 0,9 pour le chauffage et est de 100 kWhdrrec un COP de 0,86 pour le refroidissement
[Hauer A! 2002] Des zéolithes naturelles pourraient étre utiiséemme matériau de
stockage au lieu de la zéolite 13X synthétiquegloesla température de chauffage est
inférieure a 100°C.

Silicagel/HO: La densité de stockage du silicagel est jusgmiaron 4 fois celle de I'eau
(25/85°C) [Faninger G. 2004]Le silicagel a été utilisé pour des systemes tdekage
d'énergie thermique par AEE-INTEC (Institut deshtemogies durables, Autriché)aehnig

D. et al. 2006dans une série d'études. Ils ont obtenu expératenent environ 50 kWh/n

de capacité de stockage, alors qu'ils devaientithégament atteindre une densité de stockage
de 200-300 kWh/rh

Liquide-gaz (absorption)

NaOH/HO: Un calcul effectué pour une maison unifamilis¢don la norme maison passive
résulte dans un volume de stockage total de®7\Weber RDV. 2008] La température
d'absorption maximale atteignable est de 95°C ttrntgérature de condensation minimale est
de 13°C. Cependant, des précautions particulicoéget étre prises lorsque l'on travaille
avec de la soude caustigue en raison de son aara@s corrosif.

LiCI/H,0: Sur la base des résultats présentés par Clingditéevi Suéde)Bales C? 2008]

cette paire n'est pas appropriée pour un stockaigersier, non pas a cause de sa densité de
stockage (253 kKWh/FLICl), qui est 2,7 fois plus élevée que celle 'dau (25/85 °C), mais a
cause du co(t élevé de ce sel (environ 3600 EURO/m

R.1.5 Conclusion

Ce chapitre a présenté les informations disponitiéass la littérature concernant le stockage
d'énergie thermique solaire, en mettant I'accentasalassification des concepts de stockage
et la description des matériaux utilisés. Les aagiohs suivantes peuvent étre tirées:
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1. Le développement d'un systeme de stockage theenefficace et rentable est essentiel
pour le développement futur de I'énergie solaire.

2. Selon les matériaux de stockage, les systemstodeage sont classés en tant que stockage
par chaleur sensible, par chaleur latente, patiokaou par chaleur de sorption. Seuls les
systemes par chaleur sensible ont été effectivemligés dans des stockages d'énergie
solaire, bien que d'autres méthodes soient possbleffrent des avantages.

3. Le stockage de chaleur sensible par des sadidité étudié et testé. Le faible colt de la
matiére solide utilisée doit contrebalancer l'augi@iéon du colt de la conception du

stockage de chaleur par rapport aux systéemes avdauide, en particulier concernant

I'échangeur de chaleur nécessaire.

4. Le stockage de la chaleur latente est une téofiegprometteuse, car elle une apporte une
plus grande densité de stockage et une tempérdaufenctionnement presque constante.
Plusieurs matériaux ont été analysés et identifiés.

5. La technologie de stockage chimique et de smrpdst également prometteuse, mais elle
est encore moins développée que la technologiecipaleur latente. Des recherches plus
approfondies sont encore nécessaires pour sonogéerhent.
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R.2 Stockage inter-saisonnier d’énergie solaire patifférents couples
d’absorption

D’aprés I'étude bibliographique précédente, le lstige par absorption est avantagé par sa
faible perte de chaleur et sa capacité de stockbyee. Méme si la capacité de stockage
concernée est inférieure a celle du stockage atiod chimique, compte tenu de la faible
température nécessaire pour I'énergie solairefdekage par absorption semble étre une
méthode appropriée. Dans ce chapitre, un procédstatdkage inter-saisonnier d’énergie
solaire par absorption sera introduit et sept cesipbsorbat/absorbant seront étudiés pour ce
systéme.

R.2.1 Description du procédé et modele statique

R.2.1.1 Description du procédé

Les différents composants du systeme de stockagesaisonnier d’énergie solaire peuvent
étre trouvées dans la Figure 2-1.

Pendant la phase d'été (désorption), la solutiarvrpa(avec une faible fraction massique
d'absorbant) dans le réservoir de solution estspamée vers le générateur ou elle est
chauffée par I'énergie solaire §QL’absorbat de la solution est vaporisé et trarisfers le
condenseur, ou sa chaleur latente) (€st libérée dans l'environnement ou utilisée pour
préchauffer I'eau chaude sanitaire. L’absorbat ensé est stocké dans le réservoir d’absorbat.
La solution riche (avec une fraction massique ddsnt élevée) qui est produite dans le
générateur est transférée au réservoir de solution.

Au cours de la période inerte de stockage, la isnldst stockée dans le réservoir de solution
et I'absorbat liquide dans le réservoir d’absorthas températures de la solution et de
'absorbat varient en fonction de la températurdiamte.

Pendant la phase d'hiver (absorption), I'absorlsattransféré du réservoir d’absorbat a
I'évaporateur, ou il est vaporisé par la chalewtlygrmie a basse température)(@uivant
I'équilibre thermodynamique de la solution, la wapé'absorbat est absorbée par la solution
riche dans l'absorbeur. L'énergie thermique) €3t libérée dans I'absorbeur pour répondre
aux besoins de chauffage du batiment. La solutauvie dans l'absorbeur apres I'absorption
est transférée au réservoir de solution.

by

Le procédé fonctionne sous vide a l'exception dagples qui présentent une pression
d’équilibre plus élevée que la pression atmosphér{gomme KHO/NHs).

L'innovation dans ce procédé est que la solutiart peeindre le point de cristallisation, ce
qui est généralement évité dans les machines ffiqpogs a absorption en raison du possible
blocage de circulation des fluides. La capacitétdekage peut ainsi étre augmentée en raison
de l'augmentation de la fraction massique de Idast dans la solution riche a la fin de la
phase d'été, mais la complexité de la conceptioréservoir de solution et de I'absorbeur est
augmentée en raison de la présence de cristaux.
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R.2.1.2 Modéele statique

Un modeéle statique a été développé pour évalukidabilité et la performance du systéme.
Une représentation du cycle du procédé peut étvavée avec l'exemple du couple
d'absorption CaGIH,O sur le diagramme pression-température-fractiossigae dans la
Figure 2-2 (sans cristal) et la Figure 2-3 (avestaltisation).

L’état E est I'eau pure a I'evaporateur. La tentpéeade I'état E T,) est choisie a 10°C, qui

représente la température de I'énergie géothernaigumurs de la phase d'hiver. L'état C est
I'eau pure dans le condenseur. La températureadeCHT ) est choisie a 30°C, qui représente

la température ambiante pendant la phase d'été.

L'état 1 est la solution pauvre dans le réserveirsdiution pendant la phase de désorption
(phase d'été). La température de 'étal,) ést la température de stockage qui est également

choisie a 10°C. La solution est chauffée de I'étatl'état 2 par I'énergie solaire, qui vient du
capteur solaire. De I'état 2 a I'état 3, I'énergidaire est constamment utilisée pour chauffer
la solution. L’absorbat est désorbé de la soluiboondensé dans le condenseur & 30°C (Etat
C). L'état 3 est la solution riche apres la désomptLa fraction massique de l'absorbant a
I'état 3 est choisie de maniere qu'il n'y a pasrigaux formés lors de la phase de stockage
de I'état 3 a I'état 5. L'état 5 est la solutiomdde stockage a la températuiig)(de 10°C,

qui est représente la température du stock a ldefila phase d’hiver. La température de I'état
3 nécessaire esz E 72°C, ce qui peut facilement étre atteint pas dapteurs solaires. Au
cours de la phase intermédiaire de I'été a I'hileetempérature de la solution a I'état 3
diminue avec la température ambiante jusqu'a I'BtaPendant la phase d'hiver, I'eau est
eévaporée par I'énergie géothermique a basse teluEer§l0°C par exemple) dans
I'évaporateur (état E). La solution a I'état 5 absade la vapeur venant de I'évaporateur. La
chaleur d'absorption est libérée pour chaufferul'gai est utilisée dans un systéme de
chauffage au sol a la température minimaje=T20°C. La fraction massique de la solution
diminue et la pression augmente jusqu’a l'état @tdt 6 est la solution pauvre apres la
désorption. A la fin de la phase d'absorptionolat®n a I'état 6 retourne dans le stockage a
'état 1 a la méme concentration.

Dans le cycle avec apparition de cristal (Figurg),2ka fraction massique de I'absorbant a
I'état 3' est supérieure a celle a I'état 3. Pehtatransition de I'été a I'hiver, la ligne isoste
franchit la ligne de cristallisation a I'état 4 ,|eftcristal apparait dans le réservoir de stockage.
De l'état 4 a l'état 5, le cristal est continuellmh formé en raison de la diminution de la
température de stockage.

Le besoin en énergie solaire pendant la phase QgestQ, , ou Q,_,.. L'énergie qui est
libérée a I'échangeur de chaleur pour chauffedtartent au cours de la phase d’absorption

Q, estQ, ;.

Sept couples d'absorption, CaEhO, Glycérine/HO, KOH/HO, LiBr/H,0O, LiCI/H.0,
NaOH/H0O et HO/NH;z ont été analysés pour ce systeme.
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R.2.2 Principes pour le choix des couples d'absoipn

Une liste de criteres de sélection des matériaprogpiés esfIEA task 32, 2008]
(A) La capacité et le rendement du stockage.

La capacité de stockage est définie comme l'énejgieest libérée au cours de la phase
d'absorption par kilogramme d’absorbant. Le rendentl stockage est défini comme la
production d'énergie de I'absorption, divisée pacdnsommation d'énergie thermique de la
désorption. Le résultat du calcul de la capacitétdekage et du rendement de sept couples a
différentes conditions de fonctionnement sera pri&sgans la section R.2.3.

(B) Les contraintes en température pour les captalaires (désorption).

Les contraintes en température pour les captelasreso dépendent des caractéristiques du
couple. C'est une caractéristique trés importaatd'efficacité des capteurs solaires diminue
rapidement avec 'augmentation de la difféerencaemepérature entre I'eau dans le capteur
solaire et I'atmospheére en raison des pertes deuwrha

Un exemple de la pression de sept couples et ae fpare en fonction de la température est
présenté dans la Figure 2-4. La fraction massiqué dsolution de CagH,O, KOH/HO,
LiBr/H,0, LiCI/H,O, NaOH/HO est choisie comme leur solubilit¢ a 10°C. La tfoac
massique de GlycérinesB et HO/NH; est choisie a 90% car il est tres difficile d'aegher

la fraction massique jusqu'a 100%.

Sauf pour le couple #/NHs, a une pression de condensation donnée (la pned'siquilibre
liquide-vapeur de l'eau), la température nécesgang la chaleur fournie par le capteur
solaire des six autres couples peut étre trouvés taFigure 2-4: la température pour le
couple CaCGVH,O est inférieure a celle du couple NaOb{ZH inférieure au couple
Glycérine/HO, inférieure au couple KOHAD, inférieure au couple LICIAD elle-méme
inférieure au couple LiBr/bD.

Pour le couple FD/NH3, NH3 est I'absorbat du processus. La contrainte de déeatyire pour
le capteur solaire est la température de la solidd,1 kg NH/kg de solution) a la pression
d'équilibre liquide-vapeur de NHa la température de condensation. Le besoin tiyeemilu
capteur solaire atteint 120°C méme lorsque la teatpee de condensation est de 0°C.

(C) L'absorption a une température suffisammesués pour le plancher chauffant

La température maximale d'absorption des couplesgmalement étre trouvée dans la Figure
2-4 dans les mémes conditions de fraction massgue pour le critere (B). A une
température d'évaporation donnée, l'ordre des testym@s maximales d'absorption est:
couple CaCG¥H,0 inférieur au NaOH/BD inférieur au Glycérine/tD inférieur au KOH/HO
inférieur au LICI/HO, inférieur au LiBr/HO. C’est le méme ordre que la contrainte de
température pour le capteur solaire présentée en (B

Selon les criteres (B) et (C), il est difficile dee quel est le couple le plus approprié pour le
systeme de stockage inter-saisonnier, car pluenigérature de I'absorption pour le chauffage
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du batiment est élevée, plus le besoin de tempérdtucapteur solaire au cours de I'été I'est
aussi. Cependant, certains couples peuvent éeetioginés pour des situations spécifiques.
Par exemple, si le besoin de température de I'ptignrest a 30°C lorsque la température
d'évaporation est de 10°C (indiqué par la lignegeopointillée Figure 2-4), le Cadii,0,
NaOH/HO et Glycérine/HO sont inutilisables parce que leur température immabe
d'absorption est inférieure a 30°C. KOHH pourrait étre choisi parce qu'il a le besoin
minimal de température pour le capteur solaire p&es couples qui peuvent satisfaire au
besoin de température pour I'absorption.

(D) Un couple facile a manipuler - de préférence taxique

Les criteres de sécurité des couples donnés dahabla 2-1 proviennent de la NFPA 704
[NFPA704, 2007]qui est un standard mis a jour par la société maiée National Fire
Protection Association. Chacun de ces criterestésanflammabilité et réactivité est évalué
sur une échelle de 0 (aucun risque; substance t®rad (risque important).

Le risque de corrosion est un critere importantadeonception du systéme. La corrosion de
l'acier inoxydable 304 de sept couples est conruend il n'y a pas d'agitation et pas
d'aération[Craig et Anderson, 1995]Le risque de corrosion augmente avec la fraction
massique et la température. Pour le couple £1d€D, I'acier inoxydable 304 est résistant a la
corrosion lorsque la fraction massique est d'envit0%. Mais lorsque la fraction massique
est d'environ 28%, la corrosion est d'environ 0,608/an a 79°C. Pour la Glycérine®|
l'acier inoxydable 304 est résistant a la corrosiorioute fraction massique jusqu'a la
température d'ébullition. Pour le couple KOHKIH la corrosion est d'environ 0,003 mm/an a
la température de 93°C et une fraction massiqueOée a 50%. Pour le couple LiBr8, la
corrosion est d'environ 0,008 mm/an a la tempéeadar50°C et la fraction massique de 50%.
Pour le couple LiCI/HO, la corrosion est d'environ 0,003 mm/an a la tmatpre de 116°C et
la fraction massique de 30%. Pour le NaO}Hla corrosion est d'environ 0,003 mm/an a la
température de 65°C et la fraction massique de 9@%s la corrosion augmente a 0,68
mm/an a des températures de 90°C a 143°C et laomamassique de 70%. Pour le couple
H>O/NHs, I'acier inoxydable 304 est résistant a la coomsi toute fraction massique jusqu'a
la température d'ébullition.

(E) Un faible codt d'investissement pour le coupébsorption

Par rapport aux systemes de stockage a court téamegsse de solution dans le stockage est
evidemment moins importante que pour un systenstatikage inter-saisonnier a cause de la
guantité d'énergie qui doit étre stockée. Les cdlitwestissement pour les couples doivent
donc étre pris en compte. Les prix de sept couplesle marché chinoifAlibaba, 2008]
d’'une méme pureté supérieure a 99% sont indiques ldarable 2-2.

R.2.3 Simulation statique de la performance des cples d'absorption

L'analyse de la capacité de stockage et du rendedersept couples est effectuée aux
conditions de fonctionnement suivantes (Table 2-3).
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La température de stockage avant l'absorption (&taest choisie a 5°C et 10°C. La
température d'évaporation (état E) est choisieG&°10°C. La température de I'absorption
(état 6) est variée de 20 a 45°C pour répondrebasgrins de température pour le chauffage
du batiment. Le ratio de la cristallisation (R) défini comme la masse de cristal a I'état 5
divisé par la masse de solution liquide au méne Rta 0 veut dire qu'il n'y a pas de cristaux
a l'état 5 et la solution a cet état est saturée. Rsignifie que, au début de I'absorption, la
guantité de solution liquide est 20% de la mastdaau stockage. Une proportion de 20% de
liquide est suffisante pour le démarrage de la@lésbsorption.

Capacité de stockage

La capacité de stockage de sept couples en foncdkoma température d'absorption est
présentée Figure 2-5. Toutes les conditions pragsodans la Table 2-3 sont présentées dans
la figure, sauf les conditions qui sont impossilgesr un couple spécifique.

Pour le couple Ca@H,0, le processus de stockage est possible lorsquemnipérature
d'évaporation est de 10°C, mais impossible lorsguempérature d'évaporation est de 5°C.
La plage de température possible d'absorptionee0da 24°C. Pour le couple GlycéringZH

le processus de stockage est disponible a toutesoladitions étudiées, mais la capacité de
stockage est faible. Pour les couples KOMIHLIBr/H,O et LiCl/H,O, le processus de
stockage est disponible a toutes les conditiondi€ts. La plage de température possible
d'absorption est de 25 a 35°C. Pour le couple N&@®BI/ le processus de stockage est
possible seulement pour les six points qui sonsgt®s dans la Figure 2-5. Pour le couple
H>O/NHs, le processus de stockage est disponible a tegeonditions étudiées. La plage de
température possible d'absorption est de 20 a 40°C.

La capacité de stockage est augmentée avec |'tippate cristaux (R = 4 dans la Figure 2-5)

par rapport a l'absence de cristal (R = 0) aux mnséomnditions de fonctionnement. La

capacité de stockage diminue avec la températudalosorbeur (Figure 2-6) et augmente
avec la température de I'évaporateur (Figure 2-Ta eempérature du réservoir de stockage
avant la phase d'absorption (état 5).

Rendement

Le rendement de sept couples en fonction de ladeatyre d'absorption est présenté Figure
2-8. A une condition de fonctionnement donnée olgpte LiClI/H,O a le meilleur rendement
par rapport aux autres couples.

Le rendement est diminué a des températures diatiimorfaibles (état 6) et augmenté a des
températures d'absorption élevées avec apparigaristaux. Le rendement diminue avec la
température d'absorption et augmente avec la tatypérd'évaporation et la température du
stockage avant I'absorption.

R.2.4 Points d'évaluation principaux

Afin de comparer les caracteres et les performadesssept couples, les points d'évaluation
principaux sont réesumés dans la Table 2-4 aux méoraditions de fonctionnement:
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- Température du condenseug,=T30°C

- Température de I'absorbeur, ¥ 20°C

- Température du stockage avant I'absorptig T0°C
- Température de I'évaporateur, 3 10°C

Selon les résultats de la Table 2-4, le KOMIHLICI/H,O, LiBr/H,O et NaOH/HO ont
d'excellentes performances de capacité de stochageKOH/H,O et NaOH/HO sont
avantagés par leur bas prix, mais sont désavanpagédes questions de sécurité. La capacité
de stockage et le prix du,8/NH; est acceptable. Mais il est désavantagé par ¢agigen
température de I'énergie solaire (> 150°C) et lesstions de sécurité. Le couple CAGIO

est le moins cher, mais sa capacité de stockadailel&t, de sorte que le colt d'investissement
pour les réservoirs peut étre plus élevé que pemiralitres couples. Comparé avec d'autres
couples, la capacité de stockage du couple Glye#ti® est trop faible pour qu’il soit utilisé
dans un systeme de stockage a absorption.

R.2.5 Conclusion

Cette partie vise a développer un systeme de sieckder-saisonnier de I'énergie solaire
pour le batiment. Les performances et les caratigues thermodynamiques de sept couples
d'absorption, Ca@H,0, Glycérine/HO, KOH/H,O, LiBr/H,0, LiCI/H,O, NaOH/HO et
H,O/NHjz, ont été étudiées.

La capacité de stockage augmente avec la tempernd¢ulévaporateur et la température de
stockage avant la phase d'absorption, et diminee Btempérature absorbeur. L'apparition
de cristaux augmente la capacité de stockage.taideiment, la complexité du systéme sera
également augmentée. Aprés la comparaison desriparioes de sept couples, le couple
KOH/H,O pourrait étre le matériau le plus économique ason de son faible prix et sa
grande capacité de stockage, mais présente dasulié§ de sécurité. Pour le couple
CaCb/H,0, le colt dinvestissement pour les réservoird gene plus élevé que pour les
autres couples en raison de sa faible capacitéodkage. Toutefois, compte tenu de son prix
et du besoin faible en température pour les captsolaires, il est un candidat possible. Le
couple LiCI/HO a d'excellentes performances en capacité deajoakt rendement, son seul
inconvénient est son prix trés élevé.
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R.3 Expérimentation de stockage inter-saisonnier pacouple CaG/H,0

Suite a I'analyse du chapitre 2, le systeme deékatcinter-saisonnier par absorption semble
théoriguement possible. Afin de vérifier la faida®idu processus, un prototype est construit.
Les caractéristiqgues thermodynamiques et les praddedu prototype sont analysés dans cette
partie.

R.3.1 Conception du prototype

Le schéma du prototype est représenté dans lafRydr Il comprend le réservoir de solution,
le réservoir d'eau, le réacteur, un réservoir tentle la solution, les thermostats, la pompe a
vide, les circulateurs (C), les pompes de dosady €éDles vannes (V). La température (T), la
pression (P), le niveau de liquide (m) et le déD)tsont mesurés dans le prototype.

Les quatre réacteurs: le générateur, le conden&hsorbeur et I'évaporateur sont combinés
en un seul réacteur pour simplifier le procédécardenseur et I'évaporateur sont combinés
en un seul échangeur qui joue le réle de condermeuours de la phase de désorption et de
I'évaporateur au cours de la phase d’absorptiomépérateur et I'absorbeur sont combinés en
un seul échangeur qui joue le réle de génératewdgre la phase de désorption et I'absorbeur
au cours de I'absorption. Afin de diminuer la patéechaleur et la perte de charge au cours du
transfert de vapeur d'eau entre I'évaporateur/cwale et le générateur/absorbeur, ces deux
composants sont inclus dans un seul réacteur.

Au cours de la phase de désorption:

La solution pauvre dans le réservoir de solutidriraasférée par la pompe DP1 au générateur
ou elle est chauffée par I'échangeur. L'énergiartiygie pour la désorption est fournie par le
thermostat 2. L’'absorbat qui est désorbé de latisalest transféré dans le condenseur ou il
est condensé grace a I'échangeur de chaleur. g§iénde condensation est fournie au
thermostat 1. Les vannes V2 et V8 sont ferméeshddebat liquide condensé est ensuite
transféré dans le réservoir d'eau par la pompe DdP8olution riche est extraite du générateur
vers le réservoir de solution par la pompe DP2.

Au cours de la phase de stockage (transition):

Apres la phase de désorption, la température delldgion riche dans le réservoir de solution
(T1) est élevée. La solution est circulée entreéleervoir de solution et le générateur et
refroidie par I'échangeur de chaleur du génératsomes la phase transitoire, la température
de la solution est inférieure a T12.

Au cours de la phase d'absorption:

La vanne V3 est fermée. L'absorbat dans le résedieau est transféré par la pompe DP3 a
I'évaporateur ou il s'évapore grace a la chaleuhéumostat 1 a basse température. La vapeur
d’absorbat est transférée a l'absorbeur. La soluiiche dans le réservoir de solution est
transférée par la pompe DP1 a l'absorbeur ou bHerbe la vapeur d'absorbat. La chaleur
d'absorption est transférée au thermostat 2 penalfggeur. La solution pauvre est ensuite
extraite de I'absorbeur par la pompe DP2.

La masse, le débit, la température, la pressiohrsesurés pour une analyse ultérieure. Les
données de I'expérimentation sont recueillies parmdodules Napac et Agilent et stockées.
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R.3.2 Conception des composants du prototype

Le couple choisi pour I'expérimentation est GAGIO. Le CaC} anhydre est fourni par le
Groupe Solvay, qui est le financeur de ce projatpureté du Caglest d'environ 95%. Sa
composition se trouve dans la Table 3-1.

Les caractéristiques de corrosion du couple d'aktisor est une donnée importante pour la
conception du prototype. Les données de corrosiola golution CaGIH,O pour différents
matériaux peuvent étre trouvées dans la Table [32natériau choisi pour le systeme est
I'acier inoxydable 316 L (SS-316), qui présentédban compromis résistance a la corrosion /
codt.

Les parametres des réservoirs se trouvent dansbée B-3. Le réservoir de solution est
d'environ 150 L. Le réservoir d'eau est d'envir@dnl5 Il est beaucoup plus petit que le
réservoir de solution parce que seulement uneepptirtie de l'eau sera désorbée de la
solution. Le volume du réacteur est d'environ 130l lest congu pour étre suffisamment
grand pour contenir les distributeurs et les échargjintérieurs. Le récupérateur d'eau dans le
réacteur est utilisé pour stocker temporairemeaul'qui est distribuée dans I'évaporateur ou
I'eau condensée dans le condenseur. Le volumecdpérateur d'eau est d'environ 5 L. Tous
les composants sont en acier inoxydable 316L, Isatdfservoir d'eau. Comme il n'est pas en
contact avec la solution, I'acier inoxydable 304L suffisant pour ce composant. L'épaisseur
des réservoirs est calculée par un bureau d'éaxdéseur.

Les échangeurs de chaleur qui sont utilisés dangtdeteur ont 16 tubes avec ailette
hélicoidale a l'extérieur. lls sont représentésufigig3-2. L'eau provenant du thermostat
s’écoule a l'intérieur des tubes. Elle est dis&ibpar le distributeur qui est relié a l'entrée de
I'échangeur et collectée par le distributeur quicesnecté a la sortie de I'échangeur. Comme
les distances entre I'entrée et la sortie pourlesitibes sont uniformes, la différence de débit
des 16 tubes sera faible. La solution ou l'absoduatdoit étre chauffé ou refroidi par
I'échangeur s'écoule sur les ailettes hélicoidatédrieures des tubes. L'eau ou la solution est
distribuée par un distributeur sur chaque aildite.surface d’échange pour le transfert de
chaleur et de masse est augmentée par ces diléliesidales. Le temps de séjour de I'eau ou
la solution sur I'échangeur de chaleur est augphanté. Les caractéristiques de I'échangeur
peuvent étre trouvées dans la Table 3-4.

Le distributeur qui est utilisé pour la répartitiole la solution ou de l'eau sur l'ailette
hélicoidale de I'échangeur est représenté sur daréi3-3. Chaque point de sortie du
distributeur correspond a une ailette hélicoidaléé&thangeur de chaleur.

Le plan d'ensemble du prototype est présenté dtiglae 3-4.

R.3.3 Planning de I'expérimentation

Les conditions de fonctionnement du prototype goésentées dans Table 3-6:

Au début de l'expérience, 207 kg de solution paawex une fraction massique de 0,369 kg
de sel/lkg de solution est stocké dans le résedesolution. Dans le réservoir d'eau, il n'y a
rien. Au cours des expérimentations, la températierd’eau a l'entrée de I'échangeur de
chaleur du générateur est réduite de 80°C a 70°@ wmpérature de l'eau a l'entrée de
I'échangeur de I'évaporateur diminue de 15°C a T4 n°1— Cas n°2) pour quantifier
leur influence sur la performance de ce systeme.
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R.3.4 Résultats d’expérimentation

Avant l'expérimentation, la fraction massique desddution est calculée en fonction de sa
densité (Table 3-7). La relation entre la dend#é&empérature et la fraction massique peut
étre trouvée dans I'Annexe 7. La fraction massiqumyenne de la solution est 0,345 kg
CaCl/kg solution.

R.3.4.1 La phase de désorption

Au cours de la phase de désorption, la puiss@gjcet I'énergieQ, de deésorption sont
calculés par le bilan énergétique sur I'eau danbdngeur du générateur (Eq.R-1 et Eq.R-2):

Qd = rrlexgl:ﬁ hexg( Tiexg) - hoexg Toe)g] EqR'l
Q =[Q, dt Eq.R-2

m,, est le debit d'eau de I'échangeur dans le gengralg, est I'enthalpie de I'eau a
I'entrée de I'echangeur a sa tempeérafiyg, h,,, est I'enthalpie de I'eau a la sortie de

I'échangeur a sa températurg, ;.

La puissance), et I'énergieQ, de condensation sont calculées par le bilan étigugésur
l'eau dans I'échangeur du condenseur avec des@wusimilaires a Eq.R-1 et Eq.R-2.

Les résultats de I'expérimentation de la phaseédergtion peuvent étre trouvés dans la Table
3-8. Les cas 1-1 et 1-2 sont des phases de désosgaion les conditions de fonctionnement
du cas 1 dans la Table 3-6. Les cas 2-1 et 2-2 lgsnphases de désorption selon les
conditions de fonctionnement du cas 2 dans la Tadfle

Au cours du cas 1-1, 19,5 kg d'eau est désorba si@luition. La masse de la solution passe de
207.5 kg a 188 kg. La fraction massique est augdeesh conséquence de 0,345 kg @agl
solution a 0,381 kg Caglkg solution. La masse et la fraction massique saltulées grace

au niveau d'eau dans le réservoir d'eau qui esepté sur la Figure 3-6. Le niveau d'eau
augmente pendant la phase de désorption parceequequi se condense dans le condenseur
est transférée au réservoir d'eau. L'augmentatsindescontinue parce que la pompe
fonctionne de fagon discontinue en fonction du awvde |'eau dans le condenseur.

L'évolution de la température du réservoir de smu(Tsy) et la température du réservoir
d'eau (Tg) sont présentées sur la Figure 3-7.

Au cours de la phase de désorptiog,augmente (de 41,7 a 66,4°C) parce que la solesbn

chauffée par I'échangeur dans le générateyy.aligmente de 21,2 a 30°C au cours de la
phase de désorption parce que l'eau qui se condlamsele condenseur est transférée au
réservoir d'eau. Mais cette augmentation est disaom car la pompe qui transfére I'eau du
condenseur au réservoir d'eau fonctionne de faggmomtinue. La température de I'eau dans
le réservoir d'eau augmente rapidement lorsque beas le condenseur est transférée au

15



Synthése de theése (en Frangais)

réservoir d'eau et diminue lentement aux autres emésna cause de la perte de chaleur du
réservoir vers I'environnement.

Les évolutions de la pression du réservoir d'eauédervoir de solution et du réacteur sont
présentees Figure 3-8. L'évolution de la tempéeateri'eau a I'entrée;ly) et la sortie (Texg)

de I'échangeur du générateur et la températureae & l'entrée (Jo) et la sortie (Texg de
I'échangeur du condenseur du cas 1-1 peut étrgérobigure 3-9. Ces températures sont
utilisées pour le calcul de la puissance et I'éeeqgi est utilisée pour la désorption et la
condensation (Figure 3-10).

En général, la puissance de I'échangeur dans Eraénr diminue au cours de la désorption.
C'est principalement parce que la température dellation dans le réservoir de solution
augmente au cours de la désorption, la differeneetednpérature dans I'échangeur du
générateur est donc diminuée. A 3,6 h (Figure 3d),dans le réservoir d'eau est transféré
vers le réacteur en raison de la différence despmeslLa puissance des échangeurs dans le

générateur et le condenseur diminue rapiden@ntdiminue de 3,35 kW a 3,05 kW (environ

9%) eth diminue de 1,65 kW a 1,1 kW (environ 33%). A 7,Zbmme la pression dans le
réservoir d'eau est diminuée par l'utilisation deplbbmpe a vide, l'air dans le réacteur est
transféré au réservoir d'eau en raison de la diffée de pressio, augmente de 2,5 kW a

3,1 kW (environ 24%) eQC augmente de 1,05 kW a 3 kW (environ 185%). L'eftet'air sur
I'efficacité de la désorption est remarquable.

L'énergie fournie par I'échangeur dans le générateur la désorption Qest de 23,5 kWh.
L'énergie rejetée par I'échangeur de chaleur daosridenseur st de 9,9 kWh.

Pour le cas 1-2, 16 kg d'eau est désorbé de la@ulla masse de la solution passe de 188
kg a 172 kg. La fraction massique est augmentéeoaséquence de 0,381 kg Caky
solution a 0,417 kg Cagkg solution. L'énergie fournie par I'échangeursiingénérateur Q
est de 26,4 kWh. L'énergie rejetée par I'échandewhaleur dans le condenseyre®t de 12
kWh.

Par rapport au cas 1-1 et 1-2, la températuretrde de I'échangeur de chaleur du générateur
(Tiexg) €St diminuée de 80 a 70°C dans les cas 2-1 etlZ2uissance de |'échangeur de
chaleur est diminuée par rapport au cas 1 en raleda diminution de i&g Un exemple de

la comparaison des cas 1-1 et 2-2 peut étre trBiguére 3-10.

Au cours du cas 2-1, 1,3 kg d'eau est désorbé delidion. La fraction massique de la
solution est augmentée en conséquence de 0,397a&#/Kg solution a 0,4 kg Cagkg
solution. L'énergie fournie par I'échangeur dangdeérateur Qest de 10,3 kWh. L'énergie
rejetée par I'échangeur dans le condensguasQde 1,2 kWh. Au cours du cas 2-2, 12,1 kg
d'eau sont désorbés de la solution. La fractionsmas est augmentée en conseéquence
passant de 0,4 kg Caflg solution a 0.428 kg Cafkg solution. L'énergie fournie par
I'échangeur dans le générateyredt de 18,2 kWh. L'énergie rejetée par I'échandens le
condenseur Qest de 6,7 kwWh.
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R.3.4.2 La phase d’absorption

Au cours de la phase d'absorption, la puiss@;‘cet I'énergieQ, d'absorption sont calculées

par un bilan énergétique sur I'échangeur de chalaeos I'absorbeur, similaire a Eq.R-1 et
Eq.R-2. La puissance et I'énergie de I'évaporation également calculées.

Les résultats d'expérimentation de la phase d'pbsorpeuvent étre trouvés Table 3-9. Les
cas 1-3 et 1-4 sont des phases d'absorption suasobnditions de fonctionnement du cas 1
dans la Table 3-6. Le cas 2-3 est la phase ddimorsuivant les conditions de
fonctionnement du cas 2 dans la Table 3-6. Le Gasest un cas particulier. Ses conditions
de fonctionnement et résultats seront discutédia.la

Au cours du cas 1-3, 3,4 kg d'eau est absorbékamaution. La masse de la solution passe
de 171,8 kg a 175,2 kg. La fraction massique estirdiée en conséquence de 0,417 kg
CaClb/kg solution a 0,41 kg Cagkg solution. La masse et la fraction massique saltiulés
par le niveau d'eau dans le réservoir d'eau qupestenté Figure 3-11. Le niveau d'eau
diminue au cours de la phase d'absorption, car Bsatransférée a I'évaporateur ou elle est
évaporée dans I'échangeur. La diminution est disugm parce que la pompe fonctionne de
facon discontinue en fonction du niveau de l'emsda récepteur de I'évaporateur. A la fin de
la phase d'absorption, I'eau qui n'est pas évamstaetransférée vers le réservoir d'eau.

L'évolution de la température du réservoir de samu(Ts,) et la température du réservoir
d'eau (Tya) sont présentés Figure 3-12. Les évolutions gedasion dans le réservoir d'eau, le
réservoir de solution et le réacteur sont préserfggure 3-13. L'évolution de la température
de l'eau a l'entrée gf,) et la sortie (Texg de I'échangeur de chaleur de l'absorbeur et la
température de I'eau a lI'entrég,(J et la sortie (Texd de I'échangeur de I'évaporateur du cas
1-3 peut étre trouvée Figure 3-14. Ces températmessutilisées pour calculer la puissance et
I'énergie qui est utilisée pour l'absorption etdfgoration (Figure 3-15).

La puissance est environ 30 W pour l'absorptioensiron 40 W pour |'évaporation. Cette
puissance est faible. Les raisons de la faiblespnise peuvent étre trouvées comme suit: l'air
dans le réacteur, le dimensionnement de I'‘échandeuchaleur et les caractéristiques
thermodynamiques du couple Ca€&L0.

L'énergie libérée dans I'échangeur de I'absorbeuesd de 0,31 kWh. L'énergie fournie a
I'échangeur dans I'évaporateurd3t 0,2 kWh.

Au cours du cas 1-4, 5,2 kg d'eau est absorbédapsolution. La fraction massique est
diminuée en conséquence de 0,409 kg @kE€lsolution a 0,397 kg Caglkg solution.
L'énergie libérée a I'échangeur dans l'absorbeues) 0,17 kWh. L'énergie fournie par
I'échangeur dans I'évaporatew &3t 0,14 kWh.

Par rapport au cas 1-3 et 1-4, la températuresda B I'entrée de I'échangeur de chaleur dans
I'évaporateur (ifxe) passe de 15°C a 10°C dans le cas 2-3 pour vésifie influence sur la
puissance de l'absorption et I'évaporation. Théerent, la puissance doit diminuer car la
diminution de Texe diminue la pression d'équilibre de I'eau dansapévateur. La différence
entre la pression d'équilibre de I'eau dans I'énadpar et la pression d'équilibre de la solution
dans le générateur est la force d'absorption.
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L'évolution de la puissance d'absorption et d’évagpon peut étre trouvée Figure 3-17.Selon
les résultats obtenus, contrairement a ce qui ppbétra attendu, la puissance ne diminue pas
mais augmente par rapport au cas 1-3. La raisoguesta pression partielle de I'air dans le
réacteur du cas 2-3 est inférieure a celle du €adslla comparaison de la pression dans le
réacteur des cas 1-3 et 2-3 peut étre trouvée d-Bpl8. La différence de pression du réacteur
est environ 12 mbar. Mais la différence de presdiéquilibre théorique pour I'eau entre 15°C

(17,7 mbar) et 10°C (12,2 mbar) est environ 5,5mBala signifie que la pression partielle

de l'air dans le cas 1-3 est environ 6,5 mbar plagée que dans le cas 2-3. L'influence de
l'air dans cette expérience est supérieure auénfie de la température d'évaporation. L'air
dans le systeme est le probleme le plus important e systeme présenté de stockage
saisonnier par absorption.

Comme le probléme de fuites du prototype ne pesip@ résolu dans le temps imparti pour
la thése, afin de diminuer l'influence de I'air sldm réacteur, le cas S-1 est réalisé. Dans cas
S-1, Texe €St porté a environ 40°C. Le débit de l'eau dadshangeur de chaleur de
I'évaporateur est également augmenté, passantdig?® a 1000 kg/h pour s'assurer que la
puissance d'évaporation est suffisanigq €st fixé a 30°C. L'équilibre de pression de 'aau
40°C est de 73,6 mbar. La gamme de pression daigsdteur dans le cas S-1 est de 40,5 a
87,5 mbar (Figure 3-19). La pression du réactetiinédrieure a la pression d'équilibre de
I'eau a 40°C. C'est principalement parce que Beeas I'évaporateur ne peut pas étre chauffée
a la méme température que l'eau dans I'échangeis.iMest certain que la pression partielle

de l'air est diminuée pour cette expérimentationrppport aux cas présentés plus haut. La
puissance de I'échangeur de chaleur dans I'abso(b};t) et dans I'évaporateung) est

présentée sur la Figure 3-20. La puissance varig0da 560 W pour l'absorption et de 0 a
1080 W pour I'évaporation. La puissance est beguptus élevée que dans les cas 1-3, 1-4 et
2-3.

R.3.5 Conclusion des expérimentations

Un prototype a été construit pour vérifier la faidigé du systéme de stockage inter-saisonnier
par absorption avec le couple CaBhbO. Selon les résultats de I'expérimentation et leur
analyse, plusieurs conclusions peuvent étre trauioge

- La phase de désorption est possible. Au courfadehase de désorption, I'eau est
désorbée de la solution et stockée dans le résafeaiu. La puissance de désorption
(environ 0,6 & 4 kW) et de condensation (envirdh l0A/) est acceptable par rapport
au dimensionnement du prototype utilisé.

- Il a été vérifié que la présence d'air dans Istésyie peut diminuer la vitesse de
transfert de chaleur et de masse dans le systénmueetson influence sur les
performances du systeme est importante.

- Lorsque la température de I'eau a I'entrée dbdiigeur de chaleur dans I'évaporateur
est de 10 ou 15°C, les performances de la phalssodfaion sont faibles. Bien que de
I'eau soit absorbée par la solution, la puissaeckatisorption et 'augmentation de la
température de I'eau dans I'échangeur de I'abswsbatfaibles.

18



Synthése de theése (en Frangais)

L'air dans le réacteur est la principale causeladdaible puissance d'absorption.
L'influence est plus importante que dans la phasedésorption, car la pression

d'équilibre de I'eau dans le réacteur en absorgsbmeaucoup plus faible que dans la
phase de désorption. Afin de résoudre le problemd'air, il est fondamental de

s'assurer que le systeme est parfaitement herraétiqu
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R.4 Simulation dynamique du prototype avec le cau@laC}y/H,0

La faisabilité du systeme de stockage inter-saisonpar absorption a été vérifiee par
I'expérimentation présentée dans le chapitre 3.sMas résultats expérimentaux sont
influencés par plusieurs facteurs: la présence déis le systeme, la pureté du Gagilise,

la précision des capteurs, des facteurs humaisgikEs opérations sur le prototype... Pour une
meilleure compréhension du processus, une modséhsdynamique qui permet d'éviter les
probléemes posés lors de I'expérience est développémodéle et les résultats de simulation
sont présentés dans ce chapitre.

R.4.1 Modele

Le modele dynamique est développé selon les parasné¢ fonctionnement et de contréle du
prototype et basé sur le couple C#4d40.

Les principales hypotheses de la modélisation Isgrguivantes:

- L'eau et la solution dans le réservoir d'eaurélacteur et le réservoir de solution sont
toujours a I'état d'équilibre thermodynamique

- Les imitations de transfert de masse ne sonppagn compte dans la simulation;

- L'eau dans le réservoir d'eau et la solution dangservoir de solution sont homogenes a
n'importe quelle position. Il n'y a pas de gradidattempérature, de pression et de fraction
massique dans un réservoir;

- L'eau peut étre évaporée ou condensée seulearam €changeur de chaleur;
- La masse de solution dans le générateur / absioesé supposée constante a 0.
R.4.1.1 Modele pour la phase de désorption

Le schéma au cours de la phase de désorptionéssirpé Figure 4-1.

- Dans le générateur, la solution qui vient du mésie de solution (i,,(t)) est chauffée par

'énergie qui vient du thermostat 2. La vapeurud'ed,,(t)) qui est désorbée de la solution

est transférée vers le condenseur. La solutionsagésorption reflue vers le réservoir de
solution. La masse de la solution dans le générattu

dmzd—t(t):rmzz(t)—msz( - my§=0 Eq.R-3

Le bilan sur le sel Cagtans le générateur est Eq.R-4.

AM 0%~ iy (3D = el D ek )
” Eq.R-4

Le bilan énergétique dans le générateur est lastiiv
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dmz((i@(% 2 () + (D Rpd D= M) R 3= Muef X o X- de“) EQRS

La puissance de désorption qui est fournie pandiégeur dans le générate(Dig(t) peut étre
calculée par le bilan énergétique de I'eau dacisdiggeur:

le (t) = nlz( htz( t) - l121( 9) Eq.R-6

le(t) peut également étre calculée par les performaneedransfert de chaleur de

I'échangeur:

le( ) heZSheZ((T21T522) (T it 25))“-rl ((T Al 52)2/( 2» Eq.R-7

La perte de chaleur du générat€,, peut étre calculée comme suit:

ol = ¢, 15, (700 - T() Eq.R-8

L'équilibre dans le générateur peut étre calcut®rme suit (voir Annexe 2) :

P (t) = F(Toa(1)) = R() = F(Tose ), Xs{ 9) Eq.R-9

- Dans le condenseur, la vapeur d'eau qui viergé&hérateur mzs(t)) est condensée dans le
condenseur, I'eau quuid®363(t) est transférée dans le réservoir d'eau. La masbeadedans
le générateur est, (t) . Le bilan de masse dans le condenseur est Eq.R-10.

dmy () _
dt

= nES( ) m363( t) Eq.R-10
Le bilan énergétique dans le condenseur est:

dm,(9 h(9

DR 0,0+ 9§ - mof) S22z EqRt

dt

La puissance de condensation qui est fournie pahdngeur dans le condenseur peut étre
calculée par le bilan énergétique de I'eau dacisdiggeur:

Q34(t) = m43( hs.4( t) - h43( l)) Eq.R-12

Q,(t) peut également étre calculée par les performameesransfert de chaleur de
I'échangeur:

Q34(t) = Khesshes((Tzs'T43)'(T 3631 3))”—” ((T Al 4);/ (T =l :)A) Eq.R-13

La perte de chaleur du condens€y peut étre calculée de fagon similaire a Eq.R-8.
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L'équilibre liquide-vapeur dans le condenseur @ calculé comme suit (voir annexe 3):

Ps(t) = f( ()): P,(1) = f(Ta(t)): R(1= f(TZ(ﬁ, X )) Eq.R-14

- Dans le réservoir de solution, la soluti[ifglzs(t) est transférée au générateur et la solution

du générateuri,(t) reflue dans le réservoir de solution. Le bilamuesse est en Eq.R-15:

drr!’:sol ( t) drna'cry ( )
dt dt

- rTE55( ) msz5( t) Eq.R-15

Le bilan sur le CaGldans le réservoir de solution est Eq.R-16.

drn')sol(t) )%sm(l) + drnjcry(t) )%cry(')

dt dt = Mg (1) Xose( 1) = M D Xoof ) Eq.R-16

Le bilan énergétique dans le réservoir de solyteut étre calculé comme suit:

drr!’;sol(t) r%sol(t) + dn}:cry(t) chy(t)

=n -7 _onsgs(t) _
dt dt = Myee () g0 = M § hyps-—2>—  EQ.R-17

dt

La perte de chaleur du réservoir de soluti@ peut étre calculée de fagon similaire a Eq.R-
8.

- Dans le réservoir d'eau, le changement de laemiisau dn’g(t)/ dt) est décidé par le débit

de I'eau qui vient du condenseuin,(t)).

dm, (1)
dt

= Iy (1) Eq.R-18
Le bilan énergétique dans le réservoir d'eau est:

OB = (99— AP EQ.R-19

La perte de chaleur du réservoir d'e@yL, peut étre calculée de fagon similaire a Eq.R-8.

R.4.1.2 Modéle pour la phase d'absorption

Le modéle de la phase d'absorption est présentéd=#32. Les bilans de masse et d’énergie
sont similaires au modéle de désorption, mais &dapt

R.4.2 Résultat de la simulation et comparaison avdexpérimentation

La simulation dynamique est réalisée selon les itiond de fonctionnement du cas 1 et 2
dans la Table 3-6 (chapitre 3). Les conditionsidles de masse, fraction massique et de
température de solution et d'eau correspondentanditions expérimentales présentées dans
la Table 3-8 du chapitre 3.
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R.4.2.1 Cas de la désorption

Les simulations pour les cas 1-1, 1-2, 2-1 et Z22ddsorption sont réalisées et comparées
avec les résultats expérimentaux.

Pour le cas 1-1, les résultats de simulation somnge suit:

L'évolution de la température est représentée auFidure 4-3. Selon la simulation, la
température de la solution dans le réservoir datisol (Si-Ts) augmente continuellement
avec la désorption parce que la solution, qui Estilée entre le réservoir de solution et le
générateur, est chauffée par I'échangeur dansniéraéur. La température de I'eau dans le
réservoir d'eau (Sig) augmente lorsque l'eau est transférée du conderses le réservoir
d'eau. En dehors de ces instants, Stiminue en raison de la perte de chaleur du régerv
d'eau vers son environnement. L'évolution de laptaature du réservoir de solution et du
réservoir d'eau est similaire entre I'expériencka eimulation. Par rapport a I'expérience, la
température de I'eau simulée a la sortie de I'@Ehandans le condenseur (SipTest plus
élevée d'environ 8°C et la température de l'eawléena la sortie de I'échangeur dans le
générateur (Si-h) est plus faible d'environ 2°C. Ces différencast swincipalement dues au
fait que les transferts de chaleur et de masse ldasisulation sont plus efficaces que dans
I'expérience (en raison de la présence d'air lerfexpérience, qui a été mise en évidence
dans le chapitre 3).

En raison de l'augmentation de la gj-b différence de température de I'échangeur tkans
générateur diminue. La puissance de lI'échangeuhaeur dans le générateur diminue donc

(Si-Q,, Figure 4-4). Donc la température de I'eau & liesde I'échangeur de chaleur dans le

générateur (Si-%) augmente continuellement. Comme la puissanc&deangeur de chaleur
dans le générateur diminue, la quantité de vap&audqui est désorbée de la solution

diminue. La puissance de I'échangeur de chalews @anondenseur diminue (S’jl-2 Figure

4-4). Donc la température de I'eau a la sortiéadangeur de chaleur dans le condenseur (Si-
Ts4) diminue avec le temps.

Par rapport a la puissance des échangeurs dapérientation, la puissance des échangeurs
dans la simulation est plus élevée. C'est prineipaht parce que la performance de
I'échangeur est diminuée par la présence d'air ansacteur pendant les expériences. La
vapeur d'eau qui se condense a la surface de ¢a @eérieure du réacteur par échange de
chaleur avec l'air ambiant au cours des expériemtest pas prise en compte dans la
simulation. Toute la vapeur d'eau est supposéecémdensée dans le condenseur dans la

simulation. En conséquence, la différence entrgléssance®), et Q,, est plus faible dans
la simulation que dans I'expérimentation.

Les évolutions de pression du réservoir de solutthnréacteur et du réservoir d'eau sont
présentées dans la Figure 4-5. Comparée avecsigisaté expérimentaux, la pression dans la
simulation est la pression d’équilibre, sans Kiefice de I'air. Au cours de la désorption, la
température du réservoir de solution augmente, wetend a augmenter la pression du
réservoir de solution. Mais par contre la fractioassique de la solution augmente lors de la
désorption, ce qui tend a diminuer la pressionébenmvoir de solution. Selon les résultats de
la Figure 4-5, la pression augmente au cours @édae de désorption, ce qui signifie que la
température est le facteur principal d'influence lsupression du réservoir de solution au
cours de cette phase. La pression du réservoiu dleala simulation (Si-Réservoir d'eau)

change avec la température de l'eau dans le résefeau (Si-T6 sur la Figure 4-3). La
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pression du réacteur (Si-Réacteur) dépend de |lp&erture de l'eau dans le condenseur.
Comme la quantité de vapeur d'eau qui est désaolidneele générateur diminue avec le temps,
la température de I'eau diminue dans le condenési, la pression dans le réacteur dans la
simulation diminue avec le temps.

La comparaison des performances entre I'expérimentat la simulation du cas 1-1 est
montré dans la Table 4-2.

Au cours de la simulation du cas 1-1, 19,5 kg elul'est désorbé de la solution. La masse de
solution passe de 207.5 kg a 188 kg. La fractiossigae est augmentée en conséquence de
0,345 kg CaGlkg solution a 0,381 kg Caglkg solution. L'énergie fournie par I'échangeur
dans le générateur pour la désorption €3t 16,5 kWh. La différence de la consommation
d'énergie pour la désorption entre I'expérienda simulation est due a la vapeur d'eau qui se
condense sur la paroi extérieure du réacteur. tgéneejetée par I'échangeur de chaleur dans
le condenseur Q est de 13,2 kWh, ce qui est plus élevé que daxpdiience. C'est
principalement parce que la perte de chaleur dadexseur vers I'environnement permet de
contribuer a la condensation. Donc, I'énergie gtirejetée par I'échangeur est diminuée. La

puissance des échangeurs de chalégrg ¢t Q43) dans la simulation est plus grande que ce

gu'ils sont dans I'expérience. La plus faible pnsge dans I'expérience est principalement due
a la présence d'air dans le réacteur, qui estgegglilans la simulation. Grace a la différence
de puissance, le temps pour la désorption de lalatian est diminué par rapport a
I'expérience (de 7,6 h a 3,8 h). Le vide dans bBctetr est un parametre extrémement
important.

La comparaison des performances entre I'expérirmentat la simulation des cas 1-2, 2-1 et
2-2 est montrée dans la Table 4-3.

Selon les résultats de la simulation et la comparaiavec les résultats expérimentaux,
plusieurs conclusions peuvent étre trouvées:

- La puissance de I'échangeur de chaleur dansnérg@ur et le condenseur dans la
simulation est plus grande que dans l'expérienagalson principale est la présence
d'air dans le réacteur pendant I'expérience quindienla vitesse de transfert de masse
et la chaleur.

- Comme la puissance des échangeurs dans la siomukét plus élevée que dans
I'expérience, le temps nécessaire pour la phasgésierption diminue au moins de
50%.

- Comme le temps nécessaire pour la phase de diésogst diminué, la chaleur
nécessaire pour chauffer la solution lors de largelation de la solution entre le
réservoir de solution et le générateur est diminuadempérature de la solution dans
le réservoir de solution a la fin de la désorptaans la simulation est inférieure a
I'expérience.

- Le besoin de chaleur pour la désorption dansnhalation est inférieur a ce qu'il est
dans I'expérimentation, car la chaleur apportée solution est diminuée et la vapeur
d'eau qui se condense sur la paroi externe duergagans le générateur est négligée
dans la simulation.
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R.4.2.2 Cas de I'absorption

La simulation pour les cas 1-3, 1-4 et 2-3 d'absampest effectuée selon les conditions de
fonctionnement de I'expérience et comparée ave@sestats expérimentaux.

Pour le cas 1-1, les résultats de simulation smslivants:

L'évolution de la température est représentée auFidure 4-6. Selon la simulation, la
température de la solution dans le réservoir detisol (Si-Ts) augmente de facon continue
avec l'absorption parce que la solution, qui esiraelée entre le réservoir de solution et
I'absorbeur est chauffée par la chaleur d’absarptia température de I'eau dans le réservoir
d'eau (Si-§) est uniguement fonction du transfert de chalentreel’environnement et le
réservoir d'eau. Comme la température de I'enveorant est supposée constante a 20°C et la
température initiale de I'eau dans le réservoaul&st d'environ 19,8°C, la température de Si-
Te est presque constante.

En raison de l'augmentation de la Si-T5 et dedation massique de la solution, la capacité
d'absorption de la solution est diminuée. La pussade l|'échangeur de chaleur dans

I'évaporateur diminue (SB,,,dans Figure 4-7). Donc la température de |'eau soitie de

I'échangeur dans I'évaporateur (Sigf augmente continuellement. Avec l'augmentatiotade
Si-Ts, la différence de température dans I'échangeutadsorbeur est augmentée. Donc la

puissance de I'échangeur de chaleur dans |'absdiestuégalement (SQ78 sur la Figure 4-

7). La température de l'eau a la sortie de I'éomange chaleur dans l'absorbeur (&d)T
augmente avec le temps.

Par rapport a la puissance des échangeurs dapérientation, la puissance des échangeurs
dans la simulation est beaucoup plus élevée. @¥estipalement parce que la performance de
I'échangeur est diminuée par la présence d'air ldaréacteur pendant les expériences. Dans
I'expérience, en raison de la température de leeptans laquelle est placé le prototype,
quand l'eau est transférée du réservoir d’eauvap@ateur, la puissance fournie par le
caloporteur dans I'échangeur de I'évaporateuresstiot négative parce que la température de
l'eau (absorbat) injectée est supérieure a la textyé de I'eau du fluide caloporteur a l'entrée
de I'échangeur de chaleur de I'évaporateur. Mais @asimulation, sans l'influence de l'air, la
puissance d'évaporation et d'absorption sont pveés. Par rapport a I'énergie totale fournie
par I'échangeur de chaleur dans I'absorbeur, lewhsensible fournie par I'eau qui vient du
réservoir d'eau est tres faible. Donc l'influeneecdtte eau provenant du réservoir d'eau sur la
capacité d'absorption et d'évaporation n’est pasldBle dans les résultats de simulation.

Les évolutions de la pression du réservoir de goludu réservoir d'eau et du réacteur sont
présentées Figure 4-8.

Comparées avec les résultats expérimentaux, lessiprs dans la simulation sont les
pressions d'équilibre, sans l'influence de I'agmdRant la simulation, la pression du réservoir
de solution (Si- réservoir de solution) augmentecala température de la solution (Sid
Figure 4-6) et augmente avec la diminution de #&tion massique de la solution dans le
réservoir de solution. Donc, la pression du rése® solution dans la simulation augmente
avec le temps. La pression du réservoir d'eau demalation (Si- réservoir d’eau) change
avec la température de I'eau dans le réservoiu ®iaTs a la Figure 4-6). La pression du
réacteur (Si-Réacteur) dépend de la températuréeda dans I|'évaporateur. Comme la
puissance de I'échangeur dans I'évaporateur dinduee le temps, la température de l'eau
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dans I'évaporateur diminue. Ainsi, la pression éacteur dans la simulation diminue avec le
temps.

La comparaison des performances globales de l'emg@ération et par simulation du cas 1-3
est présentée dans la Table 4-4. La comparaison pmfrmances globales de
I'expérimentation et par simulation des cas 1-Z2test présentée dans la Table 4-5.

Selon la simulation et les résultats expérimentplusieurs conclusions peuvent étre trouvées
comme suit:

- La puissance des échangeurs dans I'absorbeévapdrateur dans la simulation est
plus grande que dans l'expérience. La raison paheiest la présence d'air dans le
réacteur pendant I'expérience qui diminue la wteds transfert de masse et de
chaleur.

- Le besoin de chaleur pour I'évaporation et ladpotion de la chaleur par absorption
dans la simulation sont plus élevés que dans lferpétation. En prenant le cas 1-4
expérimental comme exemple, 5,2 kg d'eau sont bésopar la solution, mais
I'énergie utilisée pour I'évaporation est seulema@t0,14 kWh et la production
d'énergie d’absorption est seulement de 0,17 kWhil @st impossible d'évaporer 5,2
kg d'eau avec cette énergie (I'enthalpie de chaegérde phase est environ 2500

chaleur dans I'évaporateur, I'eau liquide débomléatbsorbeur et se mélange avec la
solution directement. La conception du réacteurt dwicore étre améliorée. La
précision des capteurs de température est ausgiaisun fortement suspectée parce
gue la différence de température entre I'entrda sbrtie des échangeurs de chaleur
est tres faible.

R.4.3 Conclusion

Un modéle de simulation dynamique sur le prototgpété construit. La simulation est
réalisée dans les mémes conditions que dans l&sienpes. Aprés l'analyse des résultats et
la comparaison avec les résultats expérimentaugiquirs conclusions peuvent étre trouvées:

- La puissance des échangeurs dans le généraerandlenseur, l'absorbeur et I'évaporateur
de la simulation est plus grande que dans l'expégieLa raison principale est la présence
d'air dans le réacteur pendant I'expérience quirdienla vitesse de transfert de chaleur et de
masse.

- Le temps simulé nécessaire pour la phase deptésoest diminué de plus de 50% puisque
la puissance des échangeurs de chaleur dans ldasonuest plus élevée que dans
I'expérience. Comme le temps nécessaire pour lsepti@ désorption est diminué, la chaleur
apportée a la solution dans le réservoir de salgii également diminuée.

- Le besoin de chaleur pour la désorption dangalation est inférieur a I'expérimentation,
car la chaleur apportée a la solution est dimir{eéeeffet, on suppose que la solution quittant
le réacteur est toujours a I'équilibre thermodyr@gumi ce qui n'est pas forcément le cas en
raison de la cinétigue de sorption) et la vapeeaw'qui se condense sur la paroi externe du
réacteur est négligée dans la simulation.

26



Synthése de theése (en Frangais)

- Le besoin de chaleur pour I'évaporation et lalpotion de la chaleur par absorption dans la
simulation sont plus élevés que dans l'expérimematMais I'énergie nécessaire pour
I'évaporation mesurée dans l'expérience est tibfefpour évaporer I'eau qui est absorbée par
la solution. La conception du réacteur doit endire améliorée. La précision des capteurs de
mesure est également mise en cause.
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R.5 Simulation dynamique d’'un logement équipé avecsysteme de stockage
inter-saisonnier d’énergie solaire par absorption

Afin de déterminer la performance annuelle du systéle stockage inter-saisonnier dans un
batiment, le modéle qui a été utilisé pour la satiah dynamique du prototype est adapté et
enrichi. Un modeéle de capteur solaire, de besdieattiques de batiment et les conditions
météorologiques du site de Chambéry sont ajoutéscaléle dynamique.

R.5.1 modéle annuel de simulation dynamique

Le modéle en phase de désorption est présentéeFaglr et la phase d'absorption Figure 5-2.
Le modele pour la simulation annuelle est le méme lg modele pour le prototype avec
I'ajout d’'un modéle de capteur solaire et de bestiermiques d’'un batiment. Les conditions
meétéorologiques horaires sont utilisées comme petramd’entrée de la simulation
dynamique.

Au cours de la phase de désorption, I'énergie [odesorption est assurée par un capteur
solaire, le modele pour le capteur solaire estasuiVsSO 1994, Oscar M. et al, 2005]

Q. =(0,8G, /3600 1008 3,51, +T,, )/2T, 3 0,015%+ T,, )F2T. ° }Eq .
x S, /1000~ Q, :
Q.est la puissance qui peut étre fournie par I'‘éobandans le générateur en supposant qu'il

n'y a pas de ballon d’eau chaude tampon dans lEregsG, est le rayonnement solaire

horizontal globalQ, est la puissance nécessaire au batin@rest calculé par I'énergie qui

est fournie par le capteur solaire a laquelle esstsait le besoin d'énergie pour le batiment.
Cela signifie que I'énergie qui vient du capteuaise sera en priorité utilisée directement
pour chauffer le batiment. Si I'énergie qui vient chpteur solaire est plus élevée que le
besoin énergétique du batiment, I'énergie en eseesutilisée pour la désorption.

Le rayonnement solaire horizontal glob@] provient des données météorologiques de
Chambery (France) et peut étre trouve sur la FiguBe La température ambiantg,, est

également issue des conditions météorologiques ambBéry (Figure 5-4). L'eau dans le
condenseur est refroidie par l'air extérieur. lrapgérature a l'entrée de I'échangeur de chaleur
T,, (Figure 5-1) est supposée la méme que la tempéramobiantd,, ..

Au cours de la phase d'absorption, I'énergie d@ration est fournie par des sondes
géothermiques. La température de I'eau a I'ened&changeur de chaleuiod (Figure 5-2)
est supposée constante a 15°C, qui est la mémeétatue que dans la simulation
dynamique sur le prototype seul.

La chaleur d'absorption est utilisée pour chaufierbatiment par lintermédiaire de
I'échangeur de I'absorbeur. Un modele simple dienbat a été développé dans le logiciel
Trnsys suivant le type 56a en utilisant le logiCl&NBuild (Annexe 8). La surface du
batiment est de 120715 m x 8 m). La hauteur du batiment est de 2,5 m.
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Pour maintenir la température du batiment a 20°@aet la journée (de 6h a 22h) et 18°C

pendant la nuit (de Oh a 6h et de 22h a 24h), $eibale chaleur du batiment est représenté
Figure 5-5. Le besoin de chaleur du batiment es43% kWh/an. La puissance maximale

correspondante est de 2,8 kW.

La solution et I'eau sont stockées dans des résesauterrains. La profondeur des réservoirs
estde 4 m.

bY

La température a cette profondeurgslest calculée comme sUuitRILLAT-BERDAL V.
2006}

T, = 283.15+ &lsif Zr[{t— 142.75 8640 /86400/3 Eq.5-2
t est le temps en seconde. L’évolutiagsPendant un an peut étre trouvée Figure 5-6.

R.5.2 Dimensionnement du systéme et conditions denttionnement de la simulation

En raison des grands besoins de chaleur et desapoéss nécessaires, les composants du
systeme de stockage dans la simulation annuelle@os grands qu'ils ne le sont dans la
simulation du prototype. Le volume du réservoirsdtution est ici de 21,9 nle volume du
réservoir d'eau est de 9,4 nta surface du capteur solaire est de f2lmsurface des deux
échangeurs dans le réacteur est2@es valeurs ont été obtenues a partir de simuakfpour
correspondre au besoin de chaleur du batiment déngsi

Le systéme a trois phases opérationnelles: la piésoy I'absorption et le stockage. Le choix
de la phase de fonctionnement du systeme dépena pleduction de chaleur du capteur
solaire comparé au besoin de chaleur du batiment:

- La phase de désorption: si la production de chale capteur solaire est plus élevée que le
besoin de chaleur du batiment, la chaleur en egegs utilisée pour la désorption. Comme
indiqué au chapitre 3, pour éviter la prise en makesla solution dans le réservoir de solution
par cristallisation, la fraction massique maximdlgbsorbant aprés désorption est limitée en
fonction de la forme du cristal (hydratation dwstal). Le cristal de Cagh I'état 5 (10°C) est
sous forme de Cag&bH,O avec un pourcentage d'absorbat a 50,7%. La draatiassique
maximale dans le réservoir de solution pour la fatan est donc décidée a 0,495. Lorsque la
fraction massique dans le réservoir de solutiorsegérieure a 0,495, méme si la production
de chaleur du capteur solaire est plus élevéeaybedoin de chaleur du batiment, le systeme
ne fonctionne pas en phase de désorption.

- La phase d'absorption: si la production de chiateucapteur solaire est plus faible que le
besoin de chaleur du batiment et qu’il y a de l'dans le réservoir d'eau, la chaleur de
compensation nécessaire sera fournie par I'absorpti

- La phase de stockage (transition): si la prodactie chaleur du capteur solaire est inférieure
au besoin de chaleur du batiment et qu’il n'y a ¢faau dans le réservoir d'eau, ou si la
production de chaleur du capteur solaire est giexgéé que le besoin de chaleur du batiment
et la fraction massique dans le réservoir de smiutst supérieure a 0,495, ou si la production
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de chaleur du capteur solaire est la méme queslkeibde chaleur du batiment, le systéme est
dans une phase de stockage.

Pendant la phase de désorption, les conditionsodetibnnement sont: le débit d'eau
caloporteur dans les échangeurs du condenseur gdrdtrateur est de 2100 kg/h, qui est le
débit minimum pour atteindre le régime turbulene Hébit de la solution circulant du
réservoir de solution au générateur est de 200. Kgghdébit de I'eau du condenseur au
réservoir d'eau est de 20 kg/h lorsque le niveaaudtans le condenseur est au-dessus du
niveau maximum (100 mm) et nul quand le niveaurdétieur au niveau minimum (50 mm).
Ce débit est suffisant pour éviter le débordementediu dans le récepteur du condenseur.

Pendant la phase d’absorption, les conditions cetifannement sont: le débit d'eau de
I'échangeur de I'évaporateur est de 5000 kg/h glagsurer que la puissance de |'évaporation
est suffisante pour tous les besoins de chalebé&timent. Le débit d'eau de I'échangeur dans
I'absorbeur est de 1000 kg/h. Le débit de la smutlu réservoir de solution au générateur
n'‘est pas constant. Il est calculé en fonctionbd=s®ins de chaleur du batiment a chaque pas
de temps. Le débit de I'eau qui circule dans I'éxatpur est de 10 kg/h. Lorsque le niveau
d'eau dans I'évaporateur est inférieur au niveauinmim (50 mm), I'eau dans le réservoir
d'eau est transférée a I'évaporateur au méme débit.

Pendant la phase de stockage, les conditions @tidonement sont: I'eau est stockée dans le
réservoir de I'eau et la solution est stockée tlangservoir de la solution. La température de
l'eau et de la solution sont changeantes en fandtiotransfert de chaleur entre les réservoirs
et leur environnement.

R.5.3 Résultats de simulation

Tous les paramétres comme la masse, fraction massaqapérature, pression, puissance etc.
sont calculés par la simulation dynamique.

Les évolutions de la masse d'eau dans le résaf\ezit, de la solution dans le réservoir de
solution, le cristal dans le réservoir de solutibm,mélange (solution+cristaux) dans le
réservoir de solution avec le temps sont préseritépse 5-7. Sur cette figure, le temps 0
représente Oh, le®ljanvier 2005; 1 représente Oh, le 2 janvier 2@@%nfin 365 représente
Oh, le £ janvier 2006. La masse du mélange est la somnia dwmsse de la solution et du
cristal. La masse du mélange dans le réservoiotlgi@a diminue au cours de la phase de
désorption et augmente pendant la phase d'absorptiesque la solubilité est inférieure a la
fraction massique du mélange (jours 0 a 60 et 18653, il y a du cristal dans le réservoir de
solution. La masse maximale du cristal est 13 790Lk masse de solution correspondante
(qui correspond a la masse minimale de la solugshile 1 900 kg. Cette quantité de solution
minimale est choisie afin d’éviter tout probléme aeulation de solution dans le systeme,
méme en présence de cristal solide. Le cristaladi@plorsque la solubilité est plus grande
gue la fraction massique du mélange dans le résatgcolution (jours 60 a 180). La masse
d'eau augmente dans le réservoir d'eau lors déslargtion et diminue lors de 'absorption. La
masse maximale de I'eau est 5 300 kg. La somme gigalntité de mélange (dans le réservoir
de solution) et de I'eau (dans le réservoir d'eatifonstante dans le systéeme (systeme ferme).
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Au jour 90, il existe un gradient important sur Hggure 5-7. Cela est d0 au fait que la
simulation est en fait réalisée a partir du jour(201 avril 2005). A ce stade, la masse d'eau
est de 0. Mais un an plus tard, la masse de laisolet d'eau est différente. Il y a encore
environ 277 kg d'eau dans le réservoir d'eau.tlivemment difficile de faire en sorte que
toute I'eau désorbée soit absorbée exactement an.uDette différence entre les conditions
initiales et finales dans le réservoir d'eau eseatable par rapport a la quantité d’eau cyclée
(5 300 kg).

L'évolution de la fraction massique dans le réseme solution est présentée Figure 5-8. La
fraction massique du mélange diminue lors de lamgéi®sn et augmente lors de I'absorption.
Quand il y a du cristal (jours 0 a 60 et 180 a 3@b)solubilité est inférieure a la fraction
massique du mélange, la fraction massique de ldicolest €égale a la solubilité. Quand il n'y
a pas de cristal (jours 60 a 180), la solubilitésepérieure a la fraction massique du mélange.
La fraction massique de la solution est la mémeaglie du mélange. Cette figure présente
également un saut important au jour 90, pour la end&ison que dans I'évolution de la masse
dans les réservoirs.

L'évolution de la fraction massique de la solutéoria sortie du générateur/absorbeur est
présentée Figure 5-9. Au cours de la phase de ajecikcomme il n'y a pas de solution
circulée dans le réacteur, la fraction massique sottie du générateur ou absorbeur est fixée
a 0. Dans la phase d'absorption (Oh a 12h, le %iela@005, Figure 5-10), la fraction
massique de la solution a la sortie de I'absorbsumférieure a la fraction massique dans le
réservoir de solution tant que la vapeur d'eawabsbrbée par la solution. Dans la phase de
désorption (8h a 18h le 20 Juillet 2005, Figurel}-1a fraction massique de la solution a la
sortie du générateur est supérieure a la fractiassique du réservoir de solution tant que la
vapeur d'eau est désorbée de la solution. La pleaseockage se produit principalement lors
de la nuit en été (Oh a 6h sur le 20 Juillet, 260§ure 5-11 par exemple) car il n'y a ni besoin
de chauffage, ni énergie solaire recue.

La Figure 5-12 montre [I'évolution de la températuta générateur/absorbeur, du
condenseur/évaporateur, du réservoir de solutioniédervoir d'eau et de l'atmosphere. La
Figure 5-13 montre le détail de ces évolutionsjours. Les températures du générateur et
du condenseur varient avec la puissance produitdepeapteur solaire. La température du
réservoir de solution est supérieure a la températu réservoir d'eau car la température de la
solution qui vient du générateur est toujours Sepée a la température de I'eau qui vient du
condenseur. La température du réservoir d'eauresh@ de la température de I'atmosphere.
En absorption (Figure 5-14), la température de dedeur est supérieure a 20°C pour chauffer
le batiment. La température de I'évaporateur esiviton 15°C. Pendant le stockage, comme
il n'y a ni absorption ni désorption, la températdu générateur et du condenseur sont les
mémes que la température ambiante.

La Figure 5-15 présente I'évolution de la presslangénérateur/absorbeur, du réservoir de
solution et du réservoir d'eau. Pendant les phdes@gsorption et d'absorption, la pression du
générateur/absorbeur change avec la températladrattion massique (pression d'équilibre

thermodynamique). Au cours de la phase de stockageession du générateur/absorbeur est
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supposée a la méme pression que la pression duvoisal’eau parce que le
générateur/absorbeur n’est plus en fonctionneni@npression du réservoir de solution est a
I'équilibre thermodynamique. La pression du réserdeau change avec la température
(pression de vapeur saturée de l'eau). La predsi@ystéme varie de 200 Pa a 5000 Pa.

La Figure 5-16 montre I'évolution de la puissanes échangeurs dans le capteur solaire, le
générateur, l'absorbeur, le condenseur, I'évaparatele besoin de chaleur du batiment. Au
cours de la phase de stockage, les puissancesdratgur, de I'absorbeur, du condenseur et
de I'évaporateur sont nulles parce que le processtsnerte. Le débit de la solution du
réservoir de solution a I'absorbeur est calculé ptteindre la puissance suffisante. La Figure
5-17 montre deux jours en été. De 8h a 18h, leud®t12005 le systeme est en phase de
désorption. De Oh a 8h, le systeme est en phastodkage. La Figure 5-18 présente deux
jours en hiver. La puissance d'absorption est apativement la méme que le besoin de
chaleur quand il n'y a pas d'énergie solaire (d&x @h, le ¥ Janvier 2005). Quand il y a
I'énergie solaire, la puissance d'absorption détieure au besoin de chaleur (de 9h a 12h)
parce que I'énergie solaire est aussi utilisée pbauffer le batiment directement. Lorsque la
puissance solaire est insuffisante, de I'énerdigpexiuite par absorption. Durant certaines
périodes (de 12h a 15h), I'énergie solaire estissuiife pour les besoins de chaleur du
batiment, I'absorption n'est pas nécessaire. lganeplaire en exces est alors utilisée pour la
désorption.

Au cours de l'absorption, le débit de la solutianrdservoir de solution a l'absorbeur est
déterminé pour répondre au besoin de puissanceationdnt (Figure 5-19). La puissance
augmente avec ce débit. Mais la corrélation pussaebit n'est pas linéaire car le débit d'eau
dans I'échangeur de I'évaporateur est, par cartnstant. Il y a donc une puissance maximale
d'évaporation. Bien que le débit de la solutiot angmenté, la vapeur d'eau qui provient de
I'évaporateur n'est alors pas suffisante. L'augatent de la puissance d'absorption avec le
débit est faible lorsque le débit est supérieud@@Kg/h.

Un calcul est utilisé pour éviter la cristallisatidans le générateur. Le résultat est donné dans
la Figure 5-20. Pour chaque température du condendey a une fraction massique
maximale de solution possible dans le générateuwdoat une température maximale du
générateur pour eéviter la cristallisation. La Feguws-21 est plus facile a utiliser pour
'expérimentateur. Au cours de l'utilisation du ®®e, la température dans le générateur et le
condenseur sont mesurées et placées dans la FBekite Si le point est dans la région
‘Cristallisation’, soit la température de condermatoit étre augmentée en diminuant le débit
de l'eau dans I'échangeur du condenseur soit lpéieture de désorption doit étre réduite en

diminuant le débit de I'eau dans I'échangeur démgdeur.

Selon la simulation réalisée, toutes les conditi@$onctionnement présentes dans ces tubes
sont dans la région sans cristallisation (Figu22h-C'est-a-dire que lorsque le systeme est
dans une phase active, il n'y a pas de cristafliisalMais un probléme peut exister lorsque le

systeme est dans la phase de stockage. La sojiginrester dans les tubes de connexion
entre les réservoirs et le réacteur et leur tenpéraiminuer jusqu’a la température ambiante.
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Sur la figure, il y a beaucoup de points prochesladdigne de solubilité. Le probléme
correspondant de cristallisation et donc de blockagetubes ne peut donc pas étre négligé.

Suite a la simulation annuelle, les principaux téssi sont présentés dans la Table 5-1:
I'énergie solaire qui est recue par le capteuirsoést de 14 619 kWh avec 12 de capteurs
solaires. L'énergie qui est utilisée dans le géeéraest de 5 492 kWh. Elle est
principalement utilisée pour la désorption de I'daula solution. Cette partie est environ la
méme que I'énergie libérée par la condensatio{4k¥Vh). L'autre partie est transférée vers
le réservoir de solution parce que la solution adeie du générateur est plus chaude qu'a
I'entrée. L'énergie produite lors de l'absorpti@t & 645 kWh. L'énergie solaire utilisée
directement pour le batiment en hiver est de 113¥4. L'énergie nécessaire a I'évaporation
est de 3 534 kWh. La capacité de stockage du sgsesnde 116 kWh/in(en prenant en
compte le volume des réservoirs de solution eull'da rendement du systeme de stockage,
qui est défini comme I'énergie produite lors dbdt@ption divisée par I'énergie utilisée par la
désorption est de 66,4%. Le rendement solaire dtesye de stockage est défini comme
I'énergie produite lors de l'absorption divisée pénergie solaire recue par les capteurs
solaires. Il est d’environ 24,9%. La températurd'eu pour le chauffage du batiment est de
21°C en moyenne.

R.5.4 Conclusion

La simulation annuelle d’'un batiment avec le systéta stockage inter-saisonnier d'énergie
solaire a été realisée dans ce chapitre. Les éwotutde la masse, fraction massique,
température, pression, puissance etc. en fonctioremmps sont analysés. Le modeéle pour la
simulation annuelle considére presque tous les osargs qui sont utilisés dans le batiment
avec le systeme de stockage saisonnier. Il peatudilisé pour des simulations avec des
besoins de chaleur et des conditions météorologigiféérents, de méme que pour d’autres
couples d'absorption en changeant les caractérstithermodynamiques correspondantes.

Selon les résultats de la simulation, les besomscldaleur d’'un batiment peuvent étre
entierement couverts par le systeme de stockagesatsonnier et de I'énergie solaire utilisée
directement pour le batiment. La capacité de sigelat le rendement du systéme sont les
facteurs clé du systéme de stockage inter-saisopareabsorption. La capacité de stockage
est de 116 kWh/thdans I'exemple étudié et le rendement du systémestdckage est
d'environ 66,4%. Cependant, pour un batiment deni2@ est difficile d'avoir au total 30 Tn

de réservoirs de stockage (dimensionnement obtémuYempérature de la production de
chaleur (environ 21°C) n'est pas satisfaite nos.dla prochaine étape de la recherche devrait
se concentrer dans I'amélioration de la capacitétalekage, le rendement du stockage et la
température de la production de chaleur.

33



Synthése de theése (en Frangais)

Références de la synthese de these

Agyenim F., Hewitt N., Eames P., Smyth M.. 2010re¥iew of materials, heat transfer and phase
change problem formulation for latent heat therewargy storage systems (LHTESS). Renewable

and Sustainable Energy Reviews. 14(2), pp. 615-628

Amaya V. Novo, Joseba R. Bayon, Daniel Castro-Fredarge Rodriguez-Hernandez. 2010. Review
of seasonal heat storage in large basins: Watks &@md gravel-water pits. Applied Energy. 87(2), pp
390-397

Alibaba. http://www.alibaba.com

Aveyard R., Haydon D.A.. 1973. An introduction ke tprinciples of surface chemistry, CUP Archive.

Bales C'. 2008. Laboratory tests of chemical reactions @motbtype sorption storage unisww.iea-

shc.org

Bales C2 2008. Final report of Subtask B “Chemical and@ion Storage” the overview. pp. 23.
www.iea-shc.org

Boer R.D., Haije W., Veldhuis J., Smeding S.. 208dlid sorption cooling with integrated storage:
the SWEAT prototype. In: 3rd international heat poed cycles conference—HPC 2004

Craig BD., Anderson DS.. 1995. Handbook of cornoglata. ASM International, Materials Park, OH
Faninger G. 2004.Thermal energy storage; etn.wat.ac

Gil Antoni, Medrano Marc, Martorell Ingrid, Lazavena, Dolado Pablo, Zalba Belén, Cabeza Luisa
F. . 2010. State of the art on high temperaturentakenergy storage for power generation. Part 1—
Concepts, materials and modellization Review AgtidRenewable and Sustainable Energy Reviews.
14(1), pp. 31-55

Hasnain S. M.. 1998. Review on sustainable theanalgy storage technologies, Part I: heat storage
materials and techniques. Energy Conversion andalylement. 39(11), pp.1127-1138

Hauer Al 2002. Thermal energy storage with zeolite fortingaand cooling applications. In:
Proceedings of 3rd workshop of annex 17 ECES IA/IEA

Hauer A%, Mehlin H., Schossig P., Yamaha M., Cabeza L.,tMar., Setterwall F.. 2002. Annex 17,
Advanced Thermal Energy Storage Techniques — Réfsttudies and Demonstration Projects, final

report.www. iea-eces.org

Hauer A%, 2007. Sorption theory for thermal energy stordteermal energy storage for sustainable

energy consumption, Springer, Netherlands, pp. 893—

Hongois S., Stevens P., Coince A-S., Kuznik F.,»Ratl.. 2008. Thermochemical storage using
composite materials. In: Proceedings of the Eura®0®8, 1st international conference on solar

heating, cooling and buildings

34



Synthése de theése (en Frangais)

IEA task 32. 2008. Advanced Storage Concepts ftarSmd Low Energy Buildingshttp://www.iea-
shc.org/task32/index.html

ISO (1994). 1994. ISO 9806-1, Thermal performariggdazed liquid heating collectors.

Jaehnig D., Hausner R.,Wagner W., Isaksson C...2086rmo-chemical storage for solar space
heating in single-family house. In: ECOSTOCK cogefare

Kato Y.. 2007. Chemical energy conversion techrielodor efficient energy use, Thermal energy

storage for sustainable energy consumption, Spripge 377-91

NFPA704. 2007. Standard System for the Identiicadf the Hazards of Materials for Emergency
Responsenttp://www.nfpa.org

Pilkington Solar International GmbH. 2000. Survdytltermal storage for parabolic trough power

plants. National Renewable Energy Laboratory. [SR-87925]

Srivastava N.C. and Eames |.W.. 1998. A reviewdsioabents and adsorbates in solid-vapour
adsorption heat pump systems. Applied Thermal Ereging 18 (9-10), pp. 707-714

TRILLAT-BERDAL Valentin. 2006. These : Intégratiognergétigue dans les béatiments par
I'utilisation combinée de I'énergie solaire et degéothermie basse température. Université de Savoi
— Chambéry

Ucar A., Inalli M.. 2005. Thermal and economicabbsis of a central solar heating system with

underground seasonal storage in Turkey. Renewatdsglf. 30( 7), pp. 1005-1019

Van Berkel J.. 2005. Storage of solar energy imtbal reactions. In: Jean-Christophe Hadorn, editor

Thermal energy storage for solar and low energldimgis. Spain, Lleida

Velmurugan V., Srithar K.. 2008. Prospects and esayf solar pond: A detailed review. Renewable
and Sustainable Energy Reviews. 12(8), pp. 2253226

Visscher K.. 2004. Energy research Center of thiadtkands (ECN). Simulation of thermo chemical
seasonal storage of solar heat—material selectioth @ptimum performance simulation. In:
Proceedings of workshop 2004 2nd workshop Matlam/8nk for building simulation, CSTB, Paris,

France http://ddd.cstb.fr/simbad/workshop2

Weber RVD.. 2008. Long-term heat storage with Na®@atuum. 82(7), pp. 708-16

35



Synthése de theése (en Frangais)

36



General introduction

General introduction

In France, the present house heating boilers mas#yfossil fuels and release large quantities
of pollutants and greenhouse gases that can bieyparty harmful in densely populated areas.
The heating systems in urban areas in France repr&8&o of the S@emissions, 5% of the
NO, emissions and 30% of the CO emissipRSEME 2008].

Thermal storage systems for heat and cold are éslsenmponents of energy efficient
processes, especially when considering renewablergensources which often are
discontinuous or unsynchronized with the heat andédd needs. Thermal storage systems
are crucial components for solar energy applicatidoe to the intermittent nature of this
energy sourcéDincer |. 2002] Several research projects on thermal storagersgshave
been driven during the previous years at the E@opes well as the international levels
[PCRD 2006, IEA annex 10 20Qdlow storage efficiencies, the consequential enérgses
and the building and maintenance of storage dewiseslly increase significantly the total

cost of solar systems.

The aim of the present project is to develop a ltmmgy thermal solar energy storage
equipment for house heating using the absorptiohntglogy. The developed process would
have three environmental advantages: the use af snergy of summer in winter, the saving

of fossil fuels, and the reduction of @@missions and atmospheric pollution.

Solar energy is considered to be stored in a credmiay. Unlike the latent or thermal heat
storage solutions, the sorption storage technology a potentially infinite duration time
thanks to its particular concept which is alreadll\known from the existing solar powered
refrigeration machines. The originality of this moj comes from the possibility to store
energy during periods where a high solar heatifitavailable and to release this energy when
heat is needed. Figure I-1 represents the heatipeddby 10 rhsolar collectors and the space
heating and domestic hot water needs for a mod2®mf house situated in Chambéry, in the
Alpine region of France. This modern house follows turrent French law on buildings

isolation and thermal performances RT2005.
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Figure I-1 Results of the simulation by Trnsys dftelding in Chambéry (France)

The availability of the solar heat is strongly skiftcompared to the needs. Indeed, the solar
collectors dimensioned not only for domestic hotewgroduction but also for space heating
are over-dimensioned for the summer periods dusinigh no space heating is required (from
June to September in Figure I-1) whereas all thedifg needs are not covered during the
coldest periods. The warm periods can also be hatmthe solar system and heat has to be
rejected to the environment to avoid overheatinghef components. Thus, the idea of this
project is to use this waste heat, introduce @b absorption storage process to be able to

use it during the coldest periods when the heatewyls are higher than the solar gains.
The structure of the thesis is as follows:

Chapter 1 presents a brief summary of some relevarit and the general problems in the

field of thermal energy storage.

The process of seasonal storage of solar enerdyofse heating by absorption is introduced
and described in Chapter 2. The study of the pediaoa of this system with the seven
absorption couples: CaflH,O, Glycerin/HO, KOH/H,O, LiBr/H,0, LiCl/H,O, NaOH/HO

and HO/NHjs; is performed by a static simulation.

A prototype is designed and described and expetatiens are carried out at different
operating conditions with the absorption couple G&GO. The thermodynamic

performances and the problems of the prototypaaaé/zed in Chapter 3.
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Chapter 4 presents a dynamic simulation on theopnoe. The optimal performances of the
prototype are obtained by the dynamic simulatioth @mpared with the experimental results
from Chapter 3.

In Chapter 5, an annual dynamic simulation is penéxd in order to obtain the performance
of the seasonal storage system connected to airmuildhe characteristics such as the
pressure, the temperature, the mass, the masmwffrattie power, the energy, the efficiency

and the storage capacity etc. of the storage syatemresented and analyzed.
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Chapter 1 — State of the art of seasonal storage sstgms of solar
energy for house heating

Nowadays, most buildings meet thermal loads usqugpenents and systems that generate or
remove heat when building loads exist. Thermal gnesprage (TES) systems enable

buildings to meet heating and cooling loads usimgrgy produced at another time.

TES can be designed for storing and providing enemythree basic timescales: diurnal,
weekly, and seasonal. The seasonal thermal enarggst (STES) systems enable a building
to use heat collected during the summer to heabulilding during the winter, or to use cold
collected during the winter to cool the buildingthre summer. Relatively to diurnal storage
systems, STES require a much larger total size, vihddime scale of charge and discharge

is enlarged.

STES systems consist of several components, incluti@dieat (or cold) source, the heat
exchange system, the thermal distribution systdm, thermal storage medium and the
thermal loads. A well known disadvantage of sewesdsllatent TES is the fact that they have
to be at a higher (or lower) temperature than thbiance. Due to this temperature difference
they are able to operate as heat (or cold) storagbermal insulation is thus necessary to

avoid losses over the storage period.

A key issue in the design of a thermal energy g®rsystem is its thermal capacity - the
amount of energy that it can store and provide. él@x, selection of the appropriate system
depends on many cost-benefit consideratj@isA. et al. 201Q.

The cost of a TES system mainly depends on the faligwems:

» The storage material itself
» The heat exchangers for charging and discharti@gystem

* The cost for the space and/or enclosure for the TES
From the technical point of view, the crucial reguients are:

* High energy density (per-unit mass or per-unltuxe) in the storage material

» Good heat transfer between the heat transfet (TF) and the storage medium
* Mechanical and chemical stability of the storagserial

» Compatibility between the HTF, heat exchanger @anstorage medium

» Complete reversibility for a large number of diag/discharging cycles
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* Low thermal losses

* Ease of control
The most important design criteria are:

* Nominal temperatures
* Maximum load

* Operational strategy

All these facts have to be considered when decidimghe type and the design of thermal
storage. Lots of methods and systems have beetogedefor STES systems. The purpose of
this chapter is to identify and selectively revipmevious work done on the evaluation and use
of TES. Appropriate storage concepts and technicabrgp are discussed, followed by a
review of previous work. TES systems can be classbiyethe storage mechanism as sensible

storage, latent storage, sorption storage and cla¢ne@iaction storage.
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1.1 Sensible thermal storage

For the sensible thermal storage, the thermal gnsrgfored by the change of the temperature
of the storage medium. Thus, the storage capacjtgraks on the temperature change, the

specific heat and the quantity of storage medium.

The storage capacity of a sensible thermal storgggers with a solid or liquid storage

medium is given by:

Q=MCpPAT=VpCR T Eq.1-1
where M is the mass)V is the volume;Cp is the specific heatp is the density and

AT =T ., - T., is the temperature difference between the maximumd ainimum

temperatures of the medium. This temperature raagerdls on the application and is limited
by the temperature of the heat source and of theedg temperature from the storage. This
expression can be used to calculate the mass dnche®f storage material required to store

a given quantity of energy.

Sensible heat storage may be classified on the béashe heat storage media as liquid media
storage (like water, oil based fluids, molten saits.) and solid media storage (like rocks,

metals and others).

1.1.1 Sensible storage by liquid form

Storage by water

At moderate temperature, water is one of the blesage media. It has higher specific heat
than other materials, and it is cheap and widelgilalle. However, due to its high vapor
pressure, it requires costly insulation and presswithstanding containment for high
temperature applications. Water can be used oeewitie range of temperature of 25-90°C.
For a 60°C temperature change, water can storek24@ or 2.5 x 19 kJ/nt [Amaya V.
Novo et al. 2010, Because of its simplicity, a large amount of jmthe#d data is available on
the design criteria for water storage megdiaar A. 2005,Bauer D. 2010, Kubler R. et al
1997, Tanaka H. et al 20Q00The schematic diagram of a solar heating systetim s@iasonal
storage system by water can be found in Figure Th&. thermal energy which comes from
the solar collector is stored in the water storethyy increase of its temperature during the
summer phase and is used for house heating ddrewginter phase. A heat pump has to be

used to promote the thermal energy quality for éigemperature using.
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Solar Collectors

"= House

Air
Earth

Figure 1-1 A solar heating system with seasonahgmby watefUcar A. 2005]

Water storage tanks are made from a wide varietynaferials, like steel, aluminum,
reinforced concrete and fiber glass. The tanksraselated with glass wool, mineral wool or
polyurethane. The size of the tanks used varies fadew hundred liters to a few thousand

cubic meters.
Storage by solar pond

A solar pond is a pool of saltwater which colleetsd stores solar thermal energy. The
saltwater naturally forms a vertical salinity graadli also known as a "halocline", in which

low-salinity water floats on top of high-salinityater. The layers of salt solutions increase in
concentration (and therefore density) with deptblo® a certain depth, the solution has a
uniformly high salt concentration as shown in Fegdr2[V. Velmurugan et al. 2008, Solar

Gradient Solar Ponds, 2009]

There are 3 distinct layers of water in the pond:ttp layer, which has a low salt content; an
intermediate insulating layer with a salt gradiemhich establishes a density gradient that
prevents heat exchange by natural convection aadbdttom layer, which has a high salt
content. If the water is relatively translucent,dathe pond's bottom has high optical
absorption, then nearly all of the incident sokadiation (sunlight) will go into heating the

bottom layer. When solar energy is absorbed inwhter, thermal expansion and reduced
density occur due to the increase of the tempexattithe water were fresh, the low-density
warm water would float to the surface, causing emtion current. The temperature gradient
alone causes a density gradient that decreaseslepth. However the salinity gradient forms
a density gradient that increases with depth, &l dounteracts the temperature gradient,

thus preventing heat in the lower layers from mguipwards by convection and leaving the
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pond. This means that the temperature at the batfaime pond will rise to over 90°C while
the temperature at the top of the pond is usuatiyrad 30°C. Thus the solar energy can be
stored during long time with a much lower heat ldsn with a water tank storage. During

the winter phase, the water at the bottom of thar gmnd can be used for house heating.

/

Heat extraction

Figure 1-2 The solar pond

The advantages of a solar pond can be found aswill@he approach is particularly

attractive for rural areas in developing countriéery large area collectors can be set up for
just the cost of the clay or plastic pond liner. fEhis no need of a separate collector for this
thermal storage system. However, the evaporatefhcgurwater needs to be constantly
replenished. The accumulating salt crystals havieetoemoved and can be both a valuable

by-product and a maintenance expense.
Storage by other liquids

The most commonly proposed substitutes for watepan®leum based oils and molten salts
[Pilkington Solar International GmbH, 2000]he heat capacities are 25-40% of that of water
on a weight basis. However, these substitutes ltaver vapor pressure than water and are
capable of operating at high temperatures excee2JC. The oils are limited to less than
350°C due to stability and safety reasons and carguite expensive. Some of the oil
candidates that have been considered are ThermrmdoCaloria-HT. A few molten mixtures
of inorganic salts have been considered for highperatures (300°C and above). One is
sodium hydroxide which has a melting point of 32@ft@el could be used for temperatures up
to 800°C. However, it is highly corrosive, and #es a difficulty in containing it at high

temperatures. Liquid metals are also mentionedasilple sensible heat storage media. While
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most or their properties are similar to those ofenghey, along with the petroleum based oils,
have low specific heats and higher potential faactieity with the container. They do,
however, enjoy higher thermal conductivity. Thergtzss steel type 304 is the most common
material used for containment of oils and liquidtahg with special attention usually given to
the maintenance of an oxygen and oxide free enwiem in order to prevent corrosion
[Hasnain S. M. 1998]|The characteristics of those materials can bedaanTable 1-1
[Pilkington Solar International GmbH, 2000]

Table 1-1 Characteristics of the liquid meffdkington Solar International GmbH, 2000]

Temperature
%\(/aenrg?e Average heat  Average CSE;O;%%G Price of rgggituonf]
Medium of storage  cold y conductivity  specific heat pacity medium
hot (W/mK) (kd/kgK) ($/kg) Perkwh
C) (°C) (kg/m3) (KWh/m3) ($/kWh)
Mineral oil 200 300 770 0.12 2.6 55 0.30 4.2
Synthetic oil 250 350 900 0.11 2.3 57 3.00 43.0
Silicone oil 300 400 900 0.10 2.1 52 5.00 80.0
Nitrite salts 250 450 1,825 0.57 1.5 152 1.00 12.0
Nitrate salts 265 565 1,870 0.52 1.6 250 0.70 5.2
Carbonate salts 450 850 2,100 2.0 1.8 430 2.40 11.0
Liquid sodium 270 530 850 71.0 1.3 80 2.00 21.0

Summary of sensible storage in liquid form

Presently, most thermal storage devices use sensédat storage and a good technology is
developed for the design of such systems. Howalmye 100°C, the storage tank must be
able to contain water at its vapor pressure andstibeage tank cost rises sharply for
temperatures above this point. Organic oils mo#iaits and liquid metals do not exhibit the
same pressure problems but their use is limitedause of their handling, containment,
storage capacities and cost. Between liquid magerater appears to be the most convenient
because it is inexpensive and has a high spe@ét h

1.1.2 Sensible storage by solid form

Energy can be stored in rocks or pebbles packedsulated vessels. This type of storage is
used very often for temperatures up to 100°C irjwuntion with solar air heaters. It is simple

in design and relatively inexpensive. Typicallye tbharacteristic size of the pieces of rock
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used varies from 1 to 5 cm. An approximate rulehamb for sizing is to use 300 to 500 kg of
rock per square meter of collector area for spaxaiig applications. Rock or pebble-bed
storages can also be used for much higher tempesatp to 1000°QHasnain S. M. 1998]

The difficulties and limitations relative to the Uigl storage can be avoided by using solid
materials for storing thermal energy as sensibé.Hgut larger amounts of solids are needed
than using water, due to the fact that solids,aenegal, exhibit a lower storing capacity than
water[Lundh M. 2008, Pfeil M. et al. 2000, Doerte LaiAg06, Reuss M. et al. 1997The

cost of the storage media per unit energy stordtbisever, still acceptable for rocks.

Direct contact between the solid storage media arfteat transfer fluid is necessary to
minimize the cost of heat exchange in a solid g@nmedium. The use of rocks for thermal

storage provides the following advantages:

» Rocks are not toxic and non-flammable

* Rocks are inexpensive

* Rocks act both as heat transfer surface andgeonedium

» The heat transfer between air and a rock bedad,gtue to the very large heat transfer area,
and the effective heat conductance of the rock ipilew, due to the small area of contact

between the rocks. Then the heat losses from theap! low.

Magnesium oxide (magnesia), aluminum oxide (alunerad silicone oxide are refractory
materials, and they are also suitable for high-enmapire sensible heat storage. Bricks made
of magnesia have been used in many countries foryrgaars for storing heat. They are
available in the form of devices with electric rexatlements embedded in the bricks. The
heat is stored at night (when electricity rateslan® by switching on the electric heaters and
is supplied during the day for space-heating pwepdsy allowing air to pass through the

devices. Below, the properties of solid media gferare listed in Table 1-2.
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Table 1-2 Solid media properties for sensible heatige[Ataer O. Ercan]

. Density Specific Heat Capacity Thermlall Ther.m.al
Medium (kg/m3) Heat pCX106 R ma,,K) Conductivity B Diffusivity
(I/kgK) (W/mK) o= kipc 10° (m?/s)
Aluminum 2707 896 2.4255 204 at 20°C 84.100
Aluminum oxide 3900 840 3.2760 - -
Aluminum sulfate 2710 750 2.0325 - -
Brick 1698 840 1.4263 0.69 at 29°C 0.484
Brick magnesia 3000 1130 3.3900 5.07 1.496
Concrete 2240 1130 2.5310 09-13 0.356-0514
Cast iron 7900 837 6.6123 29.3 4.431
Pure iron 7897 452 3.5694 73.0 at 20°C 20.450
Calcium chloride 2510 670 1.6817 - -
Copper 8954 383 3.4294 385 at 20°C 112.300
Earth (wet) 1700 2093 3.5581 2.51 0.705
Earth (dry) 1260 795 1.0017 0.25 0.250
Potassium chloride 1980 670 1.3266 - -
Potassium sulfate 2660 920 2.4472 - -
Sodium carbonate 2510 1090 2.7359 - -
Stone, granite 2640 820 2.1648 1.73 t0 3.98 0.78%61
Stone, limestone 2500 900 2.2500 1.26 t01.33 06691
Stone, marble 2600 800 2.0800 2.07t0 2.94 0.99531.
Stone, sandstone 2200 710 1.5620 1.83 1.172
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1.2 Latent thermal storage

In latent heat storage the principle is that wheaths applied to the material it changes its
phase from solid to liquid by storing the heataterit heat of fusion or from liquid to vapor as
latent heat of vaporization. When the stored heaixtracted by the load, the material will
again change its phase from liquid to solid or freapor to liquid. The latent heat of
transformation from a solid into a liquid phase siall. Solid-vapor and liquid-vapor
transitions have large amounts of heat of transftion, but large changes in volume make
the system complex and impractical. The solid-liguahsformations involve relatively small

changes in volume. Such materials are availabdéerange of transition temperatures.

Materials to be used for phase change thermal gregoggage must have a large latent heat
and high thermal conductivity. They should have dtingetemperature lying in the practical
range of operation, melt congruently with minimuabsooling and be chemically stable, low
in cost, nontoxic and non-corrosive. Materials thate been studied during the last 40 years
are hydrated salts, paraffin waxes, fatty acids antectics of organic and non-organic

compounds.

Depending on the applications, the phase changeriaat (PCMs) should first be selected
based on their melting temperature. Figure 1-3 shdhe relation between melting
temperature and heat of fusion for these mateliitdsier A? et al. 2002] Materials that melt

below 15°C are used for storing coolness in aidd@aming applications, while materials that
melt above 90°C are used for absorption refrigenatAll other materials that melt between

these two temperatures can be applied in solamgeand for heat load leveling applications.
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Figure 1-3 Relation between melting temperatureteeat of fusion for PCME-Hauer A et
al. 2002]

The energy density of sensible storage can be isedely introducing a substance having its

phase change temperature within the temperatuge rafnthe storage.
Within a temperature intervdllT =T, — T, the stored heat is then:

Tls TZ
Q=[Cp,, di+ [ Cp, dt-A H, Eq.1-2
T

Ts

whereQ is the sensible and latent heat stored,n@md Cpn, are the heat capacities of the
PCM on its different phases, a#fH, is the heat of phase change at the phase change

temperaturel, with T, <T_ < T,.

The reachable temperature differer€E is determined by the charging temperature, which

is given by the heat source.

A list of possible materials that may be used #iemt heat storage is shown in Table 1-3
[Agyenim et al. 2010Lorsch H. G. et al. 1976Lane G. A. and Humphries W. Rave
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reported a large number of possible candidateafent heat storage covering a wide range of
temperaturestfane G. A. et al 197 Humphries W. R. et al. 197Bpbhat A. 1983.

Many PCMs have poor thermal conductivity and themefrequire large heat exchange area.
Others are corrosive and require special container®ent heat storage materials are more
expensive than the sensible heat storage mediaalgnemployed, like water and rocks.

These increase the system cost.
Due to its high cost, latent heat storage is mi&gedy to find application when:

1. High energy density or high volumetric energpamity is desired, e.g., in habitat where
space is at a premium, or in transportation wheth bolume or weight must be kept to a

minimum,

2. The load is such that energy is required at ateom temperature or within a small range of

temperatures,

3. The storage size is small. Smaller storage hgisehisurface area to volume ratio and
therefore cost of packing is high. Compactnes$iés tvery important in order to limit the

containment costs. Similarly, heat losses aremalsie or less proportional to the surface area.
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Table 1-3 Thermo-physical properties of PCMs inveséd for different applications.
[Agyenim et al. 2010L.orsch H. G. et al. 1976]

Melting . Specific heat - .
PCMs temperature l;:el:—'at ol(fquk5|len, capacity, Hiatvflongifitj\lllty, Dinsni,
Tm (oc) |S( g ) Cp (kJ kg—l K—l) ( m ) P ( gm )
Water-ice 0 335 4,2 2,4 (liquid) 0,6 1000
GR25 23,2-24,1 45,3 1.2 (solid) 1,2 - -
(liquid)

- 1,80 (liquid) 1,41 0,18 (liquid) 0,19 749 (liquid) 785
RT25-RT30 26,6 232,0 (solid) (solid) (solid)
n-Octadecane 27,7 2435 2,66 (liquid) 2,14 0148 ggh‘c‘f)') 0190 785 E'S'gﬁg) 865

_ 2,2 (liquid) 1,4 0,53 (liquid) 1,09 1530 (liquid) 1710
CaCl-6H0 29.9 187 (solid) (solid) (solid)

_ 2,0 (liquid) 2,0 0,15 (liquid) .

Na: SOy 10RO 32,39 180 (solc) 0.3(s0ld) 1460 (solid)

. 1,92(solid) 0,514 (solid) 0,224
Paraffin wax 32-32,1 251 3,26(liquid) (liquid) 830
Capric acid 32 152,7 - 0,153 (iquid)  ©'8 (('ﬁo‘f:g; 1004

Polyethelene glycol 900 34 150 5 2,26 (liquid) 2,26 0,188 (liquid) 0,188 1100 (liquid) 1200
(PEG900) ' (solid) (solid) (solid)
Lauric—palmitic acid 2,41 (liquid) 1,77
(69:31) eutectic 352 1663 (solid)
o 2,27(liquid) 1,76(solid) 0,862
Lauric acid 41-43 2116 1,76(solid) 16 (liquid)
Stearic acid 41-43 (67-69)* 2116 227 E'S'glti’g) 1,76 1,60 (solid) 862 ((Igotfilg; 1007
Medicinal paraffin 40-44 146 23 Elslgﬁlc?)) 2.2 21 Elslgﬁlc?)) 05 830 (solid)
Paraffin wax 40-53
P116-Wax 46,7-50 209 2,89 gglti’('g) 289 0277 ggﬁcg) 0140 786 (solid)
Merck P56-58 48,86-58,06 250 2317 ggﬁg) 1.84 _ _
Commercial paraffin wax 52,1 2435 - 0,15 809‘%((;?3;’) m
Myristic acid 52,2 182,6 - - -
Paraffin RT60/RT58 55 to 60 214,4-232 0,9 0,2 775 E'S"glti“d‘;) 850
Palmitic acid 57,8-61,8 1854 0,162 (liquid) &2 E'S"glti’g) 989
0,490 (liquid) 0,611 1550 (liquid) 1636
Mg(NO3)2-6H0 89 162,8 - ((Sgli d)) ((Sg“ d))
2,4 (liquid) 1,8 0,2 (liquid) 0,2 770 (liquid) 940
RT100 99 168 (solid) (solid) (solid)
. 2,61 (liquid) 2,25 0,570 (liquid) 0,704 1450 (liquid) 1570
MgCl>-6H0 116,7 168.,6 (solid) (solid) (solid)
. 2,61(liquid) 0,326 (liquid) 0,733 1300 (liquid) 1480
Erythritol 17,7 339.8 2,25(solid) (solid) (solid)
Na/K/NO; (0,5/0,5) 220 100,7 1,35 0,56 1920
ZnCL/KCI (0,319/0,681) 235 198 - 0,8 2480
NaNO; 310 172 1,82 0,5 2260
KNO; 330 266 1,22 0,5 2110
NaOH 318 165 2,08 0,92 2100
KOH 380 149,7 1,47 0,5 2044
ZnCh, 280 75 0,74 0,5 2907
LiF-Cak (80,5:19,5) 267 816 1770 (liquid) 1,770 1,70 (liquid) 3,8 2390 (liquid) 2390
mixture (liquid) (solid) (solid)
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1.3 Storage by chemical reaction

The basic principle of the storage by chemical reacis AB + heat& A+B. During the
summer phase, the compound AB is broken into compsnA and B by solar heat. The A
and B compounds can be stored separately duringttinege phase. During the winter phase,
A and B are mixed for reaction and AB is formed. Teat of reaction is released for house

heating or other thermal use. The storage capaepgrtls on the heat of reaction.

For this type of storage it is necessary that thendcal reactions involved are completely
reversible. The heat produced by the solar recasarsed in the endothermic chemical
reaction. If this reaction is completely reversjlitee heat can be recovered completely by the
reversed reaction. Often, catalysts are necessagdase the heat. This is even advantageous
as the reaction can then be controlled by the ysitgPilkington Solar International GmbH
2000].

Commonly cited advantages of thermal energy stobggeeactions are high storage energy
densities, indefinitely long storage duration aamambient temperature, and heat-pumping
capability. Drawbacks may include complexity, unagties in the thermodynamic properties
of the reaction components and of the reactionstkis under the wide range of operating

conditions, high cost, toxicity, and flammability.

Although the thermal energy storage by reactiorns $everal advantages concerning their
thermodynamic characteristics, development is atwy early stage. To date, no viable

prototype has been built.

Table 1-4 presents several reactions that have be&stigated to be used as chemical

storage materials.

Table 1-4. Chemical reaction storage matefiis) Berkel J. 2005]

Medium Reaction Energy density Reaction temperature
Ammonia NH + AH « 1/2N, + 3/2H, 67 kd/mol 400-500
Hydroxides, e.g. Ca(Ohi— CaO + HO 3GJ/m 500°C
Calcium carbonate CaG®» CaO + CQ 4.4 GJ/Im 800-900C
Iron carbonate FeCO- FeO + CQ 2.6 GJ/m 18C°C
. Metal xH, <~ metal
Metal hydrides YHy + (X~ Y)Ha 4 GJIm 200-300C
Magnesium oxide MgO + #D < Mg(OH), 3.3 GJ/m 250-400C
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Metal oxide/metal (SnOx/Sn) reactions are alsoiptesand technically feasible, for example
[Forster M. 2004, Choi W.K. 1997]

SnG+ 2CH, + heat> Sn + 2CO + 4K Eq.1-3
Sn + 2HO & SnG + 2H, + heat Ed4.1-

During the summer phase, the concentrated solaggnéll increase the temperature in the
reactor (Figure 1-4). Reaction (Eq.1-3) takes pkatc880 K and the liquid Sn is stored in a
tank. When the thermal energy is needed duringsingr phase, cold Sn is sent to a tank
where BHO vapor is added, creating reaction (Eq.1-4). Ia #y, Sn@can be recuperated to
restart the process. The critical point of this devis the kinetic behavior of reactions.
Although the reaction is feasible with solar enetgghnically, it is still not developed, and it

IS necessary to increase the investigation.

Solat radiation in

electricity )
) ) window ..
& T —
- L o e Y

SnQ, 6 recirculated
CH;+CO+H,in

SnO, solid dust 00 o® %

generator

A -~ $n0, solid

h 4

CHyin |

oy \ > Sn liquid

to heat engine -

/ H, out

from heat engine == |

H;0 vapour in 1 —

H,O liquid ~

i Sn0O; out

Figure 1-4 Proposed schematic solar reactor faticg in the upper part, heat recovery in

the middle part, and hydrogen generation, in thestgart.

Some hydration reactions are also used for thagtosystem, the performance can be found
as follows:
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NaS/H,O: Sodium sulphide presents a high sorption capaciti a high heat of sorption so it
provides a high thermal power density combined vaithigh energy storage density. The
storage capacity of N& in form of NaS-9H0 is almost 1.1 kWh/kg (1980 kWhfjrfor heat
and 0.7 kWh/kg (1300 kWh/ for cooling with COP of 0.84 and 0.57. Considgrithe
NaS-5H0, the storage capacity is almost 780 kWhfor heating and 510 kWh/nfor
cooling. However, sodium sulphide is very corrosiwel operates under vaculiBoer et al.
2004]

MgSQO,- 7H,O: The magnesium sulphate heptahydrate is considesradrery good potential in
terms of solar energy storage with high densitglofost 780 kWh/rhat temperature level of
122°C Bales C. 2004. MgSQy,-7H,0 is advantaged by its non-toxic and non-corrosive
characteristics but it is expensive. However, sexperiments performed by EDF R&D show
that the practical use of pure magnesium sulplsatpiite difficult because of its low power
density[Hongois S. et al. 2008]
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1.4 Storage by sorption

Sorption can be defined as a phenomenon of fixairorapture of a gas or a vapor (sorbate)
by a substance in condensed state (solid or liqgatied sorbentHauer A® 2007. Sorption
phenomena can involve both absorption and adsorgtioveyard R. & D.A. Haydon 1973
Absorption is defined as a phenomenon in whichgaidi or a gas enters a solid or a liquid.
However, considering storage applications, thiswtey usually relative to the absorption of a
gas by a liquid (absorbent). In the same way, ad®or is usually used to designate a
phenomenon of binding of a gas on a surface oflid so porous material when a more
general acceptation of the word refers to a surfgeenomenon: an attachment of gas or
liquid phase of a component to the surface of arashibstanceSrivastava N.C. et al. 1998,
Mandelis A. et al. 1993

The principle of sorption storage can be descrilseidlfows:
AB + heat&> A + B Eqg.1-5

A/B is called a working pair or sorption couple. dém the influence of a heat supply, a
compound AB is dissociated into components A andviidch can be stored separately
(endothermic phenomenon). When A and B are putuch, component AB is formed with a
heat release (exothermic phenomenon). Energy camefohe be stored with negligible

thermal loss since heat is not kept in sensibllatent form but as a chemical potenfiahto

Y. 2007]

In thermal energy storage systems by absorpticsearehers are mainly submitted to the
following challengesHladorn J-C. 2006

- The choice of the best system;

- The storage density optimization linked to theich@f materials (this point will be detailed
in the following);

- The vessels/tanks design;

- The heat exchangers design and the reactors coatiign;

- Pressure drop;

- The low-temperature heat source in winter;

- Efficiency;

- Cost.
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Materials appear to play a key role in these chghs. A suitable material can store the
energy without heat loss and is able to release éhergy immediately when it is needed.
There are a great number of materials that couldslee for sorption when focusing only on
the thermodynamic principle of reversible reactidds Hauef 2007. Some technical,

economic or ecological criteria lead to a closér Ipeleed, usual selection criteria of materials

used in sorption machines dkésscher K. 2004]

- High affinity for the sorbent by the sorbatesthias an effect on the rate of the ab/adsorption
reaction, which is important for a usable powersign

- Higher volatility of the sorbate (than the sort)en absorption;

- High storage density;

- High thermal conductivity (in particular for adption) and high heat transfer from sorbate
to heat exchangers;

- Regeneration (charging) temperature as low asilples this results in higher solar collector
efficiency in the case of solar heat storage;

- Heat source needed for the evaporation duringhdiging period at relatively low
temperature;

- Environment safety, non-toxicity, low Global Wanygi Potential and Ozone Depletion
Potential;

- Non-corrosiveness of materials;

- Good thermal and chemical stability under opagationditions (temperature, pressure);

- Moderate operating pressure range: no excessassywe conditions and especially no high
vacuum;

- Low material cost.

Different working pairs or materials, according teeir ability to fulfill aforementioned
requirements, have been considered in thermal gr&igyage systems. Studies aimed to
describe physicochemical and thermodynamic pragsedf materials suitable for long-term
storage of thermal energy, since knowledge on naddgeis a prerequisite to the design of
different components of storage units and exchanffales C 2004. The couples which
have been studied for the thermal energy storagfersyg can be found as follows:

Solid-gas (adsorption)

Zeolites/HO: Zeolites are alumina silicates with high miciargsity and are considered to be

compatible with the most stringent environmentajutations. Apart from natural zeolites
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(minerals), different types of synthetic zeolitesvé been developed for special purposes.
Alefeld et al. ruled out the use of zeolites insswel storage for economical reasons and
suggested that zeolites could be used in the leaelihg within a district heating network
[Alefeld et al. 1981] Hauer has reported in experimental results tmatstorage capacity is
124 kWh/ni with COP of 0.9 for heating and is 100 kWH/mith COP of 0.86 for cooling
using the synthetic Zeolite 13Kdauer A 2002] The natural zeolites could be used as
storing material instead of the 13X synthetic zeolWhen the heating temperature is below
100°C.

Silicagel/HO: The storage density of silicagel is up to abotités that of water (25/85°C).
[Faninger G. 2004]Silicagel has been used for thermal energy stosgtems by AEE-
INTEC (Institute for Sustainable Technologies, Austidaehnig D. et al. 2006, Van Essen M.
et al 2008]Jin a series of studies. They achieved experimgnédbut 50 kWh/r of storage
capacity whereas they had theoretically estimatedreach a storage density of 200-
300 kWh/n.

Liquid-gas (absorption)

NaOH/HO: A calculation made for a single family home adaog to the passive house
standard (120 fn heat demand at 35°C = 15 kWH/rbomestic Hot Water about 50 l/day at
60°C, evaporator temperature = 5°C) results irta gtorage volume of 7 fnincluding tanks
and heat exchangers, in a two stages protessdr RVD. 200B The experimental measures
performed on the prototype during charging have thet expectations of EMPA. The
maximum attainable absorber temperature was 95WCtlam lowest condenser temperature
reached was 13°C, corresponding to a lye conceriraf 62 wt%. This concentration value
is approximately 7 wt% higher than expected. Howesgpecial care must be taken when

working with caustic soda because it is highly osive.

LiCI/H,0: Based on the results presented by ClimateWeBeden]Bales C*2008] this
pair is not suitable for seasonal storage, notimezaf its storage density (253 kWH/hiCl
salt), which is 2.7 times higher than that of wgg&5/85°C), but because of the high cost of
the salt (about 6000 Euros/t).

A review paper on the storage systems by sorptem been published iRenewable and
Sustainable Energy ReviewWs Tsoukpoe et al. 2009]
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1.5 Conclusion of the state of art of solar heabsige

This chapter has reviewed some of the informatioailable in the literature regarding
thermal energy storage, with the focus on the iflegason of storage system concepts and the
description of the materials used in these diffecemcepts. The following conclusions can be

drawn:

1. The requirements for a thermal storage systemhagé energy density in the storage
material (storage capacity); good heat transfewéen heat transfer fluid and the storage
medium; mechanical and chemical stability of sterataterial; heat exchanger and/or storage
medium (safety); complete reversibility of a numbécharging/discharging cycles (lifetime);
low thermal losses; ease of control; adequate tiparatrategy; adapted maximum load; and

integration into the building.

2. According to the storage media, storage systarasclassified as sensible heat storage,
latent heat storage, reaction heat storage andiGotpeat storage. Only the sensible heat and
latent heat have been actually used in real saaep storage, although other storages offer

some advantages and are the target storage tegiewlo

3. Solid sensible heat storage have been investigatd tested recently. The low cost of the
solid material has to be balanced with the high obshe heat storage design, especially the

required heat exchanger.

4. Latent heat storage is a promising technologyt larings higher storage density and nearly
constant temperature. Several materials have hesmgzad and used, but latent heat storage

also suffers from high heat losses for long-termqoks.

5. The chemical and sorption storage technologis @omising, but is even less developed
than the latent heat. Much more investigation i8 seeded for the realization of those

systems.
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Chapter 2 — Seasonal storage of solar energy for iee heating by
absorption technology

From the previous literature review, the absorpstorage is advantaged by its low heat loss
and high storage capacity. Even if the storage agpeclower than the reaction storage
technology, considering the low temperature neefdedthe solar energy, the absorption
storage seems to be adapted for building needkidrchapter, we propose to study a long-
term energy storage system for house heating byrjaiien. The process will be introduced
and described and seven absorbate/absorbent couplldse studied for the system. The
studies of the storage capacity, the efficiencg,dperating pressure, the temperature need for
solar energy, the possible temperature for houasnug the material security and the material
economy of the seven absorption couples: gD, Glycerin/HO, KOH/H,O, LiBr/H,0,
LiCl/H,0, NaOH/HO and HO/NHs; are performed.
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2.1 Process description and static model
2.1.1 Process description

The aim of this work is to develop a long-term egestprage system for house heating by

absorption. The solar energy is stored in summeutir desorption and the heat is released
in winter through absorption. The different compdsenf the seasonal storage system can be
found in Figure 2-1.

e Desorption. 1
: | i vapor | |
' solar collector — — P !
| concé:nser |—§ Q¢ |
\ " | generator <) |
: Qo \_:> t | ! ambience |
' R — . |
! rich|solution poor solution !
! ' X !
\ rTTTToo P St Attt Sttt il Rt o
. x | ] absorbate tank |
! 1 solution tank ol !
' poor|solution rich| solution l ; |
| " ™" labsorber 7zl :
| AL B cvapérator S;!Qf § :
! \ —I{} 0. vapor geothermal source |
: ~ house heating: & Pump o w v  distributor
! ' X valve PN heat exchanger
Absorption

Figure 2-1 Solar energy seasonal storage system

During the summer phase (desorption), the pootisolwith low mass fraction of absorbent)
in the solution tank is transported to the generbyoa pump, where it is heated by the solar
energy (Q) coming from a solar collector. Following the sadan thermodynamic equilibrium,
the absorbate in the solution can be vaporizedrandferred to the condenser where its latent
heat (Q) is released to the surrounding or used to prefh@aiestic hot water. The condensed
absorbate flows to the absorbate tank where itaed. The rich solution (with high mass
fraction of absorbent) which is produced in theegator flows back to the solution tank.

During the inert storage period, the solution igptken the solution tank and the liquid
absorbate in the absorbate tank. The temperaturéBeofolution and absorbate change
depending on the surrounding temperature. The diffeconnection valves are closed, so no
mass transfer happens during this period.
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During the winter phase (absorption), the pressurthe system is lower than during the
summer. The absorbate is circulated from the absodiarage to the evaporator, where it is
vaporized by low temperature geothermal hea) @ming from the ground following the
liquid-vapor equilibrium. Because some charactesstof the heat exchanger in the
evaporator such as the flow rate, the heat trarsfs, the temperature difference etc. may
not be optimized, the absorbate which is transfietoehe evaporator could be not completely
evaporated. Thus, the absorbate which is not vagubriltows back to the absorbate storage
and can be recirculated. Following the solutionriieynamic equilibrium, the vapor of
absorbate is absorbed by the rich solution whidatirilated in the absorber. Thermal energy
(Qa) is released in the absorber along with the albsorpprocess to meet the energy
requirement for house heating. The energy need isf wlinter phase thus comes from
geothermal energy which is upgraded by this sysfém. poor solution in the absorber after
absorption flows back to the solution tank.

The process is run under vacuum conditions (meamingplute pressure in the system lower
than the ambient pressure, and air-free environymextept for those couples which have
higher equilibrium pressures at low temperaturean tlatmospheric pressure (such as
H>O/NHs). The reasons for the vacuum condition are as\isliio

1. The heat and mass transfer of desorption and@timsocould be decreased by the presence
of non-condensable gas (air).

2. Under vacuum conditions, heat losses to theosndings by convection of the air in the
reactor and tanks are minimized.

The innovation in this storage process is that tietien can reach the crystallization point,
which is usually avoided in the absorption refragem machines because of the possible
blockage of the fluid flows. The crystallization the generator/absorber in this storage
system is also forbidden for the same reason, fystatlization can be allowed in the solution
tank, where there is little circulation of fluid. &@lstorage capacity can be enhanced because of
the increase of mass fraction of absorbent inittesolution at the end of the summer phase,
but the complexity of the solution tank/absorbencaption is increased due to the appearance
of crystal.

2.1.2 Static model

A static model has been developed for evaluatirg feasibility and performance of the
seasonal storage system. A representation of twegs cycle can be found with the example
of the CaC}J/H,O absorption couple on the pressure-temperaturs-rinastion diagram in
Figure 2-2 (without crystal) and Figure 2-3 (witlystal).

2.1.2.1 Storage cycle without crystal
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Figure 2-2 Seasonal solar energy storage cycle®@atbh/H,O (without crystal)

There are two states in the figure for pure watet€stE and C). State E is the pure water at
the evaporator. The temperature of statd f i6 chosen at 10°C, which is supposed to be the

temperature of the ground during the winter ph&sate C is the pure water in the condenser.
The temperature of state @_{ is chosen at 30°C for condensation, which is sapg to be

higher than the environment temperature duringstmemer phase.

There are five states for the solution in Figure @&tate 1, 2, 3, 5 and 6). State 1 is the poor
solution in the solution tank before the desorppbiase (summer phase). The temperature of
state 1 ;) is the temperature of the storage which is atsxsen at 10°C.

During the charge phase, the solution at statenkased by solar energy, which comes from
the solar collector, to state 2. During this precéise valve which connects the condenser and
generator is closed, the pressure of the solutioreases with the temperature increase of the
solution. The mass fraction of the solution is cans{Eq.2-1):

X =% Eq.2-1
The pressure balance of state 2 and state C is simoa2-2:
R=1(xT)=R= f(T) Eq.2-2

In which, P, is the pressure of the solution at state 2 ingéeerator, which is linked to the

solution temperaturel() and mass fractionx;), P. is the pressure of state C, which is linked
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to the water temperatureT(), and f(x,T) and f'(T) are thermodynamic equilibria
relations for the solution and pure water.

From state 2 to state 3, the solar energy is coaliynused to heat up the solution. The valve
which connects the generator and condenser is é@dowing the thermodynamic equilibria,
the absorbate is desorbed from the solution andearsed in the condenser at 30°C (state C).
State 3 is the rich solution after desorption. Thesgure of state 2 and state 3 is the same as
the pressure of state C.

The pressure balance of state 3 and state C is simaa2-3:
R=1(xT)=R= f(T) Eq.2-3

In which, P, is the pressure of solution at state 3 in the g&ag which is linked to the
solution temperaturel{) and mass fractionx;).

The mass fraction of absorbent at state 3 is chegehat there is no crystal formed during
the storage phase from state 3 to state 5. TheSiatthe solution in the solution tank at the
temperatureT;) of 10°C which is chosen as the ground temperaturig the storage phase.

This temperature is the same temperature as s(@e=1T,). Because the solubility of CaCl
in water atT, is 0.398 kg CaGlkg solution, the mass fraction of state 3 is choae such.

Consequently, the temperature of state 3 is fixélga 45°C, which can easily be attained by
flat plate solar collectors.

During the storage phase from summer to wintersthetion temperature at state 3 decreases
with the surrounding temperature till state 5. Tiod solution and the absorbate are stored
from the summer to the time when the heat prodngsmeeded. The solution has a constant
mass fraction of absorbent.

X = X Eq.2-4

During the discharge phase, the water is evaporbiedhe geothermal energy at low
temperature (10°C for example) in the evaporattat€sE). The solution at state 5 absorbs
vapor from the evaporator. The heat of absorptiorelsased to heat up the water which is
used in the floor heating system at the minimumpkerature T= 20°C (this low temperature
can also meet the temperature requirements of &tnnew heating floor technologies
[Multibéton, 2009). The mass fraction of the solution decreases hadtessure increases
during the process to state 6. The state 6 is tloe polution after desorption. The mass
fraction of state 6 is decided by the pressurerttalaf the absorber and evaporator (state E)
in EQ.2-5:

R=10%T)=R= (1) Eq.2-5
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In which, B, is the pressure of solution at state 6 in the w@esp which is linked to the
solution temperaturelf ) and mass fractionx), P, is the pressure of state E, which is linked

to the water temperaturd@).

At the end of the absorption phase, the solutiostate 6 goes back to the solution tank at
state 1 at the same mass fraction. The cycle iedlos

X = X Eq.2-6

The relative mass of solution for 1 kg absorbanthat different states can be calculated
following Eq.2-7.

m =1/x Eq.2-7

All the masses used in this static model are thative masses for 1 kg absorbent, with the
unit of kg/kg absorbent.

The corresponding vapor quantity which is releasethfthe solution from state i to state |
can be calculated following Eq.2-8.

Solutionat statei(mh,) =———te = = = = = >—> Solutionat statej (m;,h;)

. . )
Energy fromstateito] (Q;-y) => Generator M3 Vapor fromstate 5 to 6 (Mo isy)

Mygpij =M —M; Eqg.2-8

The energy transfer from state i to sta@ j; can be calculated following Eq.2-9.
Q_j=mh+my,_; Oy, — mOt Eq.2-9

in which, h,,,;_; is the enthalpy of vapor of absorbate which isodtesd/desorbed from the

solution. This enthalpy is changed with the tempeeatof vapor during the phase of
desorption/absorption. In this simplified modele thensible heat of the components walls is
neglected. The energy provided by the pumps toigledk is also neglected.

Thus, the solar energy need during the summer pQase Q,_,. The energy which is
released to the heat exchanger for house heatimggdhis phase, is Q. ;.

2.1.2.2 Storage cycle with crystal

Figure 2-3 shows the seasonal storage processiythal.
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Figure 2-3 Seasonal solar energy storage cycle®@aibb/H,O (with crystal)
In the cycle with crystal, state 1, 2 and 6 aresime as in the cycle without crystal.

The mass fraction of absorbent at state 3’ is higinan at state 3 (Figure 2-2). But to avoid
entire crystal formation in the storage tank, theximum mass fraction of absorbent after
desorption is limited depending on the crystal fqihmdratation of the solid). That is to say,
the maximum mass fraction of the solution afterodgison must be lower than the percentage
of the absorbate in the crystal. The crystal of GaCstate 5 (10°C) is in form of Ca®H,0
with the percentage of absorbate at 50.7%. Thushtes fraction of state 3’ is chosen at 0.5
kg CaC}l/kg solution for example. The pressure balance ates®’ and state C is shown in
Eq.2-10:

R= f(%.Ty) = R= f(T) Eq.2-10

In which, B, is the pressure of solution at state 3’ in theegator, which is linked to the

solution temperaturel{.) and mass fractionx;).
The solar energy needed during the summer p@asean be calculated following Eq.2-9 as
previously.

During the storage from summer to winter, the isostline crosses the crystallization line at
state 4, so crystals appear in the storage takn Btate 4 to state 5, crystals are continually
formed due to the decrease of the storage temperatu
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The relative mass of the crystal appeared at statg Scan be calculated following Eq.2-11.

rT‘LryS =n-m Eq.2-11

The corresponding relative mass of the solutiontaties5m, can be calculated following
Eq.2-12.

rnéxj + rréry5 )éw5 = rg )§ Eq2'12

in which x; can be calculated by the solubility of solutiortte temperature of state %,
is the percentage of the absorbate in the cryssthte 5.

At state 5, while solution from state 6 is reciated to the solution tank, the crystal is
progressively diluted but the mass fraction of sleéution at state 5 is constant until all the
crystal has disappeared, as the temperature gbtb&on tank is supposed to be constant.

The energy production during the winter ph&sean be calculated following Eqg.2-13, in this
simplified model.

Solutionat state 5 (ms.h;)

—— -
-

Solution at state 6 (mg4,hy)

Crystal at state 5 (m,s.h5) -
B N -
Vapor fromstate 5 to 6 (mg - m; -Mys.h..) -~ "Absorber => Energy fromstate 510 6 (Q,)
Qa = n-ED%"' r'ersmgys"'( m= @D\Qpe_ m, Eqg.2-13

In which, h,, is the enthalpy of vapor coming from the evaparatctate E.

But the enthalpy of crystal of absorption coupkesealdom presented in the existing literature.
In order to simplify Eq.2-13, considering that theahreleased to the solution tank while
cooling the solution form state 6 to state 1 cobél used for the dissolution of crystal

remaining in the tank, the energy need for theodlis®n of crystal is not considered during

the absorption process. The Eq.2-13 is simplifieHq®-14.

Soluti tstate 5 (ms+ 55115 —r .
olutionat state 5 (s +Meys.hs) == Solution at state 6 (mg,hg)
- - -
Vapor from state 5 to 6 (mj - m; -m_gs.h, ) ——3| = “Absorber |:> Energy fromstate 5to 6 (Q,)

Q =(m+my)Oh+(m- M- MIOh- M. Eq.2-14

In fact, this is the energy balance of the absorBetthe inlet of the absorber, the solution
comes from the solution tank at the same charatterias the solution at state 5. The total
mass of solution at the inlet of the absorber &sgim of the mass of solution and crystal at
state 5. At the outlet of the absorber, it is thkitson after absorption at state 6. The vapor
absorbed by the solution comes from the evapoesdtsiate E.
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The heat loss to the surroundings during the dasorpnd absorption phases and the work of
the pumps are not considered in the calculationhigrsimplified model.

Seven absorption couples, Cg@8bO, Glycerin/HO, KOH/HO, LiBr/H,O, LiCI/H,0,
NaOH/HO and HO/NH; will be presented and analyzed for the seasonedgt system. For
KOH/H,0, LiBr/H,0, LiCl/H,O and NaOH/HO couples, the process phases are the same as
for CaClL/H,0. But for Glycerin/HHO and HO/NHj; couples, there is no crystal appearance at
any mass fraction. For the,&l/NH; couple, NH is the absorbate of the process.

The literature enthalpy, solubility, liquid-vapor wlgprium and other thermodynamic
parameters for CagH,0 [Conde, 2004]Glycerin/HO [Tyner, 2004] KOH/H,O [Zaytsev &
Aseyev,1992; Oxychemm 2000; Ripoche & Rolin,198p]LiBr/H,O [Castaing-Lavignottes,
2001; Feuerecker et al., 1993LiCI/H,O [Conde, 2004; Monnin and Dubois, 2003]
NaOH/H,O [Oxychenf, 2000] and HO/NH; [Ziegler & Trepp, 1984]are used in the
calculation.
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2.2 Principles for choosing the absorption couples

As a first step of the study of the appropriatet ls¢@rage system with solar collectors as heat
source, the absorbate/absorbent couple has toléaesk A list of selection criteria for the
appropriate materials has to be kept in mjiilA task 32, 2008] The most important
parameters are:

(A) The capacity and efficiency of the storage.

The storage capacit®, is defined as the energy which is released dutiregabsorption
phase per kilogram absorbent. The storage efficientlye systenn is defined as the energy

production during absorption divided by the therreaérgy consumption during desorption
n=Q,/Q,. The efficiency of the solar collector is not inddd in this storage efficiency of

the system. The result of the calculation of storagpacity and efficiency of the seven
couples at different operating conditions can hatbin section 2.3.

(B) The temperature requirement for solar collextor

The temperature requirement for desorption dependbecharacteristics of the couple. It is
a very important character for choosing the coupkssause the efficiency of solar collectors
decreases rapidly with the temperature differeretevéen the fluid in the solar collector and
the ambience, due to heat losses.

The temperature requirement for desorption can hbeuledéed by the balance of pressure
according to Eqg.2-3. An example of the equilibriuragsure of the seven couples, pure water
and pure ammonia in function of the temperatur@rissented in Figure 2-4. In order to
compare the characteristics of the couples atdheescondition that there is no crystal during
the storage process, the mass fraction of theisolaf CaCy/H,O, KOH/H,O, LiBr/H,0,
LiCl/H,0, NaOH/HO is chosen as their solubility at 10°C in thisufig. The mass fraction of
Glycerin/HbO and HO/NH;3 is decided at 90% because it is very difficultrtorease the mass
fraction up to 100%. For #/NHs, 90% is the mass fraction of the water in th®HNH3
solution. In order to be uniform with other soluts) the mass fraction of the,®GVNH;
solution is given as the mass fraction of Nthich is 10% in the figure.
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Figure 2-4 Thermodynamic equilibrium conditionsod seven couples, pure water and pure
ammonia

At a given condensation temperature (thus a gikgnd/vapor equilibrium pressure of water
or ammonia), the order of the temperature neethfosolar collector of the six couples which
can be found in Figure 2-4 is:

CaCb/H,0 < NaOH/HO < Glycerin/HO < KOH/HO < LiCI/H,0 < LiBr/H,O < H,O/NH3

For the HO/NH; couple, NH is the absorbate of the process. The temperatqrereenent
for the solar collector is the temperature of tb&utson (10% NH in the solution) at the
liquid/vapor equilibrium pressure of NHvhich is a lot higher than the equilibrium pregsur
of water for a given temperature.

Classically, the temperature requirement for tHarsmllector increases with the temperature
of condensation.

(C) The absorption at a high enough temperaturthéoheat floor

The maximum temperature of absorption can be cdaildy the balance of pressure
according to Eq.2-5. It can also be found in FigRikat the same mass fraction conditions as
in criteria B. At a given temperature of evapomtifle), the maximum temperature of
absorption (7) order is:

CaCb/H,0 < NaOH/HO < Glycerin/HO < KOH/HO < LiCI/H,0 < LiBr/H,O < H,O/NH3
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It is the same order as the temperature requirefioerthe solar collector. The maximum
temperature of absorption {Tis increased with the temperature of evapordfigh

According to the result of criteria (B) and crigefC), it is difficult to say which couple is the
most suitable for the seasonal storage system bedha higher the temperature of absorption,
the higher the temperature requirement for ther smlector. However some couples can be
selected for specific situations. For examplehd temperature need of absorption is at 30°C
when the evaporation temperature is 10°C (indichtethe red broken line in Figure 2-4), the
CaClL/H,0O, NaOH/HO and Glycerin/kO couples are unusable because their maximum
temperature for absorption is lower than 30°C. K@ could be chosen because it has the
minimum temperature requirement for the solar cbile among the couples which can
achieve the temperature requirement for absorgg86fC).

(D) An easy to handle couple — possibly non poissno

The security characters of the couples (Table 2-fjeclvom the NFPA 704NFPA704, 2007]
which is a standard maintained by the U.S.-basdath& Fire Protection Association. Each
of health, flammability and reactivity is rated arscale from 0 (no hazard; normal substance)
to 4 (severe risk).

Table 2-1 Security characters of seven couples

Couple CaCl | Glycerin| KOH | LiBr | LiCl | NaOH| H>O

P H,0 | /H,0 | /H,0 | /H0 | /H0| /H,0 | INH3

Health hazard 2 1 3 2 2 3 3

N7F0F:1A Flammability 0 1 o] o| o] o 1
Chemical reactivity 0 0 1 0 0 1 0

*scale from 0 (no hazard; normal substance) tedge risk)

The KOH/HO and NaOH/HO will cause chemical burns, permanent injury aarsaog if
they contact unprotected human or animal tissuey Wik cause blindness if they contact the
eye. Protective equipment such as rubber glovdsetyselothing and eye protection should
always be used when handling the material or itstisms. The CaGIH.0O, LiCI/H,O and
LiBr/H,O couples are irritating for skin and eyes. In ihierest of safety and to avoid the
requirement for specialized handling practices,water should never be used for dissolving
those anhydrous chemicals. To Iillustrate the impogaof using water at ambient
temperatures, consider the make-up of a 34% saolatianhydrous calcium chloride. When
such a solution is prepared, the temperature ugetal dissolution of the anhydrous calcium
chloride is 78°C. If warm water, for example, wad¢r49°C, is used, the temperature of the
resulting solution will be 127°C. The Glycerinf®l couple is generally regarded as a safe
material for which no special handling precautians required. However, it is flammable. It
also feels oily, so may cause a slipping hazaspiifed on the floor. The ¥D/NH3 couple is
irritating to the eyes and mucous membranes (r&spy and digestive tracts), and to a lesser
extent the skin. Thus it is dangerous for househskl especially concerning the possibility
of leak of NH; vapor at high operating pressure (3 to 10 bar frigare 2-4).

In fact, all the couples except®/NH; can be considered as safe in an energy storat@sys
because as the system is operating at low prefsnder vacuum), the leak of the solution is
generally impossible.
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The corrosion is also an important character fordésign of the system. The corrosion for
stainless steel 304 of the seven couples is knolenwthere is no agitation and no aeration
[Craig & Anderson, 1995]The corrosion is increased with the mass fracaon the
temperature. For the CafHi,O couple, the stainless steel 304 is resistanbtmsion when
the mass fraction is at about 10%. But when thesrrastion is about 28%, the corrosion is
about 0.003 mm/year at 79°C. For the Glycerp@Houple, the stainless steel 304 is resistant
to corrosion at any mass fraction till the tempamabf boiling. For the KOH/ED couple, the
corrosion is about 0.003 mm/year at the temperatfir@3°C and a mass fraction between
20% and 50%. For the LiBrA® couple, the corrosion is about 0.008 mm/yearhat t
temperature of 50°C and the mass fraction of 5086 .ttke LiCI/HO couple, the corrosion is
about 0.003 mm/year at the temperature of 116°Cthadmass fraction of 30%. For the
NaOH/HO couple, the corrosion is about 0.003 mm/yeahattiémperature of 65°C and the
mass fraction of 50%. But the corrosion increase8.68 mm/year at a temperature between
90°C and 143°C at the mass fraction of 70%. FoH@/NH3 couple, the stainless steel 304
is resistant to corrosion at any mass fractiorthigl temperature of boiling.

(E) A low investment cost for the absorbate/absurbeuple.

Compared with short term storage systems, the fuaftmaterial for storage is larger for
seasonal storage systems because of the amountecjyewhich is stored is evidently
increased. The investment costs for the couples thesefore be taken into account. The
prices of the seven couples on the Chinese matkietiba, 2008]at the same purity (higher
than 99%) are shown in Table 2-2. The given prigeiss a reference to compare relatively
the cost of those couples, because this price asgihg with time and regions. Compared
with other couples, the Cafil,0O, Glycerin/HO and HO/NH; couples are attractive. The
LiBr/H,O and LiCI/HO couples which are often used in the absorptifngezation systems
are the most expensive couples (more than 14 worepared with CaGH;0).

Table 2-2 Prices of different couples

CaCl | Glycerin| KOH | LiBr | LiCl | NaOH| H,O
/HO | /HO | /HO |/HO | /HO | /HO | INH3

350 500 1200 50006000| 3000 | 400

Couple

Price [€/ ton material]
(purity>99%)
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2.3 Static simulation of the performances of seedrsorption couples

The analysis of the storage capacity and efficiesicthe seven couples are carried out at
eight different operating conditions which are shaw Table 2-3.

The temperature of storage before absorption (StateFigure 2-2 and 2-3) is varied at 5°C
and 10°C, because the solution and water tanksugmgosed to be located underground or in
a basement which has a temperature between 5°CCa@dduring the winter period.

The temperature of evaporation (state E) is chosé&iGtand 10°C, which are also typical
temperatures of geothermal energy during the wiptese.

The temperature of absorption (state 6) is changed 20 to 45°C to meet the temperature
need for house heating.

The ratio of crystallization (R) is defined as tle¢dative mass of crystal at state 5 divided by
the relative mass of liquid solution at the sanatestR = 0 means that there is no crystal at
state 5 and the solution at that state is saturdee 4 means that at the beginning of

absorption, the quantity of liquid solution is 2@the total mass in solution tank. 20% of

liquid is enough for starting the absorption praces

For the couple Glycerin-4¥0 and HO-NHjs, there is no crystal during the process. The
maximum mass fraction after desorption is decidddi®kg absorbent/kg solution.

Labels of different operating conditions used in [€ab-3 and future figures represent their
operating conditions. An example can be found m ftillowing figure. R4-s10-e10 means
that the case is carried out at the conditions that quantity of liquid solution is 20%
maximum of the total mass in solution tank, theeoi®80% is crystal (R4); the temperature of
the storage tank before absorption is at 10°C (sh@)temperature of evaporation is at 10°C
(e10).

Temperature of storage before absorption at 10°C

R4-s10-e10

With 80% of crystal during storage Temperature of evaporationat 10°C

Table 2-3 Operating conditions of the static simatat

Case Ratio Temperature Temperature Temperature
of crystallization  of storage before absorption [°C] of evaporation [°C] of absorption [°C]

R0O-s5-e5 0 5 5 20 to 45
R4-s5-e5 4 5 5 20 to 45
R0O-s10-e5 0 10 5 20 to 45
R4-s10-e5 4 10 5 20 to 45
RO-s5-e10 0 5 10 20 to 45
R4-s5-e10 4 5 10 20 to 45
R0-s10-e10 0 10 10 20 to 45
R4-s10-e10 4 10 10 20 to 45

78



Chapter 2 — Seasonal storage of solar energy fmsehbeating by absorption technology

Storage capacity

The storage capacity of the seven couples deperatinthe temperature of absorption is
shown in Figure 2-5. All the operating conditiorieown in Table 2-3 are presented in the
figure except the conditions that are impossibtetie specific couple.

For the CaGIH,O couple, the storage process is possible when tehgperature of
evaporation is 10°C but impossible when the tentpesaof evaporation is 5°C. The possible
temperature range for absorption is 20 to 24°C. tRer Glycerin/HHO couple, the storage
process is possible at all conditions in Figure Bt compared to other couples, the storage
capacity is low. For the KOHA®, LiBr/H,O and LiCl/HO couples, the storage process is
possible at all conditions in Figure 2-5. The pdssibmperature range for absorption is 25 to
35°C. For the NaOH/$D couple, the storage process is possible jusk giasnts which are
shown in Figure 2-5. For the,8/NH; couple, the storage process is possible at atlitons

in Figure 2-5. The temperature range for absorp@o to 40°C.
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Figure 2-5 Variation of storage capacity with opiegconditions
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The storage capacity is increased with the appearmincrystal (R=4 in Figure 2-5) compared
with no crystal (R=0) at the same operating coodgi That is mainly due to the enlarged
difference of mass fraction of absorbent betweerrith and the poor solution.

Figure 2-6 presents the effect of the absorber éeatpre change on the process cycle. In
cycle 1-2-3-5-6-1, which is the same cycle as guFe 2-2the minimum temperature of the
absorber is 20°C. If this temperature increase®2f&, the position of state 6 is changed to
state 6. The other states are changed followingptingciple explained for Figure 2-2. The
corresponding cycle is 1’-2’-3-5-6’-1". The differem of mass fraction of absorbent between
the rich and poor solution (states 2’ and 3) isrel@®ed compared to the base case (states 2
and 3). As a result, less absorbate can be absadlrény the heating phase, so the storage
capacity decreases when the temperature of thelsrsncreases.
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Figure 2-6 Cycle change depending on the absoebgpdrature

Figure 2-7 presents the effect of the evaporatoperature on the cycle. In the cycle 1-2-3-5-
6-1, which is again the same as in Figure 2-2t¢hgerature of the evaporator is 10°C. If the
temperature of the evaporator increases to 15°@t), the new cycle is 1'-2’-3-5-6’-1".
The difference of mass fraction of absorbent betwtwn rich and the poor solution is
increased compared to the base case. Consequihietlgiorage capacity increases with the
temperature of the evaporator.
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The storage capacity is increased with the temperatd the storage tank before the
absorption phase (state 5). Following the principlech has been explained for Figure 2-2,
the maximum mass fraction of absorbent after degorstate 3) is decided by the solubility
of the solution before absorption (state 5). Thded#hce of mass fraction of absorbent
between the rich solution and the poor solutiongseased with the temperature at state 5 due
to its rise of solubility, and correspondingly, th®rage capacity is increased. But generally,
the variation of solubility depending on the tengtare is feeble. Take the LiBriB couple

for example: the solubility is 57.5 g/100g® at 5°C and 57.8 g/100g,8 at 10°C. For the
H,O/NH3; couple, there is no crystal appearance duringotbeess. The curves at different
temperatures of storage before absorption (R0O-866bR0-s10-5; R0-s5-10 and R0-s10-10)
in Figure 2-5 are almost coincident. As a restig influence of the temperature of storage
before absorption on the storage capacity is lagu(e 2-5).

Efficiency

The efficiency of the seven couples depending ortehgerature of absorption is shown in
Figure 2-8. At the same operating conditions, th@l/H,O couple has the best efficiency
compared to other couples.
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Figure 2-8 Variation of efficiency with operatingralitions
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The influence of the appearance of crystal on thiei@ficy is complicated. The appearance of
crystal increases the energy need for desorptidntia heat loss during the transition phase
from summer to winter, as the desorber has to re@ablgher temperature than without the
appearance of crystals. However, the appearancerystals also increases the energy
production during the winter phase, so dependinthenelative value of these three energies,
the appearance of crystals generally decreasegffiteency of the process, but can also

increase it (especially at high absorption tempeeat which means for a lower heat

production during the winter than for a low tempera of absorption). Generally speaking,

considering the corresponding increase of storagadaty which can decrease evidently the
investment cost of absorbent/absorbate and foagtotanks, the decrease in efficiency can
still be acceptable.

The efficiency is decreased with the increase ofténeperature of absorption. The sensible
heat loss from state 3 to state 5 is constant (Eidl16), but the energy production of
absorption is decreased with the increase of thmpaeature of absorption. As a result, the
ratio of heat loss during the cycle is increasedtrst the efficiency is decreased. The
temperature of absorption depends on the housenbeateds. In order to gain the best
balance between storage capacity and efficienasg, lietter to use this storage system with
low temperature house heating systems (for exarhphjng floor).

The efficiency is increased with the temperaturew@poration. The heat loss from state 3 to
state 5 is constant (Figure 2-7), but the energguyction of absorption is increased with the

temperature of evaporation. As a result, the raftibeat loss during the cycle is decreased so
that the efficiency is increased.

The efficiency is increased with the temperaturthefstorage tanks before absorption (during
the transition period). The sensible heat loss fetate 3 to state 5 is decreased with the
temperature of the storage before absorptiof) éhd the heat production of absorption is
increased with 3. As a result, the ratio of heat loss during theleys decreased so that the

efficiency is increased.
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2.4 Main evaluation points

In order to compare the characters and performaéethe seven couples, the main
evaluation points are summed-up in Table 2-4 atsdmae operating conditions, taken for
example:

- Temperature of the condenseg,=T30°C

- Minimum temperature of the absorbey,=T20°C

- Temperature of the storage tanks before the atisonphase, §= 10°C
- Temperature of the evaporatog,910°C

Table 2-4 Evaluation points for the choice of theoapon couples

CaCl | Glycerin| KOH | LiBr | LiCl | NaOH| H)O

Couple H,0 | M0 | IH0 | /1,0 | H,0 | 11,0 | INHa
Mass fraction of
absorbent 39.8 90.0 50.8/ 58.8 448 336 900

after desorption [%)]

Storage capacity | o, , 193 | 2618 2019 4387 15588 1317
[kJ/kg material]

R=o| Requiredtemperature ,, o | 534 | 630 720 656 500 1555

of desorption [°C]

\Volume of solution
[m*1000 kWh]

Q)

8.4 20.0 3.2 3.2 2.5 6.5 10,2

Absolute pressure | 1.2 - 12-42 12-|12-]12-| 1.2- |615-
[kPa] 42 | 7T 42 | 42 | 42 | 42 | 1167
Efficiency 0.909] 0.545| 0.8300.850| 0.950| 0.750 | 0.665
Mass fraction of
absorbent 485 | - 58.8| 68.3 521 37.8 -
after desorption [%)]
Storage capacity | q53 | 3299| 2603 5133 2382 -
[kJ/kg material]
R=4| Required temperature g, 5 | 840 933 776 57.0 -t
of desorption [°C]
V‘f:ggyfoggfv'ygf“ 38 | - 25| 25| 21| 43| - |
Absolute pressure | 1.2 - 12-|112-]12-| 1.2-
[kPa] 42 | 42 | 42 | 42 | 42 |
Efficiency 0.885] ----- 0.856 0.835| 0.923| 0.767 | -

For the HO/NH3 couple, the system is operating at high presséres{11.67 Bar). The
design of the devices for,B@/NHz has to be careful, considering that the ammorkslean

be very dangerous. For the six other couples, ystem is operating at low pressure. The
sealing of these machines is critical because tbgepce of air in the system can decrease the
kinetics of absorption and desorption. In the seaksolar energy storage system, the energy
of desorption is provided by the solar collectore Molume of storage tank is an important
part of the investment cost. The volume of the smhufor 1000 kWh energy production is
shown in Table 2-4.
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According to the results in Table 2-4, the LiGiHhas the best storage capacity and the
efficiency. But according to its price (about 6G0@n), the investment cost of the absorption
couple for a seasonal storage system would beyrdadjh. The storage capacities of
KOH/H,0, LiBr/H,O and NaOH/HO couples are comparable, but the LiBHis also
disadvantaged by its high price (about 5000 €/tdhe KOH/HO and NaOH/HO couples
are advantaged by their low price but are disacged by the security problems. The storage
capacity and price of the ;,B/NH3; couple is acceptable. But it is disadvantaged Hey t
temperature requirement of solar energy (>150°Q)) the security problems. Compared to
other couples, the storage capacity of the Glyddsid couple is too low to be used in the
absorption system. The Ca,0 couple is the cheapest material (about 350 €/tmut)its
storage capacity is low, so the investment costHertanks may be higher than for the other
couples. However, with the presence of crystal, dioeage capacity of CafiH,O is about
double. This increase is much higher than the isered the LiCI/HO (about 17%) between
the two configurations (with or without crystal). itW crystal, the storage capacity of
CaCb/H,0 is about 40% of the storage capacity of LiGOHBut the price of Caglis only

6% of the LiCl one. Considering these advantages,GaC}/H,O is chosen for the future
experimentation.
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2.5 Conclusion on the evolution of the absorptioauples performance

This chapter presents the system of seasonal stofagéar energy for house heating systems
in buildings. The performance and thermodynamic attaristics of seven absorption couples,
CaClL/H,0, Glycerin/HO, KOH/H,O, LiBr/H,O, LiCl/H,0, NaOH/HO and HO/NHgz, have
been studied.

The storage capacity of the absorption processasesewith the evaporator temperature and
the storage temperature before the absorption plas#® decreases with the absorber
temperature. The appearance of crystal increasesttitage capacity. Unavoidably, the

complexity of the system will also be increasedt Bimce the storage tank is operating at
vacuum conditions and with corrosive solutions,ciist mainly depends on its volume and
the material used. With crystal, the volume of therage tank will be decreased so that
should reduce the global cost of the system.

After the comparison of the performance of the sesauples, the Ca@H,0 is an acceptable
couple and it is chosen for the future experimémtatas the following reasons: the
comparable storage capacity with crystal, the loiwep the low temperature need for solar
energy and the low security risks.
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Chapter 3 — Experimentation of the seasonal storaggystem with
the CaCL/H,0 couple

Following the analysis of Chapter 2, the seasaimahge system by absorption is theoretically
possible. In order to check the feasibility of thecess, a prototype is constructed. The
conception of the prototype is presented in thaptér. The experimentations are carried out
at different operating conditions with the absaptcouple CaGIH,O. The thermodynamic
performances and the problems of the prototypaaaé/zed.
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3.1 Conception of the prototype

The scheme of the prototype is shown in Figure B-thcludes the solution tank, the water
tank, the reactor (which includes the evaporatoidenser and the generator/absorber), the
inlet tank of solution, the thermostats, the vacupamp, the circulators (C), the dosing
pumps (DP) and the valves (V). The temperature (f@squre (P), level of liquid (m) and
flow rate (D) are measured in the prototype.

vacuum pump

Vi gﬁﬂ Pl

thermMsgstat]

water tank

N—— e

inlet tank of solution DP’%@ @i)ik
I i FE V&

Figure 3-1 Concept of the prototype

The two thermostats are used to provide the heatntycooling energy for the prototype.

During desorption, the cooling energy in the corsgemwhich is provided by the environment
in Figure 2-1 for the real system is provided bg thermostat 1 in the experimentation. The
heating energy in the generator which is providgedhe solar collector in Figure 2-1 for the

real system is provided by thermostat 2 in the erpntation. Correspondingly, during the

absorption, the heating energy used in the evamovatich is provided by the geothermal

energy in Figure 2-1 is provided by the thermo&tand the heat of absorption which is used
for house heating in Figure 2-1 is used to thentlostat 2 in the experimentation.

For the process described in Chapter 2 (Figure thé)seasonal storage system by absorption
needs four separated components: the generatorcdhdenser, the absorber and the
evaporator. In order to simplify the process ancte@se the volume of the system, these four
exchangers are combined into one reactor, andsepi@d by only two heat exchangers that
can be used for different functions depending enpitocess phase. Hence the investment cost
of the system is decreased. The seasonal storagespris a batch process which means that
the absorption and desorption phases are sepafdtedjenerator and the condenser are used
only during the desorption phase and the absoritree evaporator are used only during the
absorption phase. Furthermore, the condenser andwdporator are both used for the phase
change of the water which is provided or storedhH®ysame water tank. As a result, in this
optimized design, the condenser and the evapoeatrone single component used as a
condenser during the desorption phase and an extapaluring the absorption phase. Both
the generator and the absorber use the solutionohwébmes from the same solution tank.
Following the same principle, the generator andabgorber are combined together to be a

90



Chapter 3 — Experimentation of the seasonal stasgstem with the CagH,0 couple

generator during the desorption phase and an adrsdubing the absorption phase. In order to
decrease the heat losses and the pressure drom de water vapor transfer between the
evaporator/condenser and the generator/absorbese tbomponents are combined in one
reactor shell. The water vapor transfer between d#vaporator/condenser and the
generator/absorber is direct through the annulacesgpetween the water receiver and the
reactor wall. After the simplification, the fouraetors are simplified to one reactor which is
divided into two parts: the evaporator/condensed #me generator/absorber. Below the
evaporator/condenser, there is a water receivechm@ceives the liquid water falling from
the evaporator/condenser. Two reactors including heat exchangers and two distributors
are economized by this simplified design.

The functioning of the prototype can be found akfes:
During the desorption phase:

The poor solution in the solution tank is transférby the pump DP1 to the generator where
it is heated by the heat exchanger. The heat fasrpisn is provided by the thermostat 2.
The absorbate which is desorbed from the solutidraissferred to the condenser where it is
condensed on the heat exchanger. The cold for ceatlen is provided by the thermostat 1.
The valves V2 and V8 are closed. The condensed ligogbrbate is then transferred to the
water tank by the pump DP3 through the valves V@ ¥@i. The rich solution is removed
from the generator to the solution tank by the pudR2. The level meter m3 is used to
measure the water level in the water receiver efabndenser. When the water level in the
water receiver is higher than a given level (abdd® of the total volume of the water
receiver), the water is transferred to the watek tahere it mixes with the water already
there. The solution is circulated between the swmhutiank and the generator during the
desorption phase. The level meter m2 is used touredlse solution level in the generator.
When the solution level in the generator is highan a given level, the solution is transferred
to the solution tank and mix with the solution attg there. At the end of the desorption
phase, the rich solution is stored in the solutanrk and the liquid absorbate is stored in the
water tank.

During the transition phase:

After the desorption phase, the temperature ofritte solution in the solution tank (T1) is
high because of the circulation of the solutionngein the solution tank and the generator. In
order to prevent this heat of the solution to bedus the absorption phase, the solution must
be cooled to a temperature which is lower thanataeer temperature in the heat exchanger at
the inlet of the absorber (T12). The solution in dodution tank is circulated between the
solution tank and the generator and cooled by #a& bxchanger in the generator. The cold
energy is provided by thermostat 2. After the tit@ors phase, the temperature of the solution
T1 should be lower than T12 during the following apsion phase.

During the absorption phase:

The valves V3 and V7 are closed. The water in themtank is transferred by the pump DP3
through the valves V2 and V8 to the evaporator wheis evaporated by the heat coming
from thermostat 1 at low temperature. The level met2 is used to measure the water level
in the receiver of the evaporator. When the leseliove a given level (about 70% of the total
volume of the water receiver), Valve V8 is closed &alve V7 is open, the water that has
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not been evaporated is recirculated by pumpingtigl level is below a given level (about
20% of the total volume of the water receiver). Thae valve V8 is open and the valve V7 is
closed. The liquid water in the water tank is transfd to the evaporator. The vapor is
transferred to the absorber. The rich solution engblution tank is transferred by pump DP1
to the absorber where it absorbs the vapor. The bieatbsorption is transferred to the
thermostat 2 by the heat exchanger. The poor saoligithen removed from the absorber by
pump DP2 to the solution tank. After the absorpitiase, the poor solution is stored in the
solution tank. If the liquid water in the water kahas not been totally absorbed due to the
limitation of time, the rest of the water will bosed in the water tank. The poor solution and
liquid water can then be used for the next expemimcycle with different operating
conditions.

Setting of the prototype before the experimentation

As have been discussed in section 2.1.1, the systest be operated under vacuum. Before
the beginning of the experimentations, the vacuump is used for the vacuum of the

solution tank, the water tank and the reactor. mthe vacuum phase, all valves except
valve V1 are open in order to make sure that athmonents of the prototype can be
vacuumed. The pressure is measured by the presssers (P1, P2 and P3). This operation
is complete when the pressure is lower than theliequm pressure of the water in the

condenser during the desorption phase and in tugoeator during the absorption phase.

The solution used in the prototype is produced ftbenabsorbate and the absorbent, which
are mixed in the inlet tank of solution. The inlabk of solution is open to the atmosphere.
The valve between the inlet tank of solution anddbkition tank (V1) is closed during the
mixing of the solution and the vacuum of the prgpet After that, the valve V1 is open. The
solution is transferred from the inlet tank of smn to the solution tank automatically by the
pressure difference. At the end of this step, tlet®n is stored in the solution tank. Vacuum
is checked and completed if necessary.

The different levels, temperatures, flow rates aresgures are measured for future analysis.
The experimentation data are collected every 1 raifmyt Napac and Agilent systems and
stored in a computer.
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3.2 Design of the components of the prototype
3.2.1 The absorption couple of the experimentation

In chapter 2, the characteristics and performamieseven absorption couples have been
analyzed. The couple chosen for the experimentagi@aC}/H,O. Indeed, according to the
chapter 2, the Ca&@H,0 couple has an acceptable storage capacity condsp to its price.
The safety of CaGlis higher than other couples such as KO#HNaOH/HO and
H,O/NHj.

The anhydrous Cag&tomes from the Solvay Group. The purity of this Ga€labout 95%.
Its compositions can be found in Table 3-1.

Table 3-1 The composition of the Ca@roduct[Solvay Group]

Characteristics Expressed abnit  Typical values
Calcium chloride CagGl a/kg 950
Acid insoluble matter o/kg <0,1
Magnesium Mgdl a/kg 2
Total other chlorides NacCl o/kg 10
Sulphates SO a/kg <1
Iron Fe o/kg <10
Water insoluble g/kg 2

3.2.2 The materials used for the prototype

The corrosion data of the absorption couple is gomant characteristic for the design of the
prototype. The corrosion data of the C#8}O solution for different materials can be found
in table 3-2. The material chosen for the systethasstainless steel 316 L (SS-316L), which
presents an acceptable corrosion rate and is naxXpensive. The 904L, gold/platinum and
Mo superalloy have excellent resistance to theosown of CaCl solution, but their prices are
unaffordable (more than two times the price of 3%6el).

Table 3-2 Corrosion data of the CaElL,O solution|NACE International]

: mass fraction Temperature corrosion rate
Material or substance name

(%) (°C) (mm/year)
Alloy 20-25-4Mo (904L) <40 -18 4100 <0.05
Aluminum Alloy (3003/ 5154) 5-55 23 a 107 <0.5
Austenitic Cr-Ni-Mo Stainless Steel (17-12-3; 31&1/7L) 5-75 -4a51 <0.5
Brass (>15Zn) 5-65 -4a79 <0.5
Cast Iron, Gray/ Ductile 5-75 -4a79 <0.5
Copper/ Bronze/ Low Brass 5-75 23a79 <0.5
Cr Stainless Steel (17Cr) 5-75 -4a79 >1.27
Gold/ Platinum 5-75 -4 4107 <0.05
Lead 5-75 79 4107 >1.33
Lead 55-75 51a79 0.51-1.31
Mo Superalloy (Ni-Cr-Fe-9Mo; 625/ 725) 5-75 -4G7 <0.05
Nickel (200) 45 - 55 23a162 <0.5
Nickel-Copper (400) 25-35 -4a135 <0.5
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3.2.3 Design and description of the devices
3.2.3.1 Tanks

The storage capacity of the CaEL,O couple is calculated by the static simulatiorthe
Chapter 2. In table 2-4, the operating conditiosaatemperature of the condenser at 30°C; a
temperature of the absorber at 20&8G@mperature of the storage tanks before the abearpti
phase at 10°@nd a eémperature of the evaporator at 10°C. The solut@uame for an energy
product by absorption of 1000 kWh is about 8 #without crystal. In order to get a storage
capacity of 15 kWh in the experimentation, the waduneed of the solution tank is about 126
L and the need for the water is about 21 L.

The characteristics of the tanks can be found inélr'@8. The solution tank is about 150 L.
The water tank is about 50 L which is bigger tham ¢hlculated volume need for the water.
The volume of the water tank is designed to be @efit in the situation when there is crystal
in the solution tank (more water is desorbed frtwa golution and stored in the water tank).
The volume of the reactor is about 130 L which isigieed to be sufficient for the distributors
and exchangers inside. The water receiver in thetoe is used to store temporarily the water
which is circulated in the evaporator or the watendensed in the condenser. The volume of
the water receiver is about 5 L. During desorptigater vapor is condensed in the condenser
and the liquid water is stored temporally in thetewaeceiver. When the water in the water
receiver is more than 70% of the total volume of thater receiver, the water will be
transferred to the water tank by pump. During thsoaption, the liquid water is transferred
from the water tank to the water receiver by a puvhen the water in the water receiver is
less than 20% of the total volume of the waterikeze The transmission of water stops when
the water in the water receiver is more than 70%heftotal volume of the water receiver. All
components are made of stainless steel 316L, exicepvater tank. As the water tank is not
in contact with the Caghkolution, the stainless steel 304L is sufficient.

The system is operated under vacuum. The safetynésskneed of the tanks (E) can be
calculated following Eq.3-1 to Eq.3{Ble K. 2002]

H>l,: E>d:? 3APt +C Eq.3-1
2.2E

H<l,: Exd,(onP floypesc Eq.3-2
2 5%

|, =119 /d /E Eq.3-3

in which, H is the height of the tanld,is the outside diameter of the tarkjs the inside
diameter of the tankiP is the pressure difference of inside and outsidi®ftank [in MPa];
E' is the modulus of elasticity, for stainless st&l= 206x10° MPa; |_ is the critical
height.
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Table 3-3 Characteristics of the tanks

Tanks Diameter  Height Thickness  Volume  Material Mass Degressure

mm mm mm L kg kPa (absolute)
Solution tank 600 1000 4 150 SS-316L 131 1
Water tank 400 600 3 50 SS-304L 30 1
reactor 400 1200 3 130 SS-316L 124 1
Water receiver 260 100 3 5 SS-316L 4 1

Note: the water tank is made of stainless steel 8%-304L) because there is no solution there.

The thicknesses of the different tanks have beealgelated by the Maquettes et Bureau
d’Etudes company which is specialized in the desifmechanical systems. The software
used for the calculation is SICAPNet.

3.2.3.2 Heat exchangers and distributors

The heat exchangers which are used in the reactorthfe condenser/evaporator and
generator/absorber have the same configuration asetpl6 tubes with helical fin outside as
shown in Figure 3-2.

The water coming from the thermostat flows on tigde of the tubes. It is distributed by the
distributor which is connected to the inlet of theat exchanger and collected by the
distributor which is connected to the outlet of theat exchanger (Figure 3-2). As the
distances from the inlet to the outlet through guabe are uniform, the flow rate difference
between the 16 tubes will be low. In the generatmdrber, the solution from the solution
tank, which needs to be heated (desorption) orecb(bsorption) by the heat exchanger, is
distributed by a distributor above to every helimalon the heat exchanger (the distributor is
shown in Figure 3-3). The solution flows along thelical fins outside of the tubes for
desorption or absorption. The solution after detsanpor absorption is collected at the bottom
of the reactor and transferred back to the solutamk. In the condenser/evaporator, during
condensation, the vapor is condensed on the heaapger and the liquid water flows along
the helical fins and is collected in the water reee During the evaporation, the water is
distributed by a distributor above to every helialon the heat exchanger (this distributor is
the same as the distributor used in the generaswrber). The water flows along the helical
fins outside of the tubes and is heated by the meiside of the heat exchanger for
evaporation. Due to the limitation of the surfacel dhe temperature difference of the heat
exchanger and the present of air in the reacterwdter could not be totally evaporated. The
water which is not evaporated on the heat exchaisgeollected by the water receiver and
circulated by the pump to the distributor above tteat exchanger for the succeeding
evaporation. The helical fins increase the outsigdace for both the heat and mass transfer.
The residence time of the water or the solutiomh@nheat exchanger is also increased.
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Figure 3-2 The heat exchanger with helical fins
The expected power of the heat exchangers caniddatad as Eq.3-4.
Q=K I[BMAT, Eq.3-4
The heat transfer coefficients #r the heat exchangers can be calculated follg\ig.3-5.

1_1,Ed, d
K a Ad, a.d,

Eqg.3-5

As the heat transfer at the outside of the tubes iphase change heat transfer, the

. . d . :
corresponding heat transfer resstane«(‘;\j— is small compared the others and is neglected.
a

o~o

Hence onlyai +% Is considered for the design of the heat exchanger

1 m

The heat transfer efficiency on the inside of teathexchangers can be calculated as follows
[Yang S. & Tao W. 1987]

ai:0.012§ (R&%'— 280)P¥ (Re 230 Eq.3-6
a =1.86di I‘/?;r)“ (Re< 2300 Eq.3-7

The characteristics of the heat exchangers caow®lfin Table 3-4. The surface area of the
helical fin is calculated just as the upper parhick is in contact with the water or the
solution during the flowing. The total surface aigthe sum of the area of the helical fins and
the surface area of the tube. The material of ga Bxchangers is stainless steel 316 L
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Table 3-4 Parameters of the heat exchangers

Number of tube

Height of tube

Height of helical fin
Diameter of tube

Diameter of helical fin
Thickness of helical fin
Number of rotations
Surface area of helical fin
Surface area of tube
Internal surface area of tube
Total surface area

Total inside area

Length of runs on helical fin
Mass

16
200 mm
180 mm
13.5/10.2 mm
30/13.5 mm
1 mm
19
0.016x16 m
0.008x16 m
0.006x1% m
0.38m
0.1Mm
1.5m

4 kg

The expected power of the heat exchangers at castmrating conditions can be found in
Table 3-5. It is only an estimate as the mean teatpes difference of the heat exchanger
(AT,,) is not exactly known.

Table 3-5 Expected power of the heat exchangers

Flow rate inside

Expected power

2 o
Heat exchanger the tubes (kg/h) Ki (kW/(m*.K)) AT, (°C) W)
Generator 500 0.73 60 4400
Condenser 200 0.56 40 2200
Absorber 150 0.51 5 250
Evaporator 200 0.56 5 280

The distributor which is used for distributing thelution or the water on the helical fins of
the heat exchangers is shown in Figure 3-3. Evatleoof the distributor corresponds to a
helical fin of the heat exchanger. The tube usedhe distributor has the same characteristics
as the heat exchanger. The diameter of the oufetie tubes is 5 mm. The diameter of the
tubes has not been optimized (the flow rate is sspp to be halved at each branch point.
Correspondingly, the diameter of the tubes shoeldiécreased). In this prototype, all tubes
have the same diameter in order not to increagbeuthe welding work difficulty. The
material of the distributor is stainless steel 81&s mass is about 0.5 kg.
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Figure 3-3 Distributor in the reactor

3.2.3.3 Other devices

Other devices used in the prototype can be fouridliasvs:

Temperature sensor Ptl00 class B of TC Direct: fp#ece, precision:
1(0.3+ 0.00%T {C);

Pressure sensor PR 23 of KELLER of Sysmatecedesi, precisiont0.5%;

Turbine flow meter PEL-M020 S10 K of Kobold, 2180 L/min: 2 pieces, precision:
+1.25%;

Thermostat: They are equipped with a heating armboling system. The power is
25kW both for heating and cooling;

Level meter M FMP40 of Endress + Hauser : 4 @e®&30 mm long for the solution
tank, 680 mm long for the water tank, 595 long non the water receiver in the
condenser/evaporator, 1630 mm long for the gendasisorber, precisiont5 mm.
Agilent 34970A with two carts 34971A for collentj and transferring the signal of the
temperature sensors;

The Napac system for collecting and transferohthe 4-20 mA signals;

Dosing pump of Aquacontrol: DO50N50F13DV, 230 [ Zhpieces, D100ON90B13, 24
L/h, 1 piece, precisiont1%;

Valves and fittings (stainless steel 316L) of §elak.

The overall scheme of the prototype is presentefignre 3-4. The global dimension of the
prototype is about 3.3 mx1.5 mx2.4 m.
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Figure 3-4 Scheme of the prototype
A: solution tank; B reactor; C: water tank; D: leweeter;
E: dosing pump; F: pressure sensor; G: electrieeydd: valve; I: circulator

The experimental setup of the absorption storageesycan be found in Figure 3-5.

Figure 3-5 Experimental setup of the absorptionagfe system
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3.3 Planning of the experimentations
The operating conditions of the experiments ofptfaotype are presented in Table 3-6:

Table 3-6 Operating conditions of the experiments

Case Case 1l Case|2
Water flow rate in the heat exchanger of kg/h 150 150
the absorber
Water flow rate in the heat exchanger of kg/h 500 500
the generator
Water flow rate in the heat exchanger of kg/h 200 200
the condenser
Solution flow rate in the generator kg/h 115 115
Constant Water flow rate in the evaporator kag/h 24 24
parameters Mass fraction of solution after desorpt or|§g sa!t/kg 0,418 0,418
solution
Duration of absorption h 10 10

Water flow rate in the heat exchanger of
the evaporator

Solution flow rate in the absorber kg/h 115 115
Water temperature at the inlet of heat

kg/h 200 200

°C 30 30
exchanger of condenser
Water temperature at the inlet of heat o 20 20
exchanger of absorber
Water temperature at the inlet of heat
. C 15 10
Variable exchanger of evaporator
arameters i
p Water temperature at the inlet of heat o 80 70

exchanger of generator

At the beginning of the experiment, 207 kg of psolution with a mass fraction of 0.369 kg
salt/kg solution is stored in the solution tankeMmater tank is empty.

Case 1:

- Desorption is completed when the mass fractiothefsolution in the solution tank is about
0.418 kg salt/kg solution. It is the maximum masaction to ensure that there is no
crystallization.

- As the temperature difference of the heat exchaigthe evaporator is low and the surface
of the heat exchanger is not optimized, the poweh® absorption and evaporation is lower
than the desorption and condensation. So the darafiabsorption to absorb all the water in
the water tank is scheduled to be too long. Saatisorption is stopped when the absorption
length is about 10 hours (one day).

Case 2:

- The solution available after the absorption o6€4 is used for the second desorption. The
water temperature at the inlet of the heat exchaofythe generator is changed from 80°C to
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70°C. Desorption is complete when the mass fraabibothe solution in the solution tank is
0.418 kg salt/kg solution.

- For the absorption phase, the water temperatutkeainlet of the heat exchanger of the
evaporator is changed from 15°C to 10°C. Absorptfrlso stopped when the absorption
length is 10 hours.

The water temperature at the inlet of the heat &xghr of the generator is reduced from 80°C
to 70°C and the water temperature at the inlethef@vaporator exchanger decreases from
15°C to 10°C (Case I Case 2) to investigate their influence on the qrarinces of the
system.

The purpose of the experimentation is to verify thasibility of the storage system by
absorption. In order to reduce the risks of theeexpentation, all experiments are carried out
in a situation in which no crystal forms in thewgan tank.
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3.4 Results of the experimentation

Before the solution is introduced into the prote@typts mass fraction is calculated by
measuring the density of the solution (Table 39dMe relationship between the density,
temperature and mass fraction can be found in Afigeh The average mass fraction of the
solution x, is 0.345 kg CaGlkg solution. The solution is also chemically aza by Solvay
Group. The analyzed mass fraction of Gall the solution is 34.4% calculated by the
percentage of Chnd is 33.6% calculated by the percentage &f.J4e difference of the two
mass fractions is due to the other elements sudtieasnd Md*. The maximum difference
compared with the mass fraction calculated by dgnsiabout 2.6%. The total mass of the
solution introduced into the prototypd, is 207 kg.

Table 3-7 The calculation of the mass fractionhef $olution

Volume Mass  Temperature Density ¢ Ma_ss
raction

100 ml  133.36g 22.6°C 1333.6 kg/th 34.67%

100 ml  133.03g 22.6°C 1330.3 kg/th 34.41%

At the end of each experimentation, the mass balapplied to the system can be found as
Eq.3-8 and EQ.3-9, considering that the mass aftisol and water in the reactor is negligible
(the reactor is emptied by the pumps at the ereholi test).

M,+M, =M, Eq.3-8
M X, = M X Eq.3-9

In which, M, is the mass of the water in the water talk;, is the mass of the solution in the
solution tank,x, is the mass fraction of the solution in the solatiank, M, is the total mass

of the solution and the water in the system whgthe mass of the poor solution before the
experimentationy, is the mass fraction of the poor solution befbeeéxperimentation.

3.4.1 The desorption phases

During the desorption phase, the po@rand energyQ, of desorption are calculated by the
energy balance on the water side of the heat egehnan the generator (Eg.3-10 and Eq.3-11):
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Qd =m, QI:E h,ex g( T ex @) - ho ex g T, ex)g} Eq.3-10
Q, =de dt Eq.3-11

In which, m, , is the flow rate of the water in the heat exchargfegeneratorh,, ,is the
enthalpy of the water at the inlet of the exchangeits temperaturd;,, ., h,.,,is the

enthalpy of the water at the outlet of the exchamgés temperaturg, , .

The powerQC and energyQ, of condensation are calculated by the energy balaf the
water side of the heat exchanger in the condengkrsimilar equations as Eq.3-10 and Eq.3-

11:
The sensible heat for the water in the water tamknd the desorption phasg, ,is defined as
Eq.3-12.

Qua = Mya2 My Tyad = Myaalhyaf Toal Eq.3-12

In which, m, , , is the mass of the water in the water tank afterdesorption phasé,, , ,is
the enthalpy of the water in the water tank aftier desorption phase at its temperaflifg,,
m, ., IS the mass of the water in the water tank betbee desorption phaséd, 4, is the

enthalpy of the water in the water tank beforedesorption phase at its temperatilifg , .

The heat transferred to the solution in the sotutank during the desorption pha®g,is
defined similarly as Eq.3-12.

The experimentation results of the desorption pleasebe found in Table 3-8. The Case 1-1
and Case 1-2 are the desorption phases accorditite toperating conditions of Case 1 in
Table 3-6. The Case 1-1 and Case 1-2 have the spenating conditions but different initial
conditions of the solution in the solution tank ahd water in the water tank. The solution
and water after the Case 1-1 is used for the C&satlanother day. The Case 2-1 and Case 2-
2 are the desorption phases according to the opgrednditions of Case 2 in Table 3-6. The
Case 2-1 and Case 2-2 have the same relation asl€laand Case 1-2.
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Table 3-8 Experimentation results of the desorppibase

Parameters Unit Case 1-1 Case 1-2 Case 2-1 Case 2-2
Start 11/05 12/05 18/05 20/05
09:50 08:33 14:01 09:00
End 11/05 12/05 18/05 20/05
17:31 17:01 18:23 16:31
Muw,d.1 kg 0 19.5 27.1 28.7
Muyd 2 kg 19.5 35.5 28.4 40.5
M d.1 kg 207.5 188 180.4 179.1
Ms g2 kg 188 172 179.1 167
Xs.d1 kgsocligg:g 0.345 0381  0.397 0.4
Xo,d.2 kgsg.iffi’,fg 0381  0.417 0.4 0.428
Twd1 °C 21.2 25.1 19.6 26
Twdz2 °C 30.3 29.1 20.3 25.9
Tsd1 °C 41.7 48.3 20.4 38.5
Tsd2 °C 65.8 64.6 55.7 57
Qw.d kWh 0.7 0.6 0.05 0.35
Qs.d kWh 2.7 0.9 5.9 1.7
Minimum pressure of the reactor  mbar 92 60 68 60
Maximum pressure of the reactor mbar 168 157 125 85
To,ex,gmMinimum °C 72.3 72.9 64.9 66
To,ex,gMaximum °C 77.6 80.6 69.3 68.8
Ti.ex.gMinimum °C 78.4 80.2 66.7 71.4
Tiex,gmaximum °C 82 82.7 72.2 72.3
To,ex.cMinimum °C 33.1 33 28.7 32.7
To,ex,cmaximum °C 44.4 39.7 33.7 36.4
Ti ex.c Minimum °C 31.4 31.5 28.6 31.3
Ti excmaximum °C 32.1 33.4 31.9 32.2
Qd minimum kw 1.81 0.65 0.96 1.16
Q, maximum KW 4 4.4 2.7 3.34
Q. minimum kW 0.25 0 0.04 0.04
Q, maximum kW 3 1.85 0.56 1.14
Qq kWh 23.5 26.4 10.3 18.2
Qc kWh 9.9 12 1.2 6.7
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3.4.1.1 Case 1-1

During Case 1-1, the water temperature at the ofiéhe heat exchanger in the generator is
about 80°C. 19.5 kg of water is desorbed from thleit®n. The mass of the solution is
decreased from 207.5 kg to 188 kg. The mass fraddoincreased correspondingly from
0.345 kg CaGlkg solution to 0.381 kg Cagkg solution. The masses and the mass fractions
are calculated by using the water level in the waagk which is shown in Figure 3-6. The
water level increases during the desorption phasause the water which is condensed in the
condenser is transferred to the water tank. Thee@se is discontinuous because the pump
works discontinuously corresponding to the wateelén the condenser.
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Figure 3-6 Evolution of the water level in the watink

The evolutions of the temperature of the solutamkt(Tsg) and the temperature of the water
tank (Twg) are presented in Figure 3-7:

70
-

/ —Solutiontank
- = Water tank

(=)
<

\

=
<

2
[e}

- == = = -

Temperature (°C)
o
<

—_
<

<

0 2 4 6 8
Time (h)

Figure 3-7 Evolutions of the temperature of stortoks
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During the desorption phaseg dlincreases (from 41.7 to 66.4°C) because the solus
heated by the heat exchanger in the generatorglthiencirculation between the solution tank
and the generator. But this increase is discontisdzecause the pump which transfers the
water in the condenser to the water tank is disooots. The temperature of the water in the
water tank increases rapidly when the water incthredenser is transferred to the water tank
and decreases slowly at other times because dfdahkeloss. The energy accumulated by the
water in the water tank is about 0.7 kWh and fer sblution in the solution tank, it is about
2.7 kWh. During the desorption phase, the soluiibthe solution tank is heated to 65.8°C
which is much higher than the environment tempeeatlihe energy need for desorption is
thus increased due to the heat loss from the solwéink to the environment and the sensible
heat for the solution during the desorption phase.

The evolutions of the pressures of the water tdmksolution tank and the reactor are shown
in Figure 3-8. The pressure of the water tank feu@gmced by two factors: temperature and

leaks of the tank. The pressure of the water tankeases discontinuously when the water is
transferred from the condenser to the water tandalme of the increase of the water

temperature in the tank. At the beginning of theadption phase (from 0 h to 1 h), the water

temperature of the water tank is low (about 20°Eigure 3-7). The temperature decrease of
the water due to the heat loss is weak. The pressiuthe water tank also increases slowly
after every transfer of water because of the Idakiran the water tank. Between 1 h and 6.8

h, the pressure of the water tank decreases afey &ransfer of water, correspondingly to the

temperature which is shown in Figure 3-7. Betwe@&héand 7.2 h, the vacuum pump is used
to decrease the pressure of the water tank. Betwgeh and 8 h, the pressure of the water
tank increases because the air is transferred tinenneactor to the water tank by the pressure
difference. After that, the pressure is changed wlite temperature of the solution in the

solution tank (Figure 3-7). Between 0 h and 6.8hk,pressure of the reactor increases during
the desorption phase because of the temperatuwesas® of the solution. Between 6.8 h and 8
h, the pressure of the reactor decreases becagis@rtis transferred from the reactor to the

water tank by the pressure difference.
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Figure 3-8 Evolution of the pressures of the steramks and the reactor

There is a special point at about 3.6 h when tlesgure of the reactor increases rapidly. At
the same point, the pressure of the water tankedses rapidly. This is mainly because the air
in the water tank is transferred automaticallytie teactor by the pressure difference when
the valve is opened in order to transfer the wiaiten the condenser to the water tank.

The leaks of the prototype are a serious problenttfe experiments. The presence of air
decreases the absorption/desorption and the peafares of the heat exchangers. The
equilibrium water pressure is 42 mbar at 30°C fesadption and is 12 mbar at 10°C for
absorption. When the reactor pressure is higher tha equilibrium pressure, because of the
incondensable gas (air), desorption and absorg@renslow. The minimum pressure which
can be achieved in the prototype is about 30 mbeaulse of the leaks of the prototype (about
1 Pam®s) and the ability of the vacuum pump (when a sues sensor is connected directly
to the pump, the pressure can only decrease to [#&)mThe effect of the air, which is
transferred from the water tank to the reactortlos heat exchangers can be found in the
following analysis of the temperature and powerkezt exchangers.

The water temperature at the inlet of the heat axgbr of the generator gl g is not
constant at 80°C. It changes from 78.4 to 82°CaseCl-1 and from 80.2 to 82.7°C in case 1-
2 because of the self limitation of the thermostée average temperature qQk.Jgis 81.6°C

for Case 1-1 with a variance of 0.2 and is 81.76€Qase 1-2 with a variance of 0.03. The
same problem occurs for the water temperature atiritet of the heat exchanger of the
condenser (kxd- Tiexc IS supposed at 30°C but is achieved at the avaeagperature of
31.5°C for Case 1-1 with the a variance of 0.008 ah.8°C for Case 1-2 with a variance of
0.007.

The evolution of the water temperature at the iifletxy and outlet (Fexg Of the heat
exchanger of the generator and the water temperatuihe inlet (ilex) and outlet (Tex g Of
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the heat exchanger of the condenser of Case 1-lbeafound in Figure 3-9. Those
temperatures are used for the calculation of thvegp@nd energy which is used for desorption
and condensation (Figure 3-10). The differenceheftemperatures at the inlet and outlet of
the heat exchangers is about 5°C. Consideringringgion of the temperature sensors (about
0.3°C) and the flow meters (1.25%), the precisibrthe calculation for the power and the
energy is about 12%.
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Figure 3-9 Evolution of the temperatures of thet lmxahangers
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Figure 3-10 Evolution of the powers of the heatrexmers
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Generally speaking, the power exchanged by the éwatanger in the generator decreases
during the process. This is mainly because the ¢eatpre of the solution coming from the
solution tank increases during the process, tluteihperature change in the heat exchanger
is decreased. The increase of the power at thenhiegi (from O h to 0.4 h) is due to the
temperature increase of theed; The thermostat needs that time to adjust theesbutater
temperature as the required temperature. At thenbieg of the process, with the increase of
the solution temperature, the temperature of theemmaapor which is desorbed from the
solution in the generator increases. Correspongirige power exchanged in the condenser
increases. But at the special point at 3.6 h (Ed1B), the valve between the reactor and the
water tank is open in order to transfer the watedhe water receiver to the water tank. The air
in the water tank is transferred to the reactor wuthe pressure difference of the water tank
and the reactor. The powers of the heat exchangethe generator and the condenser

decrease rapidI)Qd decreases from 3.35 kW to 3.05 kW (about 9%) @pdecreases from
1.65 kW to 1.1 kW (about 33%). The effect of theaa the desorption rate is remarkable.

The global energy provided by the heat exchangethéngenerator Qs 23.5 kWh. The
energy rejected by the heat exchanger in the caede@is 9.9 kWh. The sensible heat for
the water in the water tank is 0.7 kWh. The heattlie solution in the solution tank is 2.7
kWh. According to the energy balance, the heat issshout 10.2 kWh (43.4% of4Q The
heat losses happen in the pipes, the solution thekwater tank and the reactor. The water
vapor in the reactor which is condensed at thelesurface of the reactor walls by the heat
loss will flow back to the generator where it isniged with the solution. Thus the energy for
desorption is also increased because this partaténwmeeds to be desorbed once more. The
design and the heat isolation of the reactor playngportant part for the efficiency of the
seasonal storage system.

3.4.1.2 Case 1-2

During Case 1-2, the operating conditions are thmesas Case 1-1. 16 kg of water is
desorbed from the solution. The mass of the solualecreased from 188 kg to 172 kg. The
mass fraction is increased correspondingly fron80.8g CaCl/kg solution to 0.417 kg
CaCb/kg solution. The energy provided by the heat emrgea in the generator (s 26.4
kwWh. The energy rejected by the heat exchangdrarcondenser (s 12 kWh. The sensible
heat for the water is 0.6 kWh. The heat for theutsoh in the solution tank is 0.9 kWh.
According to the energy balance, the heat losbasial2.9 kWh (48.8% of £ The heat for
the solution in the solution tank is lower than @ase 1-1 because the initial solution
temperature in the solution tank is higher tha€ase 1-1. But correspondingly, the heat loss
of the solution tank is increased. Thus, the amaofitteat loss of Case 1-2 is higher than for
Case 1-1.

3.4.1.3 Case 2-1 and Case 2-2

Compared to Case 1-1 and 1-2, the temperatureeaintbt of the heat exchanger of the
generator (flexg is decreased from 80 to 70°C in Case 2-1 and P-g IS not exactly
constant at 70°C. It changes from 66.7 to 77.2°Case 2-1 and from 71.4 to 72.3°C in Case
2-2 because of the self limitation of the thermbside average temperature ofeylyis
71.6°C for Case 2-1 with a variance of 0.77 and2%C for Case 2-2 with a variance of 0.01.
The power of the heat exchanger is decreased ceshparCase 1 due to the decrease of the
Tiex.g One example of the comparison between Case t-2-@2ncan be found in Figure 3-11.
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Figure 3-11 The influence of; & yon the power of heat exchangers

During Case 2-1, 1.3 kg of water is desorbed frowm solution. The mass fraction of the
solution is increased correspondingly from 0.3970a&Clb/kg solution to 0.4 kg Cag@kg
solution. The energy provided by the heat exchamgéhe generator gs 10.3 kWh. The
energy rejected by the heat exchanger in the caede@is 1.2 kWh. The sensible heat for
the water in the water tank is 0.05 kWh. The heattie solution in the solution tank is 5.9
kWh. The sensible heat stored in the solution takest part of @ (57.3%), this is because
the initial temperature of the solution is low (2TC). Using the rich solution from the
generator to the solution tank to preheat the pmwbution from the solution tank to the
generator is an interesting option to be studietthénfuture. According to the energy balance,
the heat loss is about 3.1 kWh (30.0% g@f.Q

During Case 2-2, 12.1 kg of water are desorbed ftben solution. The mass fraction is
increased correspondingly from 0.4 kg C#KgJ solution to 0.428 kg Cagkg solution. The
energy provided by the heat exchanger in the gere@is 18.2 kWh. The energy rejected
by the heat exchanger in the condensgis ®@.7 kWh. The sensible heat for the water in the
water tank is 0.4 kWh. The heat for the solutiomhi@ solution tank is 1.7 kWh. According to
the energy balance, the heat loss is about 9.4 8¥9% of Q). The energy need for the
phase change of 12.1 kg of water in the conderseabout 7.7 kWh, which should be
provided by Q As the measured Qs lower than this energy need, it is possibld tha
water vapor is also condensed due to the energydbshe reactor. In the generatory i®
used in the form of heat for the solution, heatsla$ the generator and energy for the
desorption of water. In fact, the measured({B.2 kWh) is a lot bigger than the sum of the
eat for solution and the energy for the desorptibthe water that is condensed (9.4 kWh).
This means that there is heat loss in the genetatathe surrounding, and that some
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desorption heat is used to desorbe water that ticoltected afterwards in the condenser:
some desorbed water is certainly condensed oretdwtar walls and flows directly back to the
solution at the bottom of the reactor, and mustdesorbed again, increasingy.Qrhe
difference is also partly due to the precisionhaf tifferent sensors. The design of the reactor
should be optimized in order to minimize these {wots.

3.4.2 The absorption phase

During the absorption phase, the powir and energyQ, of absorption are calculated by the
energy balance of the heat exchanger in the absendarly to Eq.3-10 and Eq.3-11. The
power Qe and energyQ, of evaporation are also calculated. The senside tor the water in
the water tankQ,, and the heat for the solution in the solution taDk, during the
absorption phase is also calculated similarly tSBE.

The experimentation results of the absorption plcasebe found in Table 3-9. The Case 1-3
and Case 1-4 are the absorption phases accorditite toperating conditions of Case 1 in

Table 3-6. The Case 1-3 and Case 1-4 have the sdat®n as the Case 1-1 and Case 1-2,
which has been explained before. The Case 2-3eisabisorption phases according to the
operating conditions of Case 2 in Table 3-6. TheeC8-1 is a special case. The operating
conditions and results of this test will be disadbat the end.
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Table 3-9 Experimentation results of the absorppibase

Parameters Unit Case 1-3 Case 1-4 Case 2-3 Case S-1
Start 17/05 18/05 21/05 28/05
11:11 09:48 10:30 10:27
End 17/05 18/05 21/05 28/05
17:55 13:49 18:05 16:40
Mw.a1 kg 35.7 32.3 40.5 35.6
My.a.2 kg 32.3 27.1 39.9 315
Ms a1 kg 171.8 175.2 167 171.9
Ms 2.2 kg 175.2 180.4 167.6 176
kg
Xs.al CaCl/kg
solution 0.417 0.409 0.429 0.417
kg
Xs.a,2 CaCl/kg
solution 0.41 0.397 0.427 0.407
Twa1 °C 19.82 19.7 235 21.8
Twaz2 °C 19.79 19.6 21.9 21.6
Tsa1 °C 19.87 19.87 20.3 29.2
Tsaz °C 21.25 20.4 20.9 33
Qu.a kWh -0.07 -0.12 -0.09 0.96
Qs.a kwh 0.42 0.42 0.13 -0.11
Minimum pressure of the reactor mbar 34 48 26 40.5
Maximum pressure of the reactor mbar 58 57 34 87.5
To.exaMminimum °C 19.72 19.62 19.9 29.3
To.examaximum °C 20.29 19.89 20.72 32.3
Tiex.aminimum °C 19.47 19.45 19.74 285
Ti examaximum °C 19.73 19.67 20.69 29.2
To,exeMinimum °C 15 15 10.42 39.6
To.exeMaximum °C 15.44 15.34 11.67 41.7
TiexeMinimum °C 15.1 15.22 10.68 40.4
Ti exeMaximum °C 15.29 15.31 10.82 42
Qa minimum kw 0.02 0.02 0 0.08
Q, maximum KW 0.11 0.04 0.09 0.56
Q. minimum KW 004 002 021 0
Q. maximum KW 0.06 0.06 0.09 1.08
Qa kwh 0.31 0.17 0.21 2.5
Qe kwh 0.2 0.14 0.36 3.4
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3.4.2.1 Case 1-3

During Case 1-3, 3.4 kg of water is absorbed bydlation. The mass of the solution is
increased from 171.8 kg to 175.2 kg. The massifnads decreased correspondingly from
0.417 kg CaGlkg solution to 0.41 kg Ca@kg solution. The mass and the mass fraction are
calculated using the water level in the water teukch is shown in Figure 3-12. The water
level is decreased during the absorption phaseubecthe water is transferred to the
evaporator where it is evaporated by the heat exgdra The decrease is discontinuous
because the pump works discontinuously correspgnidirthe water level in the evaporator.
At the end of the absorption phase (after 6.5 hg water which is not evaporated is
transferred back to the water tank.
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Figure 3-12 Evolution of the water level in the aratiank

The evolution of the temperature of the solutiomktéTs,) and the temperature of the water
tank (Tya) are shown in Figure 3-13:
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Figure 3-13 Evolution of the temperatures of tlweagje tanks

During the absorption, skincreases (from 19.9 to 21.4°C) because the solus heated by
the absorption heat in the absorber during theuldtion between the solution tank and the
absorber. [ increases from 19.8 to 20.2°C due to the increafsgéhe environment
temperature (from morning to afternoon). The sdasdéimergy for the water in the water tank
Quw,a is about -0.07 kWh and the heat for the solutiorthie solution tank €} is about 0.42
kWh. Q2 is negative mainly because of the decrease olvétier mass in the water tanks
comes mainly from the absorption heat.

The evolutions of the pressures in the water témk solution tank and the reactor are shown
in Figure 3-14. The pressure of the water tankeases because of the leaks of the tank. But
from 0.1 hto 0.3 h, 3.7 hto 3.9 h and 4.8 h tbi.the pressure of the water tank decreases
because the volume of the water in the water tardecreased when the water is transferred
from the water tank to the evaporator. The pressfirine solution tank increases from 32
mbar to 42 mbar between 0 and 6.5 h because afichease of the solution temperature. The
pressure of the reactor changes with the temperadfirthe water in the evaporator. It
increases when the water is transferred from theemtank to the evaporator because the
water temperature in the water tank (about 20°Qijigber than the water temperature in the
evaporator (about 15°C).
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Figure 3-14 Evolution of the pressures of the gfertanks and the reactor

The evolution of the water temperature at the ioliethe heat exchanger of the absorber
(Tiex and outlet of the heat exchanger of the absdifgs 9 and the water temperature at
the inlet of the heat exchanger of the evapordiq ) and outlet of the heat exchanger of the
evaporator (Jexg Of case 1-3 can be found in Figure 3-15. Thosgptratures are used for

the calculation of the power and energy which asedufor absorption and evaporation
(Figure 3-16). But the average temperature diffeeelmetween the inlet and the outlet of the
heat exchanger is low (about 0.2°C). This tempeeadifference is not relevant because it is
even lower than the precision of the temperatunsas (0.3°C). The data for the calculation
of powers are not reliable. What we can concludenfthis experimentation is the power for
absorption and evaporation is low.

22

21

—_ [}
\o <
!

Temperature (°C)
%

17 ——— Tiexe = —Toexe Tiexa Toexa ——F————
16
" D' ® < T L - TN Ls
15 S S
14 -
0 1 2 3 4 5
Time (h)

Figure 3-15 Evolution of the temperatures of thatlexchangers
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Figure 3-16 Evolution of the powers of the heatrexmers

At 0 h, 3.7 h and 4.8 h, the water in the watek tartransferred to the evaporator. The water
temperature in the water tank is about 20°C, wisdigher than the water temperature at the
inlet of the heat exchanger in the evaporat@g(J. The water in the heat exchanger is heated

by the water which comes from the water tank. Hetheepower of the evaporatoQg) is

negative after every transfer of water. After thethen the water temperature in the
evaporator is lower than thecf s the power is positive. At the same time (0 h,3and 4.8

h), the power of the absorptioan) is increased because the increase of the water

temperature in the evaporator increases the watalilgium pressure. After that, due to the
heat which is released to the heat exchanger aadtla¢ heat needed by the evaporation, the
water temperature in the evaporator is decreaseéd.vilater equilibrium pressure decreases

with the water temperature in the evaporator. Assalt, Q, is decreased. From 0.8 h to 3.6 h,

the absorption is not influenced by the water carirom the water tank. The power is about
30 W for absorption and about 40 W for evaporatiims power is low. The reason for this
low power can be found as follows:

- The air in the reactor: The air present in thecter because of the leaks decreases the
the heat and mass transfers. The influence of ithierathe heat and mass transfer is
present in the desorption phase, but this influeisceven more serious for the
absorption phase because the water equilibriumspresin the evaporator and the
absorber is lower than it is in the generator &edcondenser (Chapter 2, Figure 2-2).

- The heat exchanger dimensioning: The small saréaea of the heat exchangers and
the low flow rate in the heat exchangers cannotigeoenough power for evaporation.
It also can not take off the energy produced byogii®n from the absorber
efficiently enough, which is proved by the increa$e¢he temperature of the solution
in the solution tank.

116



Chapter 3 — Experimentation of the seasonal stasgstem with the CagH,0 couple

- The thermodynamic characteristics of the GAGO linked to the dimensioning of the
heat exchanger: The maximum temperature of absorpan be found in Figure 3-17.
The maximum temperature of absorption is about 2@f@n the temperature of
evaporation is 15°C and the mass fraction of tHatism is about 0.4 kg Ca&kg
solution. As the water temperature at the inlethef heat exchanger in the absorber is
about 20°C, the maximum temperature differencetierheat exchanger is 9°C. The
low temperature difference for the heat exchangerahses the power of heat transfer.
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Figure 3-17 Maximum temperature of absorption foesaporation at &

The energy of absorption released by the heat exhian the absorber & 0.31 kWh. The
energy provided by the heat exchanger in the e@poQ.is 0.2 kWh. The sensible heat for
the water is —0.07 kWh. The heat for the solutisrDi42 kWh. According to the energy
balance, at least 0.46 kWh of energy are providethé environment for evaporation, for the
water in the water tank and the solution in theusoh tank through the walls of the
components.

3.4.2.2 Case 1-4

During Case 1-4, the operating conditions is threesas Case 1-3. 5.2 kg of water is absorbed
by the solution. The mass fraction is decreasedespondingly from 0.409 kg Caf}g
solution to 0.397 kg Cag@kg solution. The energy released by the heat exgdrain the

absorber Qis 0.17 kWh. The energy provided by the heat exghaim the evaporator &
0.14 kwh.

3.4.2.3 Case 2-3

Compared with Case 1-3 and 1-4, the water temperatiithe inlet of the heat exchanger in
the evaporator (Ex¢ is decreased from 15°C to 10°C in Case 2-3 tdysits influence on

the power of absorption and evaporation. Genegggaking, the power is decreased because
the decrease of; dx . decreases the water equilibrium pressure in tp@ator. The pressure
difference between the water equilibrium pressurethe evaporator and the solution
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equilibrium pressure in the generator is the fdareabsorption. The evolution of power of
absorption and evaporation can be found in Figtt8.3

150 |
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100 = = Evaporation
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Time (h)
Figure 3-18 Evolution of power of absorption anamoration (Case 2-3)

According to the Figure 3-18, the power does natelse but increases compared to Case 1-
3. The reason is that the air partial pressurberréactor in Case 2-3 is lower than in Case 1-3.
The comparison of the pressures in the reactorasfeCl-3 and Case 2-1 can be found in
Figure 3-19. The difference of the pressures in risctor is about 12 mbar. But the
equilibrium pressure difference for water betwe8ACL(17.7 mbar) and 10°C (12.2 mbar) is
theoretically about 5.5 mbar. That means the atigdgressure in Case 1-3 is about 6.5 mbar
higher than it is in Case 2-3. The influence of theis higher than the influence of the
temperature for evaporation in this experiment. d¢éethe air in the system is, again, one of
the most important problems for the seasonal seosggtems by absorption.
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Figure 3-19 Comparison of the pressures in thetoeaaring Case 1-3 and Case 2-1
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3.4.2.4 Case S-1

As the vacuum problem in the prototype cannot Heesoeasily, in order to decrease the
influence of the air in the reactor, a Case S-daisied out. In Case S-1, ¢k eiS increased to
about 40°C. The flow rate of the water in the heathanger of the evaporator is also
increased from 200 kg/h to 1000 kg/h to make shes the power for evaporation is not
decreased by the water flow on this side of theé Brehanger. The;I;ais 30°C. The water
pressure equilibrium at 40°C is 73.6 mbar. The eamigthe pressure in the reactor in Case S-
1 is from 40.5 to 87.5 mbar (Figure 3-20). The pues of the reactor is lower than the water
equilibrium pressure at 40°C. This is mainly beeatle water in the evaporator cannot be
heated as the same temperature as the water hetteexchanger. But it is sure that for this
case, the air partial pressure is decreased cothpatbe previous experiments.
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Figure 3-20 The pressure in the reactor of Case S-1

The power of the heat exchanger in the absor@g) and in the evaporato@) is shown in

Figure 3-21. The power is between 80 W and 560 Yabsorption and is between 0 W and
1080 W for evaporation. The power is much highantfor Case 1-3, Case 1-4 and Case 2-3.
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Figure 3-21 The evolutions of the powers of Cage S-
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During Case S-1, 4.1 kg of water is absorbed bystiietion. The mass fraction is decreased
correspondingly from 0.417 kg Caflig solution to 0.407 kg Cagkg solution. The energy
released by the heat exchanger in the absorhierab kWh. The energy provided by the heat
exchanger in the evaporatog ® 3.4 kWh. This case proves that the absorpti@tess is
possible. But for the real application of the seatstorage systems, the energy source for
evaporation cannot be as high as 40°C. Normally etiergy source is geothermal energy at
about 10°C or even lower. The only solution to sdive air problem is to make sure that the
system is really hermetically sealed.
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3.5 Conclusion of the experimentation

A prototype has been built for verifying the fealdip of the seasonal storage system by
absorption using the Caf,O couple. According to the experimentation andahalysis of
the results, several conclusions can be found here:

- The desorption phase is possible. During the miem phase, water has been
desorbed from the solution and stored in the wiatek. The power obtained for the
desorption (about 0.6-4 kW) and the condensatitwou®0-3 kW) is sufficient for
measuring and corresponds to the expected values.

- It has been verified that air in the system caaréase significantly the heat and mass
transfer.

- When the water temperature at the inlet of that lexchanger in the evaporator is
between 10 and 15°C, the performance of the abearphase is poor. Although the
water is absorbed by the solution, the power ofogdi®on and the temperature
increase for the water in the heat exchanger irais®rber are low because of leakage
problems of the prototype.

- During the desorption phase, the temperaturehef dolution at the outlet of the
generator is about 60°C, which is much higher ttf@ environment temperature.
Hence the energy loss of the tube and the soltéiok is remarkable. As a result, the
consumption of energy for desorption is increaskd.order to decrease this
disadvantage, the rich solution flowing from thexgeator to the solution tank can be
used to preheat the poor solution from the solutemk to the generator. But the
corresponding risk is that crystal will be formebecause of the decrease of
temperature of the rich solution.

- The air in the reactor is the main problem foe ttow power obtained during
absorption. The influence is more serious thanhim desorption phase because the
water equilibrium pressure in the reactor is mwskdr than in the desorption phase.

- In order to verify the feasibility of the absamget phase, the water temperature at the
inlet of the heat exchanger in the evaporator less liested at about 40°C. This case
is carried out to decrease the influence of thenaihe reactor, and present interesting
results. However, these temperature conditionkenetvaporator are not realistic for a
real storage system. The power of absorption aadetimperature increase of the water
in the heat exchanger in the absorber are thusased and sufficient for measuring.
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Chapter 4 — Dynamic simulation of the prototype wih the
CaCly/H,0 couple

The experimentation has been carried out in ordererify the feasibility of the seasonal
storage system by absorption in Chapter 3. Therdésn and absorption phases are possible.
But the power for the absorption phase is lowentegpected. The experimental results are
influenced by several factors such as the preseha@r in the system (especially for the
absorption phase), the precision of the sensorssam human factors during the operation.
For a better understanding of the process, a dynamulation which does not present these
problems is developed. The model and its simula&sults are presented in this chapter.
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4.1 Dynamic simulation model

The model for the simulation is developed accordmthe parameters used for the operation
and control of the prototype and based on the £dgD couple.

The labels for the components in the model arenddfin Table 4-1:

Table 4-1 Definition of the labels of the comporseintthe model

Label Component
Thermostat 2 during desorption
Generator
Condenser
Thermostat 1 during desorption
Solution tank
Water tank
Absorber
Thermostat 2 during absorption
Evaporator
Thermostat 1 during absorption

O© 00 ~NO Ol WN P
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o

The characteristics of a component are definetl@$ollow principle:

The c‘.ha.racteristic«FT
5= The label of the component

In which, ‘T’ is the characteristic. ‘5’ is the labof the component. Following this principle,
Ts means the temperature of the solution in the moiuaink. And corresponglyxmeans the
mass fraction of the solution in the generatorefcample.

The characteristics of the flows are defined folloyvthis principle:

The characteristic € Tﬁzz—}ﬂle location of the flow

The source of the flow / \L

The destination of the flow

In which, ‘T” is the characteristic. The first sabpt ‘5’ is the label of the component which
is the source of the flow. The second subscripis2zhe label of the component which is the
destination of the flow. The third subscript ‘2’ lse label of the component which is the
location of the flow (at the outlet of the sourcersat the inlet of the destination 2). Following
this principle, B2 means the temperature of the flow from the sotutemk (source) to the
generator (destination) at the inlet of the gemerdlocation). And correspondingly,s
means the mass fraction of the flow from the sohuttank (source) to the generator
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(destination) at the outlet of the solution tandcétion). If the third subscript is neglected, it
means that the characteristic is supposed to lferanat any position.

If a characteristic is variable with time, thereais(t)’ at the end of the characteristic. For
example, i, (t) means that the flow rate of the flow from the $iolu tank to the generator

at the inlet of the generator is variable with time

The hypothesis of the simulation can be found dsvis:

The water in the water tank and the reactor &edsblution in the solution tank and
the reactor are always at the thermodynamic eqjiufib state.

The mass transfer kinetics is not the phenoménatation.

The water in the water tank and the solutionhie $olution tank are homogeneous at
any position. There is no temperature, pressurenaass fraction gradient in the same
storage tank.

Water is only evaporated or condensed on a hegta@ger. The water which is
condensed or evaporated at other places, sucle aglls of the reactor, is neglected.

The influence of the presence of air for the regat mass transfer is not considered in
the simulation.

The mass of the solution in the generator/absadeupposed constant. This means
that the solution which comes from the solutionktda the generator/absorber is
immediately and totally transferred to the solutiank after the desorption/absorption.

4.1.1 Model for the desorption phase

The scheme during the desorption phase is showfigare 4-1. The model includes the
solution tank, the water tank, the condenser, 8regator and two thermostats.
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Figure 4-1 Simulation scheme of the desorption ehas

- In the generator, the solution which comes frbm dolution tank r(rgzz(t)) is heated by the
energy which comes from the thermostat 2. The wegor (r'nza(t)) which is evaporated
from the solution is transferred to the condensie solution after desorptiomnzsz(t) flows

back to the solution tank. The mass of solutiothengenerator isn, (t) The mass balance in

the generator can be found as Eq.4-1.

d”;zt( E s (1) = Mhso( ) = Mol

Eq.4-1

As the hypothesis that the mass of the solutidhengenerator/absorber is supposed constant,
the dm, (t)/ dtis zero.

The balance for Cagin the generator can be found as Eq.4-2.

am,(9 (9 = M5(1) Xsoo( D) = Mys{ D Xsf ) Eq.4-2

dt
The energy balance in the generator is as follows:

Solution from solution tank ( ruy,,, iy 2= = = Solutionto solutiontank (. i)

o Generator > Vapor(r. i)
Energy from heat exchanger(Q,, | :D (. 1)

Heat loss ['_Q'-;:: )
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dm(9h(Y _

i 1 () + () ol = M) g3 My X heb )= Q6 Eq.4-3

As the hypothesis that the mass of the solutidhéngenerator/absorber is supposed constant,
the dm, () h( 9/ dtis zero.

The power for desorption which is provided by treathexchanger in the genera@;(t)
can be calculated by the energy balance of therwathe heat exchanger:

Qy, ()= mlz( h,()— hy t)) Eq.4-4

le(t) can also be calculated by the heat transfer peence of the heat exchanger:

le(t) = Kexzsexz((Tzl'Tzsz)'(T 12'T 25))”-n ((T 2'1T 25)2/ (T 1-£|' 2;; Eq.4-5

In which, K., is the heat transfer coefficient of the heat ergea in the generatos,,, is
the surface of the heat exchanger in the generator.

The enthalpy of the solution can be calculatecbs\viis (see Appendix 4):
h(t)=f(T(t). x(1) Eq.4-6
The enthalpy of the water vapor can be calculaseidléows (see Appendix 5):
h(t)= f(T(1)) Eq.4-7
The power of the heat loss of the gener&dgr, can be calculated as follows:

Qose = Ko B AT = T D) Eq.4-8

In which, K, is the heat transfer coefficient of the wall of trenerators, is the surface area
of the wall of the generator.

The equilibrium in the generator can be calculasdsee Appendix 2).

Poa(t) = £ (Toa(1)) = P = F(Toso( D). Xosd D) Eq.4-9
- In the condenser, the water vapor which comem flee generatorr,(t)) is condensed,
the liquid waterri1363(t) is transferred to the water tank. The mass of wlager in the
condenser isn, (t) The mass balance in the condenser can be fouid.4s10.

om ( t) = r‘i‘%(t) - mses( t) Eq.4-10

The energy balance in the condenser can be foufullass:
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_ = > Waterto water tank m,. . )
Vapor from generator( s, i, ) ——3f" ~ Condenser => Energy to heat exchangeqig'_u_‘]

(mh)  |E——DHeatloss(0..:)

w = mzs(t) hZS(t) - %63(9 h363_ Q3£ )_ st § ): Eq4-11

The power for condensation which is provided byhbat exchanger in the condenﬁ)gg(t)
can be calculated by the energy balance of therwatbe heat exchanger:

Q34(t) = m43( hs.4( t) - h43( l)) Eq.4-12

Q34(t) can also be calculated by the heat transfer peeoce of the heat exchanger:

Q34(t) = Kexssexs((Tsss'T 43)'(T 3631 3)) /Ln ((T sesl A)zl (T 353 )z) Eq.4-13

In which, K, is the heat transfer coefficient of the heat ergea in the condenses,, is
the surface of the heat exchanger in the condenser.

The power of the heat loss of the conder@gr, can be calculated as follows:

Qose = Ky B0 Ty 9= Tl D) Eq.4-14

In which, K, is the heat transfer coefficient of the wall oé tbondensers, is the surface
area of the wall of the condenser.

The liquid-vapor equilibrium in the condenser canchlculated as (see Appendix 3):

Pa(t) = F(To(t) = R() = F(T(9)= R(Y= H(T(}. ()  Ea415

- In the solution tank, the solutimhszs(t) is transferred to the generator and the solutiomf

the generatori,(t) flows back into the solution tank. The mass bataisccalculated by
Eq.4-16.

dm, (1) dm., (1) _ .
m;dtl()-'- nkdz():mz55(t)_msz5(t) Eq.4-16

In which, my, () is the solution anan,, (t) is the crystal. The appearance of the crystal is

decided depending on the solubility of the solutainits temperature. The solubility of the
solution can be found in Appendix 1.

The balance for Cagin the solution tank can be found as Eq.4-17.
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drnssol ( t) )%so|( D + drnicry(t) )%c.y( D
dt dt

= 1M,55(1) Xose( 1) = Mo ) X,{ ) Eq.4-17

In which, x;,, (t) is the mass fraction of Cadh the crystal. This mass fraction is linked to

the form of the crystal (the water of hydrationtive crystal). The crystal of Cafk at the
form of CaCy6H,0 when the temperature of the crystal in the sotutank is lower than
29°C (Appendix 1). The corresponding mass fractib@aCl in the crystal is 50.7%.

The energy balance in the solution tank can beutatkes as:

Solution tank —= Solutionto generator [ #x,;. /5 )

Solution from generator (s, h.; =3  Solution (ms..hs.y)

Crystal (e Do) =>Heat loss (Q..;)

dn})sol(t) h_ssol(l) + drnicry(t) h_scry(l)
dt dt

= Mies(D oo 0 = Md ) Ny Qe ) Eq.4-18

In which, the enthalpy of the solutidi{t can be calculated by Eq.4-18, the enthalpy of the

crystal h_ (t ) can be calculated by Appendix 6.

cry

The power of the heat loss of the solution t%(t) can be calculated as:

Qoss (D) = Ks B AT(D— T D) Eq.4-19

- In the water tank, the change of the water mdsg ((t)/ dt) is decided by the flow rate of

the water which comes from the condensay{( t)).

dm (t)
ngt( ) = Iy (1) Eq.4-20

The energy balance in the water tank is:

water from condenser (i, ., p—=> W’;;er}‘;a;lk =>Heat 1055( Qs
62116,
dmy(t . :
rnS(d)tQ(D = rn366(t) h3»66( t) - Qosss(t) Eq4-21

In which, h(t ) can be calculated byEq.4-19.

The power of the heat loss of the water ta)k, (t) dQ (1) / dtis calculated as:

Quosss () = K ATy~ T (D) Eq.4-22

- During the transfer in the tubes, the massesw@ask fractions are constant:
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Myp,(1) = Myg( 9 Eq.4-23
Mye (1) = Mye( 9 Eq.4-24
X522(1) = Xgps( ) Eq.4-25
Xo52(t) = Xpse(D) Eq.4-26
Mys( 1) = Mo 9 Eq.4-27

The energy balance for the tube which is usedHerttansfer of solution from the solution
tank to the generator (tube 52 for short) is:

Solutionat inlet of tube (s, fiy; Jmmmeefm = = = = = »—> Solutionat outletof tube (7. i)
) Tube
Workofthepump (7.a) == o HeAt0SS (K, s, (T ()~ T )
V\é
M5 (1) hype( +———— ( ). MY R 3+ K IsH T X— T (00 Eq.4-28

The power of pump at the tube 92, (t) is calculated afrao Y. 2003]

dW, (1)
dt

2
= rn\325 nl:d;'2>25w525( )) +( P Pg / 10 525 & H 52 x m52 Eq4'29
Re 2d52

The energy balance for the tube which is usedHerttansfer of solution from the generator
to the solution tank (tube 25 for short) is:

Mhsa(0) s+ Wos( 9 = sl § el 1+ KIS0 TN F() Eq.4-30

The power of pump at tube 24, (1) is calculated as:

Wi (1) = ( G—EE My, / nDd;zUozsz(t)]j +(Pr P/ p st @H;xm Eq.4-31

The density of the solution is (Appendix 7):

p525( ) f( 525( ) T525(t)) Eq.4-32

,0252( ) f( 252( ) Tzsz(t)) Eq.4-33

For the tube which is used for the transfer of wétam the condenser to the water tank (tube
36 for short):
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Mes(D) Moo ) + KagB3l Tof 3= T 1) = Mg X Doy Jor W ) Eq.4-34

The power of the pump in the tube 86 (t) is calculated as:

Wao (1) = [Re m%tﬁmes ﬂDdéaglzb%{')D +(Ps R oot @H;x my  Eq.4-35

All heat transfer coefficients for the heat exchensg tubes and tanks can be calculated as
Eq.4-36.

——— Eq g Eqg.4-36
K. a Ad, ad0

For the heat exchangers, as the heat transfee atutiside of the tubes is a phase change heat

: .do. :
transfer, the corresponding heat transfer resistaré— is small compared the others and is

o~o

supposed to be negligible in the simulation. Heoody i+% is considered in the

i m
simulation. The heat transfer of the tubes is iasegel. For all the tanks, thermal insulation
material is used to decrease the heat loss. Therialas glass wool which has a small heat

conductivity of A =0.033+ 0.00028] T;,. The thickness of the glass wool for all the tarsks i
20 mm.

The heat transfer efficiency on the inside of tkathexchangers can be calculated as follows
[Yang S. & Tao W. 1987]

a = 0012 (R§87 280) PY* (Re 230 Eq.4-37
a 186d/]— I’f;r)“ (Re< 2300 Eq.4-38

4.1.2 Model for absorption phase

The model at the absorption phase is shown in Eigt2.
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Figure 4-2 Simulation model of the absorption phase

- In the absorber, the water vapor which comes ftbmevaporatorrm(t)) is absorbed by
the solution which comes from the solution taniqﬁ(?(t)). The solution after absorption

(s () flows back to the solution tank. The mass of Botuin the generator i, (t). The
mass balance in the absorber is:

dmd—t(gzmsw(t)'*' ma?( t)_ ml57( D:O Eq.4-39

In order to simplify the modeln, (t) is also supposed constant as in the desorptiosepha

The balance for Cagin the absorber can be found as Eqg.4-40.

dm, (9 %(9

dt = m577(t) X577( t) - m75{ D X75>( D Eqg.4-40

The energy balance in the absorber is:

Solution from solution tank (s, ks, ) =——spf= = = = — =¥—>Solutionto solution tank(7s:.is

N - a Energy to heat exchanger( 0-; )
Y t - - g - \ ) ’
apor from evaporator (riy,. hy ) > ~ Absorber ) Heat loss(C,.-)
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dm, (9 h(9

el AU HORRLU S RS R DRLED QL)X R ()t Eq.4-41

The heat loss of the absorb@g,, (1) is calculated similarly to Eq.4-8.

The power of the heat of absorption which is redelasy the heat exchanger in the absorber
Q78(t) is calculated by the heat balance of the watéinenheat exchanger similarly to Eq.4-4
and Eq.4-5.

- In the evaporator, the wateit,(t)is evaporated and the water vapiy, (t)is transferred

to the absorber. The water which is not evapora'ﬂedggl(t). It will be circulated by the
pump for the evaporation succeeding. The mass talarthe evaporator is:

dmd;t(t) = magz(t) - m.w( t) - magl( I) Eq.4-42

The energy balance in the evaporator is as follows:

Water at theinlet 0f evaporator (. oy ) = = = = — ~ > Waterat outlet of evaporator (. 1)

R > —— Vapor evaporated ;. )
Energy to heat exchanger( @i ) =; Evaporator | Heatloss(Cps)
vV |, RS

I Qlog(t) + mggz( t) h.agz( D - mgg( ) h991_ .mge ) h97_ .st (9)t Eq.4-43

dm,(9 h(Y
dt

The power of the heat loss of the evaporﬂggﬁ(t) Qus (1) is calculated similarly as Eq.4-
8.

The power used for evaporation which is providedttry heat exchanger in the evaporator
Q.,(1) is calculated similarly to Eq4-12 and Eq.4-13.

The liquid-vapor equilibrium in the evaporator aaldsorber can be calculated following
Appendix 3.

%7(0 = f (T97(t)) = f(ngl( t)) = P7( t) = f( T7( T), X7( I)) Eqg.4-44

- In the solution tank, the solution flov'r;g75(t) is transferred to the absorber and the solution

from the absorber’n755(t) flows into the solution tank. The mass balance #rel energy
balance are calculated similarly as in the desongphase.

- In the water tank, the water is transferred frii@ water tank to the evaporatcm)gG(t)),
the mass balance of the water tank is as:
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dm (t _
—n(];t( ) = _mﬁ%(t) Eq.4-45

m696(t) is discontinuous. It is decided by the water lewethe evaporator as discussed in
chapter 3.

- During the transfer in the tubes:

My, (9 = M9 Eq.4-46
Xs77(1) = X75(1) Eq.4-47
Mys7 () = Myso(D Eq.4-48
Xo57(1) = Xzss(1) Eq.4-49
Mo (1) = Mg § + Mo ) Eq.4-50

The energy balance of the tubes is calculated ailtyito the desorption phase.
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4.2 Simulation results and comparison with the exipeentation

The dynamic simulation is carried out correspondimghe operating conditions of case 1
(water temperature at the inlet of the heat exchang the generator at 80°C, water
temperature at the inlet of the heat exchangehénelvaporator at 15°C) and case 2 (water
temperature at the inlet of the heat exchangehengenerator at 70°C, water temperature at
the inlet of the heat exchanger in the evapordatd@02aC) in Table 3-6 (Chapter 3). The initial
mass, mass fraction and temperature of solutionveaier correspond to the experimental
conditions in Table 3-8. The simulations are stabpten the masses of the solution in the
solution tank and the water in the water tank afterdesorption or absorption phases are the
same as it is in the experimentation. As the imfigeof air in the system and the mass transfer
kinetics are not take in account in the simulatiand also the exchangers is not exactly
simulated, the powers of the desorption and absorgthases are different between the
simulation and the experiment. Hence their duraisadifferent.

4.2.1 Desorption cases

The simulations for desorption case 1-1, case W&tef temperature at the inlet of the heat
exchanger in the generator at 80°C, water temperatuthe inlet of the heat exchanger in the
evaporator at 15°C), case 2-1 and case 2-2 (watepdrature at the inlet of the heat
exchanger in the generator at 70°C, water temperatuthe inlet of the heat exchanger in the
evaporator at 10°C) are carried out and comparédutive experimental results.

4.2.1.1 Case 1-1 (water temperature at the inldteheat exchanger in the generator at 80°C,
water temperature at the inlet of the heat exchaimgtae evaporator at 15°C)

For Case 1-1, the simulation results are as follows

The evolution of the temperatures is shown in FegiH3:
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Figure 4-3 Evolution of temperatures of desorp@ase 1-1, experiment (Ex) and simulation

(Si)
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According to the simulation, the solution temperatin the solution tank (SisJ increases
continuously during desorption because the richtsmi after desorption at high temperature
flows back to the solution tank. At the beginnitigere is no water in the water tank. The
water temperature in the water tgfk-Tg) actually represents the air temperature in themwate
tank. It is the same as the ambient temperatur@Cj20At about 2 h when the water is
transferred from the condenser to the water tarkwater temperature in the water tank (Si-
Te) increases rapidly to about 50°C, which is abbettame temperature as the water in the
condenser. . After that, SisTdecreases because of the heat loss from the vealerto the
environment. The decrease is much rapidly tharhé experimentation because the water
temperature in the simulation (40-50°C) is muchhbigthan it is in the experimentation (20-
25°C). The evolution of the temperatures of theusoh tank is the same between the
experiment and the simulation. The water tempeea#tirthe outlet of the heat exchanger in
condenser in the simulation (SiJ is about 8°C higher than in the experiment (EBxX5T
increases of and the water temperature at thetmftkhe heat exchanger in generator in the
simulation (Si-B;) is about 2°C lower than it is in the experimeiotat(Ex-T,;) . The
difference is mainly because the heat and massfémaperformance in the simulation is better
than in the experiment (due to the presence oflarng the experiment, as analyzed in
Chapter 3).

Due to the increase of the Si;Tthe temperature difference for the heat exchangehe
generator decreases. The power of the heat exchantiee generator thus decreases (@l

in Figure 4-4). Hence the water temperature at dhttet of the heat exchanger in the
generator (Si-1y) increases continuously. As the power of the k&ahanger in the generator
decreases, the quantity of water vapor which igibesi from the solution is decreased. The
power of the heat exchanger in the condenser cﬁsl:e(eSiQ'43 in Figure 4-4). Hence the

water temperature at the outlet of the heat exatraimgthe condenser (Sk4) decreases with
time.

5 .
—— Ex-Q12
—+Si-Q12
4 —0o— Ex-Q43
—>— Si-Q43

Power (kW)

0 T T T | T T
0 2 4 6

Time (h)

Figure 4-4 Evolution of powers of desorption Cask &xperiment (Ex) and simulation (Si)
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Compared with the powers of the heat exchangerthenexperimentation, the powers in

simulation are higher. This is mainly because teefggmance of the heat exchanger is
decreased by the presence of air in the reactangltine experiments. As the powers in the
simulations are higher than they are in the expemisy the time consumption is decreased
from 7.6 h in the experiment to 3.8 h in the simiola The water vapor which is condensed at
the inner surface of the reactor during the expemit® is also not considered in the

simulation. All the water vapor is condensed in toadenser in the model. As a result, the

difference between th@, andQ,, is decreased in the simulation.

The evolutions of the pressures of the solutiofk,téime reactor and the water tank are shown
in Figure 4-5:

250 T T .
- /
A
7\
200 A . = A
/™
7/
i A i
— o O O
8 150 - o —0"
& > > O O O -
~" | O = > > o |
o) ‘ P>
55 [} <R
o <
0 /
50 —— Ex-solution tank —— Si-solution tank
] QJ —O— Ex-reactor —>— Si-reactor |
—/— Ex-water tank —C— Si-water tank
0 T T T T T T
0 2 4 6

Time (h)
Figure 4-5 Evolution of pressures of desorptioneCh4, experiment (Ex) and simulation (Si)

Compared with the experimental results, the pressurthe simulation is the equilibrium
pressure without the influence of the air. Duritg tdesorption, the temperature of the
solution tank increases, which should increasethesure of the solution tank. But the mass
fraction of the solution increases during the deson, which should decrease the pressure of
the solution tank. According to the simulation fdesun Figure 4-5, the pressures increase
during the desorption phase, which means thateitmpérature is the main influence factor for
the pressure of the solution tank. The pressuthefvater tank of the simulation (Si-Water
tank) changes with the water temperature in themtank (Si-F in Figure 4-3). The pressure
of the reactor (Si-Reactor) depends on the temyeratf the water in the condenser. As the
qguantity of water vapor which is desorbed in thenegyator decreases with time, the
temperature of water in the condenser decreasass fte pressure in the reactor in the
simulation decreases with time.
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The overall performance comparison between thergrpatation and simulation of Case 1-1
is shown in Table 4-2:
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Table 4-2 Performance comparison of the experintientand simulation (desorption Case 1-

1)
Parameters Unit Case 1-1 Case 1-1
Ex Si
me Start kg 0 0
ms End kg 19.5 19.5
ms Start kg 207.5 207.5
ms End kg 188 188
X5 Start kg CaGlkg solution 0.345 0.345
xsEnd kg CaGlkg solution 0.381 0.381
Te Start °C 21.2 21.2
T¢ENd °C 30.3 43
Ts Start °C 41.7 41.7
TsEnd °C 65.8 56.4
P; minimum mbar 92 119
P; maximum mbar 168 145
T, minimum °C 72.3 71.8
T»1 maximum °C 77.6 73
T1, minimum °C 78.4 80
T1, maximum °C 82 80
T34 minimum °C 33.1 44.3
T34 maximum °C 44 .4 46.4
T4z minimum °C 31.4 30
Tizmaximum °C 321 30
Q,, minimum kW 1.81 4.1
le maximum kw 4 4.8
Q,; minimum kw 0.25 3.3
Q,; maximum kw 3 3.8
Quw kWh 235 16.5
Qu kWh 9.9 13.2
Time h 6.8 3.8

According to the simulation of Case 1-1, 19.5 kgvater is desorbed from the solution. The
mass of the solution is decreased from 207.5 k§8® kg. The mass fraction is increased
correspondingly from 0.345 kg Cafl g solution to 0.381 kg Ca&kg solution. The energy
provided by the heat exchanger in the generatord&gorption @ is 16.5 kWh. The
difference of energy consumption for desorptionJ(etween the experiment and the
simulation is due to the water vapor which is corsdel at the inner surface of the reactor and
flows back to the generator in the experiment. Wager which flows back to the generator
dilutes the solution in the generator. In orderedesorb this part of water in the solution, the
consummation of energy for desorption is increasHde energy rejected by the heat
exchanger in the condenser for condensatiggyis@3.2 kWh, which is higher than it is in the
experiment. This is mainly because the differerfah® quantity of heat loss of the condenser
to the environment. The heat loss of the condecaercondense the vapor to water in the
condenser. As the time consummation of the expertatien (6.8) is about two times longer
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than it is in the simulation (3.6h), the heat losthe experimentation could be higher than in
the simulation. As a result, the energy which jectd to the heat exchanger in the condenser
in the simulation is decreased. The powers of ta Bxchangersy, andQ,,) in simulation

are larger than they are in experiment. The deereithe power in the experiment is mainly
due to the presence of air in the reactor whialoistaken into account in the simulation. Due
to the difference power, the time for desorptiothi@ simulation is decreased compared to the
experimental time (7.6 h to 3.8 h). The vacuumhia teactor is extremely important for the
functioning of the process.

4.2.1.2 Other cases

The overall performance comparison between thergrpatation and simulation of Case 1-
2, 2-1 and 2-2 is shown in Table 4-3:
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Table 4-3 Performance comparison of the experintientand simulation during desorption

Case Case Case Case Case Case

Parameters Unit 1-2 1-2 2-1 2-1 2-2 2-2
Ex Si Ex Si Ex Si
mg Start kg 19.5 19.5 27.1 27.1 28.7 28.7
ms End kg 355 355 28.4 28.4 40.5 40.5
ms Start kg 188 188 180.4 1804 179.1 179.1
ms End kg 172 172 179.1  179.1 167 167
kg
Xs Start CaCl/kg 0.381 0.381 0.397 0.397 0.4 0.4
solution
kg
xs End CaCl/kg 0.417 0.417 0.4 0.4 0.428 0.428
solution
Te Start °C 25.1 25.1 19.6 19.6 26 26
T¢End °C 29.1 31.2 20.3 21.3 25.9 27.2
Ts Start °C 48.3 48.3 20.4 20.4 38.5 38.5
TsEnd °C 64.6 58.5 55.7 29 57 53.9
P; minimum mbar 60 55.7 68 10.2 60 29.7
P; maximum mbar 157 78.4 125 16.6 85 58.2
To1 minimum °C 72.9 72.4 64.9 63.1 66 64
T»1 maximum °C 80.6 73.6 69.3 63.5 68.8 65.4
T1, minimum °C 80.2 80 66.7 70 71.4 70
T1, maximum °C 82.7 80 72.2 70 72.3 70
T34 minimum °C 33 43.1 28.7 41.1 32.7 39.2
T34 maximum °C 39.7 44.8 33.7 41.3 36.4 40.8
T4z minimum °C 31.5 30 28.6 30 31.3 30
Tszmaximum °C 334 30 31.9 30 32.2 30
le minimum kw 0.65 3.8 0.96 4.1 1.16 2.7
le maximum kw 4.4 4.5 2.7 4.8 3.34 3.5
Q43 minimum kw 0 3 0.04 2.6 0.04 2.1
Q43 maximum kw 1.85 3.4 0.56 35 1.14 25
Quw kWh 26.4 13.9 10.3 1.4 18.2 10.4
Qa3 kKWh 12 11 1.2 0.9 6.7 8
Time h 8.5 3.42 4.3 0.36 7.3 3.47

According to the simulation results and comparisath the experimental results, several
conclusions can be found as follows:

- The results of the experimentation can not cotepleprove the model of the
simulation as the leak of air in the experimentaaod the limitation of the model (the
hypotheses in the simulation).
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- The powers of the heat exchanger in the geneaattithe condenser in the simulation
are bigger than in the experimentations. The maasan is the presence of air in the
reactor during the experiments which decreasebdhtand mass transfer.

- As the power of the heat exchangers in the sitimmais higher than it is in the
experiment, the time consumption for the desorppbase decreases of more than
50%.

- As the time consumption for the desorption phas@ecreased in the simulation
compared with the experimentation, the accumuldtedt for the solution in the
solution tank by the circulation of the solutiontween the solution tank and the
generator is decreased. The temperature of solutitime solution tank at the end of
the desorption in the simulation is lower tharsiin the experiment.

- The heat need for desorption in the simulation lasver than it is in the
experimentation because the heat for solution ¢sedsed and the water vapor which
is condensed at the inner surface of the reactorflaws back to the solution in the
generator is neglected in the simulation.

- According to simulation results, if the leak ofr acan be avoided in the
experimentation, the performance of the experintemtaould be improved.

4.2.2 Absorption cases

The simulations for absorption cases of Case 1-8,ahd 2-3 are carried out at the same
operating conditions as in the experiment and coetpwith the experimental results.

4.2.2.1 Case 1-3
For the Case 1-3, the simulation results are dswel

The evolution of the temperatures is shown in FBgiH6:
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Figure 4-6 Evolution of temperatures of absorp@ase 1-3, experiment (Ex) and simulation
(Si)

According to the simulation, the temperature ofiioh in the solution tank (SisJ increases
continuously with absorption because the solutidnctv is circulated between the solution
tank and the absorber is heated by the absorpgah fihe temperature of water in the water
tank (Si-T) only depends on the heat transfer between thegcgmeent and the water tank.
As the simulation temperature of environment ispgged constant at 20°C, and the initial
temperature of water in the water tank is abouB®. the temperature SiTs almost
constant.

In the simulation, due to the increase of the smtutemperature in the solution tank (S)T
and the decrease of the mass fraction of the salini the solution tank during the absorption,
the equilibrium pressure of the rich solution whishiransferred from the solution tank to the
absorber is increased. The equilibrium pressurgabér in the evaporator should be increased
in order to meet the pressure balance for the phear Hence, the water temperature at the
outlet of the heat exchanger in the evaporatorTg¢gj) increases continuously. As the
temperature difference of the heat exchanger inatbsorber is decreased, the power of the

heat exchanger in the evaporator decrease@l@iin Figure 4-7). With the increase of the

Si-Ts, the temperature difference of the heat exchaimgére absorber is increased. But the
absorption ability of the solution is decreasedtasncrease of the temperature and decrease
of the mass fraction during absorption. Hence thwey of the heat exchanger in the absorber

is about constant (81)78 in Figure 4-7). Correspondingly, the water temperat the outlet
of the heat exchanger in the absorber (®)-iE about constant.
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Compared with the power of the heat exchangerfienexperimentation, the power of the
heat exchanger in simulation is much higher. Thismainly because the performance of the
heat exchanger is decreased by the presenceinftheg reactor during the experiments. In the
experiment, when the water is transferred to theperxator, the power of the heat exchanger
in the evaporator is decreased because the temaperat water is higher than the water
temperature at the inlet of the heat exchangdrarevvaporator. But in the simulation, without
the influence of air, the power of evaporation abdorption is enhanced. Compared with the
energy provided by the heat exchanger in the absothe sensible heat of the water which
comes from the water tank is much smaller. Heneertfiuence of the water coming from the
water tank on the power of absorption and evapmrasi low in the simulation results.

The evolutions of the pressures of the solutiofk,téme water tank and the reactor are shown
in Figure 4-8:
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Figure 4-8 Evolution of pressures of absorptioneChS8, experiment (Ex) and simulation (Si)

Compared with the experimental results, the pressur the simulation are the equilibrium
pressures without the influence of the air. Accogdio the thermodynamic equilibrium law of

the solution, the pressure of the solution increasith the solution temperature at a given
mass fraction and increases with the decreaseeomtiss fraction of the solution at a given
temperature. As a result, as the temperature ofahdion tank increases during absorption
(Si-Ts in figure 4-6) and the mass fraction of the solutiank obviously decreases during the
absorption period, the pressure of the solutiork tiensimulation increases with time (Si

solution tank in Figure 4-8). The pressure of tregentank of the simulation (Si-Water tank)
is changed with the water temperature in the watgk (Si-Ts in Figure 4-6). The pressure of

the reactor (Si-Reactor) depends on the temperafunater in the evaporator. As the power
of the heat exchanger in the evaporator decreagkgime, the temperature of water in the
evaporator decreases. Thus the pressure of thréathe simulation decreases with time.

The overall performance comparison of the expertateon and simulation of Case 1-3 is
shown in Table 4-4:
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Table 4-4 Performance comparison of the experintientand simulation (absorption Case 1-

3)
Parameters Unit Case 1-3 Case 1-3
Ex Si
me Start kg 35.7 35.7
ms End kg 32.3 32.3
ms Start kg 171.8 171.8
ms End kg 175.2 175.2
X5 Start kg CaGlkg solution 0.417 0.417
xsEnd kg CaGlkg solution 0.41 0.41
Te Start °C 19.82 19.82
T¢End °C 19.79 19.84
Ts Start °C 19.87 19.87
TsEnd °C 21.25 24
Py minimum mbar 34 12.2
Py maximum mbar 58 12.7
T minimum °C 19.72 23.5
T, maximum °C 20.29 23.6
Tg7 minimum °C 19.47 20
Tg7 maximum °C 19.73 20
To10 MiNiMuM °C 15 12
To10 Maximum °C 15.44 12.4
T10o MiNiMuM °C 15.1 15
Tigemaximum °C 15.29 15
Q,, minimum KW 0.02 0.61
Q,, maximum kW 0.11 0.63
Q.4 Minimum kw -0.04 0.6
Q.4 Maximum kW 0.06 0.7
Qs kwh 0.31 1.74
Q109 kwh 0.2 1.78
Time h 6.7 2.8

During Case 1-3, 3.4 kg of water is absorbed bysthlation. The mass fraction is decreased
correspondingly from 0.417 kg Caflig solution to 0.41 kg Cag@kg solution. The energy
provided by the heat exchanger in the evaporat@si® 1.78 kWh in the simulation. The
energy production which is rejected by the heaharger in the absorber;§)s 1.74 kWh,
which is larger than it is in the experiment. Trever of the heat exchanger®,§ and Q)

in the simulation is much larger than they arehim éxperiment. The decrease of the power in
the experiment is again due to the presence oinhdine reactor which is neglected in the
simulation. Due to the difference of power, thedifor desorption in simulation is shorter
than in experiment (6.7 h compared to 2.8 h).
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4.2.2.1 Other absorption cases

The overall performance comparison of the expertateon and simulation of Case 1-4 and
Case 2-3 is shown in Table 4-5:

Table 4-5 Performance comparison of the experintientand simulation during absorption

Case 1-4 Case 1-4 Case 2-3 Case 2-3

Parameters Unit Ex Sj Ex Sj
me Start kg 32.3 32.3 405 40.5
ms End kg 27.1 27.1 39.9 39.9
ms Start kg 175.2 175.2 167 167
ms End kg 180.4 180.4 167.6 167.6
kg CaCl/kg
Xs Start solution 0409 0409  0.429 0.429
kg CaCl/kg
XsEnd solution 0397 0397 0427 0.427
T, Start °C 19.7 19.7 23.5 23.5
T¢End °C 19.6 19.8 21.9 23.3
Ts Start °C 19.87 19.87 20.3 20.3
TsEnd °C 20.4 24 20.9 21.8
Py minimum mbar 48 12.4 26 9.9
Py maximum mbar 57 13.2 34 10.2
T, Minimum °C 19.62 23.2 19.9 22.2
T, maximum °C 19.89 23.4 20.72 22.5
Tgz Minimum °C 19.45 20 19.74 20
Tg7 maximum °C 19.67 20 20.69 20
To10 Minimum °C 15 12.2 10.42 8.2
To10 Maximum °C 15.34 12.7 11.67 8.4
T10e MiNiMum °C 15.22 15 10.68 10
Ti0emaximum °C 15.31 15 10.82 10
Q,, minimum kw 0.02 0.56 0 0.43
Q,, maximum KW 0.04 0.59 0.086 0.44
Q,5s Minimum kw .0.02 053  -0.21 0.37
Q0o Maximum kW 0.06 0.65 0.09 0.41
Qss KWh 0.17 3.26 0.21 0.44
Quoo KWh 0.14 3.22 0.36 0.42
Time h 4 5.6 5.5 1.08

According to the simulation and the experimentaltes, several conclusions can be found as
follows:

- The power of the heat exchanger in the absonhértlze evaporator in the simulation
is bigger than it is in the experiment and theed#hce is a lot bigger than for the
desorption cases. The main reason is that theileqguih pressure should be lower
during that phase than during desorption, causuan enore air leaks and a bigger
proportion of air in the prototype.
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- The heat need for evaporation and the heat ptduabsorption in the simulation are
higher than it is in the experimentation. Take Caskfor example, 5.2 kg of water
are absorbed by the solution, but the measuredygrier evaporation is only 0.14
kWh and the energy production is only 0.17 kWh. ldwger, this amount of energy is
too low to evaporate 5.2 kg of water (the phasengbanthalpy is about 2500 kJ/kg).
The possible explanation is that when the wateiriilated on the heat exchanger in
the evaporator, the liquid water spills to the abeo and mixes with the solution
directly. The design of the reactor still needsbt improved. The precision of the
temperature sensors is also a possible reason abfinlconsistency, because the
temperature difference between the inlet and thketoof the heat exchangers is very

small.
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4.3 Conclusion of the dynamic simulation

A model for the dynamic simulation of the prototyipes been built. Simulations are carried
out at the same conditions as in the experimentter Ahe analysis of the results and
comparison with the experimental results, seveyathusions can be found here:

- The feasibility of the system is validated by thenulation. But the results of the
experimentation can not completely prove the mofi¢ghe simulation as the leak of air in the
experimentation and the limitation of the modele(thypotheses in the simulation). The
phenomenon of desorption, absorption, evaporatih the condensation in the reactor is
really complicated. The model should be enrichegetiomore realistic results.

- The powers of the heat exchanger in the compsrniarthe simulation are bigger than they
are in the experiment. The main reason is the poesef air in the reactor during the
experiment which decreases the heat and massdransf

- The time consumption for the desorption phasedesreased more than 50% in the
simulation, since the power of the heat exchangetise simulation is higher than it is in the

experiment. As the time consumption for the desomptphase is decreased, the heat
transferred to the solution in the solution tankesreased.

- The heat need for desorption in the simulatiotoiger than it is in the experimentation
because the heat loss is decreased and the watarwhich is condensed at the inter surface
of the reactor is neglected in the simulation.

- Contrarily, the heat need for evaporation and lieat product by absorption in the
simulation are higher than they are in the expemaigon. A possible explanation is that
liquid water spills to the absorber when the wasecirculated on the heat exchanger in the
evaporator. The design of the reactor needs toniggoved. Another explanation is the
precision of the measurement in the experimentatienthe temperature difference of the
water is very feeble at that power.
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Chapter 5 — Annual dynamic simulation of a building with a
seasonal storage system by absorption

In order to obtain the annual performance of thesgeal storage system in a building, the

model which is used for the dynamic simulation loé prototype is adapted in this chapter.

Models of a solar collector, a building and the thea conditions are added to the dynamic

simulation. The characteristics such as the presdhe temperature, the mass, the mass
fraction, the power and the energy etc. of theagtersystem in the building are presented and
analyzed in this chapter.

In this model, we assume that the leakage problegidighted in the previous comparison
between experimental and simulation results areesipland thus that the efficiency of the
components is an optimal one. It is expected thatfiture experimental work will present
better results than this preliminary study.

The simulation results thus obtained in this globahulation are representative of the
potential of this process.
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5.1 Annual dynamic simulation model

The model of the desorption phase is shown in Eigdt, and the absorption phase in Figure
5-2. The model of the machine for the annual dyeasimulation is the same as the model for
the prototype, except that models of a solar ctleca building and external weather

conditions are added and connected.
T sas, T*ml 36

mass, Tass, Xass, Foss
\ r

! s, T}'ff, X322, fli l//

5,
N

S Ve M, T

mse, Tae | EnviNgnent

water tank

tank

solution /1IN o
| NI, % o Nlar
Eomo o b .

mias, Tsos, Xsos, s
Figure 5-1 Global Simulation scheme of the desorpgihase

Mz, TW?, Xsrr, R
s, Tooz, hus:

s, T X733, ]IE.\\
= { N\
|

N
™ |

™

/““\\.;q

Cdsghermal
ey

\\
N\
‘ kis {
WP G -
i E mies, T o
| %
i |.<ﬁ’. /
——————— | oo, 1 ovs, hoos T

water tank

solution
tunk

R

o, Tw.«, hsos
e

\\?_/ ~—

| e e

;‘fnlﬁra, ']‘ﬂ.fﬂ-, X3, ]’}s.-‘\
Figure 5-2 Global simulation scheme of the absorpgihase

152



Chapter 5 — Annual dynamic simulation of a buildimigh a seasonal storage system by absorption

During the desorption phase, the energy for deswrps provided by a solar collector, the
model for the solar collector can be found as @ISO 1994, Oscar M. et al 200Q5]

Q. =(0,8G, /3600« '1009 3,5W,+ T, )/2T, ) 0,015{+ T, )RT.,°> }Eq.5-1
x§,,/1000- Q,
In which, Q, is the power which can be provided for the heatharger in the generator,
G,is the horizontal global solar radiatio, is the power need of the buildin@, is

calculated by the energy which is provided by thiarscollector subtracts the energy need of
the building. This means that when there is a gatieed for the house, the energy which
comes from the solar collector will be firstly usddectly for the building heating. If the
energy which comes from the solar collector is aigthan the energy need of the building,
the excess energy will be used for the desorption.

The horizontal global solar radiatid®, comes from the weather conditions at Chambéry

(France) and can be found in Figure 5-3.
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Figure 5-3 Horizontal global solar radiation at @Heéry, France

The ambient temperatuig,,, also comes from the weather conditions at Chambéayce
(Figure 5-4).
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The water in the condenser is cooled by the aml@gniThe temperature at the inlet of the
heat exchanger,, (Figure 5-1) is supposed the same as the amleempdraturerl,, . In a

real system, this heat could also be rejected éogtbund, thus at a lower temperature than
Tatm-

During the absorption phase, the energy for evdjoorégs provided by geothermal pipes. The
water temperature at the inlet of the heat exchahgg (Figure 5-2) is supposed constant at

15°C during the absorption phase, which is the samé the dynamic simulation on the
prototype.

The heat of absorption is used for building heabgghe heat exchanger in the absorber.
simple model of the building is developed in Trnsy@ng type 56a in the software TRNBuild
(Appendix 8). The surface of the building is 120(@5 m x 8 m). The height of the building is 2.5 m.

To keep the building temperature at 20°C duringdag (6h-22h) and 18°C during the night
(22h-6h), the heating need can be found in Figube Bhe total heating need for the building
is 4950 kWh/year. The corresponding maximum hegimger is 2.8 kW.
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The solution and the water tanks are supposed stoped underground. Their depth is 4 m.
The temperature at this depthgd for solution and water tanks is supposed as falow

The scheme of (j4 during one year can be found in Figure 5-6.
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The tempearture of §a is just the enviroment temperature for water asidt®n tanks: The
temperature of the geothermoal energy for evapmrat chosen at 15°C as the geothermal
energy souce is supposed much deeper.

Compared to the dynamic simulation of the prototyfhee environment temperature for
calculation of the heat loss of the water and smtutanks is changed from the ambient
temperatureT,,, to the underground temperatufg, . Correspondingly, the heat losses are

calculated as follows:

9Quss(Y) _

=l = 1, (0 T, () Eq.5-3
el = ¢, 15, 4T~ T,00) Eq.5-4
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5.2 Dimension and operating conditions of the syste

Due to the bigger heating and power need, the caemis of the storage system in the annual
simulation are larger than they are in the protetyphe size of the components of the solar
energy storage system can be found as followszaheme of the solution tank is 21.9°nthe
volume of the water tank is 9.4°nthe area of the solar collector is 12; tine area of the heat
exchangers in the reactor is Z.riThose values are sized corresponding to therigpatid
power need of the building.

The system has three operational phases: the diesprihe absorption and the storage. The
choice of the operation phase of the storage syskepends on the heat production of the
solar collector and the heating need of the bugdin

- Desorption phase: if the heat production of tlarscollector is higher than the
heating need of the building, the excess heatheilused for desorption. As discussed
in Chapter 3, to avoid entire crystal formatiorthe storage tank, the maximum mass
fraction of absorbent after desorption is limitedpdnding on the crystal form
(hydratation of the solid). The crystal of CaGit state 5 (10°C) is in form of
CaCk6H,0O with the percentage of absorbate at 50.7%. Thdarmuen mass fraction
in the solution tank is thus decided at 0.495. Wtenmass fraction in the solution
tank is higher than 0.495, even if the heat pradacof the solar collector is higher
than the heating need of the building, the systamnot be operated for a desorption
phase.

- Absorption phase: if the heat production of thkscollector is lower than the heating
need of the building and the level in the watektenhigher than 0, the needed heat
will be provided by absorption. The system is thuan absorption phase.

- Storage (transition) phase: if the heat productibthe solar collector is lower than the
heating need of the building and there is no watethe water tank, or the heat
production of the solar collector is higher thaa Heating need of the building and the
mass fraction in the solution tank is higher tha#96, or the heat production of the
solar collector is the same as the heating neethefbuilding, the system is in a
storage phase.

During desorption phase, the operating conditiores ¢he water flow rate in the heat
exchangers of the condenser and the generatoOB &§/h, which is the minimum flow rate
to achieve a turbulent regime. The turbulent floures a sufficient heat transfer coefficient.
The solution flow rate from the solution tank te thenerator is 200 kg/h. The flow rate of
water from the condenser to the water tank is 28 idnen the water level in the condenser is
above the maximum level (100 mm) and zero wherebe is below the minimum level (50
mm). This flow rate is sufficient to remove the wain the condenser to the water tank.

During absorption phase, the operating conditiores ¢he water flow rate of the heat
exchanger of the evaporator is 5000 kg/h to make that the power of the evaporation is
sufficient for any heat need of the building. Thater flow rate of the heat exchanger in the
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absorber is 1000 kg/h. The solution flow rate frima solution tank to the generator is not
constant. It is calculated according to the heaidnaf building at each time step. The flow
rate of water that is circulated in the evaporasod0 kg/h. When the water level in the
evaporator is below the minimum level (50 mm), Weger in the water tank is transferred to

the evaporator at the same flow rate (10 kg/h).

During storage phase, the operating conditionstheewater is stored in the water tank and
the solution is stored in the solution tank. Theperature of the water and solution are
changing depending on the heat transfer betweetattks and their environment.
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5.3 Simulation results

All parameters such as mass, mass fraction, termyergressure, power etc. are calculated
by the dynamic simulation.

The evolutions of the mass of the water in the watek, the solution in the solution tank, the
crystal in the solution tank, the mixture in théusion tank (the solution and the crystal) with
time are presented in Figure 5-7. In the figure,day 0 means January, tié 2005; the day

1 means January, th8%22005; and, at last, the day 365 means Januaey’th2006. The
mass of the mixture is the sum of the mass of mwiwgnd crystal. The mass of mixture in the
solution tank decreases during the desorption pfrasstly in summer) and increases during
the absorption phase (mostly in winter). When thlalslity is less than the mass fraction of
the mixture (days 0 to 60 and 180 to 365), themystal in the solution tank. The maximum
mass of crystal is 13 700 kg. The correspondingti&sl mass (which corresponds to the
minimum mass of solution) is 1 900 kg. This amaoaintinimum solution is chosen to avoid
flowing problems within the system, even in the sarece of solid crystal. The crystal
disappears when the solubility is bigger than tressnfraction of the mixture in the solution
tank (days 60 to 180). The mass of water in theaink increases during the desorption and
decreases during absorption. The maximum mass tef w5300 kg. The sum of the amount
of mixture (in the solution tank) and water (in thvater tank) is logically constent in the
system (closed system). At the day 90, there &rgel gradient. That is because during the
simulation, the day 90 (April, the’’12005) is in fact the starting point of the sintida. At
this point, the mass of water is 0. But one yetarJavhen the simulation comes back to this
date, the mass of solution and of water is differ€here are still about 277 kg of water in the
water tank. It is really difficult to make sure thal the water desorbed can be absorbed
during one year. Compared to the mass of wateuleited during one cycle (5 300 kg), the
difference of mass of water in the water tank betwéhe beginning and the end of the
simulation is considered acceptable.
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Figure 5-8 Annual evolution of mass fraction in gwution tank

The evolution of mass fraction in the solution taekpresented in Figure 5-8. The mass
fraction of the mixture decreases during the dasmpand increases during the absorption.
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When there is crystal (days 0 to 60 and 180 to ,38% solubility is less than the mass
fraction of the mixture, the mass fraction of smntis equal to the solubility. When there is
no crystal (days 60 to 180), the solubility is gezahan the mass fraction of the mixture. The
mass fraction of the solution is the same as ofntirdure. There is also a large gradient at

day of 90. The reason is the same as for Figure 5-7
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Figure 5-9 Annual evolution of mass fraction at thelet of the generator or absorber
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The evolution of mass fraction of solution at thetlet of the generator or absorber is
presented in the Figure 5-9. During the storages@has there is no solution circulated in the
reactor, the mass fraction at the outlet of theegatior or absorber is decided at 0. For better
understanding, a few days are detailed in theviolig figures. In the absorption phase (0h to
12h on January,®] 2005, Figure 5-10), the mass fraction in the tmiuleaving the absorber
is less than the mass fraction in the solution taskthe water vapor is absorbed by the
solution. In the desorption phase (8h to 18h ory,JR0", 2005, Figure 5-11), the mass
fraction of solution leaving the generator is geeahan the mass fraction of solution tank as
the water vapor is desorbed from the solution. $teeage phase mostly occurs at night in
summer (Oh to 6h on July, 202005, Figure 5-11 for example) because thereeither

heating need nor solar energy.
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Figure 5-11 Zoom of the evolution of the mass faac(July, 20", 2005 and July, 2% 2005)
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Figure 5-12 Annual evolution of the temperatures

Figure 5-12 shows the evolution of the temperanfréhe generator or the absorber, the
condenser or the evaporator, the solution tankweter tank and the atmosphere. Figure 5-13
shows the detail of those evolutions over 2 dayse Temperatures of the generator and
condenser change with the power of heat produthefsolar collector. The temperature of
the solution tank is higher than the temperaturthefwater tank because the temperature of
the solution which comes from the generator is gdvhigher than the temperature of the
water which comes from the condenser. The temperaifithe water tank is close to the
temperature of the atmosphere. In absorption (Eigut4), the temperature of the absorber is
higher than 20°C for building heating. The evapmraemperature is about 15°C. During
storage, as there is neither desorption nor alisarghe temperature of the generator and the
condenser are the same as the ambient temperature.
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2005)

Figure 5-15 presents the evolution of the presefithe generator or absorber (depending on
the phase), the solution tank and the water tankin the desorption or absorption phases,
the pressure of the generator or the absorber esangh its temperature and mass fraction
(thermodynamic equilibrium pressure). During treagie phase, the pressure of the generator
or absorber is assumed at the same pressure gsegmure of the water tank because the
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generator and the absorber do not function. Thesspre of the solution tank at

thermodynamic equilibrium changes with its tempa@tand mass fraction. The pressure of
the water tank changes with its temperature (stadr@ressure of water). The system
pressures vary from 200 Pa to 5000 Pa.
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Figure 5-15 Annual evolution of the pressures

Figure 5-16 shows the evolution of the power oftleahangers in the solar collector, the
generator, the absorber, the condenser, the ewap@iad the heating need of the building.
During the storage phase, the powers are zero bedha process is inert. The solution flow
from the solution tank to the absorber is calcddteachieve a sufficient power.
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Figure 5-16 Annual evolution of the powers of hexathangers

Figure 5-17 shows two days in summer. From 8h tb &8 July, the 28, 2005, the
desorption happens. The power of desorption isdeéecby the power of the solar energy
which is received by the solar collector. The powercondensation is lower than it is in
desorption because one part of the energy in desoris used to heat up the solution which
is circulated between the solution tank and theeg®or. The other parts of energy in
desorption is used for the desorption of vapor fribk solution, which is almost the same
energy for the condensation in the condenser. Fdbrto 8h on July, the 30 2005, as the
solar energy and the building need are 0, the sy&enert and the storage happens.

Figure 5-18 presents two days in winter. The aligsmrpower is approximately the same as
the heating need when there is no solar energy(®b to 9h on January, thé',12005).
When there is solar energy, the absorption powkwer than the building need (from 9h to
12h on January, the®12005) because the solar energy is also used itdifg heating
directly by hot water. The lacking energy is proglidy absorption. During some periods
(from 12h to 15h on January, th8 R005), solar energy is sufficient for the heatiregd of
the building, there is no need for absorption. €keess energy is used for desorption.
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During absorption, the flow rate of the solutiorfr the solution tank to the absorber is
varied to meet the power need for building heafffigure 5-19). The power increases with
the flow because there is more solution used bybserption process during a given period.
But the relation is not linear because the watw fin the evaporator exchanger is constant.
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Thus, there is a maximum power available for evajpon. Although the flow of solution is
increased, the water vapor flow rate which comesfthe evaporator reaches a maximum
value. Consequently, the absorption power chanigedyswith the flow rate when the flow
rate is higher than 30 kg/h.
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Figure 5-19 The absorption power in function of sleéution flow rate

A calculation is used to prevent crystallizatiortiie generator. The result is shown in Figure
5-20. For each temperature of condenser, theraniaxdmum mass fraction of solution in the
generator and thus a maximum temperature of thergtar to prevent crystallization. Figure
5-21 is easier to be used for experiments. Dutwegoperation of the system, the temperatures
in the generator and condenser are measured aittbped in Figure 5-21. If the point is in
the 'crystallization’ region, the temperature aidensation should be raised by decreasing the
flow rate or increasing the temperature of the wate¢he heat exchanger of the condenser or
the temperature of desorption should be decreasedieloreasing the flow rate or the
temperature of the water in the heat exchangdrefienerator.
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Figure 5-21 Crystallization in the generator (T-T)

During the simulation, all the conditions presenitethe tube from the generator or absorber
to the solution tank are in the region without taligzation (Figure 5-22). That is to say when
the system is in an active phase, there is no algsttion. But the problem is when the
system is in the storage phase. The solution carairein the tubes and its temperature
decreases to the room temperature. In the figimeretare many points near the line of
solubility. The problem of crystal and blocking cah be neglected. The possible solution to
avoid this risk is to put all the tubes above teel of the solution tank. During the storage
phase, the solution in the tubes can then flow badke solution tank due to gravity. Thus as
there is no solution in the tubes during the sterdgere is no risk of blockage.
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Figure 5-22 Risk of crystallization in the systanbes
According to the simulation, the main annual resale presented in Table 5-1:

Table 5-1 Annual results of the simulation

Solar energy received by the collectoy 14 619 kWh

Energy used in the generator 5492 kWh
Energy released in the condenser 4 467 kWh
Building heating need 4 950 kWh
Solar energy uged ghrectly for the building 1374 KWh
in winter
Energy produced in the absorber 3 645 kwWh
Energy used in the evaporator 3 534 kWh
Heat loss (all components) 1 099 kWi
Storage Capacity 116 kWh7m
Efficiency of solar collector 37.6%
Efficiency of storage system 66.4%

Efficiency of storage system with solay 24.9%
collector

The solar energy which is received by the solalectirs is 14 619 kWh with 12 hof solar
collectors. The average efficiency of the solademtbr is 37.6%. Hence the energy that is
used in the generator is 5 492 kWh. It is mainlgdu$or the desorption of the water vapor
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from the solution. This part is about the samehasenergy released in the condenser (4 467
kwh). The other part is transferred to the solutiank because the solution at the generator
output is warmer than at the entrance. The energyuged in the absorber is 3 645 kWh. The
solar energy used directly for the building in veints 1 374 kWh. The energy required for
evaporation is 3 534 kWh. The storage capacithefsystem is 116 kWh/rvolume of the
solution and water tanks). It is about 1.6 timeghkr than the sensible storage system by
water (70 kwh/n).

The efficiency of the storage system which is dsdims the energy produced in the absorber
divided by the energy used in the generator is %6.%he solar efficiency of the storage
system is defined as the energy produced in therlabsdivided by the solar energy received
by the solar collector. It is about 24.9%, takimgpi account the solar collectors efficiency.
The water temperature for heating the buildingli8on average. It is not excellent for the
building heating. The reason for the low tempematautput of the system is explained in
chapter 2 and 3. The CaClas a low temperature need for the desorptioralsat has a low
temperature output of the absorption. In ordentwaase the temperature output of the system,
one possible method is to increase the evaporatioperature. The energy of absorption
could be used for evaporation in order to incredsesemperature of evaporation. But that
needs a two stage system, which needs anotheoreaat thus is more complicated. And as
one part of the absorption energy is used for treperation, the storage capacity and the
efficiency of the global system would be decredfeding a cascade process.
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5.4 Conclusion of the annual simulation

The annual simulation on the building with the sem solar energy storage system has been
carried out in this chapter. The evolutions of masass fraction, temperature, pressure,
power etc. with time are analyzed.

The model for the annual simulation considers atnatisshe components which are used in
the building with the seasonal storage system.ait be used for other simulations with
different heating needs and weather conditions,evsh for other absorption couples by the
change of the thermodynamic characteristics.

According to the simulation results, the buildingating needs can be completely covered by
the heat produced by the seasonal storage systdnthansolar energy used directly for
building heating. As this feasibility has been shoby the simulation, the storage capacity
and the efficiency are key factors of the seasst@mihge system by absorption. The storage
capacity of the example given using CAB}O is about 116 kWh / fnand the efficiency of
the storage system is about 66.4%. For a buildfiri®6 nf, however, it is difficult to have 30
m?of storage tanks. The quality of the heat producfabout 21°C) is not sufficient, too. The
next step of the research should concentrate innipeovement of the storage capacity, the
efficiency of storage and the quality of the hegproduction. The possible methods are the
optimizations of the flow rates during the proceit® design of the components and the
development of a cascade process.
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General conclusion

During this thesis, the innovative concept of ataysof seasonal storage of solar energy for
house heating by absorption is introduced and destr This thesis is the first study on a
storage system using the absorption phenomenathetiCaCj/H,O couple. Little literature
was to be found on this subject, and no experinhéash rig had been described before on
absorption storage. The performance and thermodygnaharacteristics of seven possible
absorption couples of the storage system, @HED, Glycerin/BO, KOH/HO, LiBr/H,0,
LiCl/H,0O, NaOH/HO and HO/NHs;, have been studied and compared to choose the best
option for this innovative concept. A prototype hmesen built for verifying the feasibility of
the seasonal storage system by absorption, usen@a&cC}/H,O couple. A precise model for
the dynamic simulation which corresponds to thetqiype has been built. An annual
simulation on a building with the seasonal solagrgy storage system has also been carried
out to obtain the performance of the seasonal géosgistem.

After the analysis of the performance and chareties of the seasonal storage system by
absorption, several general conclusions are preddrre:

1. Following the static simulation, dynamic simidat and annual simulation, the
seasonal storage by absorption is theoreticallysiptess The solar energy is stored
during the summer phase and is released for haeténl during the winter phase.

2. The performance of the storage system changd#sthe different couples. For the
CaCb/H,0 couple, the investment cost for the tanks mahigker than for the other
couples due to its low storage capacity. Howevensiering that its price and the
temperature requirement for the solar collectorl@ng it is a interesting candidate.

3. The storage capacity increases with the evapor@mperature and the storage
temperature before the absorption phase, and dewedth the absorber temperature.
The appearance of crystal increases the storageitap

4. The feasibility of the storage system by absorpis proved by the experimentation.
During the experiment, the desorption phase isiplessThe water has been desorbed
from the solution and stored in the water tank. Tdmaperature needed for desorption
is compatible with the use of flat plate solar eclbrs. But the performance of the
absorption phase is not satisfying due to its lower.

5. The results of the experimentations are notifsogive. The air in the reactor is the
main problem for the low power of absorption. Ire thynamic simulation, the air
influence is not considered. The power of the leeahangers in the components is
much bigger than in the experiment. The conceptibthe heat exchangers is not
optimized in the experimentation. If those problesas be solved, the performance of
the experimentation will be better.

6. According to the annual simulation results, thalding heating needs can be
completely covered by the heat produced by theosehstorage system and the solar
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energy used directly for building heating. The atg capacity of the example given
using CaGJ/H.0O is about 116 kWh/fhand the efficiency of the storage system is
about 66.4%. A building of about 12 meeds about 30 of storage tanks.

As the potential and interest of this storage cphéas been proved by the simulation, the
storage capacity and the efficiency are key factoirsthe seasonal storage system by
absorption. The quality of the heat production (ab®1°C) is not sufficient, however. The
next step of the research should concentrate innipeovement of the storage capacity, the
efficiency of storage and the quality of the hegtproduction and the phenomenon of the
absorption, desorption, evaporation and condensatibhe prospectives are as follows:

1.

The design of the components.

Concerning the experimentation, the surface of tieat exchangers should be
increased in order to increase their heat and nmassfer rates. As the water vapor
can be condensed on the inner surface of the reactd the water on the heat
exchanger of the evaporator can spill to the alesaabd mix with the solution directly,
the storage capacity and the efficiency of the @sscare decreased. The design of the
reactor has also to be improved. For the simulatias well as the experiments, the
flow rates of the process were not optimal. Thenoigation of these flow rates could
improve the power and the temperature output oatisorber.

The development of a cascade process.

In order to increase the temperature output ofsiretem, one possible method is to
increase the evaporation temperature. The energpsarption could be used to heat
up an evaporator in order to increases the temyeratff evaporation by a two stage
system. However, this new process would need anotfaetor. Thus, it would bring
other problems such as the complexity of the systiwem possible decrease of the
storage capacity and efficiency, the difficult odioation of the power of the two
reactors, etc. The feasibility and the performantéhe cascade process could be
researched in the future work.

The influence of the kinetic characteristics ftine desorption, absorption,
condensation and evaporation phases, which arecaomdidered in the simulation,
should be added to the simulation model. Thus tmelation would approach more
the real situation.

The influence of the purity of the absorptiorugle for the absorption and desorption
phases, which has not been analyzed, can be cautad the future work. Just as we
know, the price of a material increases quicklyhvilte increase of its purity. If this

influence is not serious, the investment cost ef storage system will be evidently
decreased.

The prototype has not been used in situationghiich crystals appear in the storage
tank. The simulation have, however, shown the @sieof these crystals in the process
to decrease the tank size, and the quantity ofnmatgeised. The experimental study of
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the crystals control and the crystallization/mgjtiates inside the tank still has to be
performed.

Concerning the problems presented in the experiation (especially the air leak in
the system), it is a long way to realize this sysfer house using. The scale-up of the
system can be studied in the future work.
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Appendix

Appendix 1 Solubility

For CaC}-H,O solution, the crystallization line is complex,riaularly due to the formation of
various hydrates. Boundaries are shown in Figurd A1

The equation is described by the Eq.AIMMBNnuel R. Conde 2004, Solvay GrdgD08].
2 .
6=> AX +AX™ Eq.A1-1
i=0

The parameters of Eq.Al-1 for the various rangabletrystallization line are given in Table A1-1.

Table Al-1 Parameters of equations describingahegity boundary of CaGHH,O solutions
[Manuel R. Conde 2004]

Boundary AO Al A2 A3
Ice Line 0.422088 -0.066933 -0.282395 —-355.514247

CaCL-6H,0 -0.378950 3.456900 -3.531310 0.0
CaChL—4HOa —0.519970 3.400970 -2.851290 0.0
CaCL-4H,0 B -1.149044 5.509111 -4.642544 0.0

CaClL—2H,0 —-2.385836 8.084829 -5.303476 0.0

CaCl—H,0O -2.807560 4.678250 0.0 0.0

200 0 07488 17633

120 /
/ Call,~ 24O
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Temperature, #1°C 1
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Figure Al-1 The transition points between the bauied of CaGl[Manuel R. Conde 2004]
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Appendix 2 Equilibrium of solution

For CaC}, the relation of equilibrium pressure, temperatanel concentration can be described as
Eq.A2-1 [Manuel R. Conde 2004, Solvay Grbapos]:

Whered is defined as Eq.A1-1

A

B et
f(x,8)= A+B@

TT,e :1{1+[

(2

X

s

sl

)

Parameters in Eq.A2-2 to Eq.A2-4 can be found inl§ &2-1.

Table A2-1 Parameters for the vapor pressure amuatianuel R. Conde 2004]

K (x-02)?

- ﬂge 0.005

75

To
T
T2
T3
Ty
Ts
Te
7
Tg
Tg

0.31
3.698

0.60
0.231
4.584

0.49
0.478
-5.20
-0.40
0.018

Eq.A2-1

Eq.A2-2

Eq.A2-3

Eq.A2-4

180



Appendix

Appendix 3 Equilibrium of water

The relation between equilibrium liquid/vapor pragsof water and temperature can be described as
Eq.A3-1[Bridgeman, O.C. & Aldrich, E.W 1964]

B

logP, ,(T)= A-
0g P (T)= A==

Eq.A3-1

Where, P, (T) is the liquid/vapor pressure of water (bar)is its temperature (K). The A, B and C
can be found in Table A3-1.

Table A3-1 Parameters in Eq.ABBtidgeman, O.C. & Aldrich, E.W 1964]

Temperature range (K) A B C
273-373 5.40221 1838.675 -31.737
304-333 5.20389 1733.926 -39.485
334-363 5.07680 1659.793 -45.854
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Appendix 4 Enthalpy of solution

For the salt solutions considered here, the alisargtilution) is an exothermic process, while the
desorption (regeneration) requires the supply efrttal energy to the solution. This thermal energy
required (or liberated) is larger than that coroegjing to the vaporization (or condensation) ofepur
water. This difference constitutes the energy bitidin, and when referred to the unit mass of wester
named differential enthalpy of dilution.

For CaC}, the differential enthalpy of dilution can be edéted as Eq.A4-IManuel R. Conde 2004,

Solvay Group 2008]
H, s
_ ¢
h, = hdoll-'-(_J } Eq.A4-1
’ Hl

Where ¢ is defined from the salt mass fraction as Eq.A4-2.

= Eq.A4-2
¢ H, - x q
The referencén, , is related to the temperature as Eq.A4-3.
hyo=Hs+Hx8 Eq.A4-3

H, to Hy can be found in Table A4-1.

Table A4-1 Parameters of the differential enthalpilution equations for solutions of lithium and
calcium chloridesManuel R. Conde 2004]

0.855
-1.965
-2.265

0.8
-955.690
3011.974

N =

w

a1

I T T T T T
I

[«2]

With the differential enthalpy of dilution, the &alpy of solution can be calculated as follows:

Supposing the water vapor (irh,) is absorbed by large amount of solutions,(im), the energy
balance can be found as Eq.A4-4:

mh+mh=(m+ m) h+ ¢ B4-4

In which, because the water vapor mass is verylstoaipared with the mass of solution, the mass
fraction of the solution and the temperature otisoh is considered constant during the absorption.
Hence the enthalpy of the solution after the alismrps the same as the solution before absorption.
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Supposing the water vapor (nh,) is absorbed by large amount of water,(rh,) at the same
operating conditions, the energy balance can bedfais Eq.A4-5:

m,h,+ mh=(m+ m) h+ ¢ Eq-A4

In which, as the same reason in the absorptiorolgisn, the enthalpy of water is constant during t
absorption.

With Eq.A4-4 and A4-5, the enthalpy of solutibpn can be calculated by Eq.A4-6:

Q1 - Qz
—h - Eq-64
h,=h, m

In which, (Q, —Q,)/ m is the differential enthalpy of dilutioh, .
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Appendix 5 Enthalpy of water vapor

The relation between enthalpy of water vapor angptrature at liquid/vapor equilibrium state can be
described as Eq.A5{Wagner W. & Pruss A. 2002]

h (T)=1.7549T- 273.15+ 2223 Eq.A5-1
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Appendix 6 Enthalpy of crystal
The standard enthalpy of crystal can be calculassidllows,

It is supposed that the crystal dissolves in ther golution at a constant temperature. The operaitio
temperature of this processTis The crystalm, dissolves in the poor solutiam,, X, and forms the

rich solutionm,, X, . The heat exchange between the solution and tmeuswlings is calculated both
by heat of solution and enthalpf,().

m, th, -m th, -m, [h, =m, O Eq.A6-1
m =m_ +m, Eq.A6-2

The enthalpy of solution can be calculated by Apiped. The heat of solutidm, can be found in

Figure A6-1. The mass and concentration of pooutewl and crystal are given. The enthalpy of
crystal can be calculated at this temperatGreup Solvay 2008]

200
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Paint de oo

Heat of solution, callz CaCly
o
o

-a0

! T
i

e i e |
N - — i |- |

Q 10

0 400 3
Conecentration of CaCly , gfkg solution

Figure A6-1 heat of solution of CaGind its crystal§Group Solvay 2008]
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Appendix 7 Density

For CaC}-H,0O, the relative (to saturated liquid water at tlaene temperature) densitiy may be
represented by a single cubic function of the nfi@sgion ratio solute solvert /1— X. This function
has the form as Eq.A7Hlanuel R. Conde 2004]

3
Pea(XT)= 00T 2 (Fxxj Eq.A7-1
i=0

Where p, are given in Table A7-1 for the solutions Ca€t,0.

Table A7-1 Parameters of the density equdtidéanuel R. Conde 2004]

Lo 1.0
) 0.836014
0, ~0.436300
o 0.105642

Phu.o (T) is the density of saturated liquid water at thregeraturel . It is calculated from

2/3 5/3

PuolT)= Do oL+ Br¥® + B2 + B,r + Br'®3 + B,r®° + Br1%°)  EqAT7-2

Wherer =1-6 and B, are given in Table A7-20. ,, . is the density of water at the critical point
(322 kg/m).

Table A7-2 Parameters for the liquid water densgyationfManuel R. Conde 2004]

[ B,
1.9937718430
1.0985211604

—0.5094492996
-1.7619124270
—-44.9005480267

—-723692.2618632

a b~ wNPEF O

The range of application of the equation for solusi CaC-H,0 is 0< x < 0.6C.
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Appendix 8 Building model in Trnsys

The model of the building can be found in Figure A8The surface of the building is 126 @5m x
6m). The height of the building is 2.5 m.

BACKZONE

10 11 SUNZONE (13
13 9 I

Figure A8-1 Zones of the building
There are two zones (Backzone and du Sunzoneg inutitding.
Backzone
The type, the surface and the direction of thesnalthe BackZone are presented in the Table A8-1.

Table A8-1Walls of the BackZone

Number Type Surface G Direction
1 Wall bst_|_ext 30 north

2 Wall bst_|_ext 10 east

3 Wall bst_com 30 south
4 Wall bst_|_ext 15 west

5 Wall bst_|_roo 96 ceiling
6 Wall bst_| flo 96 floor

Zone Sunzone

The type, the surface and the direction of thesnatid windows of the BackZone are presented in the
Table A8-2.
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Table A8-2 Walls and windows in the BackZone

Number Type Surface @n  Direction
7 Wall bst_com 30 north

8 Wall bst_h_ext 5 east

9 Wall bst_h_ext 30 south
10 Wall bst_h_ext 5 west
11 Wall bst_h_roo 24 ceiling
12 Wall bst_h_flo 24 floor
13 Window ins2_kr_3 16 south

The parameters of the types of wall and windowsgaesented below:
Wall bst_|_ext

Layer = plasterbrd and fibreglass and woodsiding

Thickness = 0.012 m and 0.066 m and 0.009 m

The heat transfer coefficient is 0.51039 \i{m

Wall bst_com
Layer = concretebl
Thickness =0.2 m

The heat transfer coefficient is 1.77886 \fKm

Wall bst_| roo
Layer = plasterbrd and fibreglass and roofdeck
Thickness = 0.01 m and 0.1118 m and 0.019 m

The heat transfer coefficient is 0.31613 \Vi{m

Wall bst_| flo
Layer = timberfl and insulation
Thickness = 0.025m and 0 m

The heat transfer coefficient is 0.03933 \RKm
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Wall bst_h_ext
Layer = concretebl and foaminsul and woodsiding
Thickness = 0.1 m and 0.0615 m and 0.009 m

The heat transfer coefficient is 0.50817 \RKm

Wall bst_h_roo
Layer = plasterbrd and fibreglass and roofdeck
Thickness = 0.01 m and 0.1118 m and 0.019 m

The heat transfer coefficient is 0.31613 \Vi{m

Wall bst_h_flo
Layer = concslab and insulation
Thickness =0.08 mand O m

The heat transfer coefficient is 0.03950 \RKm

Window ins2_kr_3

Winid = 2003; hinside = vertical; houtside = 58.8®pe = 90; spacid = 0; wwid = 0; wheig = 0;
fframe = 0.15; uframe = 8.17; absframe = 0.6; weha 0; reshade = 0; reflishade = 0.5; refloshade =
0.1; ccishade = 0.5

The configurations of those layers are presential¥s:

Layer plasterbrd

Conductivity = 0.576 kJ/hmK; heat capacity = 0.84kigK; density = 950 kg/fn
Layer fibreglass

Conductivity = 0.144 kJ/hmK; heat capacity = 0.84kK; density = 12 kg/f
Layer woodsiding

Conductivity = 0.504 kJ/hmK; heat capacity = 0.%gK; density = 530 kg/th
Layer concretebl

Conductivity = 1.836 kJ/hmK; heat capacity = 1 kiKkdensity = 1400 kg/fh
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Layer roofdeck

Conductivity = 0.504 kJ/hmK; heat capacity = 0.%gK; density = 530 kg/rh
Layer timberfl

Conductivity = 0.504 kJ/hmK; heat capacity = 1.ZgK; density = 650 kg/th
Layer insulation

Resistance = 6.9653 RkikJ

Layer foaminsul

Conductivity = 0.144 kJ/hmK; heat capacity = 1.4BgK; density = 10 kg/rh
Layer concslab

Conductivity = 4.068 kJ/hmK; heat capacity = 1 kiKkdensity = 1400 kg/fh
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