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Micro-cogénération pour les batiments résidentiels fonctionnant
avec des énergies renouvelables

Introduction

En France, le secteur batiment est le plus gros consommateur d’énergie parmi tous les
secteurs économiques, avec 70 millions de tonnes d’équivalent pétrole, représentant 43 %
de [I'énergie totale consommée. Cette énergie consommée entraine I'émission de
120 millions de tonnes de CO, représentant 25 % des émissions nationales de carbone.

Dans le secteur batiment, la consommation moyenne annuelle d’énergie est proche de
240 kWhep/mZ. La nécessité de réduire la quantité de CO, émise et I'épuisement progressif
des ressources imposent une réduction des consommations moyenne d’énergie. L’objectif
fixé par le gouvernement frangais est d’atteindre 50 kWhep/mz.an pour les besoins de
chauffage et d’eau chaude sanitaire et de 100 kWhep/mz.an pour les besoins totaux.

La problématique générale dans le secteur du batiment est liée a la fois a la réduction des
gaz a effet de serre et a la réduction des consommations. En conséquence, une forte
isolation des murs ne suffit pas pour atteindre I'objectif souhaité, ainsi l'introduction des
systémes de chauffage a haute performance énergétique est indispensable. Ces systémes
peuvent réduire les consommations énergétiques non renouvelable de fagon suffisante s’ils
fonctionnent avec des énergies renouvelables intermittentes et non intermittentes.

L’objectif de ce travail est d’identifier le potentiel d’intégration de la micro-cogénération
fonctionnant avec deux types d’énergies renouvelables dans le secteur batiment. Les
différentes technologies de micro-cogénération seront comparées afin de choisir celle qui
peut s’adapter le mieux a notre application. Ce mémoire présente une étude technique de
plusieurs technologies qui peuvent étre utilisées, et réalise une conception détaillée d’un
systéme Rankine ainsi que son optimisation énergétique. Une étude économique est
réalisée pour identifier le prix actualisé de I'électricité produite pour rendre ce systéme
faisable du point de vue économique.

Chapitre 1. Micro-cogénération dans les batiments résidentiels

Le premier chapitre pose la problématique et les enjeux liés aux gisements d’énergie dans le
secteur du batiment, les méthodes pour limiter les besoins énergétiques liés au chauffage,
puis un apercu des différentes technologies de micro-cogénération adaptées aux batiments.
L’analyse du potentiel d’utilisation des énergies renouvelables pour la micro-cogénération a
été menée du point de vue de l'efficacité énergétique et du point de vue économique.

1.1. Problématique générale et enjeux

Les besoins de chauffage et d’eau chaude sanitaire représentent plus de 80 % des besoins
totaux. Pour limiter les besoins de chauffage, la réglementation thermique francaise est
régulierement mise a jour en vue de réduire drastiquement la consommation énergétique
aussi bien des batiments neufs que des batiments existants.

Pour atteindre les objectifs définis par le gouvernement, de division des émissions de CO,
par 4 d’ici 2050, un objectif technique est a I'ordre du jour : construire des maisons a énergie
positive. Cette solution technique ne peut étre réalisée que par une production locale
d’énergie pour satisfaire les besoins, et I'électricité produite localement est envoyée sur
réseau électrique. La famille de solutions techniques proposées dans cette thése est celle
de la micro-cogénération. En France, I'énergie électrique contient peu de CO; car plus de 75
% est d'origine nucléaire. Ainsi la micro-cogénération fonctionnant avec des énergies
fossiles peut présenter des émissions de CO, supérieures au mix énergétique général. La
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micro-cogénération utilisant des énergies renouvelables présente une solution adéquate
pour limiter les émissions de CO..

1.2. Micro-cogénération

La micro-cogénération est la production simultanée d’énergie électrique et thermique. Elle
peut ne pas présenter toujours la solution optimale du point de vue énergétique et
environnemental. Les différents facteurs qui affectent la faisabilité des systémes de micro-
cogéneration sont :
- la haute efficacité énergétique des grandes centrales de production électrique
- la faible teneur en CO, de I'électricité d’origine nucléaire
- les hauts rendements des chaudiéres a gaz a condensation
- les besoins de stockage thermique et électrique associés aux fluctuations de la
demande
- le colt des systémes de micro-cogénération
- l'absence de technologie mature de micro-cogénération utilisant les énergies
renouvelables.

Plusieurs technologies de micro-cogénération sont disponibles sur le marché.

- Moteur a combustion interne : c’est une technologie mature déja commercialisée, le
rendement de ces moteurs est relativement basse (~ 26 %) pour les petits modules
< 10 kW,. Ces moteurs présentent comme inconvénient la difficulté d’utiliser des
énergies renouvelables car ils sont a combustion interne ; seuls les biocarburants
peuvent donc étre utilisés.

- Moteur Stirling : ces moteurs présentent 'avantage d’'une combustion externe d’ou
la possibilité d’utiliser différents combustibles y compris le bois. Ces moteurs sont
encore dans la phase de R&D, avec un rendement médiocre comparé a leur
performance théorique, et ont un colt assez élevé. lls constituent une solution trés
adaptée a notre besoin si ces modules peuvent fonctionner avec des températures
basses ~ 200 °C, avec une performance énergétique suffisante.

- Pile a combustible : ces technologies sont dans la phase de recherche ; elles
peuvent présenter un rendement électrique assez élevé mais sont loin d’étre
compétitives du fait de leurs prix trés élevés.

- Cycle Rankine Organique: les cycles Rankine comme les moteurs Stirling
présentent 'avantage d’une combustion externe d’ou la possibilité d’utiliser une plus
grande variété de sources d’énergie. Ce systéme présente des rendements assez
modérés et dépend du niveau de température des sources d’énergie. Par contre, ils
peuvent étre développés avec des composants déja disponibles sur le marché a des
colts acceptables.

Le tableau 1.1 présente les différentes caractéristiques des systémes de micro-
cogénération. Le cycle ORC reste le plus convenable pour étre utilisé avec des énergies
renouvelables a basse température avec un co(t acceptable.

Les systémes de micro-cogénération peuvent étre comparés sous trois critéres différents :
énergétique, environnemental et économique.
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Table 1.1 — Systemes de micro-cogénération disponible sur le marché [PEH06, PAEO6a]
Paramétre ICE corrITtl)Il?s?ibIe Moteur Stiring | RC-ORC
Puissance électrique (kW) 1-10 0.5-10 1-10 0.5-10
s . 30-50 PEMFC 10-25
0, - -
Efficacité électrique (% HHV) 20-40 40-50 SOFC | 35-50 (potentiel) 10-20
Efficacité de récupération
d'énergie (% HHVY) 50-60 40-60 40-60 -
Température de la source 80-100 PEMFC
emperatur ; o 85-100 950-1000 200 -
d’énergie disponible (°C) SOFC
Efficacité globale 80-90 7706?35PSEC';"FFCC 65-95 .
Puissance de chaleur (kWy,) 3-30 1-30 3-15 --
Disponibilité (%) 85-98 95 85-90 -
Efficacité a charge partielle modeste tres bon moyenne --
Cout de maintenance (€/kWhy)) 0O | 00160024 | 0.005-0.01 -
Emissions modestes négligeables moyennes --
Cout d’investissement (€/kWy) 785-2200 - - -
Diesel Gaz, granules Diesel, Gaz,
Type de fuel utilisé ’ -- ) . granulé de
Gaz de bois, solaire . .
bois, solaire
a. Impact énergétique
L’économie d’énergie primaire est calculée par I'équation 1.1
Eth
PE. =— Ky +(Eel _Eel,mc)Kel (1.1)

th

La figure 1.1 montre une comparaison des différents systémes de chauffage du point de vue
énergétique. Le systéme de référence est une chaudiére a fuel avec un rendement
thermique de 80 % et une production électrique de rendement de 0,38 (1/2.58). Les résultats
montrent que le systéme de micro-cogénération fonctionnant avec du bois peut engendrer
30 % d’économie d’énergie primaire. Si le systéme de micro-cogénération fonctionne avec
du bois et de I'’énergie solaire, une économie d’énergie de plus de 80 % peut étre atteinte.
L’économie d’énergie primaire dépend principalement du rendement électrique et thermique,
et de la part de I'énergie solaire utilisée.
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Figure 1.1 — Economies d’énergie primaire pour différents systémes de chauffage
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b. Impact environnemental

Le deuxiéme critére de sélection des systemes de chauffage pour les batiments résidentiels
est un critére environnemental basé sur la quantité de CO, émise. La figure 1.2 présente les
résultats des émissions de CO,. La micro-cogénération a bois peut réduire les émissions de
CO; de plus de 80 % par rapport a une chaudiére fioul et peut atteindre 94 %, si I'énergie
primaire utilisée est I'énergie solaire. En comparant les différents systémes étudiés, on peut
voir que la pompe a chaleur présente un potentiel élevé de réduction des émissions de CO,
car le contenu de CO, dans I'électricité nucléaire produite en France est trés bas et impose
donc, du point de vue environnemental, des systémes de cogénération fonctionnant a base
d’énergies renouvelables.

| Reference state (Qil boiler: nth = 80%)

@ Oil boiler (nth =90%)

LSRN O Gas boiler (nth = 90%)

0O Condensaton gas boiler (nth = 100%)

m Wood pellets boiler (nth =90%)

@ Gas UCHP (nel = 20%, nth = 60%)

@ Heat pump (COP =3)

0 Wood pCHP (nel = 5%, nth = 80%, Xsolar = 0)
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, m Wood pCHP (nel = 5%, nth = 80%, Xsolar = 5%)
@ Wood pCHP (nel = 5%, nth = 80%, Xsolar = 10%)
0 Wood pCHP (nel = 5%, nth = 80%, Xsolar = 20%)
@ Wood uCHP (nel = 10%, nth = 75%, Xsolar = 0)

| Wood pCHP (nel = 10%, nth = 75%, Xsolar = 5%)
® Wood pCHP (nel = 10%, nth = 75%, Xsolar = 10%)
@ Wood pCHP (nel = 10%, nth = 75%, Xsolar = 20%)
® Wood pCHP (nel = 15%, nth = 70%, Xsolar = 0)

@ Wood pCHP (nel = 15%, nth = 70%, Xsolar = 5%)
0 Wood pCHP (nel = 15%, nth = 70%, Xsolar = 10%)
0 Wood pCHP (nel = 15%, nth = 70%, Xsolar = 20%)
0O WooduCHP (nel = 10%, nth = 75%, Xsolar = 100%)

S
100% gy — - - - —— - - ————
80 [ M . _ - - — | (-

60% -

40% |

20%

CO; emission reduction compared to the reference case (%)

0% L
Figure 1.2 — Réductions d’émissions du CO, pour différents systémes de chauffage

c. Impact économique

Le critéere économique reste un des critéres les plus importants pour la micro-cogénération
car, en général, c’est ce critere qui définit la faisabilité ou non de ces systémes. Une étude a
été menée pour calculer le codt d’électricité actualisé d’'un systéme de micro-cogénération et
pour comparer les niveaux d’aides financieres qui peuvent rendre ce systéme
économiquement viable. Les résultats sont présentés a la figure 1.3. La période de
fonctionnement annuel de la micro-cogénération est un paramétre décisif pour la rentabilité
du systeme. A partir de 3 000 heures de fonctionnement annuel, le prix d’électricité devient
proche de 40 c€/kWhe. Un accroissement de 10 % du prix de chauffage évité lors de
I'utilisation de la micro-cogénération, présente une condition nécessaire qui peut influencer
directement l'intégration de ces systémes dans le marché.

140
O base case
120 - — — - . _ _ _ _ _ _ _ _ ____________ @ Bonus =25% _
= 0O Bonus =50%
S0l I AW _________. O Fossilf fuel inflation = 5% o
> B Fossil fuel inflation = 10%
< 0 20 €/4CO2
s M N0 - __
2 m 40 €1CO2
2 O Bonus = 25% + fossil fuel inflation = 5% + 20 €4CO2
S 604 B Bonus = 50% + fossil fuel inflation = 10% + 40 €4C02 ~ ~
©
9]
S 40 |
(=2}
P
é’ 20 4
°
<
[
0+
1000 2000 3000 4000 5000 6000 7000 8000
-20

Full load operation hours (h/year)

Figure 1.3 — Codt de production électrique actualisé (2007) pour différents systemes de chauffage
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1.3.

Micro-cogénération fonctionnant avec des énergies renouvelables

La figure 1.4 présente le schéma de fonctionnement d’un systéme de micro-cogénération
utilisant un cycle Rankine fonctionnant a I'énergie solaire et utilisant la combustion
biomasse. Le systéme comprend trois vannes trois voies qui permettent d’assurer le
fonctionnement du systéme sous trois configurations différentes.

1 - Fonctionnement a I'énergie solaire seule : le fluide caloporteur passe dans les
capteurs solaires, et la chaudiére a bois est bi-passée.

2 — Fonctionnement avec la combustion bois seule : les capteurs solaires sont
bipassés, le fluide caloporteur circule seulement dans la chaudiere biomasse.

3 - Fonctionnement hybride : le fluide caloporteur passe dans le capteur solaire
pour étre préchauffé et circule aprés dans la chaudiére bois pour atteindre la
température souhaitée. Les vannes 1 et 2 peuvent étre partiellement ouvertes
pour faire passer une partie du fluide caloporteur dans les capteurs solaires
pour limiter les pertes de charges dans ces capteurs.

Exhaust

gases 3-way | > =
L valve (3) ‘ | ' ;
| =T Rankine cycle )
> {1 > i :
1 al emia| et
| [ & r "_I__ -
T 3way A [Boiler & &
| valve (2) e : Recuperator
Biomass boiler | 4—4—— @ o T
T | Solar collector T~ |
Jway A i » '
valve (1) | : : e e
Pump Pump . L E
Condenser

Figure 1.4 — Schéma du principe de la micro-cogénération fonctionnant avec I'énergie
Solaire et la combustion du bois

Les différents défis techniques qui doivent étre surmontés pour metire ce systéme en
application réelle sont :

la sélection des différents fluides de travail

le développement d’'une mini-turbine pour les systémes de micro-cogénération basés
sur des cycles Rankine

une adaptation des échangeurs de chaleur et des chaudiéres a bois a cette
application

une sélection des capteurs solaires fonctionnant a des températures élevées sans
dispositif de suivi du mouvement du soleil.

Chapitre 2. Fluide de travail pour un Cycle Rankine Organique a basse
température

Le cycle thermodynamique ainsi que la sélection des différents composants de la micro-
cogénération dépendent largement du choix du fluide thermodynamique. Dans ce chapitre,
une méthode de sélection des fluides de travail a été développée afin d’identifier les fluides
les plus adaptés a cette application. Cette méthode est basée sur des critéres énergétiques,
environnementaux et de sécurité.
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2.1. Méthode de sélection

Difféerentes études ont démontré que l'utilisation des fluides organiques peut offrir une
efficacité comparable a celle obtenue avec la vapeur d’eau lorsque la source chaude est
disponible a des niveaux de température modérée. De plus, les fluides organiques sont plus
adaptés pour la conception de micro-turbines volumétriques simples.

En analysant une large base de données des fluides thermodynamiques, les fluides les plus
convenables sont identifiés comme suit : I'eau, I'hexane, I'isopentane et le R-245fa.

Un modeéle a été développé sous Visual Basic et Refprop pour calculer les différents cycles
thermodynamiques. Le logiciel comprend des modules qui permettent de dimensionner les
composants du systéme ORC pour comparer les différents fluides de travail.

2.2.  Performance du cycle Rankine

Le rendement idéal du cycle Rankine a été calculé pour les différents fluides de travail en
considérant une température de condensation de 80 °C, et en variant la température
d’ébullition de 100 °C a 180 °C. Les résultats présentés figure 2.1 montrent que les fluides
ayant une température critique plus élevée présentent des rendements plus élevés. Les
fluides ayant un rendement supérieur a 12 % ont été retenus.

20%

—&— water
—e— heptane

—=u—methanol

—&— hexane
—e— pentane

|

| —x%—isopentane
! —o—R245ca

: —e— Neopentane

N
B
T
|

y - —e—R245fa
—%— Butane
—=—R236ea
—e—isobutane

=
B

Ideal rankine cycle efficiency (%)

Cyclopropane

R134a
8% 4

6%

100 110 120 130 140 150 160 170 180 190 200

Boiling temperature (°C)

Figure 2.1 — Rendement ideal du cycle Rankine (1;= 1, 1,=1, Tsuy= 10 K, Tsyp= 25 K si I'eau
est le fluide de travail et 1 K pour les différents autres fluides de travail)

a. Sélection des turbines

L’étude menée sur les turbines a montré que deux parameétres principaux: la vitesse
spécifique et le diamétre spécifique, influencent les performances énergétiques des turbines.
Les calculs montrent sur les figures 2.2 et 2.3 que les fluides a basse température critique
sont plus adaptés au développement des turbines a haut rendement car leurs vitesses et
leurs diamétres spécifiques se situent dans la bonne plage de fonctionnement. En effet, pour
des turbines de puissances mécaniques inférieures a 10 kW, les turbines axiales et radiales
restent difficiles a développer car il est nécessaire de faire tourner ces types de turbine a des
vitesses trés élevées (> 100 000 rpm). Ainsi les turbines volumétriques restent la technologie
incontournable pour ces types d’applications et particuliérement les turbines spiro-orbitales.
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Specific speed, Ns
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Figure 2.2 — Vitesse de rotation spécifique
(N = 3000 rom, W;s= 10 kW)

b. Sélection des échangeurs

40 4
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204 - " methanol &

r —e— heptane

—A— hexane

00 - —e—pentane _ _ _ _ _&— _ _ _ _ &7
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60

40

20 4+ — -
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Figure 2.3 — Diameétre spécifique
(D=0,6m, W;s=10 kW)

Le surface des échangeurs (bouilleur et condenseur) joue un rble trés important dans le
développement des cycles Rankine puisqu’ils influencent le prix total du systéme. Les
calculs menés pour les différents fluides de travail ont montré que les fluides ayant une
température critique plus élevée présentent des coefficients d’échange plus élevés et
nécessitent donc des surfaces d’échanges inférieures comparativement aux autres fluides.
Les résultats présentés dans les figures 2.4 a 2.7 présentent des tendances similaires a ce

qui

htc (W/m2.K) [water]

htc (W/m2)

10000u ‘

est expliqué ci-dessus.

Boiling heat transfer coefficient
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Figure 2.4 — Coefficient d’échange thermique
d’ébullition, T;ong = 80 °C, G, = 30 kg/mz.s,
Dy =4,48 mm.
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C. Sélections des pompes

Les calculs présentés dans les figures 2.8 et 2.9 montrent que les débits volumiques sont
relativement bas et les rapports de pression souhaités élevés. Les différentes technologies
de pompes cinétiques disponibles sur le marché ne sont donc pas adaptées d’ou le recours
a des pompes volumétriques comme les pompes a pistons ou a diaphragme. D’aprés une
revue technique des caractéristiques de fonctionnement des différentes pompes
volumétriques, les pompes a diaphragme ont été identifiées comme la seule technologie
disponible adaptée a cette application.

Isentropic turbine power output = 10 kW 38 g :
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Boiling temperature (°C) Boiling temperature (°C)
Figure 2.8 — Débit volumique (10 kW) Figure 2.9 — Taux de compression

Chapitre 3. Analyse technologique et expérimentation

Ce chapitre présente les différentes technologies qui peuvent étre utilisées et met en
evidence les technologies les plus prometteuses pour chacun des composants du systeme
de micro-cogénération : chaudiére biomasse, capteur solaire, échangeurs, turbines et
pompes. Un banc d’essais a été realisé pour tester les différents composants d’'un cycle
Rankine, notamment la turbine, et pour identifier les différents problemes techniques liés au
fonctionnement d’'un compresseur volumétrique converti pour fonctionner en mode turbine.

3.1. Chaudiére a bois

Différentes technologies de chaudiére a bois sont
disponibles sur le marché. Ces chaudiéres sont en
geénéral manuellement contrélable avec des
rendements thermiques assez médiocres. Une
chaudiére a granulés de bois (voir figure 3.1) présente
la technologie a la fois la plus efficace et la plus
adaptée a notre application car elle présente des
rendements assez élevés, qui peuvent atteindre 93 %,

avec des échangeurs a condensation intégrés. Ces

chaudiéres présentent l'avantage d’étre totalement
automatiques. Figure 3.1 — Chaudiere a granulés de

bois a condensation. [Okefen]

3.2. Capteurs solaires

Les capteurs solaires simples disponibles sur le marché sont congus pour fonctionner a des
niveaux de température de I'ordre de 80 °C. Par contre, pour des niveaux de température
plus élevés, les capteurs paraboliques sont utilisés avec un systéme de suivi du mouvement
du soleil. Ce type de capteur présente un rendement élevé méme a des niveaux de
température de 'ordre de 400 °C. Par contre, ces capteurs présentent des difficultés pour
étre intégrés dans les batiments. Les capteurs a tube sous vide et concentrateurs intégrés
(voir figures 3.2 et 3.3) offrent une solution pour des plages de fonctionnement de
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température variant de 100 a 180 °C, sans besoin d’un systéme de suivi du mouvement du
soleil. D’autre part, leurs colts sont bien inférieurs.
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Figure 3.2 — Capteur solaire a tube sous vide avec Figure 3.3 — Capteur solaire a tube sous vide
des réflecteurs a l'extérieur. avec des réflecteurs a l'intérieur.
Source: CONSOLAR Source: SCHOTT

3.3. Pompe

Les pompes volumétriques présentent la technologie la plus adaptée pour cette application.
Par contre, seules les pompes a membrane présentées sur la figure 3.4 permettent de
pressuriser le fluide a des pressions élevées indépendamment de la viscosité de ce dernier.
De plus, ces pompes ne nécessitent aucune lubrification contrairement aux pompes a
pistons dont aucune actuellement ne supporte des températures supérieures a 50 °C.

Ces pompes présentent quelques inconvénients car
elles sont encombrantes et nécessitent des hauteurs
de charges élevées pour éviter tout risque de
cavitation.

AL

<ol
. (i

L~

V& @ 3
Le rendement de ces pompes varie entre 20 et 80 % i I L ﬁ' -
et dépend principalement du débit et du taux de /&' ’

compression.
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r
w

- |

|

|

Figure 3.4 — Pompe a membrane
[HYDRACELL].
3.4. Turbine

Les micro-turbines volumétriques sont les seules technologies disponibles sur le marché qui
peuvent étre utilisées comme organe de détente pour cette application. Mais les
performances énergétiques sont assez modérées et les taux de détente et les plages de
fonctionnement limités. Toutefois, les turbines volumétriques, bien que non disponibles sur
le marché, peuvent étre transformées a partir de compresseurs commercialisés en masse.

La figure 3.5 montre deux types de compresseurs (spirale et palette) nécessitant des
modifications simples pour étre convertis en turbine. La performance de ces compresseurs,
en mode compression varie entre 40 et 60 %. Il existe une autre technologie, des moteurs
Wankel qui peuvent étre transformés pour fonctionner en mode turbine mais avec des
modifications significatives spécialement pour 'emplacement des clapets ou des lumiéres
d’entrée et de sortie du fluide.

Compresseur a spirales Compresseur a palettes Moteur Wanel
Figure 3.5 — Technologie des compresseurs volumétriques
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Une technologie prometteuse de compresseur a
spirales sans lubrification, commercialisée par “""1*"
ATLAS-COPCO, peut étre convertie avec de
légéres modifications et peut étre transformée

en turbine a vapeur. Cette technologie sera

testée dans la suite de la thése pour identifier

ses performances en mode turbine et les "t
différents problémes techniques liés au -

fonctionnement en mode turbine & des Figure 3.6 - ATLAS COPCO compresseur a

températures variables entre 100 et 180 °C. spirales sans lubrification

— Dislivery apening
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Une solution prometteuse, qui pourra étre commercialisée a long
terme, est la technologie des turbines comme la turbine
Quasiturbine présentée sur la figure 3.5. Cette turbine présente
des taux de détente nettement plus élevés que ceux des turbines
converties a partir des technologies de compresseurs mais par
contre, il reste a résoudre les problemes de lubrification
nécessitant le développement des matieres auto-lubrifiantes pour
un fonctionnement a la vapeur d’eau.

3.5. Echangeur

Le bouilleur et le condenseur utilisés sont des types
d’échangeurs a plaques assurant I'échange thermique entre
un fluide en phase liquide et un fluide de travail qui passe par
les trois phases (liquide, diphasique et vapeur). La
technologie des échangeurs a plaques est la technologie la
plus adaptée pour cette application. Ce type d’échangeur :
présente lavantage d’étre trés compact, d'approcher la Figure 3.9 — Plate heat
température des deux fluides (~ 1K) et d’avoir un codlt exchanger [BEDOO].
acceptable.

L’échangeur intégré dans le cycle organique (récupérateur) est en général de type
échangeur tubes / ailettes ou plaques ailetées car I'échange se fait entre un fluide liquide et
une phase vapeur. Le coefficient d’échange du fluide en phase liquide est environ 10 fois
supérieur a celui de la phase vapeur d’ou l'intérét d’avoir des ailettes du c6té vapeur pour
assurer un équilibre d’échange entre les deux fluides.

Figure 3.10 — Echangeur a plaques ailettes Figure 3.11 — Echangeur a tube ailettes [KAK98]
3.6. Banc de caractérisation de turbine

Pour démontrer la faisabilité d’'un cycle micro Rankine et tester plusieurs types de turbines,
un banc d’'essais a été congu. Les figures 3.1 et 3.2 présentent ce banc d’essais qui
comprend principalement les composants suivants : une résistance électrique, un bouilleur,
un condenseur a eau, deux pompes et un frein a courant de Foucault.
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Figure 3.1 — Schéma et photo du banc d’essais des turbines

Les résistances électriques ont été montées pour remplacer et simuler I'énergie fournie par
les capteurs solaires et la chaudiére biomasse. Une pompe a engrenages a vitesse variable
fait circuler le fluide caloporteur (Syltherm 800) a travers les résistances ou il est chauffé a
une température de 200 °C. A la sortie des résistances, le fluide caloporteur passe a travers
le bouilleur ou il échange de la chaleur avec le fluide du cycle Rankine (eau).

Une pompe a membrane fait circuler I'eau et la monte a la pression du bouilleur ou elle est
évaporée et surchauffée. A la sortie du bouilleur, la vapeur d’eau surchauffée se détend
dans la turbine et produit I'énergie mécanique. Par la suite, 'eau est condensée dans un
condenseur (échangeur a plaques) refroidi par 'eau de ville. Pour mesurer la puissance
mécanique générée par la turbine et contrbler sa vitesse de rotation, un frein a courant de
Foucault est couplé directement a la turbine testée, afin d’évaluer ses performances sous
différents regimes de fonctionnement.

La turbine testée est une turbine spiro-orbitale sans lubrification présentée ci-dessus. La
figure 3.2 présente les rendements volumétriques et isentropiques mesurés sur le banc
d’essais. Le rendement volumétrique maximal mesuré est de 62 % pour une vitesse de 2800
rpm et pour un taux de détente de 4. Par contre, le rendement isentropique maximal mesuré
est de 48 % pour une vitesse de rotation de 2000 rpm et aussi pour un taux de détente de 4.
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Figure 3.2 — Rendements volumétrique et isentropique mesurés pour différentes vitesses de
rotation et taux de détente avec le joint Téflon
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Chapitre 4. Conception optimale d’'un cycle Rankine fonctionnant a I’énergie
solaire et au bois

La conception et le dimensionnement du cycle Rankine organique fonctionnant avec de
I'énergie solaire et une chaudiére a granulés de bois dépendent principalement du fluide de
travail et des paramétres de fonctionnement (température d’ébullition). Les deux paramétres
a optimiser sont I'efficacité énergétique et le colt de I'électricité actualisé. Pour calculer la
température d’ébullition optimale pour chaque fluide de travail, un outil de calcul a été
développé sous Visual Basic couplé a REFPROP.

L’optimisation de la micro-cogénération fonctionnant seulement avec la chaudiére bois est
faite pour une température d’ébullition variant entre 100 et 180 °C pour les quatre fluides
sélectionnés au chapitre 2, afin de calculer I'économie d’énergie primaire et le colt du
1 KWhg actualisé.

Une seconde optimisation a été conduite pour le fonctionnement hybride (granulés bois et
solaire). Pour cette optimisation, il y aura 3 paramétres a faire varier: la température
d’ébullition, le fluide de travail et la surface des capteurs solaires qui sont représentés dans
les résultats comme étant la part d’énergie apportée par le soleil.

Enfin, une étude de sensibilité a été conduite pour identifier les effets de la quantité
d’énergie solaire disponible, du colt de fonctionnement du chauffage et de la puissance
électrique fournie sur '’économie d’énergie primaire et sur la rentabilité du systeme.

4.1. Efficacité énergétique

Les résultats du calcul effectué pour la micro-cogénération fonctionnant seulement avec le

bois sont présentés dans les figures 4.1 a 4.4. Le rendement électrique de la micro-

cogénération augmente lors de 'augmentation de la température d’ébullition. De plus, le

fluide qui a la température critique la plus élevée présente les meilleures performances. Par

contre, en augmentant la température d’ébullition, des tendances contradictoires ont été

observées :

= pour l'eau et I'hexane, le colt d’électricité diminue lorsque la température d’ébullition
augmente

= pour les autres fluides, le colt de [I'électricité augmente lorsque la température
d’ébullition augmente.

System efficiency Primary energy saving

14% 44%

12% 4+ - - - - - _ _ _ __ ___________®m_____ 3% +--——-——-———-"-"-"-"-"-"—"—"—"—"—~—"—~——~——~—s———— — -
—_ 42% 4+ - - - — =]
S10% f---- g T .
> g 41% 4+ - - oo T
S 8% - A - N 40% - A —
2 —&— water w —8— water
é 6% L ___ S o —e—hexane 0 39% —e—hexane - —
L —a— isopentane 389% —A—isopentane |

oL & —e— R-245fa ° —e— R-245fa

37% + - - ]
2% T T T T 36% T T T T
100 120 140 160 180 200 100 120 140 160 180 200
Boiling temperature (°C) Boiling temperature (°C)

Figure 4.1 — Variation du rendement électrique en Figure 4.2 — Variation de I'économie d’énergie
fonction de la température d’ébullition et du fluide  primaire en fonction de la température d’ébullition
de travail. et du fluide de travail.
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Levelized electricity cost Primary energy saving

=
Ky
=
S 3
W @
Z)('L = :’/././—P’—" £30
O —a— water
o T J e - e J —e— hexane
. —A— isopentane
R A popentane - 10 4 - —e R245fa
30 T T T T 0 . . . . . . .
100 120 140 160 180 200 36% 37% 38% 39% 40% 41% 42% 43% 44%
Boiling temperature (°C) PES (%)

Figure 4.3 — Variation du colt d’électricité actualisé Figure 4.4 — Variation du codt d’électricité actualisé
en fonction de la température d’ébullition et du en fonction de I'économie d’énergie primaire et du
fluide de travail. fluide de travail.

4.2. Fonctionnement hybride

L’optimisation en fonctionnement hybride est complexe comparativement a I'optimisation
avec une seule source d’énergie. Un troisieme paramétre a été ajouté aux deux paramétres
précédents (température d’ébullition et fluide de travail). Ce paramétre est la surface des
capteurs solaires présentée sur les graphes par la part d’énergie couverte par I'énergie
solaire. Les résultats présentés sur les figures 4.5 et 4.6 montrent que le rendement
électrique diminue en augmentant la surface des capteurs solaires car le rendement des
capteurs solaires est généralement inférieur a celui des chaudiéres a granulés de bois. Des
résultats similaires ont été obtenus pour les températures d’ébullition et le fluide de travail.

Le prix actualisé de I'électricité augmente en fonction de I'économie d’énergie primaire car la
surface des capteurs solaires augmente, ce qui entraine une augmentation du prix initial du
systéme. Les résultats sont similaires a ceux obtenus précédemment pour les fluides de
travail : le fluide qui a la température critique la plus élevée présente le colt de production
électrique le plus élevé. D’autre part, la variation du co(t de production électrique ne
présente aucune tendance générale en fonction des températures d’ébullition, d’ou on
remarque que chaque fluide de travail présente une tendance différente.

System efficiency Levelized Electricity Cost
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Figure 4.5 — Variation du rendement électrique du Figure 4.6 — Variation du codt d’électricité
systéme en fonction de la température d’ébullition, actualisé fonction de I'’économie d’énergie
du fluide de travail et de la part d’énergie solaire  primaire, température d’ébullition et du fluide de
utilisée. travail.

4.3. Etude de sensibilité

Une étude de sensibilité a été menée pour identifier I'effet de quelques parameétres clés sur
les performances et la rentabilité du systéme. Les résultats montrent (voir figure 4.7) que
I’économie d’énergie primaire est proportionnelle a I'énergie solaire globale disponible sur le
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site, et le colt d’électricité actualisé est inversement proportionnel a I'’énergie solaire globale

disponible.

La figure 4.8 présente le colt d’électricité en fonction de l'inflation du colt de chauffage
évité. Les résultats montrent que si ce dernier est soumis a une forte élévation du prix a
cause de linflation du colt de combustion fossile, le prix actualisé d’électricité produite
décroit rapidement et elle peut étre produite sans aucun surco(t si l'inflation annuelle du co(t

de chauffage atteint 7 %.
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Figure 4.7 — LEC, PES et la part d’énergie solaire
fonction du rayonnement solaire global.
(Asor = 35 m°).

La durée de fonctionnement annuel d’'une micro-
cogénération présente un parameétre critique
pour sa rentabilité économique. La durée de
fonctionnement annuel a pleine charge dépend
directement de la puissance électrique installée
et des besoins thermiques. La figure 4.9 montre
qu’en augmentant la puissance électrique de la

micro-cogénération le colt de [I'électricité
augmente car les besoins électrique et
thermique annuels du béatiment restent

constants. Par contre, le prix initial de la micro-
cogénération augmente. Un optimum de la
puissance électrique installée doit étre défini ; cet
optimum dépend des besoins et des déperditions
(cf. chapitre 5).
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Figure 4.8 — Cout d’électricité actualisé fonction

de linflation du prix du chauffage évité.
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Chapitre 5. Simulation dynamique annuelle d’'un systéme de micro-
cogénération hybride

Ce chapitre est consacré a la simulation des performances annuelles de la micro-
cogénération pour plusieurs types de batiments, de volumes de stockage de I'eau chaude
pour le chauffage et pour différents cycles Rankine ou organiques. La figure 5.1 présente le
systéme de micro-cogénération couplé a un ballon de stockage d’eau chaude.

Le systeme est modélisé sous MATALB/SIMULINK pour calculer les différents paramétres
de fonctionnements. Un logiciel de simulation des batiments multizones COMFIE a été
utilisé pour calculer les courbes de charges pour les différents types de batiments.
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Figure 5.1 — Micro-cogénération pour des béatiments résidentiels

Pour la simulation des différents cycles Rankine organiques, une optimisation des
paramétres de fonctionnement a été menée en fonction des différents types de turbine
disponibles sur le marché. Ces parametres de fonctionnements optimisés seront présentés
dans les différentes sections suivantes.

5.1. Cyclevapeur
Les données de calcul pour le cycle a vapeur utilisant des technologies mares sont

indiquées dans le tableau 6.1. Le rendement de la turbine est 50 % et la température
maximale du fluide a la sortie de I'évaporateur est fixée a 190 °C.

Tableau 5.1 — Données de calcul (cycle a vapeur utilisant des technologies mires)
Température d’ébullition (°C) 100 to 190
Pression du bouilleur (kPa) 47 to 1255

Taux de détente volumique 3.18 —4.1
Cylindrée de la turbine (cm®/rev) 52 — 36
Surchauffe a I'entrée de la turbine (K) 25
Sous-refroidissement a I'entrée de la turbine (K) 10

Efficacité globale de la turbine (%) 50

Efficacité globale de la pompe (%) 65
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La figure 5.2 montre la puissance électrique
et le rendement du cycle Rankine. Les
calculs indiquent que le rendement et la
puissance augmentent en augmentant la
température de bouilleur. D’autre part, la
turbine avec le plus grand taux de détente
présente les meilleurs rendements.

Le tableau 5.2 présente les paramétres de
fonctionnement des cycles Rankine
fonctionnant avec des technologies mires 00
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sont transformées a partir des Figure 5.2 — Rendement et puissance électrique

du cycle Rankine actuel

rable 5.2 — Paramétres de fonctionnement optimaux

Technologie disponible sur le marché
Taux de détente volumique 3,2 4,1
Cylindrée de la turbine 52 38
Température au condenseur (°C) 118 113
Température de bouilleur (°C) 165 170
Pression du bouilleur (kPa) 700 792
Puissance électrique (kWel) ~1
Rendement du cycle Rankine idéal (%) 10,43 12,35
Rendement du cycle Rankine actuelle (%) 5,06 6,01
Puissance chaleur du bouilleur (kW) 19,77 16,64
Puissance chaleur du préchauffeur (kW) 2,13 1,87
Efficacité thermique de la chaudiére (%) 71,4 70
Efficacité globale de la chaudiére (%) 79,4 78
Rendement des capteurs solaires (%) 36,62 35,61
Efficacité globale du cycle Rankine (granulé) (%) 3,61 4,2
Efficacité globale du cycle Rankine (solaire) (%) 1,85 2,14
Rapport électricité chaleur 0,047 0,057

Pour identifier le potentiel des technologies futures, les calculs sont répétés en augmentant
le rendement de la turbine de 50 % a 80 % et le taux de détente de la turbine sera augmenté
pour assurer un fonctionnement entre une température maximale de bouilleur de 190 °C et
une température au condenseur de 80 °C.

Les résultats des calculs sont présentés a la figure 5.3. Le rendement du systéme peut étre
amélioré pour atteindre 9,5 % et 5,8 % en fonctionnant respectivement avec la chaudiére a
granulés de bois et I'énergie solaire.
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Figure 5.3 — Efficacité des différents composants de la micro-cogénération pour des
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5.2. Cycle organique

La méme méthode est utilisée pour optimiser un cycle Rankine utilisant des fluides
organiques. Le tableau 5.3 montre les différents paramétres utilisés pour les calculs des
cycles organiques. Le rendement global de la turbine est fixé a 50 % pour les turbines déja
existantes. On peut remarquer une pression dans le bouilleur plus élevée comparativement
au cycle a vapeur dd aux propriétés thermodynamiques des fluides organiques.

Table 5.3 — Données de calcul (cycle organique utilisant des technologies mires)
Température d’ébullition (°C) 100 to 190

Pression du bouilleur (kPa) 143 to 3500

Taux de détente volumique 2,3-4,1

Cylindrée de la turbine (cm°/rev) 23 -32

Surchauffe a I'entrée de la turbine (K) 1
Sous-refroidissement a I'entrée de la turbine (K) 10

Efficacité globale de la turbine (%) 50

Efficacité globale de la pompe (%) 65

Les résultats obtenus sont présentés aux figures 5.4 et 5.5. Contrairement aux cycles a
vapeur, les rendements des cycles organiques diminuent en augmentant la température au
bouilleur puisque le taux de détente est constant. Par contre, la puissance électrique qui
peut étre générée avec les cycles organiques, est plus élevée par rapport au cycle a vapeur
méme avec les mémes dimensions des turbines utilisées.

—e— Eif (Isopentane-2.3/23) —e— Eff (hexane-2.3/23) —e— Power (lsopentane-2.3/23) —e— Pow er (hexane-2.3/23)
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Boiling temperature (°C) Boiling temperature (°C)

Figure 5.4 — Efficacité réelle du cycle organique Figure 5.5 — Puissance électrique réelle du
cycle organique
Le tableau 5.4 récapitule les résultats obtenus aux figures 5.4 et 5.5 et définit les paramétres
de fonctionnement optimaux pour produire 1 kW, avec les rendements les plus élevés.

)

Real RC efficiency (%)
w
o
2
RC electrical power output (kW

fable 5.4 — Parameétres de fonctionnement optimaux du cycle organique

Technologie disponible sur le marché

Fluide de travalil Hexane Isopentane R-245fa
Taux de détente volumique 3,1 2,3/3,1 2,3
Cylindrée de la turbine 32 23/32 23
Température au condenseur (°C) 129 147/80 105
Température de bouilleur (°C) 180 180/128 137
Pression du bouilleur (kPa) 1300 3020/1264 2664
Puissance électrique (kWel) 1 1 1
Rendement du cycle Rankine idéal (%) 9,44 5,24/10,24 6,06
Rendement du cycle Rankine actuelle (%) 4,51 1,59/4,90 2,34
Puissance chaleur du bouilleur (kW) 21,9 62,7/20,4 42,8
Puissance chaleur du préchauffeur (kW) 2,1 6,2/1,05 1,3
Efficacité thermique de la chaudiere (%) 75,5 70/77,3 76,7
Efficacité globale de la chaudiére (%) 82,7 77,8/81,3 81,3
Rendement des capteurs solaires (%) 36,18 37,04/46,49 45,11
Efficacité globale du cycle Rankine (granulé) (%) 3,40 1,11/3,78 1,79
Efficacité globale du cycle Rankine (solaire) (%) 1,63 0,59/2,27 1,05
Rapport électricité chaleur 0,043 0,014/0,049 0,023
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Pour un cycle organique utilisant des technologies futures, les rendements du cycle sont
largement améliorés. Les résultats sont présentés a la figure 5.6 ou les rendements du cycle
ORC peuvent atteindre respectivement 9,5 % et 5 % pour des fonctionnements avec les
chaudiéres a granulés et I'énergie solaire. A noter que ces rendements sont indépendants
des puissances électriques du cycle organique, car les technologies des turbines futures
sont congues de fagon différente par rapport aux turbines volumétriques.
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Figure 5.6 — Efficacité du cycle organique pour des futures technologies de
turbine

5.3. Résultats des simulations

Les résultats des simulations annuelles sont présentés aux figures 5.7 a 5.9. Les résultats
ont montré que le rendement électrique de la micro-cogénération augmente en fonction du
volume du ballon de stockage car la durée de fonctionnement continu augmente et ceci en
diminuant les intermittences de fonctionnement durant 'année. D’autre part, le rendement

électrique augmente pour les béatiments a haute consommation car la durée de
fonctionnement annuelle est plus élevée par rapport aux batiments a basse consommation.
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Figure 5.7 — L’effet du volume du ballon de stockage sur le rendement électrique annuel du systéeme
pour les différents cycles et types de bétiments

Le rendement thermique de la micro-cogénération présente des optimums. Ces optimums
sont associés a la déperdition thermique dans le ballon de stockage. En augmentant le
volume du ballon de stockage, le rendement thermique de la micro-cogénération augmente
car il est lié directement au rendement électrique. Par contre, les déperditions dans le ballon
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augmentent en augmentant son volume, ce qui entraine des volumes optimums pour
chaque type de batiment et pour chaque systéme de micro-cogénération.
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Figure 5.8 — L’effet du volume du ballon de stockage sur le rendement thermique annuel du systeme
pour les différents cycles et types de béatiments

L’économie d’énergie primaire est le paramétre global a optimiser. Les résultats présentés a
la figure 5.4 montrent que, méme en atteignant I'optimum du rendement thermique,
I'optimum de I'économie d’énergie primaire se situe a des volumes de stockage plus élevés
par rapport au volume optimal obtenu pour le rendement thermique. Par contre, compte tenu
des grands volumes de ballons obtenus dans les calculs, il est préférable de se fixer au
volume optimal obtenu pour les rendements thermiques pour ne pas affecter la rentabilité
des systémes due au prix du ballon de stockage.
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systeme pour les différents cycles et types de batiments. (N, rer = 0,7 and Neyrer = 1/2.58)
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Conclusions générales et perspectives

Une micro-cogénération fonctionnant avec des énergies renouvelables intermittentes et non
intermittentes est une solution prometteuse pour réduire les consommations dans le secteur
du batiment et atteindre I'objectif de diviser par 4 les émissions de CQO,. Cette micro-
cogénération peut présenter des avantages énergétiques et environnementaux pour le
secteur du batiment puisqu’elle peut assurer plus de 40 % d’économie d’énergie et plus de
80 % de réduction d’émissions de gaz a effet de serre.

Le fluide de travail du cycle Rankine est un paramétre clé pour la conception du cycle
puisqu’il affecte les performances énergétiques et économiques du systéme. Une méthode
générale a été développée pour permettre de comparer les différents fluides de travail afin
d’identifier les meilleures solutions possibles. L’eau, 'hexane, l'isopentane et le R-245fa ont
été identifiés comme étant les fluides les plus convenables.

Une étude technologique a permis d’identifier les technologies les plus adaptées pour
chacun des composants du cycle Rankine : chaudiére biomasse, capteur solaire, bouilleur,
condenseur, récupérateur, pompes et turbine. Les composants les plus adaptés existant sur
le marché ont été identifiés. Seule la mini-turbine doit &tre convertie a partir des technologies
de compresseurs volumétriques.

Un banc d’essais a été monté pour tester différents types de turbine. Un compresseur spiro-
orbital sans lubrification et dédié a la compression d’air a été testé sur le banc d’essais en
tant que turbine a vapeur sans lubrification. Les résultats ont montré que les rendements
volumétriques et isentropiques mesurés sont respectivement de 60 % et 48 %.

Une étude économique a été menée pour calculer le prix d’électricité actualisé afin de rendre
ce systéme économiquement faisable. Les résultats ont montré qu'un prix de 40 a
60 c€/kWhe, doit étre appliqué pour rendre le systéme de micro cogénération rentable.

Les puissances thermique et électrique de la micro-cogénération a énergies renouvelables
présentent un facteur important qui affecte la faisabilité et la rentabilité du systéeme. Une
simulation dynamique annuelle a été menée pour mettre en évidence l'effet de la charge
thermique, du volume du ballon de stockage et du type de cycle Rankine utilisé pour
I’économie d’énergie primaire.

Plusieurs cycles Rankine ont été étudiés en fonction des technologies de turbine utilisées.
Quatre cycles de Rankine ont été considérés : un cycle a vapeur utilisant une turbine déja
existante, un cycle organique utilisant une turbine existante avec la possibilité d’utilisation
plusieurs fluides de travail et deux cycles Rankine a vapeur et organique utilisant des
technologies de turbine qui peuvent étre commercialisées dans le futur proche présentant de
meilleures performances énergétiques.

L’amélioration de l'efficacité du cycle Rankine nécessite divers progrés technologiques,
spécialement le besoin de mini-turbines qui présentent des rendements élevés comparés
aux technologies existantes. D’autre part, il est nécessaire de développer un algorithme de
contrdle spécifique pour les micro-cogénérations fonctionnant avec deux sources d’énergie,
si 'une d’elles est intermittente. Cette stratégie de contrdle doit assurer un fonctionnement
plus performant en utilisant toute I'énergie solaire disponible. Ce contrble est de type
adaptatif prédictif.
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Vapor

Vapor

Volumetric
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HRC Heat recovery factor

HTF Heat transfer fluid
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Mtoe Million tons of oil equivalent

Mtpe Million tons primary energy
NFORC Near future organic Rankine cycle
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General introduction

The building industry in France uses more than 70 135 Mtoe, making this sector one of the
biggest consumer of energy among all the sectors of the economy where it represents more
than 43% of the total national energy consumption. This sector is responsible of 120 MtCO,
emissions representing more than 25% of national emissions.

Just recently, buildings has become the sector that presents the most promising sector to
make significant progress for improvement of energy efficiency and strong decrease of
heating needs in order to meet the national commitments with regard to reducing
greenhouse gas emissions.

In the building sector, the average annual consumption is currently close to
240 kWhpe/mZ.year. For reducing the CO, emissions of 20% at the 2020 horizon the average
primary energy consumption of new buildings needs to be reduced to 50 kWhpe/mz.year of
primary energy for heating and domestic hot water (reference Grenelle law).

Moreover Europe has taken the commitment to introduce at least 20% of Renewable
energies in the European energy mix so the integration of renewable energies in buildings is
winning strategy for building designers.

The main purpose of this thesis is to present the potential of integrating a micro combined
heat and power system (micro-CHP) operating on renewable energies (solar and biomass)
and the different technical problems, which have to be overcome to put this system in actual
application. This study integrates an economical analysis to define the different economical
incentives, which have to be applied by the government to improve the economical
performance of this system.

The first chapter presents a survey of the different micro-CHP technologies available on the
market, which could be converted and adapted to operate with intermittent and non-
intermittent renewable energy. It was shown that micro-CHP system based on Organic
Rankine Cycle (ORC) operating on renewable energies presents many advantages
compared to conventional cogeneration systems, since they could operate with renewable
energies while achieving high primary energy savings and reducing significantly CO,
emissions. On the other hand, this system is not always economically feasible; therefore, a
special care has to be taken when designing and dimensioning the micro-CHP system. In
addition, the building type should be carefully selected.

The choice of the working fluids of the ORC affects heavily the thermodynamic performance
of the Rankine cycle as well as the selection and design of the different components of the
system. A selection method has been developed in the second chapter to select the most
promising working fluid using different thermodynamic, safety, environmental, and technical
criteria. Four different working fluids have been selected as the most promising working
fluids for our application. Therefore, the different technical and economical problems, which
have to be overcome when operating with these fluids, will be discussed in the following
chapters.

The component as well as systems design depend mainly of the working fluids, the required
electrical output power and energy source temperature. Therefore, in chapter three a
technical analysis has been conducted to identify the most promising technology available
on the market that could be used, and the different technical barriers that could be overcome
in order to put the system in real application. In addition, an experimental test bench has
been designed to test an oil-free vapor scroll expander. This test bench has been able to test
a first micro-CHP system prototype.

In the fourth chapter, an economical analysis has been performed to calculate the Primary
Energy Saving (PES) and the Levelized Electricity Cost (LEC) when operating with different
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working fluids and for different boiling temperatures. This analysis shows the potential of
PES achieved by the micro-CHP system on one hand and on the other hand, it shows the
LEC which has to be imposed by the government to allow the development and the
commercialization of this system from an economical point of view.

In chapter five, a dynamic simulation tool has been developed to simulate the annual
performance of the micro-CHP system operating with wood only and on hybrid mode solar
and wood. The analyses have been performed to compare different types of buildings,
climate conditions, and different micro-CHP systems operating with different working fluids.
A special control system has been tested with a hot water storage tank to perform the
simulations. The results show that the system architecture and the control system are well
suited for operation with wood; however, for hybrid operation mode an advanced predictive
adaptive control system is required to improve the performance of the system when
operating in hybrid mode.
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Chapter 1 — Micro-combined heat and power system for residential buildings

CHAPITRE 1 — MICRO COMBINED HEAT AND POWER
SYSTEM FOR RESIDENTIAL BUILDINGS

1. Context and stakes: Energy policy of the European Union

The development of human activities is increasing the greenhouse effect, which has led to a
rise of the Earth surface temperature and risks generating significant change to the world
climate. To reduce the Green House Gases (GHGs) emissions of the different countries,
which contribute to the global warming effect, the Climate Convention was signed in Rio in
1992 to coordinate actions as part of an international program to forecast, prevent, and limit
the causes of climate change and reduces any negative effects. The scope of this
convention has been extended by the Kyoto Protocol, which sets legally binding objectives
for industrialized nations to reduce their GHG emissions by 2008 — 2012 taking as the
reference the emission levels recorded in 1990. To reach the stabilization of GHG emissions
around 550 p.p.m., emissions of these gases have to be divided by two by year 2050.
Therefore the industrialized countries have to reduce their emissions by four to five times.

The European Union has committed to reduce its greenhouse gas emissions by 8% to 12%
by 2008-2012 referred to the 1990 and 20% GHG reduction among EU countries by 2020.
To attain these objectives, EU adopts the directive on the promotion of Electricity
produced from renewable energy sources [DIR01] setting a target of 21% of renewable
energy share in electricity production by 2010. The vision of the EU-25 follows the EU’s
target of 12% renewable energy by 2010. In the vision, the share of the renewable energy
by 2030 is 35% and 65% in 2050.

On the other hand, buildings account for more than 40% of the EU's final energy demand
and are a major source of GHG emissions, making energy-savings there, a key element of
the European climate change strategy. EU efforts to reduce energy consumption in the
building sector has introduced the directive on the end-use efficiency and energy services
[DIR06], and the 2002 energy performance of building directives (EPBD) [DIR02] providing a
common methodology for calculating the energy performance of buildings and for creating
minimum energy performance standards in individual member states. The directive applies
to new buildings and to existing buildings subject to major refurbishing. In an effort to
promote awareness and energy efficiency improvements, member states must ensure that
“energy performance certificates” are made available when buildings are constructed, sold or
rented out. In public buildings larger than 1,000 square meters, these certificates must be
clearly displayed at the main entrance.

The use of combined heat and power (CHP) presents a substantial potential for increasing
energy efficiency and reducing environmental impacts. Hence new Community legislative
measure concentrates on providing a framework for the promotion of this efficient technique
in order to overcome still existing barriers, to advance its penetration in the liberalized energy
markets, and to help mobilizing un-used potentials. The EU strategy outlined in the
Commission’s cogeneration strategy of 1997 sets an overall indicative target of doubling the
share of electricity production from cogeneration to 18% by 2010. The European
Commission, in its Action Plan [ACTO06] on energy efficiency, estimates that meeting this
target would lead to additional avoided CO, emissions of over 65 Mt CO,/year by 2010.
Emerging micro-CHP technologies in conventional CHP markets could save 19 Mt of CO,
emissions [MICO02] per year after ten years.

Micro-CHP promises significant economic and environmental benefits to energy suppliers
and society at large. The UK government has identified CHP as key components of its CO,
abatement program and it also represents the most significant individual measure in
achieving the European Union’s CO; reduction targets (150 Mt of a total of 800 Mt) [MICO03].
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Many others countries like Germany, The Netherlands, Portugal, and Czech Republic have
already micro-CHP units operating on gas, which are currently being installed on a
commercial basis [MIC04]. However, in France micro-CHP has not yet found their ways to
the commercialization since from an environmental point of view, electrical energy produced
by micro-CHPs operating on gas emits more CO, (260 gCO./kWh, [BIR07]) than the
electricity produced by the France electrical grid for building heating (180 gCO./kWhy).
Therefore, the France political plan is to substitute the fossil fuels by renewable energies.
Then micro-CHP operating on intermittent and on intermittent renewable energies can
represent a more attractive solution to the French market compared to the conventional
micro-CHP operating on gas.

A recent study has been conducted by Amoées [AMOO06] to identify the impact of the micro-
CHP operating on wood on the greenhouse effect. The results show that integrating a
micro-CHP operating on wood in the building sector can reduce emissions of greenhouse
gases and reduce the primary energy consumption, increasing the use of renewable energy
as well as of local abundant energy as solar and wood, and limiting the peak load of the
centralized electricity production. The study shows that integrating a micro-CHP system
operating on wood in a residential building is sufficient to rate the building as highly
environmentally friendly with a CO, emission below 5 kgeqcozlmz.year, and in some cases the
building can be considered as absorber of CO,. On the other hand, the study shows that
micro-CHP system is not economically feasible for residential houses. However, it is more
attractive for apartment buildings from an economical point of view.

2. Energy resources: Building sector in France

In France, the building sector consumes more than 42% (68.2 Mtoe) of the total national
energy consumption, which represents the biggest consumer of energy between the different
economical sectors. The total CO, emissions of this sector represents more than 23%
(123 MtCO.) of the national greenhouse gas emission. 66% of the energy is consumed in
the residential buildings. The final energy consumption of the building sector distributed by
use and final energy is presented in Table 1.1.

Table 1.1 — Building sector consumption for different use and final energy consumption [HERO7].

A Electricity Gas Total

rea ; . Other . o

(106 m2) consumption | Consumption (TWh) consumption %o
(TWh) (TWh) (TWh)

Individual homes 1,782 94.7 96 95 280.2 42.5

Apartment building 884 43.5 81.8 26.8 157.6 24

Residential sector 2,666 138.2 177.8 121.8 437.8 66.5

Tertiary buildings 850 90 72.3 58.9 221.2 33.5

Total building sector 3,516 228.2 250.1 180.7 659 100

The total consumption of the final energy in the residential sector is about 437.8 TWh
excluding wood. The different resources of energy used in the residential sector are
distributed as follows:

e Gas: 177 TWh (38%).

e Electricity: 138.2 TWh (32%).

e Fuel: 94.6 TWh (22%).

e Coal: 2.3 TWh (<1%).

Wood represents 78 TWh, which correspond to 15% of the overall energy consumption of
buildings. The average consumption of the different buildings is about 240 kWh of primary
energy for each square meter heated for one year. This value corresponds to the need of
heating, domestic hot water, and specific electricity use. The heating consumption in the
residential sector represents more than 66% of the total consumption of this sector and
accounts also for major parts of CO, emissions [HER07].
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The energy consumption for heating and domestic hot water in the building sector the is
presented in Figure 1.1:
- 100 kWh/m?.year for buildings built after 2000
- 200 kWh/m2.year for buildings built between 1975 and 2000, which represent
25% of the building stock
- 375 kWh/m2.year for buildings built before 1975, which represent 66% of the
building stock.

Building repartition

500 -
S 400 - Before 1975
BT (66%)
EQS
E :l" 300 -
o £
;E 200 Principal Between 1975
5 2 Objective and 2000 (28%)
Lﬁ After 2000

100 - @ (6%)
What we know to do today

Year of construction

Figure 1.1 — Building repartition depending on their year of construction [AMOOQ6].

The objectives set by the French government are mainly to divide the greenhouse gas
emissions by 4 by 2050. The building sector represents a field to invest since it is one of the
most important sectors regarding energy consumption. With a call to reduce CO, emissions
combined with the energy price increase caused by the gradual depletion of resources, the
average of primary energy consumption of operational buildings needs to be reduced to
approximately 100 kWh/m? by 2050, including some 50 kWh/m? of primary energy for
heating and providing domestic hot water. In France, the development of low energy
buildings is one of the ways to fulfill the national objectives of reducing CO, emissions by 4
between 1990 and 2050 [LOI05].

For new constructions, several legislations [RTHO5] have entered into force. “RT2005” fixes
the maximum energy consumption for new buildings depending on their regions, ranging
from 130 to 250 kWh/m?.year according to energy sources, architecture shape, and climate
zones. In 2010, a new legislation will enter into force aiming at reducing the energy
consumption of buildings; 15% lower than the limit fixed by “RT2005”. The objective is to
reduce it to 40% by 2020 compared to 2000. However, continually and progressively
reducing energy consumption below current legislations allows sustainable policy upon
introduction of new legislations.

In Switzerland, 5,800 buildings have been constructed under the “Minergie” label, which
guaranties thermal energy consumption lower than 42 kWh/m%year. On the other hand,
Germany has developed a new concept named “Passivhaus” for homes with heating energy
consumption lower than 15 kWh/mZ.year, and with a total primary energy consumption lower
than 120 kWhpe/mz.year [FEIO4]. In France, a new label “Effinergie” has been developed,
which corresponds to the Suisse label, and allows certifying buildings with the same
characteristics as “Minergie”. On the other hand, zero or positive energy buildings represent
another technical solution to fulfill the national objectives of reducing CO, emissions by 4 and
increase the share of energy produced by means of renewable energies.

A positive energy building corresponds to a building that produces more energy than it
consumes. In order to design such buildings, it is mandatory to work on the reduction of the
primary energy consumption of buildings to attain a building with lower energy demand, then
producing this energy by intermittent and non-intermittent renewable energy sources.
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These performances can be obtained by the combination of various techniques such as bio-
climatic design, high insulation level, high performance windows, good air tightness, and
heat recovery ventilation. However, going from houses with low energy demand to zero
energy building requires producing the energy demand of buildings from available local
energy as solar energy, wind, geothermal, wood, etc. Since the building needs heat,
electricity and cooling, it is important to develop systems that can ensure the production of
these different types of energy. The different techniques adopted to produce electrical,
heating and cooling energies locally are listed below.

» Electrical energy: the different techniques available on the market to produce electricity
directly in the buildings are photovoltaic solar collectors, wind turbines, electricity
generators such as internal combustion engine, gas turbine ...

» Heating energy: this energy is in general produced locally by means of boilers operating
on various types of energy (oil, gas, wood...); however, solar collectors represent
another option to produce the heating energy from free energy sources.

» Cooling: several techniques have been adopted in the last years to produce cooling from
renewable energies as cooling from solar energy by means of absorption and adsorption
systems without forgetting the different free-cooling systems and ground-to-air heat
exchangers.

Recently, Cabinet SIDLER has conducted a study [SID07] to demonstrate the technical
feasibility of buildings with low heating demand for French building stocks undergoing
refurbishing work. Results show that building with initial consumption of 417 kWhpe/(mz.year)
can be refurbished to attain primary energy consumption varying from 60 to
80 kWh,/(m?.year) for a cost varying from 120 €/m* to 200 €/m? (see Figure 1.2).

Primary energy consumption
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Figure 1.2 — Performance of refurbished buildings heated with gas and ventilated with a
mechanical ventilation system without a heat recovery ventilation unit [SIDO7].

However, reducing the primary energy consumption to a level lower than 50 kWhpe/(mz.year)
for heating needs could not be achieved without integrating a heat recovery ventilation unit.
Figure 1.3 shows that buildings undergoing refurbishing work can achieve primary energy
consum;z)tion for heating needs lower than 50 kWhpe/(mz.year) for a cost between 150 and
210 €/m".
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Figure 1.3 — Performance of refurbished buildings heated with gas and ventilated with a
mechanical ventilation system with a heat recovery ventilation unit [SIDO7].

From an economic point of view, if 280 kWh/(m”.year) of primary energy savings were
achieved with a gas price of 0.05 €/kWh, the payback period is estimated at 20 years for a
discount rate of 3.5%. Replacing the condensing gas boiler by a micro-CHP operating on
renewable energies for the same refurbishing performed in the different type of buildings
could achieve higher reduction of primary energy, lower CO, emissions, but the economical
feasibility should be treated carefully. In this work, the option of replacing conventional
heating systems as oil boiler or gas boiler by a micro-CHP system will be highlighted to
identify its potential to introduce higher reduction in primary energy consumption and lower
CO, emissions. The economical feasibility of the micro-CHP system in residential homes
could not be justified in all cases; however, for collective apartment buildings these systems
can represent an attractive solution towards the use of standard heating system. The
different incentives and regulations that have to be imposed by the government will be
discussed to improve the economical feasibility of micro-CHP systems. In this chapter, we
will establish when micro-cogeneration can be economically beneficial. Therefore, the
different costs from the societal perspective will be calculated as subsidies, CO, taxes and
fossil fuel inflation cost, and the different incentives that the government should include to
support the development of the micro-cogeneration systems in the building sector.

3. Micro Combined Heat and Power

CHP is the simultaneous production of electrical or mechanical energy (power) and useful
thermal energy from a single energy stream such oil, coal or natural gas. In some cases, the
energy source can be provided by solar, geothermal, biomass or other type of intermittent
and non-intermittent renewable energy sources. The EU directive [DIR04] facilitates the
access to the electrical power for the small-scale CHP units and imposes that tariffs related
to the electrical energy produced by these systems have to be set according to objective,
transparent, and non-discriminatory criteria. In [DIR04] the maximum power output of the
micro-cogeneration units has been set to 50 kW,. However, in France the "Arrété" dated 13
March 2002 [ARRO2] fixes the power of the installation beneficent from the tariff of purchased
electricity to be lower than 36 kW,. The micro-CHP nomenclature will be adopted for units
with electrical power output less than 35 kW,,. In this thesis, we will only study micro-CHP
with electrical power lower than 10 kW,.

There is a growing potential for the use of micro-CHP systems in the residential sector
because of their ability to produce both useful thermal energy and electricity from a single or
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multiple sources of fuels (see Figure 1.4). In CHP systems, the overall efficiency can
increase to 90% especially for micro-CHP systems.
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Figure 1.4 — Principle of the cogeneration systems [ENGO05].

Micro-CHP might not always be the most energy efficient and/or environmentally friendly
solution. The different factors, which affect the economical perofrmance of the micro
cogeneration systems, are:
1. High-efficient centralized electricity generation systems are available
2. The electricity production is produced by nuclear power plants with low CO,
emissions
3. The thermal load is produced by highly efficiency boiler (condensation gas boiler) or
with renewable energy (solar energy)
4. Non-coincidence of the thermal and electrical loads necessitating the need for
electrical/thermal storage or connection in parallel to the electrical grid
5. Different technologies of small-scale cogeneration seem to be promising but for now
the available equipment are found at high prices
6. Absence of micro-CHP systems operating on renewable energy in the market.

These different factors have to be identified in the pre-feasibility study in order to define the
profitability of the micro-CHP system. The first two factors depend directly on the country
where the system is intended to be installed. The third factor depends on the targeted
market either the refurbished or the new housing. These factors help in the first step to
identify the most suitable building types where it will be profitable to install a micro-CHP
system.

The fourth factor has been partially resolved by the advanced research made in the
electronic fields where it is possible nowadays to connect directly the system to give or take
electrical energy to or from the grid without the need of electrical storage. However energy
storage still represents one of the most difficult issues to overcome for the integration of the
micro-CHP systems in the building sector. Since the electricity generation of small systems
is less efficient than electricity generation of large-scale generation units, the micro-CHP
system is designed first to meet the thermal demand of the building. If the electricity demand
of the building is less than the electrical output from the micro-CHP, the electricity surplus
will be sent to the utility grid. On the other hand, if the electricity demand of the building is
higher than the output of the micro-CHP plant, the lack of electricity is usually covered by
taking electricity from the utility grid. Otherwise, to meet the full electrical and thermal
demand of a building using micro-CHP, it is usually necessary to install an oversized system
in both its electrical and thermal outputs. The over-sizing of the micro-CHP system has
many unwanted consequences that will be analyzed in Chapter 4.

The different technologies of micro-CHP will be analyzed to identify the best technology
suitable to operate with renewable energies (solar and biomass). Then a technical analysis
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will be conducted to identify the best technologies available on the market towards the
development of an efficient micro-CHP at acceptable costs.

3.1 Directive promoting micro cogeneration systems in France

Gas micro-CHP systems have been commercialized in Germany and in the United Kingdom
where it is very attractive to produce co-generated electricity since the average of CO,
emissions for electricity production are respectively 641 gCO./kWhg and 430 gCO./kWhg,
which is considered relatively high. In Germany, the most commercialized micro-CHP
system is a 5-kWg, internal combustion engine [PEH06]. However in the United Kingdom the
1-kWg, Stirling engine Whispergen is the most installed system in residential apartments
[PEHO06].

In France, the average of CO, emissions for electricity production is 90 gCO./kWh and
180 gCO,/kWh,, for heating uses. This low average of CO, emissions is due to the high
share of nuclear power plant (~80%) in the French power production. Due to these low CO,
emission average values, micro-CHP systems cannot be environmentally justified if they
operate with fossil fuels. The development of micro-CHP systems operating with intermittent
and non-intermittent renewable energies is a key issue for the integration of these systems
on the French markets.

Because of the needs to reduce the primary energy consumption and CO, emissions in
France, the French government committed itself internationally (signing the Kyoto Protocol in
1997). France adopted the Climate Plan (2004), which gathers the measures to meet the
Kyoto targets. Several laws have been adopted (see Appendix 1).

Micro-CHP operating on renewable energy such as biomass or solar energy can answer to
energy and environmental requirements:
- Primary energy saving for the consumers
- High potential of CO, emission reductions in the building sector
- Use of local abundant energy such as solar and biomass (increasing the biomass
consumption (0.2 Mtpe/2007) by six (1.2 Mtpe) by 2015
- Electricity production from renewable energy (“green electricity")
- Reduction of the electrical consumption by the consumers. It is remarkable that
people who produce themselves their electricity are more eager to control their
electricity consumption.

3.2 Micro-CHP technology

A conversion technology serves to convert chemical and kinetic energies stored within a fuel
into “useful” forms of energy (electricity and heat). A number of different conversion
technologies have been developed that have possible CHP applications. The conversion
process can be based on combustion and subsequent conversion of heat into mechanical
energy, which then drives a generator for electricity production (e.g. reciprocating engine,
Stirling engines and steam engines). Alternatively, it can be based on direct electrochemical
conversion from chemical energy to electrical energy (i.e. fuel cell). These technologies will
be presented to identify the most suitable technology to operate with renewable energies
with an acceptable capital cost as mentioned previously.

3.2.1 Reciprocating engines

Reciprocating engines are based on conventional piston-driven internal combustion engines.
For micro-CHP applications, typically, spark ignition engines are used. The mechanical
energy produced by the piston displacement is converted to electricity by an electrical
generator. Therefore the exhaust heat as well as the heat from the lubricating oil cooler and
the jacket water cooler of the engine are recovered using heat exchangers delivering the
heat.
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Reciprocating engines operate with less excess air, which leads to higher combustion
temperature causing thermal NO, production. To reduce the amount of NOx released, two
possibilities exist: the engine can operate in lean mode with excess air or operate almost at
the stoichiometry and use a three-way catalyst.

The electrical efficiency of reciprocating engines, defined as net electricity output divided by
natural gas input, depends strongly on the electrical capacity of the system. At sizes less
than 10 kW, efficiency generally does not exceed 26% [ONOO4]. Thermal efficiency
depends on the system and its level of heat integration (e.g. whether condensing heat is
used). Combined electrical and thermal efficiencies (total efficiency) vary between 80% and
90%. Similarly to electrical efficiency, capital costs per kW depend on the electrical
capacity of the system range from (from 2,000 €/kW,, to 6,000 €/kWy).

Reciprocating engines are currently available on the market; different companies have
already produced systems with electrical power output ranging from 1 kW, to 10 kW,. The
market leader is the Germany-based company Senertec with a model called Dachs, which
generates 5.5 kW, and a thermal capacity of 14 kW. Other companies provide micro-CHP
units as Ecopower with its 4.7 kWel module. Another interesting development for single-
family house applications is Honda’s small 1 kW, named Ecowill.

3.2.2 Stirling engines

Unlike spark ignition engines, for which combustion takes place inside the engine, Stirling
engines generate heat externally, in a separate combustion chamber. Due to the fact that
fuel combustion is carried out in a separate burner, Stirling engines offer high fuel flexibility;
especially for biofuels and, because of the continuous combustion, lower emissions. Other
heat sources, such as solar energy with solar concentrators can be used.

Stirling engines have the potential to reach high total efficiencies. Their electrical
efficiencies, however, are only moderate. For small-scale systems, they achieve low
electrical efficiency, typically around 10 to 12% [ONOO04].

Stirling engines are in between demonstration phases and marketing. There are still field
trials being carried out; but initial commercial products are already defined and on the verge
of series production. Several modules are available with power range from 0.8 kW, to
10 kWg. Whispergen has developed a Stirling engine with electrical power output of 1 kWy
and 7 kWy, of heat. Several companies [MEC (Microgen), Infinia (STC)] are in the
development of a Stirling engine with an electrical power output of 1 kW, and a thermal
capacity output from 4 to 40 kW with a corresponding electrical efficiency of 10%.
Sunmachine has lately developed a module producing from 1.5 to 3 kW with a
corresponding thermal capacity output from 4.5 to 10.5 kW. They pretend to have an
electrical efficiency of 20% with a total efficiency of 90%.

3.2.3 Fuel cells

A fuel cell converts the chemical energy of hydrogen and oxygen continuously into electrical
energy. The energy incorporated in the reaction of hydrogen and oxygen to water will be
partially transformed to electrical energy.

Basically a fuel cell consists of a stack of layers arranged around a central electrolyte: an
anode at which the fuel is oxidized; a cathode at which the oxygen is reduced; and bipolar
plates, which feed the gases, collect the electrons, and conduct the reaction heat.
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Hydrogen fuel is channeled through field flow
plates o the ancde on one side of the fuel cell,
while oxygen from the air iz channeled to the
cathode on the other side of the cell.

Hydrogen
Flow Field Oxygen
Flow Field

At the ancde, a
platinum catalyst
causes the
hydrogen to split
into positive
hydrogen ions
(protons) and
negafively charged
alectrons.

&l

PEM

__ﬂ_F--’/ At the cathode, the electrons
and positively charged

hydrogen ions combine with
oxygen to form water, which
flows out of the cell.

Figure 1.5 — Basic construction of a fuel cell-example
Polymer Electrolyte fuel cell [ONOO04].

The Polymer Electrolyte
Membrane (PEM) allows
only the positively
charged ions to pass
through it to the cathode.
The negafively charged
electrons must travel
along an external circuit
to the cathode, creating
an electrical current.

Cathode

Fuel cell micro-CHP units are either based on Polymer electrolyte Fuel Cells (PEFC; also
Proton Exchanger Membrane Fuel Cell, PEMFC), using a thin membrane as an electrolyte
and operating at about 80°C, or solid Oxide Fuel Cells (SOFC), which are high temperature
fuel cells working at 800°C. Typically natural gas is the available fuel for micro-CHP
applications. In short and medium perspectives, a PEMFC in the low power range may
reach seasonal electrical efficiency on the order of 28 to 33%; in the long term it is possible
to achieve up to 36% for domestic systems. However, it is unclear whether fuel cell systems
can achieve the same thermal efficiencies as the competing technologies. The quantity of
heat extracted depends mainly on the level of temperature at which the heat is rejected and
from the technical feasibility of the heat recovering system since in fuel cells the heat could
not be extracted at well-defined points in the system.

Fuel cells are still in the R&D stage. Among the most advanced companies in this sector is
Sulzer Hexis, marketing a 1-kW, SOFC system with an electrical efficiency between 25%
and 30%. Vaillant has integrated a plug power PEMFC stack into a heating system with
capacities of 4.6 kW, and 7 kWy,. The target electrical efficiency of these systems is above
30% [].

3.2.4 Steam and organic fluid engines

Steam or organic fluid engines represent one of the most advanced concepts currently under
development. These engines are based on Rankine cycles. Several companies are working
on the development of such engines using different types of expanders for the vapor, such
as free-piston engine, scroll expanders, or reciprocating engines with different working fluids
such as steam or organic fluids.

An Australian company, Cogen Micro, is developing a 2.5-kW,, system with a thermal power
output of 12 kWy,. Energetix Genlec is developing another system with a 1-kW, generator
with 10-kWy, modulated using a scroll expander with organic working fluids. These systems
represent in general moderate electrical efficiency. However, none of these products is
commercially available yet.
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3.2.5 Micro cogeneration technology findings

To identify the best technology for building application, the different conversion technologies
will be compared on the basis of selected criteria:
= Thermodynamic performance (electrical and overall efficiencies, and primary energy
saving).
= Economic profitability (capital cost, operating cost, and electricity cost).
= Environmental parameters (CO, emissions).

Table 1.2 presents the characteristic of the different micro-CHP technologies.

Table 1.2 — Micro cogeneration technologies available in the market [PEH06, PAEO6a].

Parameter range ICE Fuel Cell Stirling engine RC-ORC

Electrical capacity (kWe) 1-10 0.5-10 1-10 0.5-10

. - 30-50 PEMFC 10-25 Curent
s _ -
Electrical efficiency (% HHV) 20-40 40-50 SOFC 35.50 Possible 10-20
Heat recovery efficiency (% HHV) 50-60 40-60 40-60 N.A.
: o 80-100 PEMFC
Temperature of heat available (°C)| 85-100 950-1000 SOFC 200 N.A.
- 70-90 PEMFC

Overall efficiency 80-90 70-95 SOFC 65-95 N.A.

Thermal output (KWy,) 3-30 1-30 3-15 N.A.

Availability (%) 85-98 95 85-90 N.A.

Part load performance efficiency? Good Best Better N.A.

Maintenance cost (€/kWhe) 0O | 00160024 | 0.0050.01 NA.

Emissions Low Lowest Lower N.A.

Cost (E/kWg) 785-2200 N.A. N.A. N.A.

Gas. wood Diesel, gas,

Potential fuel Diesel, Gas N.A. ’ wood pellets,

pellets solar

Reciprocating engines are commercially available and produced in large numbers, achieving
high electrical and thermal efficiencies, but these systems suffer high maintenance cost, and
higher exhaust emissions compared to the other micro-CHP systems. Since the combustion
process occurs inside the cylinder limiting the flexibility of fuel use, no renewable energies
can be used except bio-fuels and biofuels.

Stirling engine represents the advantage of high fuel flexibility since the combustion is
carried out in a separate burner, allowing the use of bio-fuels, wood, and solar radiation.
Stirling engine has the potential of achieving high total efficiency, though with only moderate
electrical efficiency. These systems are commercialized with high initial cost; the use of
solar energy requires a large concentrator mirror since heat input of the Stirling engine
should be of high quality to ensure an acceptable electrical efficiency.

Fuel cells are in the R&D phase, with a number of pilot plants currently being tested. They
offer the benefit of the highest electrical efficiency and almost zero local emissions.
However, it remains unclear if these fuel cell systems can achieve a total efficiency
equalizing those promised by competing technologies. Also, the high capital cost of early
product generations remains a major challenge to overcome as well as CO, emissions
related to hydrogen generation.

Vapor expansion machines are still in the R&D phase. Potentially, they offer low emissions
and high fuel flexibility, due to their external burner. In addition, some steam engine
concepts allow electricity to heat ratios varying from 0.3 to pure heat supply. However, the
electrical efficiencies are expected to be low depending on the level of temperature of the
heating source.

Bernard AOUN -12 - Ecole Des Mines de Paris



Chapter 1 — Micro-combined heat and power system for residential buildings

To develop a micro-CHP system operating with renewable energy as solar energy and
biomass, the only two technologies available on the market are the Stirling engine and vapor
engines due to their external burner. However, Stirling engine represents a major drawback
when operating with solar energy, which is the need of large concentrator mirror to achieve
high quality heat in order to ensure good operation of the Stirling engine, and it represents a
high capital cost. Therefore, vapor engines seem to be the most attractive technology when
operating with multiple-type of fuels at various levels of temperatures. Many works [OLI02,
ZHA06 and YAGO0G6] have been done in this field and some demonstrative projects have
been carried to build some micro-CHP systems operating on solar energy especially with
organic working fluids.

3.3 Potential of Micro-CHP systems for the building sector

The prospects of broad diffusion of innovative micro-CHP technologies depend significantly
on their economic profitability. However, before conducting a specific economic study, an
analysis will be performed to identify if significant energy and CO, savings could be made
and to determine the minimum thermodynamic performances required from these
technologies to reach significant environmental benefits. Many new technologies are
emerging as potential low carbon heat and/or power sources for the building sector, which
could be considered as a direct replacement of the standard domestic boilers. Some of the
main examples chosen in this study are: heat pumps, gas condensing boiler, and micro-CHP
technologies.

In this study seven different heating systems with different thermodynamic performances will
be compared to a reference heating system to identify the potential of primary energy and
CO, emission savings. The different heating systems considered in this study are listed in
Table 1.3. For micro-CHPs operating with biomass and solar energy, the different values in
brackets correspond to the solar energy share of the total primary energy consumed by the
micro-CHP system.

Table 1.3 — Heating system thermodynamic performance.

Heating system Fuel Nel Nt Nt
Reference case (boiler) Oil 0 80 80
Gas boiler Gas 0 90 90
Condensing boiler Gas 0 100 100
Wood-pellet boiler Wood pellets 0 90 90
Heat pump Electricity 0 COP =3 COP =3
Micro-CHP (Vapor engine) Wood/solar (5,10,15)/(5,10,20) 85/80/75 85
Micro-CHP (ICE) Gas 20 60 80
Micro-CHP (Vapor engine) Solar 10* 75* 85*

* These values correspond to the RC efficiency, which do not include the thermal efficiency of the solar collector because it
will not affect the results.

For each configuration, the primary energy saving and CO, emission reductions are
calculated. To assess the primary energy saving and CO, emission reductions, comparisons
are made with separate production of heat and electricity (see Figure 1.6). For the reference
state, an oil boiler with 80% efficiency is considered. Electricity is bought from the grid. The
amount of primary energy needed to produce this electricity is strongly dependent on the
technology in use. The conventional values, fixed by the French government for the
electricity production efficiency, was 1/(2.58) that corresponds to
Neiref = 38.75%. This value integrates the transformation and transport losses, which reflect a
realistic value when the electricity is produced by nuclear power plants.
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Figure 1.6 — Comparison of thermal and electrical outputs between a CHP engine and a
conventional system where the thermal output is generated by a burner and the electricity by a
power plant [ISMO3].

For a micro-CHP scenario, the operating strategy is determined by the heat demand.
Surplus electricity is delivered to the grid. If more electricity is needed than the micro-CHP
can deliver, this extra amount of electricity is taken from the grid. To calculate the primary
energy use, the electricity sold to the grid is deduced from the total amount produced, using
the central power plant efficiency, because the electricity has not been produced by the
central power plant. For economic reasons discussed previously, the micro-CHP system will
be assumed to cover all the heat needs and will replace totally the conventional boiler.

3.3.1 Energy balance: PES for the micro-CHP application

The primary energy saving has been introduced by the EU cogeneration directive [DIR04]
given by Eq. (1.1):

E .—E
_ —p,ref p,mc
PES_E— (11)
p,ref

The cogeneration Directive [DIR04] promotes the development of high efficiency
cogeneration of heat and power. The cogeneration directive [DIR04] imposes only a PES to
be higher than zero (PES>0) for micro-CHP to be classified as high efficiency small-scale
cogeneration.

The primary energy saving for a micro-CHP does not depend only on the electrical efficiency
of the system, but it depends also on the total efficiency of the micro-CHP system. In some
cases, replacing a boiler with high thermal efficiency by a micro-CHP with moderate total and
electrical efficiencies cannot achieve primary energy saving. To locate the minimum
requirement for a micro-CHP thermodynamic performance to ensure primary energy saving,
a calculation procedure will be conducted for the production of 1 kWh of thermal energy to
identify its potential for primary energy saving.

The total primary energy required for producing 1 kWh of electrical energy by separate
production of heat and power is calculated by Eq. (1.2)

1 A
—+

77b,ref 77e|,ref

E

Wi (1.2)

p,ref =

With

ﬂ’:nel,mc/nth,mc (13)
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On the other hand, to produce the same heat and power by a micro-CHP system, the
primary energy required is calculated by Eq. (1.4)

Ep,mc = (1+/1)/77101,mc [J] (1.4)

To pursue a primary energy saving Eq. (1.2) and Eq. (1.4) have to ensure the following
condition:

ED,mC < Ep,ref (1.5)

Developing the last Eq. will give the following expression:

[(1”>J< 1 4 (1.6)

TThot ,mc 77b, ref 7 el ref

For the French case, the electrical reference efficiency of the power station plant and the
thermal efficiency of the reference boiler were assumed to be respectively 38.75% and 80%.
Therefore, the primary energy savings due to the production of 1 kWy, by means of a micro-
CHP system, for different total efficiencies and different power to heat ratio, is presented in
Figure 1.7. The results show that when replacing a conventional heat boiler with thermal
efficiency of 80% by a micro-CHP system with total efficiency higher than 80%, the micro-
CHP exhibits a PES > 0 for the different operating powers to heat ratio. However, when the
total efficiency of the micro-CHP system is lower than 80%, then a minimum power to heat
ratio is required to exhibit a positive primary energy saving. From the technology review
conducted in the previous section, all the micro-CHP systems represent a total efficiency
higher than 80% except fuel cell; however, these fuel cells exhibit high power to heat ratio.
Therefore, for the French case, all the micro-CHP systems can exhibit positive primary
energy saving.

For micro-CHP with Steam engine, the total efficiency is in general higher than 80% when
operating with fossil fuels including wood [PEHO06]. On the other hand, when operating with
solar energy, the total efficiency can decrease to 50% depending on the thermal efficiency of
the solar collector, but it still exhibits a positive primary energy saving since solar energy is
assumed to be free primary energy (the primary energy conversion factor of the solar energy
is equal to zero).

—e— ntot,mc = 0.5—m— ntot,mc = 0.6 A
—a— ntot,mc = 0.7 —=— ntot,mc = 0.8 -
T —e—ntot,mc =0.9—4— ntot,mc =1

Primary energy saving (KkWh pe/kWhh)

T T T T T
0 0.2 04 0.6 0.8 1 1.2
Power to heat ratio (lambda)

Figure 1.7 — Micro-CHP primary energy saving.

3.3.2 Primary energy saving analysis
The primary energy for the different proposed systems is calculated by the following
Eq.(1.7):
E
c z_thKfueI +(Eel _Eel,mc)KeI (17)

th

PE
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With

Eel,mc :/1Eth (1.8)

Where Ey, corresponds to the thermal energy use in the reference building, K represents the
different factors (see Table 1.4) used for transforming primary energy to final energy. For a
boiler, E. . are equal to zero. However, for the heat pump calculation, PE. is given by the
following Eq.(1.9):

E
_ h
PE, _(C—OtPJr EeI]KeI (1.9)
Table 1.4 — Factor used for energy conversion from final energy to primary energy [ARR06a].
Fuel Gas 0] Wood Electricity
K 1 1 0.6 2.58

Results for the primary energy consumption of the different heating systems units, in relation
to the reference case with an oil fired boiler and an electrical energy delivered by the French
power plant stations, are shown in Figure 1.8. The heat to power ratio A is considered to be
equal to 4 [] for residential building. As it can be seen, the largest savings for primary energy
use are obtained with micro-CHP system operating on solar energy. However, micro-CHP
system operating only on solar energy is not feasible due to the variation of the solar energy
during the day. Therefore, a back-up energy source is needed to ensure a continuous
operation of the system when no solar energy is available. As it can be seen, the primary
energy consumption is not 100% since the electricity generated by the micro-CHP can cover
only a small part of the electrical energy need.
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7 & « i =909
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Figure 1.8 — Primary energy consumption for different heating systems.

Primar yenergy consumption, relative to the reference

Otherwise, micro-CHP system operating on biomass energy represents the largest primary
energy saving, even when compared to highly efficient boilers such as gas condensing boiler
or other technologies of micro-CHP as gas engine.

3.3.3 Environmental impact analysis

In the reference situation, without CHP, a certain amount of CO, is emitted through the
generation of heat and electricity. CO, emissions due to the generation of heat and power
have to be evaluated separately. The CO, emitted through the generation of heat is
calculated for an oil boiler with thermal efficiency of 80% as reference case, CO, emissions
are assumed to be 300 gCO./kWh of burned oil. All emission values due to the combustion
of fuel are calculated relatively for the low heating value (LHV). The CO, emitted through the
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electricity generation strongly depends on the technology. For building application, the
electricity is assumed to be produced by the French power plants for period of heat
generation (winter period), CO, emissions of the average French power plant equal
180 gCO,/kWh,. However, this value can be higher if we consider that the electricity is
produced by combined gas power plant (234 gCO./kWh,) or coal fired power plant
(800 gCO,/kWhg)), and even if we consider the average of the European power plant with
400 gCO,/kWhe. The produced CO, through the generation of heat for the different types of
fuel used are given in Table 1.5.

Table 1.5 — Fuel cost and CO2 emission [ADEQS5].
Heating oil | Natural gas | Electricity | Pellets | Solar
CO; emissions gCO,/kWh [LHV] 300 234 180 23 0

CO, emissions for electricity and heat generation by the different micro-CHP technologies
are calculated. First, the efficiencies allow calculating the necessary amount of valuable
energy and its corresponding primary energy. Therefore, the corresponding emissions will
be calculated depending on the type of fuel used in the specific micro-CHP system under
study.

For heating and cogeneration systems, the CO, saving S (kgCOzlkWhpe/mz.year) is
calculated by subtracting emissions associated with the heat and power produced by the
cogeneration system to cover all the heating needs of the building and part of its electricity
needs, compared to CO, emissions emitted by the separate generation systems to cover all
the heating and electrical energy needs.

E E
S= Emcoz,ref - Emcoz,c = [n_thgfuel,b + Eel,igel J_[—thgfuel,mc + Eel,mcgelJ (1 10)

b,ref th,mc

For heat pumps, the CO, savings S will be calculated to take into account the production of
heat from electricity given by the following Eq.:

E E,
S=| —h_ E. . - —th_
[Ub,ref Erep T el,lgelJ (COP gelj (1.11)

CO, emission reductions compared to the reference case are given by the following Eq.:

S
AS =g (1.12)

CO,,ref

Figure 1. shows that the results for CO, emissions are quite the same as the results for the
primary energy use of micro-CHP operating with biomass and/or solar. It is again the micro-
CHP operating on solar energy that presents the best results in term of CO, emission
reductions, more than 94%, followed by the different micro-CHPs operating on multiple
energy solar or/and biomass. The abatements vary between 80% and 90% depending on
the micro-CHP electrical efficiency and the percentage of solar energy share. However, the
smallest CO, emission reduction is obtained by the micro-CHP operating with gas. This is
due to the low CO, contained in the reference electricity generation system. As mentioned
before, these calculations are done, taking into account the electricity produced by the
French energy mix, which represents a low CO, since more than 80% are produced by
nuclear power plants. If the electricity is produced by fossil central power plant systems, the
CO. saving will gradually rises.
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Figure 1.9 — Relative CO, reduction for different heating systems.
3.3.4 Economic analysis

The economic viability of micro-CHP systems is critically dependent on the capital cost of the
installed system, maintenance costs, and retail prices for the cogeneration system fuel and
centrally generated electricity, as well as the purchase electricity price if electricity is sold to
the grid.

The economic viability of micro-CHP in the residential sector benefits from the higher retail
prices paid by consumers for grid-supplied electricity though currently, the tariff of the
electricity imposed by the government is usually lower than the cost of electricity produced
by the micro cogeneration systems. Currently this price paid to the producer is usually more
than the offset due to the high cost of the cogeneration systems per kWg and kWhy,.
Cogeneration systems are financially more attractive in periods of high electricity prices and
low fossil fuel prices. However, for micro-CHP systems operating on renewable energies as
wood, it is economically more attractive when it operates in period of high electricity and
fossil fuels prices. A special care has to be taken when evaluating the price of wood for the
future time since it can be prone to higher inflation rate.

Due to its high specific investment cost, a careful design procedure of cogeneration system
is needed in order to define the best sizes of the equipment, considering not only the
cogeneration equipment, but also the heat storage devices and the advanced control
systems that will forecast the heat requirement and define the optimal control using model
based predictive control algorithms [PAEQGD].

To overcome the different economic problems hampering the uptake of micro-CHP systems,
developments have to be done for decreasing the capital, maintenance and operating costs,
and imposing high price for the electricity purchased from micro-CHP operating on
intermittent and non-intermittent renewable energy. These factors are discussed briefly
below to identify the different sectors where the developments of these systems can be
promoted.

» Capital cost: Decreasing the capital cost of a system is only feasible when it is
possible to pass to the serial production or to develop a new system with off-the shelf
components available at low cost. A technical study will be conducted in the
following sections to identify the available technologies or components to develop a
micro-CHP to limit the costs.

» Maintenance cost: Minimizing the maintenance cost is viable only when the different
operating components of the system have a long life time and have reached their
mature reliability.
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» Operating cost: The different options to minimize the operating (fuel) costs are to
design a high efficient system operating on energies available at low cost or
operating on “free” energies. Solar energy represents one of the free energy;
however, using this energy affects the capital cost of the system by installing a large
surface area of solar collectors that represent a high capital cost. Another possible
solution is to operate with wood, which is, in France, an available resource at
relatively low cost compared to fossil fuels. However, in 2007 price wood has been
subject to a high inflation rate due to a higher demand. Therefore, the lower cost of
wood compared to other type of fossil fuels as gas and fuel oil remains under
investigation in the near future.

Other factors may help to promote the development of micro-CHP, which can be imposed by
the government as:

» Fixing the price of electricity sold to the grid and produced by micro-CHP operating
on intermittent and non-intermittent renewable energy to a level higher than the
electricity price bought from the grid. Let to the locally producer to decide whatever
electricity will be used locally or will be sold to the grid. The owner can decide to
purchase all the electrical energy needs from the grid and to sell to the grid all the
electrical energy produced by the micro-CHP system by installing separate meters (to
be discussed depending on the CO, content). The second option is of course more
appealing when the selling price of the electricity produced by the micro-CHP system
is higher than the price of the electrical energy purchased from the power suppliers.

» Imposing taxes on CO, emissions or adopting “Green credits” for systems saving
CO, emissions.

» Helping the investment -CHP owner by subsidies.

For the economical analysis, the levelized electricity generation costs are calculated by
adding up levelized investment, maintenance and fuel costs, and subtracting a credit for
avoided heat generation costs. Costs of the different supply options are calculated at 2007
prices including VAT. Inflation of the cost of the fossil fuels is assumed to be 2% per year.
Levelized supply costs are calculated with a model. The technical lifetime of the micro-CHP
system is assumed to be 10 years. The nominal rate of return for capital is 6%. The prices
of wood is given by [ITEO7] and assumed to be 5.5 c€/kWhy. The cost of the heat avoided is
assumed at 6.3 c€/kWhy, for individual apartments and 7.1 c€/kWy, for apartment buildings;
however, the heat cost delivered by the heat networks varies from 8.8 c€/kWhy, to 7.02
c€/kWhy, [PREO6].

The maintenance costs and the investment costs cannot be found in the literature since the
micro-CHP system operation on wood and solar energy using steam engine does not exist in
the market. However, the maintenance costs will be fixed at 50 €/ MWhg, representing the
highest maintenance cost for micro-CHP given by [PEHO06]. The investment costs will be
also predicted by the different data available for the price of wood boilers and micro-CHP
system available. The investment costs depend mainly on the electrical power output and is
correlated by Eq. (1.13). This equation is given for steam engines based on Rankine cycle
and estimated from cost data collected to pellets boiler and multiplied by 2 for estimated the
cost of the total system (boiler and steam engine)

Cin =8151*In(P,) + 12641. (€/kWe) (1.13)

Figure 1.10 shows the levelized electricity generation costs as a function of the full load
operation hours for different micro-CHP electrical power outputs. The electricity generation
costs are significantly higher than electricity purchase costs for households (~ 11 c€/kWhg,).
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Figure 1.10 — Levelized electricity generation costs (2007 prices with VAT).

Thus, it is not economically feasible to develop a micro-CHP system operating on wood and
solar energy based on a steam engine without integration of government subsidies. They
can be implemented as follows:
» Payment of a bonus from 10% to 50% of the total capital price to finance the
installation of a micro-CHP operating on renewable energies
> CO, taxes: 20 €/tCO, to 40 €/tCO, avoided
» Payment for a bonus or imposing higher electricity costs for electricity produced
from renewable energies and fed to the grid. These prices can varies from
15 c€/kWhg to 60 c€/kWhg,.

Other economic parameters can be of influence on the levelized electricity generation cost,
mainly the high rate inflation of the cost of fossil fuels. Results presented in Figure 1.11
show that the electricity-levelized cost can be attractive only if the different subsidies are
applied (Bonus = 50%, fossil fuel inflation cost = 10%, and CO, taxes = 40 €/1tCO,).
Therefore, micro-CHP systems represent economic benefit only if special tariff of the
electricity produced from micro-CHP operating on renewable energy is applied. These tariffs
can vary from 30 c€/kWh, to 60 c€/kWh depending on the different subsidies imposed by
the government and the full load operation hours of the system.
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Figure 1.11 — Levelized electricity generation costs (2007 prices with VAT)
for different economical politics.
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Therefore, a micro-CHP designed for apartment buildings has to be able to deliver all the
heating and DHW needs of apartments operating without a supplementary boiler.

3.3.5 Sustainable development

The micro-CHP systems enter in the sustainability development since they have three
different effects on economy, environmental, and also socially. The energy economy is
exploited by the energy bill reduction, a better profitability of the different investment,
increasing the share of electricity decentralization, improving the equilibrium electrical grid
and the reduction of the energy dependence of the different countries. Different
environmental impacts of the integration of the micro cogeneration system are reduction of
emissions of the different pollutants and the CO,, preserving the reserves of energy, and
reduction of the losses in the different electric grid lines and the valorization of the different
waste energy. The different social impacts are represented by the increase in local
employment (study, maintenance...) and export expertise.

3.4 Dimensioning of a micro cogeneration system (residential and collective)

As demonstrated above, the full load operation hours of the micro-CHP system has the
major influence on its economical feasibility. A minimum of 4,000 hours of annual operation
is required in order to make the micro-CHP system economically feasible with a purchased
electricity cost of 40 c€/kWhg sold to the grid, which represents an acceptable value
compared to other renewable energies for electricity production such as photovoltaic
(55 c€/kWhel) [ARRO6D].

Then to carry out the dimensioning of a micro-CHP system, a typical daily/weekly load
curves and annual load curves should be determined. A typical annual load profile is shown
in Figure 1.12. However, all the heat demand should be covered by the micro-CHP system
to prevent the installation of a backup system that can affect the total cost of the heating
system. As shown in Figure 1.12, dimensioning the system for base load requires the
installation of a backup system; however, dimensioning at the peak load can affect the
annual total-hour operation of the micro-CHP system. Then, finding a compromise between
these two options needs a special care on the selection of the electrical power output of the
micro-CHP system regarding its power to heat ratio and the volume of the heat storage tank.

The micro-CHP system can be designed to operate at a fix electrical and thermal power
output (average) or modulated electrical and thermal power output. The selection of one or
the other option depends mainly on the performance of the micro-CHP system at off design
operation load.
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Figure 1.12 — Example of an annual load duration curve profile of the
heat demand [KARQ05].

The electrical power output of micro-CHP systems depends on the heat and DHW demands
in buildings. Otherwise, the insulation level of buildings strongly influences the heat demand.
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To identify the best ratio of power output to heat demand, an analysis of different types of
buildings in France with different insulation levels and different surface areas representing in
general the building France stocks is carried out.

Four cases are studied for single houses (120 m?) and apartment buildings (1,000 m?).

> Before 1975: 400 kWh/(m?.year).

> Base case: 211 kWh/(m?.year).

» RT2005: 130 kWh/(m?.year).

> BBC: 50 kWh/(m?.year).

The different primary energy consumptions and CO, emissions related to the energy used in
the different types of buildings are represented in Table 1.6. Results show that the PES is
about 27% and the CO, reduction of 84%. The avoided CO, emissions depend on the type
of building and the corresponding surface area varying between 1 tCO,/year and
58.2 tCO,/year, compared to the reference case. Therefore, from an environmental point of
view, the highest CO, emission reductions and PES are achieved when these systems are
installed in apartment buildings with high primary energy consumption or CHP has to be
installed in order to provide heat to high efficient apartment buildings or several single
houses with a small heating network.

Table 1.6 — Reference buildings.

Single house Apartment building

- Before Before
Building type BBC | RT2005 | Average 1975 BBC [RT2005 |Average 1975
Primary energy
(KWh,/m?.year) 50 130 211 343 50 130 211 343
Area (m°) 120 1000
Heating and DHW load
(MWhlyear) 2.76 7.19 11.67 18.97 158 97 60 23
Electricity demand
(MWh,Jyear) 0.99 2.5 4.1 6.7 8.2 21.37 34.6 56.3
PES (%) 27 27 27 27 27 27 27 27
Primary energy with
LCHP (kKWhpe/mZ.year) 31.7 82.4 133.8 2175 | 317 82.4 134 217
CO, emissions
(kgCO,/m2.year) 10.12 | 26.31 42.70 69.4 10.12 | 26.31 4270 | 69.4
CO, emission saving (%)| 84 84 84 84 84 84 84 84
CO, emissions with
LCHP (kgCO,/mZ.year) 1.63 4.25 6.89 11.2 1.63 4.25 6.89 11.2
CO, emission avoided | 141851 26472 | 4207.2 | 6984 | 8490 | 22060 | 35810 |58200
(kgCOy/year)

Figure 1.13 shows the different full load operation hours depending on the nominal electrical
power output of the micro-CHP, the different types of buildings and their corresponding
surface areas. As mentioned before, a minimum of 4,000 hours of full load operation is
required to achieve an acceptable profitability of the micro-CHP system. For single houses,
micro-CHP is not feasible economically, even when the primary energy consumption is very
high since the maximum operating hours of the micro-CHP is about 2,600, which correspond
to levelized electricity price of 90 c€/kWhg (see Figure 1.10). Therefore, micro-CHP systems
are only economically feasible when installed in apartment buildings. Special care has to be
taken when dimensioning the micro-CHP system since if the system is oversized, it can
reduce the full load operation hours then increase the levelized electricity cost (i.e.:
apartment buildings with 130 kWh/m?.year with a micro-CHP system of 7 kWL, the levelized
electricity cost will be 75 c€/kWhy,).
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Figure 1.13 — Micro-CHP optimal power output.

Since the power output of the micro-CHP system represents a major impact on the
dimensioning of the storage system and its economical feasibility, an advanced analysis has
to be conducted to identify the optimum electrical power output and the heat storage volume
to seek the minimum payback period of the system. The electrical output will be directly
proportional to the thermal power output depending on the power to heat ratio of the micro-
CHP system selected.

4. Solar Biomass Organic Rankine Cycle system

From the analysis performed before, a micro-CHP system operating on renewable energies
(solar and biomass) shows different advantages compared to conventional heating systems.
In this section, a micro-CHP based on a Rankine cycle system operating on solar and
biomass energies will be represented with the different technical barriers that have to be
overcome to put this system in practical applications.

4.1 Micro CHP: Organic Rankine cycle

The Rankine cycle is a thermodynamic cycle using a phase-change working fluid dedicated
to electricity production in large power plant from heat (combustion gases; see Figure 1.14).
The Organic Rankine Cycle is a simple cycle and different working fluids are to be chosen
depending on the level of temperature.

The ideal Organic Rankine Cycle consists of the four following evolutions (see Figure 1.15):

1 — 2: Isochoric compression by the pump.

2 — 3: Constant pressure heat exchange in the boiler.

3 — 4: Isentropic expansion in the turbine.

5 —1: Constant pressure heat rejection in the condenser
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Figure 1.15 — T-S Diagram of an ideal Rankine
cycle.

Figure 1.14 — Rankine cycle Layout.

The working fluid enters the pump at state 1 as saturated liquid and is compressed to the
boiler operating pressure. The fluid enters the boiler as sub-cooled liquid at state 2 and
leaves the boiler as saturated vapor at state 3. Heat is transferred to the fluid at constant
pressure. The saturated vapor at state 3 enters the turbine where it expands isentropically
and produces work by rotating a shaft connected to an electric generator. The temperature
and the pressure of the fluid drop during this process at state 4, where it enters the
condenser. The fluid is condensed at constant pressure in the condenser, by rejecting the
heat to the cooling media. The fluid leaves the condenser as saturated liquid and then
enters the pump to complete the cycle. Some working fluids, especially wet fluids such as
water needs to be superheated to increase their thermodynamic efficiency and to reduce the
quantity of water droplet at the outlet of the turbine. This cycle is known as Hirn cycle and it
is mostly used when high expansion ratio occurs on the turbine.

4.1.1 Energy efficiency

The efficiency of the thermodynamic Rankine cycle (RC) is the ratio of the net work output
divided by the net heat input given by Eq. (1.14).

W Wur ine _W m
Moo =gt =— (1.14)
Qin Qboiler

The maximum cycle efficiency of the Rankine cycle depends directly on the temperature of
the source and sink temperatures. Carnot cycle is the ideal cycle that represents the higher
cycle efficiency between the defined source and sink temperatures.

— TC
Tcarnot _1_ﬁ (1.15)

The maximum temperature of the heat source T, depends on the type of energy source
(solar or biomass energy). The solar energy can produce heat with maximum temperature
of 1500°C [KALO04] with high concentration solar collectors. Otherwise to prevent the
complexity of the system and the high cost of the solar collectors, a low concentration ratio of
solar collectors is used that can operate with maximum temperature of 200°C. The biomass
source is more reliable in controlling the maximum temperature of the combustion since the
combustion of the wood-pellet stove occurs at higher temperature ~1100°C [NES04]. The
maximum operating temperature of the heat source will be fixed to 200°C even if the
available energy from the combustion of wood is slightly higher but this level of temeprature
has been fixed to maintain the operation of the system with two sources of energy (solar and
wood) in parallel and to limit the problems of high cost materials which have to withstand
higher thermal stresses in case of higher temeprature is considered .
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For the cold source, the minimum operating temperature for producing hot water is fixed at
65°C. The theoretical maximum cycle efficiency corresponding to a heat temperature of
200°C and a cold sink temperature of 65°C is 28.5%. However, in the real cycle,
irreversibilities occur in the different components of the systems. The real cycle efficiency
will be significantly lower than 28.5% due to the losses in the turbine, pump, boiler, and
condenser.

The total efficiency of the cycle will be the product of the real cycle efficiency by the thermal
efficiency of the solar collector or the wood boiler. The performance of the different
components of the systems will be analyzed in details in the different chapters of this thesis
to identify the most promising technologies of wood boiler, solar collector, and RC to operate
for combined heat and power production in residential or collective apartments.

4.2 Intermittent and non-intermittent renewable energies for micro CHP—-ORC
systems

Since the operation of micro-CHP systems with fossil fuel does not always represent a
reduction of CO, emissions, the integration of the renewable energy is a key issue to achieve
a significant reduction of CO, emissions compared to the conventional reference systems as
shown in previous sections.

The micro-CHP system operating with the RC represents a major advantage since the heat
input to the system can be delivered by several renewable energy sources available globally,
solar energy and biomass. The geothermal energy can represent another option but
depends on location.

The solar energy is one of the less used renewable energy. This energy represents the
advantage to be one of the cleanest energy and it is largely available but it is diluted. This
energy is available in the atmosphere as direct and diffusion irradiation to be able to absorb
this energy and produce heat with high quality (high temperature > 100°C); it has to be
concentrated with adapted technologies of solar collectors available on the market but with
high capital cost. On the other hand, the solar energy intensity varies strongly during the day
and represents a peak around noon. To fully meet the load demand in buildings with a
micro-CHP system operating only on solar energy, over-sizing of solar collectors and of the
storage system is necessary. This over-sizing of the two components will affect the total
capital cost of the system and it will not be necessarily profitable.

Due to these disadvantages discussed previously, a back-up source of energy is necessary
to maintain the operation of the system when no solar energy is available. This second
source of energy has to maintain the temperature of the heat source at the desirable
temperature to prevent the deterioration of the performance of the RC and to fulfill the heat
demand of buildings. Biomass energy represents a suitable solution for the back-up energy
source. A number of R&D works have been realized in order to improve energy efficiency of
large wood boilers. Wood-pellet boilers with thermal efficiency superior to 90% are
commercially available. A technical assessment of the different potential wood boilers will be
conducted in the future sections to identify the most suitable solution adapted for the micro-
CHP system operating with ORC.

5. Possible configuration of the solar biomass organic Rankine cycle

The system under study is described in Figure 1.16, and is composed of seven components
with to two circuits. The first circuit is the Rankine system as described in Section 4.1,
including a heat recovery heat exchanger (Hex). The advantages of this Recovery Hex will
be discussed in details in the following sections. The second circuit is the heat recovery
circuit (HRC) composed of a pump, solar collectors, and wood-pellet boiler with a heat
transfer fluid (HTF) circulating in this HRC. Three 3-way valves are integrated in the HRC.

Bernard AOUN -25- Ecole Des Mines de Paris



Chapter 1 — Micro-combined heat and power system for residential buildings

These valves are controlled to operate the system under several configurations. These
configurations are as follows:

1. Solar only generation, all the HTF passes through the solar collectors and valve n°3
bypasses the pellet boiler.

2. Biomass only generation, therefore valves 1 and 2 bypass the solar collectors and
HTF passes only through the pellet boiler.

3. The Dual solar and biomass operation. Therefore valves 1 and 2 are partially
opened to pass a fraction of the mass flow rate (MFR) of HTF through the solar
collectors; this MFR1 will be mixed at the outlet of the solar collectors with MFR2
coming directly from the pump to feed the pellet boiler. MFR1 is controlled
depending on the available solar energy.

A detailed analysis will be conducted to identify the best operating strategy between the
different operational modes in the following chapters.
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Figure 1.16 — Simplified flow sheet of the proposed SBORC-uCHP system.
6. Technical barriers

Micro-CHPs have the potential to make a significant improvement in primary energy savings
and CO, emission reductions. The main technical challenges facing the development of
these systems are summarized here below.

Working fluid: The selection of the working fluid is a key for the development of the RC
meeting all the environmental requirements and ensuring a high-energy performance.

Turbine design: The turbine should be capable of transforming efficiently the recovered
heat from the pellet boiler and the solar collectors into mechanical/electrical energy, over a
wide range of operation. The turbine operating range depends on the minimum and
maximum required heat loads. The turbine should be designed for a wide range of electrical
power outputs depending on the thermal heat needs, which vary widely with the type of
buildings (low or high insulation) and the surface area of the building.

Heat exchangers: They have to be designed in order to reach a high thermal efficiency with
a high degree of compactness to limit the volume of the micro-CHP systems and so prevent
the problems related to surface management.

Pellet boiler and solar collectors: The wood boiler and the solar collectors have to be
chosen at acceptable costs. Many commercialized solar collectors are suitable for low
temperature use. However, the need of solar collectors operating at medium temperature
(150°C — 200°C) is still a challenge to overcome. On the other hand, additional tunings are
necessary on pellet boilers that have been designed to operate at low temperature (90°C)
and so low pressures.
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7. Conclusions

In spite of large efforts made by the developed countries to improve the performance of the
building sector, high performance cogeneration systems based on renewable energies need
to be developed in order to decrease the primary energy consumption in this sector and
reduce the global warming effect due to carbon dioxide (CO;) emissions. Improvements of
micro-CHP systems are underway in order to improve their energy performance and
profitability.

Because of the large abundance of solar and biomass energies in the world, a specific
micro-scale solar wood CHP (SBORC-uCHP) system suitable for generation of electric
power and heat for residential building sector will be designed to fulfill all the heating demand
while all the generated electrical energy will be directly sent to the grid for economical
issues.

The electrical power output of the designed SBORC-uCHP ranges from 1 kW to 10 kW,
suitable for apartment buildings. The SBORC-uCHP should be properly designed in order to
ensure good performance (cycle efficiency), low capital, operating and maintenance costs.
A compact system has to be designed in order to facilitate its integration in different types of
buildings and to limit the heat losses to the surroundings.

The choice of the working fluid affects heavily the thermodynamic cycle and the selection
and design of the Rankine system. Therefore, in a first step, different working fluids will be
analyzed and the most promising fluids will be selected. Then, a technical assessment will
be carried out in order to identify the best available technologies to be used and the technical
barriers that must be overcome in order to use the Rankine cycle for combined heat and
power generation in the building sector.

The costs of the different components of the RC system have a major impact on the
profitability of the system. An optimum design of the different components will be carried out
focusing on the dimensioning of the solar collector surface area and the thermal power
output of the biomass boiler. Therefore, an optimization algorithm will be developed to
identify the optimum design for each working fluid.

A simulation of the micro-CHP system coupled to a building will be performed in the last
chapter to identify the effect of the solar collector surface area, the weather data, and the
thermal storage volume on the total operating hours of the micro-CHP and its effect on the
economical profitability of the system. The simulation will be carried for an apartment
building in different regions in France and with different levels of insulation.
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CHAPITRE 2 — Working Fluid for a Low-Temperature
Organic Rankine Cycle

Abstract

A micro Rankine cycle system using wood and solar energies for combined production of
electricity and thermal energy is studied. For low power output (< 10 kW), micro Rankine
cycle design and its energy performances depend strongly on the properties of the working
fluids. Organic fluids present many advantages compared to water for Rankine cycle
utilizing low-grade energy as heat input, and particularly for low power output. In this study,
the required characteristics of the “ideal” working fluid have been identified. Since such an
ideal fluid that fulfills all requirements does not exist, a screening method has been
developed to draw a list of the most suited working fluids for the specific application. The
screening procedure developed is composed of four different selection phases. The first
three phases depend mainly on environmental, safety, and performance criteria. However,
the last phase of the screening process requires the evaluation of the thermodynamic and
thermophysical properties effect of the working fluids on the design of the different Rankine
cycle components.

1. Introduction

In the last years, large efforts have been made to extend the market of micro-cogeneration
systems dedicated to produce heat and power for residential and small commercial
applications. Micro-cogeneration systems producing heat and power from fossil fuels have
been proposed because they could represent a higher global efficiency compared to the
conventional electrical production systems when the rejected heat from the Rankine system
is used at this low level of temperature and part of supply heat is transformed in electricity
through the Rankine system. Moreover micro-cogeneration systems operating on renewable
energies can represent an interesting option for sustainable and reliable electricity supply.

The conventional micro-cogeneration systems available on the market are based on such
technologies, such as Stirling and reciprocating engines [SIM06]. Researches have been
conducted in the last decades to promote the development of other micro-cogeneration
technologies based on Rankine cycle operating with organic fluids [FAC05, KANO3, NGUO01,
YAMO1], namely organic Rankine cycle (ORC). This technology offers the opportunity of
operating these micro engines with renewable energy.

The organic Rankine cycle is not a new concept and many investigations have been carried
out. Research was mainly focused on low-grade heat. Geothermal applications have been
investigated [SALO7] and organic working fluid for ORC such as alkanes, fluorinated
alkanes, ethers, and fluorinated ethers have been selected for operating temperatures
between 100°C (source) and 30°C (sink). Different cycle configurations have been studied
depending on the shape of the saturated vapor line in the T-S diagram. Borsukiewicz-
Gozdur [BORO07] proposed a method for increasing the power output of a geothermal power
plant based on ORC by increasing the flow of geothermal water supplied to the boiler by
means of returning the stream of geothermal water from downstream the boiler for a second
passage through it. Igbal et al. [IQB78] proposed a screening procedure to select
hydrocarbons for the geothermal binary power plants to quickly identify promising working
fluids. On the other hand, Hung [HUN97] shows that the slopes and the shapes of the
saturation vapor curve of the fluids have a primary effect on the performance and the
architecture of the ORC where the “isentropic” fluids seems to be the most suitable type of
working fluid for recovering low temperature waste heat.
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ORCs are represented also in waste heat applications. Hung [HUNO1] has shown that the
efficiency of the ORC depends on two main factors: working conditions of the cycle and
thermodynamic properties of the working fluids. Different working fluids have been
compared (Benzene, Toluene, p-Xylene, R-113, and R-123). Among these fluids p-Xylene
shows the highest efficiency while benzene shows the lowest. However, p-Xylene presents
the lowest irreversibilities when recovering high temperature waste heat, while R-113 and
R-123 present a better performance in recovering low-temperature waste heat. Wei [WEIO07]
conducted a performance analysis and optimization of an organic Rankine cycle system
using HFC-245fa as working fluid driven by exhaust heat to maximize its recovery in order to
improve the system output net power and efficiency. Angelino [ANGOO] investigated the use
of working fluids such as aromatic hydrocarbons, siloxane, and siloxane mixtures straight
chain hydrocarbons, and aromatic perfluorocarbons for waste heat recovery from molten
carbonate fuel cell plant. The performance of energy recovery cycles using different fluids is
evaluated by means of optimization software for different operating conditions and cycle
configurations. LIU [LIUO4] analyses the performance of several working fluids of ORC
adapted to waste heat applications. The study shows that the presence of hydrogen bond in
certain molecules, such as water, ammonia, and ethanol results in a negative slope of the
vapor saturation curve in the T-S diagram fluids due to larger vaporizing enthalpy, and is
regarded as inappropriate for ORC systems. Chen [CHEO6] has conducted a comparative
study of the CO, transcritical cycle with an organic Rankine cycle and using R-123 as
working fluid in waste heat recovery. Results show that the CO, transcritical cycle
represents a higher performance than R-123 when operating with low-grade waste heat.
Another application of using waste heat for micro turbines has been highlighted by [INVO0G6]
showing the potential of integrating on ORC bottoming cycle for enhancing the performance
of micro-turbines. A specific analysis has been conducted to select the most appropriate
fluid capable of satisfying both environmental and technical concerns. Mago [MAGO08]
shows the potential of using a regenerative ORC using dry organic fluids to convert waste
heat to power from low-grade heat sources. The different working fluids studied are R-113,
R-245ca, R-123, and isobutene. It was shown that using the regenerator represents a
higher thermal efficiency and lower irreversibilities. On the other hand, he has shown that
working fluids with high-boiling temperature present better energy performances than
working fluids with low-boiling temperature.

Many studies have been carried also to investigate electricity production from solar energy
via an ORC. Cong [CONO05] conducts a detail analysis for producing mechanical work by an
ORC operating on solar energy using R-123 or isobutane and the effect of the
thermodynamic properties of the two working fluids on the operating conditions. Yamaguchi
[YAMOG6] investigates the use of CO, to produce electricity from solar energy by using
vacuum solar collectors. A prototype has been designed and tested in Kyoto, Japan.
Mcmahan [MCMOQG6] investigates the use of ORC for electricity production by means of
compound parabolic collectors. The effect of the selection of working fluids and the
configuration of the ORC on the system performances have been discussed and an
additional economic optimization methodology for solar-thermal ORC power plants has been
presented.

Other applications have been promoted in the last years for producing power and heat from
solid biomass combustion; these power plants use ORC for cogeneration applications.
Dresher [DREOQ6] investigates the use of some organic fluids such as alkybenzenes for
power generation and he has identified their thermal efficiency depending on the maximum
operating temperature of the system. Marciniak [MAR81] conducts a comparison study of
seven working fluids (water, methanol, R-11, R-113, 2-methypyridine/H,O, Fluorinol 85, and
toluene) on the design of an ORC power system in the range of 600-2400 kW. The author
shows the disadvantage of using water as working fluid for operating temperatures below
371°C where it becomes less efficient and too expensive. However, other working fluids
such as organic compounds can be economically attractive at lower temperatures.
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Other work has been conducted in the field of hybrid vehicles where EIl Chammas [CHAO05]
shows the potential of integrating an ORC operating on the exhaust gas and cooling circuit
permitting to reach higher efficiency in heat conversion to generate electricity. The author
proves that dry organic fluids need not to be superheated since the cycle thermal efficiency
remains approximately constant when the inlet temperature of the turbine increases.
Different working fluids have been compared and three fluids (water, isopentane, and
R-245ca) have been selected as potential fluids for ORC onboard operating systems.

The different studies listed before analyze ORC working fluids for a specific application
without taking into account the diversity of parameters that affect the design of the ORC
main components. However, some authors as Badr [BAD85] have developed a screening
method for selecting a working fluid for Rankine cycle engine utilizing low-grade energy as
heat input. The proposed method has been established to identify the thermodynamic and
thermophysical properties effect of the working fluid on the design of the different
components. The screening criteria fixed by the author imposed the selection of three
principle fluids R-11, R-113, and R-114 from a list of sixty-eight working fluids. Nowadays,
the Montreal Protocol has banned these chlorinated fluids. However, this screening method
can be modified and used for organic working fluids such as HFC, alkanes, etc.

In this thesis, a list of potential working fluids is established and a selection method is
developed to identify a list of potential working fluids. In general, the screening method
depends on different criteria such as environment, safety, performance, and economic
issues. The method developed in this thesis will focus on the first three criteria in order to
select a working fluid environmentally friendly, representing no toxicity problems, and with
high thermody