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Nomenclature

Acronyms

ADEME Environment and Energy Management Agency

DIREN Regional Environment Directorates

CIDD Inter-ministerial Committee for Sustainalilevelopment

LCA Life Cycle Assessment

EMA Emergy Analysis

EF Ecological Footprint

EA Energy Analysis

EXxA Exergy Analysis

ICEC Industrial Cumulative Exergy Consumption

EEA Extended Exergy Accounting

UEVs Unit Emergy Values

IELR The industrial environmental loading ratio

EIR The emergy investment ratio

ELR The environmental loading ratio

BBC Batiment de basse consommation énergétique

LEB Low-Energy Building

BREEAM Building Research Environmental Assessnethod

LEED Leadership in Energy and Environmentaliges

EIS Emergy Index of Sustainability

GHG Green House Gases

NGO Non Governmental Organization

EYR Emergy Yield Ratio

ELR Environmental Loading Ratio

EIR Emergy Investment Ratio

ESI Emergy Index of Sustainability

RBR Recycle Benefit Ratio

RYR Recycle Yield Ratio

SEA Strategic Environmental Assesgme

EIA Environmental Impact Assessment

SFA Substance Flow Analysis

MFA Material Flow Accounting

IOA Input-Output Analysis
Variables

U Internal energy J

Q Heat J

W Work J

T Temperature K

G Gibbs free energy J

Py Rate of change of exergy with time W

@) Emergy seJ

Ex Exergy Output J

R Local renewable emergy seJ

N Local non-renewable emergy sed

F Purchased Input emergy sel

sel Solar Emjoule [

e Energy flow of pathway J
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Greek Letters
T
o

¥

Time

Amount of material to be recycled
Number of times of recycle
Additional emergy for recycle
Total initial emergy input

Emergy of product

Emergy of raw material

Emergy for refining

Emergy for transformation

Overall heat transfer coefficient

Transformity
Feedback flow
Correction factor

S
kg
[-]
sed
sel
sel
sel
sel
sed

WK

sed/Jd

[-]
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Extended Abstract in French

Cette these est intitulée Contribution a la théorie de I'éMergie : applitan au recyclage »
Elle est constituée, dans son corps principal, deapitres outre une introduction, une conclusion
et des annexes. Le présent résumé étendu focalidecteur sur les apports scientifiques
essentiels de cette thése et renvoie le lectetexae original pour les détails. Le présent résumé
n'a pas pour objectif I'exhaustivité mais de guidess lecteurs vers les contributions
significatives.

Dans ce résumé étendu, les numérotations des tableles équations et des figures sont celles duuscait
principal. Ce choix permet au lecteur de consetgermémes références dans I'ensemble de la thése.

Préliminaire

Une « énergie renouvelable » peut étre définie cernmme « source d’énergie » ayant un renouvellemeiffisamment rapide
pour étre considérée comme inépuisable a I'écheifeaine. Les énergies renouvelables sont le résldtahénoménes naturels
récurrents provoqués par les astres, principalefeeSoleil (rayonnement), mais aussi la Lune (nasida Terre (énergie
géothermique). De plus, le caractére « renouvebaldleine énergie dépend non seulement de la vitesaguelle la source « se
régénére », mais aussi de la vitesse a laqueiesilconsommée.

»= le bois n'est une énergie renouvelable que si ssaumation est inférieure ou égale a sa produdgan la sur-
exploitation de bois spéciaux induit la destructi@na ressource).

»= e pétrole ou le gaz naturel ne sont pas des @wrgienouvelables » car il faudrait des millioladées pour reformer
la quantité d’énergie fossile consommée actuellémen

» I'énergie nucléaire n'est pas une énergie renoblelear la réserve d’uranium disponible sur Testdimitée.

L’énergie solaire, I'énergie marémotrice, I'énerg@ienne et la géothermie sont les principalesgée® renouvelables. De plus,
par un mécanisme plus ou moins complexe, toutegnesgies renouvelables (sauf I'énergie marémotace pour origine
I'énergie nucléaire naturelle du soleil (par fusimrcléaire) ou de la Terre (par désintégration neliides roches de la crodte
terrestre).

Les énergies propres et renouvelables sont soyrésentées comme une solution au probléme du rfetrant climatique.
D’une part, cela supposerait un recours suffisa® éhergies renouvelables pour diminuer la consdimmabsolue (et non
relative) d’énergies fossiles. D’autre part, lesré@amies d’énergies et le recyclage sont aussimjesxemajeurs.

Cette thése propose de développer I'analyse éMgugsappliquée au recyclage.

Contribution a la théorie de I'éMergie : applicatiau recyclage 13
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1.0 Introduction

La notion de « développement durable » est de ptuplus répandde Dans la littérature,
différents modes d’analyse prennent en considérdtenvironnement, dans une acceptation
large de ce dernier terme. Ainsi, dans le chaditeection 1.1, la catégorisation de Wrisberg et
al., 2002 sans exhaustivité est reprise:

= Meéthodes procédurales :
0 Strategic Environmental AssessmgEA) cf (Roth et Eklund, 2002, Hojer et al.,
2008)
o Environmental Impacty Assessm@alA) cf (Therivel et al., 2005)

» Meéthodes analytiques :
0 Susbtance Flow Analys{SFA) cf (Roth et Eklund, 2002)
o Material Flow Analysis(MFA) cf (Ulgiati et al., 2003, Brunner et Rechger,
2004)
0 Input-Output Analysi$lOA) cf (Engstrom et al., 2007)
o Life Cycle Analysi¢LCA) cf (Guinee et al., 2001) ou (Baumann etriidin, 2005)

Dans la section 1.2, cing méthodes d’analysesqoéigiement pertinentes sont présentées :
analyse eXergétique, cf (Bejan et al., 1996, Szagal., 1988, Sciubba et al., 2003)
analyse du cycle de vie (LCA), cf (Burgess et Beemr2001, Ayres, 1995)

empreinte écologique, cf (Rees et Wackernagel,)1994

analyse éNergeétique, cf (Brown et Herendeen, 188&yford et al., 2006, Giampietro et
al., 1993, Kok et al., 2006)

5. analyse éMergétique

PwnhE

Baseée sur les principes de I'énergétique (Lotk&219945), de la théorie des systémes (von
Bertalanfly, 1968) et de I'écologie des systemedu®, 1967, 1975, 1996), l'analyse
emergétiqgue (EMA) est une technique analytique tjaéine permettant de déterminer la valeur
de ressources, de services et de produits sur w@menbase (Brown et Herendeen, 1996).
L’analyse éMergétique est basée sur I'hypothésetaute chose sur Terre peut étre exprimée en
terme de « contenu solaire équivalent », i.e. quellantité d’énergie serait il nécessaire si et
seulement si I'énergie solaire était 'unique eatpé

L’ éMergie d’'une ressource ou d’'un produit est définie envedinssant toutes les ressources
(matiéres premieres) et les entrées d’énergie Eodisrme de leurs équivalents énergétiques
solaires (solar energy unit, seJ), cf (Odum, 12960). Le résultat permet de définir la notion de
transformité, correspond a I'éMergie spécifique. La transfoénmieut étre exprimée par unité de
matiere ou d’énergie.

!Le développement durable est communément défininemin développement répondant aux besoins du préses
compromettre la capacité des générations futurespiendre aux leurs.

Contribution a la théorie de I'éMergie : applicatiau recyclage 14
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Rem : Le concept d’éMergie est présenté dans I‘ame

L’'analyse éMergétique est de plus en plus utilis@sddes applications variées : production
alimentaire (Maud, 2007, Rotolo et al., 2007), psscindustriel (Brown et McClanahan, 1996,
Min et Feng, 2008, Pulselli et al., 2008).

2.0 Algebre del’éMergie : réflexion

Les régles de calcul pour I'évaluation de I'émegpat désignées sous le nom de « algebre de
I'émergie », cf (Scienceman, 1987). Une explicatiétaillée de I'application de ces regles a été
donnée dans le chapitre 6 du livre de Odum, 1998. fiegles de l'algebre de I'émergie sont
établies comme suit :

REGLE 1 : pour un systéme a I'équilibre, tous les apporsndrgie dans un processus
de fabrication/conversion sont assignés aux sorties

REGLE 2 : quand une jonction existe et crée deux ou plusigares (de méme type),
I'entrée d'émergie est assignée a chaque voieosat@de son pourcentage massique (ou
énergétique) : la transformité (ou I'émergie spged) de chaque branche de la jonction
est identique.

REGLE 3 : pour un processus avec plus d'un produit, c.aet des « co-produits », la
totalité des entrée d"émergie du processus séettaés a chaque co-produittmergie
n’est donc pas une grandeur qui se conserve.

REGLE 4 : les entrées d’émergie d’'un systeme ne peuventtpas@mptée deux fois.
Ainsi, si une entrée, ou une rétroaction, d’un cosamt est dérivée de lui-méme, c.-a-d.,
si elle porte une émergie déja comptée dans I'éendrgcomposant, cette émergie n'est
pas comptée deux fois.

Rem : Une comparaison de l'application de ces regle calcul avec celles applicables dans
I'analyse de I'énergie cumulée a été développédBpawn et Herendeen (1996).

Dans la littérautre, les auteurs ne sont pas eoréaur I'expression de la regle Ainsi, Odum,
1996 écrit «all source emergy to a process is assigned to tbegsses’ outpus, Lazzaretto,
2009 propose the emergy assigned to the process output is équile sum of the emergies
associated with the process independent inputs et al., 2010 suggerenfot a system at steady
state, all the emergy inflows to a production assigned to the outptits

Le principal probleme des regles est qu’elles mg pas indépendantes, comme les principes de
la thermodynamique. La regledbit étre appliquée en lien avec notamment leerégl

Contribution a la théorie de I'éMergie : applicatiau recyclage 15
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En prenant la figure 2.1 de la thése, en appligleantgle 1 on obtient le contenu éMergétique
de la sortie comme étant la somme des enFé&dsS.

200 seJ F

[

Process Unit

1000 seJ
800 seJ )

Figure 2.1: Scheme showing the®irule of emergy

La regle 2peut amener a une représentation telle que prepdagés la figure 2.2 (avec une
jonction prise a 50%-50% pour chaque sortie).

100se) — F
—» 500 sed
S 4005;”» Process
Unit | > 500 sed

Figure 2.2: Scheme showing the"2rule of emergy

La figure 2.3 est un exemple d’application de lglgé3 (cumulant un co-produit et une jonction
sur I'une des branches du co-produit).

100 seJ F
350 seJ
M<
400 seJ
g —= 5 Process 500 ssJ 150 seJ
Unit ‘

Figure 2.3: Scheme showing therule of emergy

Sur cet exemple, il est déja possible de constaterla_régle In'est pas respectée dans ce cas.
Une des sorties a une valeur de 350 seJ, unelhfirseJ, et une derniere 500 seJ.

La regle 4ameéne des difficultés supplémentaires de calctila,figure 2.4.

Contribution a la théorie de I'éMergie : applicatiau recyclage 16
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100 ceJ
300 seJ

400 seJ A B > 200 e
500 sod

|
400 seJ + 3/5(100seJ) - 460 seJ

Figure 2.4: Scheme showing the"¥rule of emergy

Il est clair, des définitions et des illustratiooisdessus, que la régle dtoutes les sources
d'émergie a un processus sont assignés aux pra@ssduits», ne peut pas étre correcte sans
considération de la quatrieme regle. Dans le ces,sgstemes avec des rétroactions, toutes les
sources d'émergie ne sont pas assignées a ladwpm®cessus, notamment du fait des jonctions,
cf la figure 2.5 :

Figure 2.5: Scheme showing the effect of feedbaca a system

Cette difficulté ne donne pas a la régledd I'émergie une positionpkeine » par rapport a
d'autres principes scientifiques telles que leagpes de la thermodynamique dans lesquelles
chaque principe (ou loi) estpleine »

Rem: Cette traduction de la these demande une exiplicat
= Le premier principe de la thermodynamique s’apmigndépendamment du second
principe. Les résultats issus de I'application denmier principe ne sont pas contredits par
le second, ils sont préciseés.
= L’application de la régle 1 peut étre contredite lfspplication de la regle 4. Les régles se
completent mais s’interferent aussi, rendant I@ptieation parfois plus délicate.

L’'auteur de cette these propose de modifier laerdgbour en préciser I'application. Il reprend
des énoncés antérieurs et propose :

Contribution a la théorie de I'éMergie : applicatiau recyclage 17
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Original Definition-1:
All source Emergy to a process is assigned to tieed3s outpu(Odum, 2000).

)

All source Emergywithout feedbaclko a process is assigned to the process outpudi('red}
version).

Original Definition-2
The emergy assigned to the process output is @égqulaé sum of the emergies associated with the
process independent inpytsazzaretto, 2009).

(= )

The Emergy assigned to the process output is géquiile sum of the emergies associated with
the procesgrimary independent inputs (modified version).

Original Definition-3
For a system at steady state, all the emergy irdfltmaa production process are assigned to the
outputs(Li et al., 2010).

process are assigned to the outputs (modified @e)si

——

For a system at steady state, the emergy inflawisout feedback emergide a productiorﬂ

3.0 Notion de transformité : réflexion

Lors du colloque biennal sur I'éMergie en Floride 2010, une présentation sur l'usage des transfésna eté
effectué (Amponsah et LeCorre, 2010b). Dans lds®ét du chapitre 2, sont proposés les points dstede cette
présentation. L'accent est mis sur 2 aspects @skentla nécessité d’'une base de données avec imimom
d’hétérogénité tant spatiale que temporelle, epug/ant sur les travaux de Ulgiati et al., 2010.

En prenant comme exemple la production d’élecé&jda disparité des transformités est montre,
cf Tab 2.2.

Author (s) (\S/Zl]l;?)
Feng et al., 2009 1.60E+05
Paoli et al., 2008 1.74E+05
Meillaud et al., 2005 1.88E+05
Cavalett et al., 2006 2.69E+05
Pizzigallo et al., 2008 2.00E+05

Table 2.2: Transformity values for electricity in recent studies and their respective authors.
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La transformité est un concept central dans I'ss®lgmergétique. Bien que les valeurs de
transformité, calculées par Odum et son équipermoient, soient disponibles dans la littérature,
il peut paraitre important de revoir ces valeurs.

Une des principales critiques concernant l'anal¢seergétique est cette évaluation des
transformités qui réduit l'efficacité du conceps-aivis des décideurs notamment politiques.
Pourtant, convaincre de la pertinence permettriinalyse émergétique de trouver sa place avec
les autres méthodes d'évaluation traditionnellewml(yse du Cycle de Vie par exemple).

La section 2.4 reprend 14 critéres (cf tableau B&)essaires pour donner de la consistence
scientifique a I'analyse éMergétique.

Etude de cas : Production H

Afin de familariser avec le concept, un exemplecde a été réalisé, cf section 2.5. La productitwydtogene peut
étre réalisée a partir de différentes technologieanalyse éMergétique peut donc permettre de coempees
technologies et de déterminer celle mobilisant 8ns de ressources. Lors du colloque biennal 'éldrgie en
Floride en 2010, Amponsah et LeCorre, 2010a a s&aline telle étude. Il a comparé ces résultats &vec
bibliographie, cf le tableau 2.7 synthétisant ewail.

Du tableau 2.7, il est clair que la valeur calculigela transformité pour I'hydrogene par la
technologie Steam Methane Reforming (Amponsah, beC@010a*) est presque identique a
celle obtenue par Bargigli. Ceci s’explique pafde que les deux calculs ont été basés sur des
données tres semblables provenant de NREL (Joh&®@4). Cependant, une différence est
constatée par rapport & Feng et al., 2009, voiedal?.4 et 2.5 dans le cceur de la these.

Transformity Values

Author (s)
SMR (seJ/J) Electrolysis (seJ/J)
Bargigli et al., 2004 7,34E+04 2,18E+05
Feng et al., 2009 1,15E+05
Odum, 1996 1,10E+05
Brown, Ulgiati, 2004 1,39E+05
Amponsah, LeCorre, 2010a*  7,86E+04 3,45E+05

Table 2.7: Hydrogen transformity values in comparisn with other systems
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4.0 Etatdel'art: éMergie et recyclage

La gestion « soutenable » de flux de matiere sdyira différentes échelles environnementales
et vise a:

1. Réduire I'épuisement de ressources ;

2. Réduire les incidences sur I'environnement deréekibn et/ou de l'utilisation de matieres
premieres, telles que, non exclusivement, des seféstotoxiques, des changements
physico-chimiques, la disparition de la biodive¥sides effets alimentaires, et des
changements de paysage ;

3. Réduire I'évacuation des déchets.

Par conséquent, la sauvegardecdpital de la Nature et la réduction de la pression sur les
ressources (matieres premieres et fossiles) pe@tentréalisées en mettant en application une
stratégie de minimisation de rebut (voir figure)219 définition de la notion de « minimisation
de rebut » est un concept plus large que la préorediu gaspillage : elle inclut également des
mesures de gestion des déchets telle que la satibin (Jacobsen et Kristofferson, 2002) qui
impliguent fortement le recyclage de matériel efpdeduit. Gungor et Gupta, 1999 distinguent
ainsi :

1. Réutilisation : action effectuée pour rechercherdetenu matériel des produits désuets ;
exemple : les bricks de lait

2. Reé-usinage : action effectuée pour reconstituepdees de produits comme un nouveau
produit ; exemple : 'aluminum.

A

‘ Waste minimisation

Prevention
Reduction
at source
Re-use of
product

Quality
improvements |
Recycling

Energy

; recovey

Pre-
treatment

Preventive measures ‘ ‘ Waste management measures ‘

>
Figure 2.9. OECD working definition on waste minimization (Jacobsen et Kristofferson, 2002)

Malgré 'augmentation de la réutilisation largemehservée dans la plupart des pays de I'Union
européenne, la mise en décharge est toujours aipaie solution de traitement des déchets
(EEA, 2007). L'augmentation du recyclage est notantnnduite par des instruments politiques
tels que la directive d'empaquetage (EU, 1994pndidective de remblai (EU, 1999), ou des
reglements nationaux. La réutilisation est un cphcenportant lors du cycle de vie
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« écologique » des matériaux, dans lequel lespertda production d'un systeme est une entrée
d'un autre systeme. La réutilisation sert a amgliéit renforcer des processus de fabrication, et
fournit un multiplicateur aux ressources d'entriées systemes ne développant pas un cycle
complet des matériaux ne seront pas longtemps top@mals (Odum, 1996; Buranakarn, 1998).
L’analyse éMergétique a été largement appliqués téwvaluation des systémes écologiques, des
systemes énergétiques, et des incidences surtenegment des processus. La plupart des études
d'émergie ont été appliquées aux systemes éco-@oques.

= Ulgiati et Brown, 2002 ont proposé une méthode daser I'émergie pour eétudier
guantitativement les sous-produits d’absorptiodeetlilution d’'un processus.

= Ulgiati et al., 2004 observent que la valeur denbégie des « déchets » a un rdle dans la
partie terminale de la chaine du processus et pempodes maniéres d'expliquer ses
montants d'émergie pour éviter des erreurs, notarhaweniveau de la régle 4

= Bakshi, 2000 a présenté une méthode d'analyse mjienpur les systémes industriels, dans
lesquels le traitement des déchets est considésepértes sont non seulement manipulées
par une dilution en fin de cycle, mais égalementgmtechniques de rebut de réutilisation.

= Yang et al., 2003 ont proposé une nouvelle métltaiealyse d'émergie pour le traitement
des déchets. Si les pertes sont déchargées darisfmement, I'entrée fournie par la nature
pour leur réduction par lintermédiaire des progsssormaux devrait étre assignée au
produit principal. Cependant si des pertes soitéga et ré-introduites dans un processus de
fabrication comme matériel de remplacement ou tessQ seule I'émergie investie dans le
traitement et ré-utilisée dans le processus deeétadt assignée aux ressources réutilisées.
Cette proposition revient clairement a rompre aveda régle 1

Il est clair qu'au cours des années, plusieurschieears ont essayé d'employer la théorie de
I'émergie pour évaluer les déchets solides lora tegyclage.

Le principal intérét scientifique de cette thésedslaborer une méthode émergétique applicable
aux materiaux recyclés dans le respect des regllest souligné en préalable que les reghes
fixent pas le post-traitement. De nouveaux ratioséié introduits.

5.0 Analyse émergétique pour un processus avec recyclage

La principale référence de cette thése est le itralea Buranakarn, 1998, kvaluation of
recycling and reuse of buildings materials using #mergy analysis method », University of
Florida, PhD thesis

Buranakarn a considéré deux systemes agréges.

* Le premier systeme, cf la figure 3.9, consiste t&mib un produit en n’utilisant que des
matieres premiéres issues du sol, tout en mobilidanl’énergie, des biens et des
services pour cette production. Dans cet exemplenthtieres premieres sont raffinées,
transformées, employées et jetées. La soBreeprésente le flux des autres services,
marchandises et énergétique. Intrinsequement, deepsus du raffinage exige une
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entrée d'émergiedg). Le processus de transformation de la matieréeben produit
fini exige également des entrées d'émergig éous différentes formes (énergie, biens,
service).

En appliquant la régle, 'émergie du produit@p) est égale a la somme des émergies
mises en ceuvre dans son élaboration :

Op =0, +0: +O;

Fuels,

__________________________________________________________

' E B goods,
i ! services
1 1
1 1
1 1
1 1
1 1
1 1
1 1
i i
i i
i |
Om : OR OT E
Raw I ] : Op
material J A Refinery —>| Transformation — > Product
1 1
1 1
| |
1 1
1 1
i i
: e
R ]
v

Figure 3.9: Systéme agrégé sans recyclage

= Le second systéme, cf figure 3.10, est un systéeneblable mais comportant un
recyclage. La somme des émergies additionnellesedyclage pour les services, les
marchandises et les entrées de carburant est (@tgel'émergie du produitdp) est
alors la somme de I'émergie des matieres premé@rds toutes les entrées d'émergie
mobilisées pour obtenir le produit :

Op =0, +0g +Or +Oc

Cette équation est celle utilisée dans la bibliphgi@ mais est-ce bien en accord avec
les regles ?
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Fuels,

e T : | goods,
' L services
i . Oc Ke
! Recycling ! Recycling
E E material

Onm ! :
! Or !

Raw i Transformation o Product

. —_——————P
material J A Refinery | o

Figure 3.10 : Systéme agrégé avec recyclage

Le chemin de la matiére, lors de ses différentygalage, est présenté sur la figure 3.11. Le
raisonnement est établi pour produit unitaire .

Ingnat Product )
Oyt | — | Cip) at h3'J> Ho reeyeling (1at Caad)
R e
eldergy already « contained Opl)al) =y
el ergprecuired for curtent recycling g1y Cl) Op(T) at tl} Recycling onee (nd Case)
ellergy for o new »raw matetial — (1-qulf) oyl) 1

)

elergy already« containeds Orf1) o) A=

emerﬂr e quired for current re CYC]jng q@) Gﬂf?) [ Opf2) atty = Reryrling turine (Sl Case)
ellergy fore new »rawmaterial  (1-q@N Bf2) —— |

)
ellergy alteady « contamned s pf2) gi3) - l
ehdergy tequired for cutrent recycling i3 GeF) Op(Sal ts|_ Recyrlingthree times (4th C ase)
ellergy for o new w raw material (12 3D
w-" andsoon .

Figure 3.11 : Chemin de la matiére recyclée dans ervision émergétique
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» Lors de son extraction, son raffinage et sa prasrti@nsformation, le produit fini a une
émergie noté®p(0) égale a I'émergie initiale, notéx(0, éq (3.20).

G- (0)=G0) (3-20)

= Lors de son premier recyclage, il est imaginé ge’part, notéej, est recyclée. Cette
partq a donc pour transformi®p(0). Il faut introduire sur cette part une émergie &
la collecte (de cette matiere a recycler), a ladi@mation, noté®c(1). L'indice (1)
signifie : premier recyclage. Cette émergie intenviultérieurment a I'émergie initiale
Op(0). Il faut en plus extraire une matiere premiereregpondant 4-q(0), nécessitant
une émergie initiale corrspondant a la date dudegg, notéeO,(1). Il est ainsi
envisagé que les gisements s’épuisent et mobiliseet quantité d’émergie pour
I'extration et/ou le raffiage de plus en plus grand’équation 3.21 donne I'’émergie du
produit apres un recyclage :

0, ) =9@WO, ®+O ME-a®) +a@O, (0 (3-21)
Le schéma est ensuite itératif pour le secondsedldres recyclages.
0, (2 =90, +0 (2)(L-4(2) +a(2)0, 1) (3-23)

On peut déja noter que, sur cette description,digme d’'un produit recyclé a 100% est une
fonction strictement croissante. Il n'est pas passid’affecter une valeur d’émergie a un
produit entierement recyclé SANS précisé le nondlereecyclage.

La figure 3.12 correspond au cas général.

at)O,(t-1)
i
|
|
|
° |
qt)o.(t) | Time step for using the
ARMEN |
B | product
|
|
System i
A I

QO-q(t) 0. (1)

Figure 3.12 :Représentation des flux d’éMergie danie cas général d'un recyclage

Contribution a la théorie de I'éMergie : applicatiau recyclage 24



Nana Yaw Amponsah, September 2011 Extended French Abstract

En utilisant les notations introduites, on aboatitémergie d’'un produit contenant une part de
recyclage sous la forme :

Op () = a(®)O, (1) + O ()X -q(t)) + a(t)Op (t - 1) (3-26)

Considérons le cas particulier dans lequel les @ieerd’extraction, de transformation et de
recyclage seraient constantes et supposons ermgpiu$a part de produit recyclé est elle aussi
constante. Les équations (3.21-3.26) deviennent :

0. =0 +q0, (3-22)
0,(2)=0, +40, +9°0, (3-24)
OP (3) = Oi + qoc + qzoc + qsoc (3'25)
0, =0 +0,(q+q* +qg° +q* +..+..+q") (3-27)

=0 +qOC(1—qN)/(1—q) (3-28)

Ainsi donc, I'émergie d’un produit ayant sulirecyclages dépend explicitement du nombre de
fois qu'il a été recyclé. En outre, I'équation @)2résente une forme indéterminée pour 100%
de recyclage, ce résultat est assez intditif.figure 3.8 illustre 'augmentation d’émergie du
produit lors de chaque recyclage.

Transformity increase based on additional timeféeddback

Transformities (x

Time (t')

Figure 3.8 : Allure de I'émergie d’un produit en fonction de recyclage
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Dans les hypothéses considérées, il est possibigpdmer I'équation (3.28) en introduisant un
facteur, notéy 0} =0, +y¢ O,

@-q")

-q avecN supérieur ou égal a 1.

avecy =q

La figure 3.13 illustre des lors la transcriptiain gsthéma émergétique applicable pour les process
faisant intervenir du recyclage. Le comportementaditeury est tracé en fonction de la part et

du nombre de recyclage, cf figure 3.15.

System with its own memory

System

<
O

0, O,

Figure 3.13 : Introduction d'un facteur de correction {/
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124

109

100% recycling rate

y: correction factor

o
0 2 4 6 8 10 12

Number of recycles (N)

Figure 3.15 : Allure du facteury en fonction de la part et du nombre de recyclage

Comparons deux fractions de recyclage, 10% et 100%kmpact de ce facteur n'est pas
significatif lors du premier cycle de recyclage. p€edant, la difféerence devient
significativement grande en fonction du nombre eleyclages effectués. Il est important de
souligner cela : l'information cachée (le chemirdalmatiére recyclée) ne peut pas étre ignorée
dans une synthése d'émergie.

Pour des fraction de recyclages faibles, un corepmeht asymptotique est également observe :
cette observation indique que le facteur peut @éfeni seulement en fonction du nombre de
recyclages. En introduisasitl’écart entre deux cycles consécutifs, notés &4, on obtient :

&=y (d, N) -y (g, N-1) =q".

La fonctione est tracée sur la figure (3.16).
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100 ~
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Number of recycling (N) for asymptotic behaviour

0 T T T T T T T T T 1
0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

rate of recycling (q)

Figure 3.16 : Comportement asymptotique en fonctione la fraction recyclée

Ainsi, si on se fixe I'écart entre 2 cycles cong#stiet la précision désirée, le facteudevient
uniquement une fonction de la fraction recyclémpdifiant son utilisation.

6.0 Etude de cas
Réutilisation de quelgues matériaux de constructioghoisis(inspiré par Buranakarn, 1998)

Dans cette section, une étude de cas est préseligéeonsiste a effectuer une évaluation
d'émergie appliguée a quelques matériaux de catistny utilisés généralement dans l'industrie
du béatiment. Cette étude de cas est inspirée daiti@nduit par Buranakarn Vorasun.

Dans ce travail, I'émergie de 9 matieres employess la construction de béatiments a été
évalués: bois,

béton, ciment, brique d'argile, carreau de céraejiqu

verre,

acier,

plastique

aluminium.
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Pour chaque matieére, une émergie initiale (sanglage) a été évaluée en analysant les entrées
des ressources, de I'énergie, et du travail, & pld statistiques nationales annuelle pour chaque
filiere. Les filieres de recyclage ont aussi faibjet d'un travail identique.

(a) Evaluation du processus de réutilisation en actdans l'industrie de batiment

L'acier est parmi les matériaux les plus utiliseggalement les plus réutilisés dans I'économie
mondiale (Zhang et al., 2009), particulierementsdédndustrie du batiment. Dans cette industrie,
I'acier est facilement repris et réutilisé. La g@&ation de I'acier des batiments démolis est une
pratique courante et antique dans l'industrie sigggue. Un nouvel acier est souvent fait a partir
de la chute d’ancien acier, réduisant les incidesce I'environnement. Une comparaison entre la
filiere 100% recyclage et la filiere « brute »plration de réutilisation courante de la production
d'acier inoxydable représente une réduction de 6@l'énergie (Johnson et al., 2008). La
réutilisation de l'acier diminue également les &iniss de CQconsidérablement.

Les données pour cette étude de cas provienndattdése présentée par Buranakarn, 1998.

Emergy
Solar eng:‘;%/ per ur seJ/yr
Note Item Unitlyear Input Resouive
Conventional steel product

1 Pigiron g 4 53E+13 2,83E+09 1,28E+23
2 Natural gas J 317E+17 4,80E+04 1,52E+22
3 Other fuels J 2,80E+16 6,60E+04 1,85E+21
4 Electricity J 1,84E+17 1,74E+05 3,20E+22
5 Transportation ton-mile 7,50E+09 9,65E+11 7,24E+21
6 Labour $ 1,58E+09 1,20E+12 1,90E+21
7 Annual Yield g 4,49E+13 4,15E+09 1,86E+23

Tableau 3.1 : Table d'évaluation d'émergie pour laproduction conventionnelle de Il'acier par l'interméiaire du
processus de four d'arc électrique (données de Burakarn, 1998)

Le tableau 3.1 montre une situation sans recyclaga;d.=0; Oc=0 et en tant que tels
:0,(0)=0 (0) Cette évaluation d'émergie correspond a la proolucinnuelle aux USA. Dans

ce cas-ci, la somme de toutes les entrées d'énéogie, gaz naturel, d'autres carburants etc.)
basées sur leurs quantités annuelles respectivanee@valué, donne I'émergie du produit c.-a-
d. 1.86E+23selJ/yr et une transformité de 4.15Et)§se
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Solar emergy perur  Emergy
Note Item Unit/year Input Resou seJlJ sediyr
Material recycling and byproduct use steel product

1 Post consumer steels g 1,36E+13 2,83E+09 3,85E+22

2 Steel scrap or slag g 3,17E+13 2,83E+09 8,97E+22

3 Post consumer steel collection g 1,36E+13 2,51E+08 1B3,21

4 Post consumer steel separation g 1,36E+13 8,24E+06 2E42D

5 Natural gas J 3,17E+17 4, 80E+04 1,52E+22

6 Other fuels J 2,80E+16 6,60E+04 1,85E+21

7 Electricity J 1,84E+17 1,74E+05 3,20E+22

8 Transportation ton-mile 7,50E+09 9,65E+11 7,24E+21

9 Labour $ 1,58E+09 1,20E+12 1,90E+21
10 Annual Yield g 4,49E+13 4,24E+09 1,90E+23

Tableau 3.2 : Table d'évaluation d'émergie lors d’'a recyclage de l'acier par l'intermédiaire du procesus
de four d'arc électrique (données de Buranakarn, 198)

La différence principale entre les deux tables gmé&es, est 'émergie additionnelle requise pour
la collection et la séparation en acier pour lecgdg de reéutilisation (tableau 3.2). Ceci est
représenté par le point 3 et 4 sur le tableau @2 des transformités de 2.51E+8 sel/g et de
8.24E+6 selJ/g respectivement. Dans ce cas spéxifjda fraction recyclée, est indiquée comme

égale a 30%.

En utilisant I'équation (3.28) il est possible dender 'émergie du produit recyclé (I'acier dans
ce cas). Le tableau 3.3 présente les résultats gifféerents nombre de recyclages pour une

fraction de 30%.

O; 1,86E+23 sellyear

O, 1,17E+22 sellyear

q 0,3

Number of times of recycle (N) Correction facttf) ( YO, Op

0 0,00E+00 0,00E+00 1,86E+23
1 3,00E-01 3,50E+21 1,90E+23
2 3,90E-01 4,55E+21 1,91E+23
3 4,17E-01 4,87E+21 1,91E+23
4 4,25E-01 4,96E+21 1,91E+23
5 4,28E-01 4,99E+21 1,91E+23
6 4,28E-01 5,00E+21 1,91E+23
7 4,28E-01 5,00E+21 1,91E+23
8 4,29E-01 5,00E+21 1,91E+23
9 4,29E-01 5,00E+21 1,91E+23
10 4,29E-01 5,00E+21 1,91E+23

Tableau 3.3 : Résultats de la réutilisation contine de I'acier basée sur une fraction de recyclage 86%.

On observe qu'a 30% de recyclage d’acier, il y@aagtumulation progressive d'émergie.
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(b) Evaluation du processus de réutilisation en alinium

Les facteurs de correction ont été utilisés podcuber pour l'analyse émergétique pour
'aluminium recyclé. Le Tableau 34donne les résultats du processus conventionnkd et
Tableau 3.4b récapitule les résultats obtenus fmuies les valeurs d'émergie pour différents
recyclages.

Solar emergy per unit ~ Emergy

Note Item Unit/year Input Resource seJ/J sediyr
Conventional aluminium sheet production

Primary aluminium (ingot) g 4,17E+11 1,17E+10 4,88E+21
Electricity J 1,08E+15 1,74E+05 1,88E+20
Labour $ 2,09E+07 1,15E+12 2,40E+19
Annual Yield g 4,00E+11 1,27E+10 5,08E+21
Recycling Process

Used aluminium can g 2,29E+11 1,17E+10 2,68E+21
Primary aluminium (ingot) g 1,25E+11 1,17E+10 1,46E+21
Aluminium scrap g 6,25E+10 1,17E+10 7,31E+20
Used Al. can collection g 2,29E+11 2,51E+08 5,75E+19
Used Al. can separation g 2,29E+11 8,24E+06 1,89E+18
Electricity J 1,08E+15 1,74E+05 1,88E+20
Transport (Truck) ton-mile 2,82E+07 9,65E+11 2,72E+19
Labour $ 2,90E+07 1,15E+12 3,34E+19
Annual Yield g 4,00E+11 1,29E+10 5,16E+21

Tableau 3.4a : Résultats d'évaluation d'émergie deroduction en aluminium conventionnelle et de la
réutilisation des bidons en aluminium utilisés

(o} 5,10E+21 sellyear

O, 1,20E+20 sell/year

q 0,3

Number of times of recycle (N) Correction facttf) ( YO, Op

0 0,00E+00 0,00E+00 5,10E+21
1 3,00E-01 3,60E+19 5,14E+21
2 3,90E-01 4,68E+19 5,15E+21
3 4,17E-01 5,00E+19 5,15E+21
4 4,25E-01 5,10E+19 5,15E+21
5 4,28E-01 5,13E+19 5,15E+21
6 4,28E-01 5,14E+19 5,15E+21
7 4,28E-01 5,14E+19 5,15E+21
8 4,29E-01 5,14E+19 5,15E+21
9 4,29E-01 5,14E+19 5,15E+21
10 4,29E-01 5,14E+19 5,15E+21

Tableau 3.4b : Résultats d'émergie en fonction duambre de recyclages
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7.0 Discussion

Lors de la soumission d'un article EBcological Modeling,un reviewer indiqua que ce travail
« cassait » le lien entre eXergie et éMergie, @adéscription contenue dans I'équation (3.26).
La discussion ci-aprés vise a s’assurer que cefigation (3.26) n’'est pas « seulement »|un
paradoxe mathématique.

Il est important de rappeler que I'émergie estmBesure cumulative et ne tient pas compte de la
dépréciation (dans le temps). Il existe peu de oharus publiés établissant la dépendance entre
le temps et le concept d'émergie (Odum et Petedk®@®6 ; Tilley et Brown, 2006). Dans ces
deux articles, cf section 3.3, la dépréciation Yersvironnement n'est pas intégrée dans le calcul
de I'’émergie.

Concernant l'approche présentée dans cette thegmub arguer du fait qu'un produit semblable
pourrait avoir différentes transformités, ceciég&iht son histoire. Cependant, ce travail démontre
gue le lien entre éMergie et eXergie n’est pashfje

Ainsi, en prenant le premier principe de la thergm@inique, on a:

dUu =W, +XQ 0Umdu+udm:d\/v+d) (3.29)
ou U est I'énergie interne, le travalV et Q la chaleurecue.

Considérons le cas simple, de I'eau dans un rés@nésentant des déperditions thermique. Si on
veut que cette eau garde la méme énergie dispouiitde on doit ajouter de I'énergie externe

(dans un cas des pertes de chaledQlosfhSAT )). Supposons =0 sj on veut que la
températureT soit constante, on doit ajouter I'énergie (par wmvertisseur électrique, par

exemple)Qgtlﬁjc =~Qoss ce qui donne :
du = @g(ljedc + Qioss =0 (3.30)

On peut donc avoir une augmentation d'éMergie sdm@gement de l'eXergie du produit
considéré. Odum, 1996 a énonceé la premiere reglecaleuls d'éMergie comme : « toutes les
sources d'émergie nécessaires pour un produit assigjnées a ce dernier. » En tant que tel

Qadd doit &tre pris dans la valeur d'émergie de I'é&aud'autres termes, si un produit est sous une
dépréciation, pour garder le méme travail dispaniltile nous avons un « colt » a payer a la
Nature, mais

dEx= (1— T—Oj c,dT=0
T

cf exemple Dincer et Rosen, 2007, ppl17-19 pouu lams le réservoir. A cet égard, I'utilisation
d'un produit avec une dépréciation (dans le tenepg)me peuvent le connaitre les produits
recyclables nécessite une éMergie additionnells panr autant avoir un changement de valeur
eXergeétique.
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Conséquences

Plusieurs indices ont été développés et ont sevur ples évaluations d'émergie (Brown et
Ulgiati, 1997) :

* Recycle Benefit Ratio (RBR)

« Recycle Yield Ratio (RYR)

Néanmoins, ils ne sont pas adaptés puisque le ohdeila matiere au cours des différents
recyclages n’était pas réellement suivi.

Oc1,2,3_» (€ - '

<—

Q —_) Extraction [——» Transformatio _|_>O
12,3

DénotonsO; I'émergie « initiale », i.e. pour la matiere premiget la somme de I'émergie
d’extractionet de celle detransformation Ainsi O I'émergie « additionnelle » requise pour le
recyclage, c.-a-doc = Quse Maintenant distinguons la partie de I'economig (@énouvelable
(2) et non renouvelable (3). Avec cette notationaorait :

0 =0,+0,+0, (3.31)

0. =0, +0, +O, (3.32)

Le ratio EYR (emergy Yield ratio) se calcule comgtant le ratio entre I'émergie du produit
divisée par I'émergie fossile. Il est donc possitlétendre cette définition en fonction du
nombre de cycle. En notant la part de I'émergie remouvelable dans un produfd;), on
retouve Buranakarn, 1998; Brown et Buranakarn, 2003
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(Oil,z,s + qocl,z,s)
0 +q0 (3.33)
I G

(a) EYR =

Brown et Ulgiati, 1997 ont proposé un ratio prenamtcompte uniqguement la part additionnelle
lors du recyclage :

O
EYR =—%
(b) R 0 (3.34)

G

Sur la base de ces travaux, il est possible daidég ratio (en fonction du chemin parcouru, i.e.
le nombre de recyclage) sous la forme :

— (O' 12,3 +¢o‘31,2,3)

(c) EYR = ©. +40.) (3.35)
Iy G

En outre, les autres ratio ELR and EIR, NRR (Brawvbllgiati, 1997) peuvent aussi étre étendus.

Emergy Investment Ratio (EIR)

(O, +¢0,)
El = il G 3.36
" =10, +40,)+ (0, +40,) (850)
Environmental Loading Ratio (ELR)
(O, +¢0, ) + (O, +¢0,)
ELR, =— : : 3.3
T 0,440, 37

Sur la figure 3.22, les différents ratiB¥ R(EYR, EYR, EYR) ont été tracés pour du plastique.
Les ratiosEYR ou EYR sont indépendants du nombre de recyclage et partale recyclage, le
ratio EYR, dépend clairement de ces parametres. Ce ratiogpefomc de faire un choix pour 2
configurations différentes (ce que les précédatiss ne permettaient pas).
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Emergy Yield Ratio (EYR)

2 T T T T 1
0% 20% 40% 60% 80% 100%

Amount (fraction) of plastic recycled (q)

Fig. 3.22. Impact of plastic recycle on EYR

Application a une maison individuelle type «Batiment basse
consommation »

- Elément de contexte

Les termes « maison basse consommation » ou «maiéoergie positive » sont de plus en plus
frequemment utilisés en I'Europe : la protectionl'devironnement et des ressources sont des
themes d'actualité. Les batiments a « énergie teégduimpliquent la réduction d'utilisation de
combustible fossile tel que le pétrole, le gaz et dharbon, pour améliorer la partie
« développement soutenable », introduite dansdinminaire.

Il y a beaucoup d’aspects pour rendre un batimifichee d’'un point de vue énergétique :
a. isolation thermique élevée,
b. limitation des ponts thermiques,
c. obtention d’une bonne étanchéité a l'air,
d. installations techniques telles que la ventilatmécanique avec récupération de
chaleur.

Méme si l'efficacité énergétique est importantesaiaon principale des batiments est de donner
un bon confort intérieur, et un certain nombreudiés ont indiqué une relation significative entre
ventilation santé productivitélans les bureaux, les écoles et les logementse(dsohn et al.,
2006; Wargocki et Wyon, 2007). Dans la perspectieeconfort intérieur, il est également
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important d'éviter les problemes d'humidité dassclenstructions. Puisque le concept de maisons
a « énergie réduite » ou « passives » n'est pés légniveau des normes et des criteres précis
varient en Europe. Dans la jungle des définitiondes normes (voir figure 4.1), il est difficile
pour les fabricants de construire et de déveloplgsr systemes et/ou des unités de maisons a
énergie réduite conformes sur le marché européen.

Diverses études et exemples réels montrent quisanide haute performance, par exemple une
consommation d'énergie primaire en-dessous de 5B.rkpar an (incluant chauffage, eau
chaude, éclairage et ventilation), peut étre adaessar une conception appropriée d'architecture
combinée avec une haute isolation et une récupérttiermique. Cette derniére technologie est
particulierement impactée par les flux d'air aérav'enveloppe des batiment.

German
Passive
House
Denmark Switzerland France
Lo =110
W energy i
swssi o [MINERGIE |
v g eftinergia e
=50 hﬂfﬂ;
=35+1100A =41 EWhim® year coaling, E::ns::
EWhim® year EWh/m® year - mm s Passn
T = smargy conmsptioa for Lightmg
consamptian for consempsios for lllll]_ls,, I.li.lln?m:,ul —=
haxting, heating, coaling, domsstic
cooling, coaling, ventilation and aenligies & EWh/m® year
vuntibfion amd vemtslation. and hot waisr =uE.F_d
e ot watar +liakiing ik Mg
Fatio primary
wmergy | final
smargy fox
P
= e -
FINAL
ENERGY
PRIMARY ENERGY

Figure 4.1: Examples of national definitions useddr VLEB in DK, Switzerland, France and Germany.
(Source: Eriksen et al., 2009)

Le décret ministériel francais du 8 mai 2007 défides exigences normalisées pour la
construction des batiments Basse Consommation.eCeetddéfinit cing niveaux : La maison a
énergie réduite HPE, HPE EnR, THPE, THPE Erg? BBC. Un batiment basse consommation
(BBC) est un batiment qui respecte la loi francaipé spécifie que pour les nouvelles
constructions résidentielles, I'objectif de la aimsation maximale d'énergie primaire est fixé a
50 kWh/m 2 par an avec une modulation selon ddemégpt I'altitude.

2 HPE: Haute Performance Energétique; THPE: Tres téaRerformance Energétique ;HPE EnR: Haute
Performance Energétique Energies Renouvelables
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Maison BBC

Cette étude de cas est appliquée a un batimerguiypiorrespondant a la norme actuelle de
construction en France. Le batiment est situé §Jfisére) qui est une petite ville située a 30km
de Grenoble. La surface habitable considérée edb68ent. Un usage résidentiel est prévu. La
maison est composée d'un sous-sol, d'un rez-dessdalet d'un étage. La structure se compose
d'une armature de béton armé. Les murs sont fa@tpatpaings avec un platrage interne. Le
plafond de I'étage est couvert de laines minéradede toit de tuiles est recouvert de tuiles
d'argile. Les fenétres sont en double vitrage avesupport en aluminium.

Figure 4.4: View of the Low Energy Building — BBC bcated in France

Le logiciel PLEIADE/COMFIE, présenté en Annexe (ripet de réaliser des simulations
dynamiques du comportement des batiments. Il d&éupour prédire les performances en vue
de I'obtention de label énergétique.

Associé a ce logiciel, une application EQUER perdgetéaliser une analyse de cycle de vie.

Connaissant la composition et les quantités nécessa la construction, une analyse
émergétique (sans recyclage) a été effectuée symrstétisée dans le tableau 4.4 (ci-apres). Les

transformités utilisées sont issues de :
[a] Odum et al., 2000;
[b] Simoncini, 2006;
[c] Brown et Buranakarn, 2003;
[d] Meillaud et al., 2005;
[e] Odum et al., 1987;
[f] Odum, 1996;
[g] Brown et Arding, 1991;
[h] Bastianoni et al., 2005.
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1 2 3 5
. 3 3 i 4 6
Note Item Density (kg/’) Volume () Raw data Unit Solar emerav/unit (seJ/ur  Ref. Emera (seJ
Renewable Inputs
T Sun 6,19E+11 J 1,00E+00 2 6,19E+11
2 Eauutiisee 1000 614,52 6,15E+05 kg 4,80E+04 a 2,95E+10
Non Renewable Inputs
Plancher sous sol bas
3 Sol du sous sol 1500 5,1 7718 kg 1,81E+12 b 1,40E+16
4 Calcaire tendre n°2 1500 10 1544 kg 1,68E+09 f 2,50E+12
5  Béton lourd 2300 05 1183 kg 1,81E+12 b 2,14E+15
Plancher sous sol/rez
6  Hourdis de 16 en béton 1300 08 1071 kg 1,81E+12 b 1,94E+15
7. Béton lourd 2300 02 474 kg 1,81E+12 b 8,58E+14
8  Polyuréthane effisol 35 03 T kg 8,85E+12 c 9,57E+13
9 Morter 2000 03 618 kg 331E+12 c 2,05E+15
10  Carrelage 2300 0,1 118 kg 3,68E+12 c 4,36E+14
Mur béton branché 20 sous sol
11 Sol du sous sol 1500 52 7803 kg 1,81E+12 b 1,41E+16
12 Béton lourd 2300 1,0 2393 kg 1,81E+12 b 4,33E+15
Biomur 37 mur est ouest
13 Bois léger 500 02 110 kg 2,40E+12 f 2,64E+14
14 Fibre de bois bbc 40 06 23 kg 2.40E+12 f 5,64E+13
15 Brique biomur 37 741 28 2040 kg 3,68E+12 c 7,51E+15
16 Enduit a la chaux 1400 0.1 206 kg 3,29E+12 d 6,76E+14
mur liege
17 Panneau de liege 120 0,02 2 kg 2,40E+12 f 5,74E+12
18  Platre + cellulose 1200 0,02 2 kg 3,20E+12 d 7,87E+13
Biomur37 enduit
19  Enduit a la chaux 1400 0,1 73 kg 3,20E+12 d 2,41E+14
20  Brique biomur 37 741 1,0 727 kg 3,68E+12 c 2,67E+15
21 Enduit a la chaux 1400 0,1 73 kg 3,20E+12 d 2,41E+14
Parpaing enduit chaux
22 Enduit a la chaux 1400 0,01 14 kg 3,29E+12 d 4,68E+13
23 Parpaing de 20 1300 0,10 132 kg 1,81E+12 b 2,39E+14
24 Enduit a la chaux 1400 0,01 14 kg 3,20E+12 d 4 68E+13
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N;te |t:m Density (kg/m3) Volume (ms) Rawsdata Unit Solar emem\‘/l/unit (sed/ur sz_ Emerc?\ (sed
Mur bois seaux

25  Brique Porothermn 30 762 0,3 196 kg 3,68E+12 c 7,21E+14

26 Brique pleine de 10.5cm 1700 0,1 153 kg 3,68E+12 c 5,63E+14

27 Brique pleine de 10.5cm 1700 0,1 153 kg 3,68E+12 c 5,63E+14
Biomur 37 mur nord rez

28  Sol du sous sol 1500 18 2694 kg 1,81E+12 b 4,88E+15

29  Brique biomur 37 41 0,7 499 kg 3,68E+12 c 1,84E+15

30  Fibre de bois bbc 40 0,1 3 kg 2,40E+12 f 6,90E+12

31 Boisléger 500 0,1 27 kg 2,40E+12 f 6,4TE+13
Plancher intermédiaire

32 Enduit platre 1500 0,1 154 kg 3,29E+12 d 5,07E+14

33 Hourdis de 12 en béton 1300 0,6 802 kg 1,81E+12 b 1,45E+15

34 Béton lourd 2300 0,2 473 kg 1,81E+12 b 8,56E+14

35  Polystyréne extrudé 35 0,3 1" kg 8,85E+12 c 9,55E+13

36 Mortier 2000 0,3 514 kg 3,31E+12 c 1,70E+15

37  Carrelage 2300 0,1 118 kg 3,68E+12 c 4,35E+14
Cloison fermacell

38  Platre + cellulose 1200 0,1 74 kg 3,29E+12 d 2,44E+14

39 Fibre de bois bbc 40 0,5 20 kg 2,40E+12 b 4,75E+13

40  Platre + cellulose 1200 0,1 74 kg 3,29E+12 d 2,44E+14
Beton

41 Béton cellulaire 600 600 0,1 73 kg 1,81E+12 b 1,33E+14
Toiture combles

42 Terre cuite 1900 0,1 153 kg 1,68E+09 b 2,57E+11

43 Lame dair>1.3cm 1 0,0 0,04 kg 6,97E+12 a 2,80E+11

44 Fibre de bois bbc 40 0,5 19 kg 2,40E+12 b 4,63E+13

45  Panneau de particule bois 800 0,1 43 kg 2,40E+12 b 1,03E+14
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Table 4.4(Continued)

1 2 3 5
. 3 3 ; 4 6
Note ltem Density (kgim’) Volume () Raw data Unt Solar emerav/unit (seJ/ur  Ref, Emeran (sed
Toiture étage
46 Terre cuite 1900 0,1 165 kg 1,68E+09 b 2,78E+11
47  Lamedair>1.3cm 1 0,0 0,04 kg 6,97E+12 a 3,03E+11
48  Fibre de bois bbc 40 05 21 kg 2,40E+12 b 5,01E+13
49  Bois léger 800 0,1 46 kg 2,40E+12 b 1,11E+14
50  Porte bois intérieure 750 0,06 48 kg 2,40E+12 b 1,15E+14
60  Porte fenetre MINCO double 2700 0,03 82 kg 2,13E+13 c 1,74E+15
vitrage 4,16,4 argon
61  Vitrage argon 4,16,4 MINCO 2700 0,02 44 kg 14ME+12 e 6,18E+13
62  Porte bois extérieur 750 0,06 41 kg 2,40E+12 b 9,91E+13
63  Portail métallic 7874 0,01 48 kg 8,55E+08 a 4,12E+10
64  Systeme de drainage (PVC) 171 kg 9,86E+12 c 1,69E+15
65  Escalier (bois) 300 kg 2,40E+12 b 7,20E+14
Purchased Inputs
66  Fuel (Transports) 1,74E+08 J 1,13E+05 h 1,96E+13

Energie consommée (Electricity use on site)

67  Nuclear (78%) 8,88E+05 J 2,00E+05 g 1,78E+11
68  Hydro (14%) 1,59E+05 J 8,00E+04 a 1,28E+10
69 Gaz (4%) 4,56E+04 J 4,80E+04 a 2,19E+09
70 Charbon (4%) 4,56E+04 J 4,00E+04 a 1,82E+09
Total emergy for building
manufacturing 7,11E+16

En reprenant les travaux réalisés au chapitre &stipossible de calculer le raiY R, pour des
briques (figures 4.16). D’autres matieres recy@abbnt été analysées et les résultats sont
présentés dans I'annexe B.
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Effect of amount recycled on EYR
3,450E+03 -
3,350E+03 -
E 32506403 -
o
E 3,150E+03 —o— 1st Recycle
2 3,050E+03 - =l 2nd Recycle
2
3 2050E403 - 3rd Recycle
g —>— 4th Recycle
w 2850E+03 -
—¥— 5th Recycle
2,750E+03 -
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Amount of material recycled (q)

Figure 4.16: Effect of recycled bricks usage on EYRf building

Sur un cas concret, il est donc possible de complaex maisons avec comme objectif de
minimiserEYRy par exemple (les calculs sont présentés dansdianD).
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8.0 Conclusion et perspectives

Le but de cette thése est d’améliorer I'applicatienl'analyse émergétique aux sytémes utilisant
des matériaux recyclés. Ce travail présente defitates avec Patten, 1995. La compréhension
de I'application de I'émergie, lors de recyclags, une nécessité pressante, en partie parce que
peu d'auteurs I'ont sérieusement considérée. @etse réalisée a I'Ecole des Mines, Nantes, a
été principalement conduite sur la base des trasaivants :

1. Ulgiati, S., Raugei M., Bargigli S., 2004. Dottitlge I's and Crossing the T's of Emergy
Synthesis: Material Flows, Information and Memorgp&cts, and Performance Indicators,
Proceedings from the Third Biennial Emergy EvaluatResearch Conference, Gainesville,
Florida.

2. Buranakan, V., 1998. Evaluation of recycling anaseeof building materials using the
emergy evaluation method, a Ph.D dissertation, @t of Architecture, University of
Florida, Gainesville, FL.

L’émergie d'un produit contenant une part de reagel sous la forme sS’exprime, a temps
discret :

O, ()= q(t)O, (1) + O ()X -q(t)) + at)Op (t -1 (3-26)

Dans les hypothéeses considérées, il est possibipdmer I'équation (3.28) en introduisant un
_ 4N

facteur, notéy :Op =0 +y O, avecy :anqq) avecN supérieur ou égal a 1.

Sur la base de ces travaux, il est possible deidég ratio (en fonction du chemin parcouru, i.e.
lenombre de recyclage) sous la forme :

(Oi123 +w 123)
EYR =—= 2 (3.35)
(Oi1 +¢Ocl)
En outre, les autres ratio ELR and EIR, NRR (Brawbllgiati, 1997) peuvent aussi étre étendu.
E Investment Ratio (EIFEIR, = (9, £49,) (3.36)
mergy Investment Ratio = :
¥ (O, +¢0,) +(O, +¢0.)
Envi tal Loading Ratio (ELFELR, = (©, +40,)* (6, +40,) (3.37)
nvironmental Loading Ratio = :
(G, +¢0,)

Le lien entre éMergie et eXergie n’est pas « cas$#eux produits peuvent avoir le méme contenu
eXergetique et un contenu éMergétique différent.aPalogie avec 'énoncé de CARNOT, lors d'un

recyclage il y a un prix éMergétique a payer. Lesveaux indicateurs dépendent du nombre de
recyclage et de la part recyclé. lls permettentdore comparaison entre deux solutions techniques.
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"Renewable energy" can be defined as a "sourcenefgg" with sufficient rapid natural replenishmectnsidered as

inexhaustible. This kind of energy is as a restfeourring natural phenomena caused by the stamly the sun (radiation), but
also the moon (tides) and the Earth (geothermaiggieln addition, the nature of renewable energgsinot only depend on the
speed at which the source is regenerated and isipgeh but also the speed at which it is consumaidlynby human activities.

e timber or wood is considered a renewable sour@nefgy if its consumption is less than or equalst@roduction (as
such, the over exploitation of timber speciallyunds the destruction of the resource).

¢ oil or natural gas are not "renewables" as it watalke millions of years to replenish the amounfassil energy
consumed today.

¢ nuclear energy is not a renewable energy sincsupply of uranium currently available on the Eastfar limited.

Solar energy, tidal energy, wind energy and geathtenergy are the main sources of renewable enbr@ddition, by a more
or less complex mechanism, all sources of renewaiézgy (except tidal energy) are derived fromnbwiral nuclear energy
from the sun (by nuclear fusion) or from the Edlti the natural disintegration of the rocks of &aeth’s crust).

Clean and renewable energies are often presentadsalsition to the problem of global warming. Hoeewthe success of this
solution would require an efficient strategy to @bgely reduce (not relative) the consumption afsibfuels. On the other hand,
energy saving and recycling are also major isswég tconsidered.

This thesis proposes to develop emergy analysilsegipo recycling.
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Context

More than half of global energy has been consumedtie last two decades since the industrial
revolution, despite advances in efficiency andanability (Omer, 2007)As world populations
grow, many faster than the average 2%, the neechéoe and more energy is exacerbated. This
is shown in Figure 1. This exerts enormous amo@iptessure on local energy demands. France
for instance, uses a tremendous amount of enesgyurees annually for comfort, transportation,
and industrial production.

Much of these raw resources (e.g. fossil fuels) lsarmore efficient in its use if recycling is
encouraged. Currently (as of 2008), France is ¢gersd highest in Europe in the consumption of
primary energy (EIA, 2008) whilst it produces I#isan half of what it uses. A certain amount of
this energy is even still wasted due to a varidtinefficiencies, poor practices and inadequate
information to make choices or decisions. Sinceeatgr portion of its primary energy is not
from renewable sources, it poses a greater riskst@nvironment and raises questions of
sustainability. As limits to the unrestricted usesnergy and resources have been felt in the last
two decades, increased attention has been dravtheto wise use: efficiency in the use of
resources and increase potential for recycle amndereof these resources. This has posed
important challenges to the scientific community providing efficient but reliable tools to
evaluate these targets (Ness et al., 2006).
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Figure 1: Annual and estimated world population andenergy demand (source: Omer, 2007)

Figure 2 clearly demonstrates the increase in gn@gpurce consumption which occurs in each
passing year. Many individuals and organizationgehaoiced out their concerns that unless
corrective measures are undertaken, difficultiesildrdoe encountered in providing energy for
future needs. Energy security, economic growth endronment protection are the national
energy policy drivers of any country of the world.
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Technological progress has dramatically changedvtiréd in a variety of ways. It has, however,
also led to developments, e.g., environmental prab] which threaten man and nature. Build-up
of carbon dioxide and other GHGs is leading to glolwarming with unpredictable but
potentially catastrophic consequences.
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Figure 2: Total Primary energy consumption in Fran@ (source: EIA, 2008)

When fossil fuels burn, they emit toxic pollutartket damage the environment and people’s
health with over 700,000 deaths resulting each, yeanording to the World Bank review of 2000
(Omer, 2010). At the current rate of usage, takiig consideration population increases and
higher consumption of energy by developing cousjral resources, natural gas and uranium
will be depleted within a few decades.

France has taken up this challenge and has beeroving its energy consumption for a
considerable number of years now. However, thestilisnore room for improvement. Options
for solving the problem of providing sufficient egg resources for future needs are to stretch
supplies through better utilization and also taéase its potential for recycling. Both approaches
must be used. The first of these options meritgogerconsideration. A great and largely
untapped potential for stretching energy resouesgsts through improvements in the ways they
are utilized. The challenge then is to become nemergy efficient and more environmentally
conscious with a much greater responsibility of #melogical system upon which the human
built systems largely depend on. This leads toatlditional option of creating appropriate tools
to assist in handling the challenges.
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Sustainable Development — The Challenge for France

Sustainable development is a new form of developmaich integrates the production process
with resource preservation and environmental erdraeat (Campbell et al., 2006). The world
today faces double challenges of resource deplatoihpopulation expansion. France, like most
other industrialized countries, only developed geawenvironmental policies in the last quarter
of a century. However, it was one of the first cioi@s to set up a Ministry for the Protection of
Nature and the Environment. France’s environmepaity between 1970 and 1998 was mainly
concerned with establishing regulations and speeidl institutions for the recovery and
elimination of waste products (1976), air qualiyp81) and energy management (1982). Since
1990, these institutions have been brought togeéthttre Environment and Energy Management
Agency (ADEME). France’s policy also led to the ption of a National Environment Plan in
1990, which brought about the first sweeping refafrthe environmental administration and,
more specifically, the creation of 26 Regional Eamment Directorates (DIRENS) in 1991. The
accent has been on sustainable development sild& 2@h the drafting of a national strategy.
This led to a proposal for a constitutional chaderthe environment, implementation of water,
nature, landscape and pollution policies, alondhvpitevention and risk management policies,
increases in capacities for environmental assedsamehsocial and economic analysis, as well as
international action. The national sustainable tgweent policy is supervised by an
Interministerial Committee for Sustainable Develemin(CIDD), which was set up in 2003 and
is chaired by the Prime Minister. It has taken oWee tasks of three earlier bodies: the
Interministerial Environment Committee, the Intemmterial Commission on Greenhouse Effects
and the Interministerial Committee on the Prevenitd Major Natural Hazards (CIDD press
release, 2008).

According to Omer, 2007, a great challenge facheydlobal community today is to make the

industrial economy more like the biosphere, thatdsnake it a more curvy-closed system. This
would then save energy, reduce waste and pollusiod,reduce costs. In short, it would enhance
sustainability.

Action

To meet these challenges, appropriate methodsots td evaluating production systems are
necessary to guarantee continuous energy supplyeaadyy security without impairing the
environment. The awareness of the internationatadii@r and the complexity of environmental
problems and the needed mitigation efforts hasri§¢akeholders in various situations want
more information in this field. This has led toianreased need for tools to promote learning and
give decision-support, providing knowledge thategenvironmental discussions more weight
and focus.

Methods of energy evaluation

Several of these environmental systems evaluatols thave become available and accessible
over the years. These tools facilitate the assessofeenvironmental impacts and/or natural
resource use caused by the system studied thraumgd sort of analysis. The system studied may
be a product, a service, an economy or a projeenyVbf these tools are under continuous
development and still more or less unstandardigechetimes making it difficult to keep up with
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the latest methodology. Tools such as exergy adoayrenergy analysis, life cycle assessment
and emergy (spelled with an ‘M’) analysis, haverbdeveloped in the last thirty years to assess
the sustainability of the production process. Thesas are grounded in systems analysis
principles as an approach to understanding howezi&srin the system interact. For example, in
recent years, Life Cycle Assessment (LCA) has eateggs an important tool for environmental
impact assessment. LCA focuses primarily on thdrenmental impact of emissions and non-
renewable energy inputs. In other words, it considee impact of all processes in the respective
system in a product’s life cycle, from extractidrtlve natural resource to the use and disposal of
the product. However, although LCA has a very catgplimpact assessment technique, it
ignores ecosystem services and products, andrthkerésult of its analysis depends on subjective
evaluation (Ulgiati et al., 2005). As such, it doed account for other factors such as ecological
inputs and economic aspects (Liu et al., 2008) stndy results are often difficult to compare
(Fava et al., 1991).

An ideal method or tool for this purpose should sidar ecological inputs and impact of
emissions as well as all existing aspects of bgsires usual and, moreover, should allow
comparison between ecological and economic vasafimau, 2002). Ecological inputs should
also be taken into account since ignoring them sigyificantly underestimate the real cost of an
item.

Scope of this study

As an important part of social production, indwdtgroduction is of significant concern due to its
great contribution to economy, its use of resousares the load this resource use places on the
biosphere. Sustainable development of industrigtesys requires optimum use of available
resources for maximum power output. Clearly, ihézessary that insight be gained concerning
the interplay of industry and environment to helprove industrial comprehensive performance.
Traditional emergy synthesis approach, as a systethod (Odum, 1996) is often used in natural
ecological systems and economical systems thandustrial systems. For example, it seldom
considers the impact of wastes as there is almoswvaste in general in a natural ecological
system. This is because the waste of one life-isrosually the food of another life-form which
eradicates pollution since all waste is assimilated evolved by the environment. However, this
is not the case in industrial systems. Yang et28l03 introduced an improved emergy analysis
method that can effectively consider waste impadndustrial systems. This thesis focuses on
the application of the emergy evaluation methoohdlustrial recycling.

The continuous developments of tools to consideglabal inputs led to emergy. Emergy is
defined as the sum of the available energy of ané jpreviously required directly and indirectly
through input pathways to make a product or sen{fodum, 2000). The theoretical and
conceptual basis for the emergy methodology ismpled in thermodynamics and general system
theory. A comprehensive overview is presented aptér 2 of this thesis. Evolution of the theory
during the past 30 years was documented by OduEmuironmental Accounting (1996) and in
the volume edited by Hall titled Maximum Power (@guL995).
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Figure 2: Emergy flows from the biosphere supportte functioning of local systems (Lagerberg, 1999)

As shown in figure 2, emergy flows from the biosgheupport the function of local systems.
Emergy overcomes the obstacles of energy qualitiientraditional energy analysis method and
unifies different kinds of energy into the sametuAs such, in practice, the use of emergy as a
guantitative measure, allows comparison acrossathgp materials, energies and processes that
are not usually directly comparable (Brown and Bligi2004) As such, its use is wider and
covers all sectors of an economy. This method assesdustrial systems based on the
fundamental factors involving:

* Technology: how the systems turns resources irddyats (efficiency)

» Territory: how the investigated system interactgie local environment
* Economy: putting values (price, labor) on resousrss products

* Global environment: issues of sustainability.

By evaluating complex systems using emergy methdus, major inputs from the human

economy and those coming from the environment widod often not considered in other
traditional environmental system analysis tools barnintegrated to analyze questions of public
policy and environmental management holistically.
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Objective of this work

In recent times, there has been a strong call deease efficiency in the use of resources and
increase potential for recycle and reuse of ressuat all the different levels of society. Several
methods have been employed to evaluate recycleers#® benefits for different materials and
processes. Most of the previous studies have fdcoseghe application of LCA with quite a few
on emergy evaluations. Some authors (Pizzigallal.e2008; Hau, 2002; Liu et al., 2008) have
also considered a combination of both methods, wvpiesents a rather complex procedure due
to the methodological differences between emergy BEA. Gradually, emergy is gaining
grounds as a competitive tool for environmentaltesysevaluations. However, it is still in its
infancy (especially in France) with many issuesesolved.

This work focuses on one major issue, that is, fiacéve way of accounting for recycle
pathways in systems within the emergy frameworladiédpts the emergy method of analysis to
industrial recycling practices as a measure ofingsthe consistency of the rules of emergy
evaluation. It proposes additional parameters fonsweration in recycling systems under
emergy evaluation and seeks to further extend thergy evaluation indices to give a clearer
picture of the ‘real’ benefits in recycling. An dggation is conducted with different case studies.
For example, a case study is presented of a bgildinvhich the effects of material recycle and
reuse is evaluated.

Structure of the thesis
The thesis is organized in 5 different chapters.

* A comprehensive description and review of the waienvironmental systems analysis
tools is presented in chapter 1. Methods such a&, IExergy Analysis, and Embodied
Energy Analysis are described. A comparison is dramongst the major tools, where
differences and similarities are clearly spelt autdiscussion on the conceptual theory
with its relation with fundamental thermodynamisgliscussed.

* In chapter 2, the emergy theory is comprehensix@hsited. Emergy accounting is here
proposed as the assessment methodology for efeatisessments and evaluations. The
application background to industrial systems isoalliscussed. The main areas
considered, include: Problems linked to the appboaof emergy to the evaluation of
technological industrial processes.

* In chapter 3, the effect of different time scalesg do feedback flows on the emergy
evaluation procedure is considered. A theoretiedidis established and a set of new
modified indices are proposed. This is looked arendosely to industrial recycling,
where a proposed correction factor to aid in sualcutations is presented. A set of
equations are presented to aid in such calculations

* In Chapter 4, the proposed models and conceptapked to evaluate a typical case
study: applied to evaluate some building and cacittn materials recycle in buildings
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» Chapter 5 concludes with a discussion of a comparnid the results to other assessment
tools like LCA, points out aspects that might bepioved in the future, possible
integration with other methods and a general petsgefor further research.

Chapter 1
Comprehensive overview of the major
environmental system analysis tools

Chapter 2
Detailed review of the emergy theory

Chapter 3
Various propositions on recycling models —
(transformity correction factor; reset module

Chapter 4
A case study — application to a building

Chapter 5
Conclusions and perspectives
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This chapter presents a comprehensive overviesoofe of the major environmental
systems analysis tools. These include: Exergy Aisal{fExA), Life Cycle Analysis (LCA),
Ecological Footprint (EF), Energy Analysis (EA) aBdergy Analysis (EMA). These tools have
not been selected and reviewed based on its ofdemportance, but based on the author’s view
of the most commonly used ones. The relevancesoftapter is to demonstrate the need for a
continuous development of the methods, includimgektensions, additions, corrections and
reformulations of these methods over the past years

1.1 Environmental Systems Analysis

As mentioned in the introduction, the introductiohthe term ‘sustainability’ set the
agenda for research into evaluating and quantifying=rom that time, researchers began
continuous attempts to develop and induce assessmethods to achieve this aim. Many were
then able to not only evaluate systems on econdmasis but also from its social and
environmental visual angle. This became a very mamd step especially for companies,
governments and even individuals.

The increasing importance of considering envirortiadeaspects within a company’s decisions
demands a broader scope in management accountogn&nagement accounting should enable
management to integrate environmental issues meodecision-making process (Orbach and
Liedtke, 1998). Estimating and accounting for tlests of environmental impacts is a rapidly
evolving area of management, accounting, and feamtowever, much greater input from
ecological and environmental scientists and comalfile research are both needed to improve the
quality of these cost estimates. Although in ifsaunty, environmental accounting is increasingly
recognized as essential. As more resources ardatetm this aspect of accounting, it definitely
becomes a more powerful and effective tool to inaprpolicy development, management, and
consumer decision making. The Internet has madedhech for needed information on health,
social, and environmental costs much easier; an@$®usinesses, trade groups, and various
agencies and departments are using these new cesolar better environmental accounting.
Although there is still much to be done in accoogtfor true costs, even today reports can be
prepared and costs can be estimated. This imprevedtonmental accounting enables an

% Several definitions of sustainable developmentehaeen put forth, including the following commoneon
development that meets the needs of the presembuticompromising the ability of future generatidgasneet their
own needs (Bruntland, 1987).
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organization and its stakeholders to more compmeEhely evaluate the organization’s
performance using both economic and environmen&dsures and to make improvements that
reduce risks and wastes, eliminate unwanted casts,provide new opportunities for adding
value. Environmental accounting can more accuratégntify true costs by clarifying the
environmental impacts caused by material acquisismd processing, manufacturing, sales,
distribution, use, maintenance, and disposal.tteelp companies and organizations to develop
innovative solutions to change resource use amdiredte resource constraints, meet regulatory
requirements, and avoid ecological crises. It ckwo @rovide consumers with the additional
information they need to make more informed purcitashoices. While a growing number of
‘tools’* are now available to facilitate environmental agting, much remains to be done to
make them more useful, inclusive, effective, acieyrand user friendly.

Systems are by definition a group of parts whiegh@nnected and work together. The placement
of a system’s boundary is related to its complexliye greater the scale of analysis, the more
complex becomes the system. These system analysak bpart its constituents in order to
understand the overall behavior. Several methodedogre used to evaluate the material and
energy requirements of these systems. Among suib &we exergy analysis, embodied energy
analysis, life cycle analysis and emergy analy§lsese tools are commonly applied with the
purpose of evaluating environmental impacts, systefficiency, or resources management in
different fields of production. Moberg, 1999 stedlidifferent environmental system analysis
tools. The choice of a particular tool to be emplbyn a specific case depends on lots of factors.
These factors could be determined based on ansamall factors. These factors may include,
knowing the overall purpose of the evaluation, wthatresults is intended to be used for etc. The
overall purpose describes the main reason for ¢éiveldpment of the tool. This can be described
as communication or decision-support. The aim o tbhrmer is to provide others with
information, while the latter advices the user ipexative or strategic decision situations
(Baumann and Cowell, 1998). In some cases the parpmay also be more of learning nature,
not directly supporting decisions. Another factorlte considered is the extent of the system
boundaries. Regarding the temporal boundaries,taadean either look at a snapshot in time, or
several snapshots leading to a series conveyirgrgss/change. Some tools look at a lifetime of
a product or process or rather the lifetime of rtheipacts. Spatial boundaries can be the
boundaries of a country or town; it can also benawies surrounding a section in a production
chain and the boundary between nature and the haysiam.

There are other tools (e.g. Strategic Environmefsslessment, SEA and Environmental Impact
Assessment, EIA) which are categorized as procethwbs (Wrisberg et al., 2002). These tools
focus on procedures to guide the process, in cetntoaanalytical tools, which model systems
quantitatively or qualitatively. However, procedutaols can include a number of different
analytical tools such as Substance Flow AnalysisAjSMaterial Flow Analysis (MFA), Input-
Output Analysis (I0A), and Life Cycle Analysis angst others.

4 Udo de Haes et al., 2000 stated that the termsbould be kept apart from the term concept, whidhtes to
general principles, such as Industrial Ecology, Badmann and Cowell, 1999 reserved the term conaspd for
environmental management, for an idea to achiewamability. The latter authors also defined toaks “an
approach that typically consists of a systematip-4ty-step procedure and a mathematical model” rf2awn and
Cowell, 1999, p. 111). Furthermore, Udo de Haed.eR000 divided tools into analytical tools andgedural tools.
The analytical tools were described as principatigsisting of mathematical models and correspontederm tool
as defined by Baumann and Cowell, 1999.
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It is important to consider the various strengthd weaknesses of each tool. Each of the methods
has its own proponents and such people always wwaldt to persuade the other that their
method is the best one on system sustainabilitlysisaBelow is a summary of some of these
tools not presented in detail in this study.

SEA (Strategic Environmental Assessmei#t) a comprehensive process of evaluating
environmental impacts of policies, plans and progrdRoth and Eklund, 2002). Although SEA
has traditionally often been portrayed as the ioni of an impact report, in later years it has
become increasingly considered to be a decisiopatprocess that should run in parallel with
the decision-making process and influence it inrategic way so that SEA becomes a part of
decision-making rather than just a tool to asséeste of decisions (Hojer et al., 2008). One
significant setback of SEA is that although SEAs, ar theory, future-oriented, the analysis is in
practice often static and does not account for geann the evolving world within which the
strategic decision alternatives will be implemented

EIA (Environmental Impact Assessmeist)a process by which information on environmental
impacts of a specific project is collected (Therieeal., 2005).

SFA (Substance Flow Analysis)used to model the material stocks and flowa slibstance.
This procedure connects the human generated sebstanthe technosphere to its occurrence in
the environment (Roth and Eklund, 2002).

Material Flow Accounting (MFA)s based on the calculation of input-output mas®s and
calculation of the mass of the by-products relegsdinit of main product. A careful accounting
of mass flows provides a good description of thecpss, which can be further used for all
environmental, energy and economic evaluationsiétilgt al., 2003).

The difference between SFA and MFA is mostly spedifby the difference between the

definition of a substance and material. A substasclefined as a single type of matter consisting
of uniform units such as atoms or molecules. A nwtdowever, represents both goods and
substances, and is used when one either does notavspecify the levels of analysis, or include
both substances and goods in the analysis (BriamteRechberger, 2004).

Input-Output Analysis (IOA)s the method that describes the flow of goods serdices from
different sectors of the economy. The environmeh®A uses emission factors in order to
calculate total emissions from the production (Erays et al., 2007).

However, some tools are recently in greater ushge tthers. The next section introduces in
detail these various tools and looks at the adgmstand disadvantages of its use.

1.2 Environmental System Asessment tools

Just the thought of building a system would reqgameevaluation tool to help one choose the best
path or method. Even after systems have been dreai® implemented, it is still necessary to
evaluate their performance and consider how impnareés could be made, especially in answer
to the increasing challenges promoted by regulatModels that can help decision makers
toward such goals are systems assessment toaisipfesntroduction and comparison on five of
these methods are presented in the next sectidregins with Exergy Analysis (ExA), Life
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Cycle Analysis (LCA) which is obviously the mostnemon and widely used method, Ecological
Footprint (EF), Energy Analysis and Emergy Analysis

1.2.1 Exergy Analysis

Exergy analysis is based upon the second law ofmibdynamics, which stipulates that all
macroscopic processes are irreversible. The examnglysis method is a technique based on the
concept of exergy, which is loosely defined as a&vemal measure of the work potential or
quality of different forms of energy in relation &ogiven environment. It has been widely used to
identify and eliminate thermodynamic imperfectimighermal processes (Szargut et al., 1988).
It has also been used in Ecosystem Theory and Gcalomodeling, to determine levels of
organization of self-organized systems (Jorgenk2®5). An exergy balance applied to a process
or a whole plant reveals how much of the usablekvwpaotential, or exergy, supplied as the input
to the system under consideration has been cons(@mettievably lost) by the process (Kotas,
1985).

Exergy analysis is typically applied at the scdléhe process or equipment, and does not account
for the exergy consumed in earlier processes. Bxanglysis indicates how far a system deviates
from its theoretical potential to do work. The nmehs useful to locate and quantify losses of
energy quality in processes. This helps to optintiee use of resources with respect to their
quality, in order to use energy more efficientlyanprocess or in the society as a whole. To
estimate the total exergy input that is used imaalyction process it is necessary to take all the
different inflows of exergy to the process into @aat. It is this type of budgeting which is often
termed as exergy analysis.

Wall, 2010 identifies three different methods usedoerform an Exergy Analysis: a process
analysis, a statistical analysis or an input-ougmalysis. Process analysis which is focused on in
this thesis, see Fig. (1.2) focuses on a partiqulacess or sequence of processes for making a
specific final commodity. It evaluates the totakeyy use by summing the contributions from all
the individual inputs, in a more or less detailedatiption of the production chain. It excludes
services and support facilities, such as machingnge they are not part of the material and
energy inputs to the production process. Severs¢scavith numerical examples are given in
literature (Szargut et al., 1988; Ahern, 1990; Aara and Sciubba, 1995; Bejan et al., 1996;
Sciubba and Ulgiati, 2005). According to Sciubbalket 2003 the basic procedure in a typical
exergy analysis involves:

1) Defining the control volume to which the analysisto be applied. This volume must
include the immediate surroundings of the system.

2) Drawing a detailed flow chart of the system undensideration, paying particular
attention to the proper level of aggregation atohhthe representation is made. Sciubba et
al., 2003 add that an excessive disaggregation @ much detail) requires more
extensive calculations and demands for very detaibga, often not available in practice.
However, a rather low disaggregation would possiéad to formulation of assumptions
that may detract from the reliability of the anadys

3) Constructing a data (or use an existing one) of dbmponents chosen to represent
individual processes. For each process, identidgnmng and out flowing fluxes of mass
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and energy, separating where possible ‘necesseaoyi faccessory’ inputs and ‘useful
products’ from ‘secondary’ and ‘by-products’.

4) ldentifying the thermodynamic state of all fluxesd quantifies their relevant properties
(temperature, pressure, enthalpy, entropy, comniposiand concentration, chemical
potentials, etc.)

5) Performing an exergy balance of each componentitapate the exergy destruction and
extend to the system level.

6) Computing the relevant efficiencies and exergaigtis
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1 1 1
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Figure 1.1: Levels of an exergy process analysis @i, 2010)

An exergy analysis offers useful insights for th@rect assessment of the process itself. It
identifies and quantifies the sources of irreveligih and allows for an immediate comparison of
different process structures. Furthermore, it ptesia clear indication of the resource-to-end-use
matching, thus allowing for a more proper resowaltzcation.

Its inability to account for externalities thoughits its usefulness for a broader picture (Sciubba
and Ulgiati, 2005). Exergy analysis has been us¢ehsively for identifying inefficiencies and
opportunities for saving energy in industrial sysse Exergy is a very useful concept and
provides information only about the current stdtéhe system and its future ability to do work.
However, it does not provide any information abth& thermodynamic history or life cycle of
the product or service, which is especially reléveam environmentally conscious decision-
making.

Various extensions of exergy analysis such as mdusCumulative Exergy Consumption
(ICEC) analysis (Szargut et al., 1988) and Execge@€A (Cornelissen and Hirs, 1997) have
been developed in the past to analyze industrisiesys. ICEC analysis considers cumulative
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exergy consumption in the industrial links of a gwotion chain, and has a strong basis in
engineering thermodynamics. Similarly Extended ByeAccounting (EEA) proposed by
Sciubba determines cumulative exergy consumptiesocated with not only raw material inputs
but also labor and capital inputs and non-energediernalities (Sciubba, 2001). However, all the
aforementioned exergy based methods ignore theilootion of ecosystems, and the impact of
emissions.

In conclusion, exergy analysis is performed infiekl of industrial ecology to use energy more
efficiently. The great advantage of Exergy caldolad over energy calculations is that Exergy
calculation pinpoints exactly where the real lossggear in processes, which is the most useful
point in order to make the necessary changes irnptbeess to improve its sustainability by
reducing the Exergy consumption.

1.2.2 Life Cycle Analysis (LCA)

Following the energy crisis of the 1970s methods &malyzing energy requirements in
production processes were developed. LCA was dpedlan parallel and influenced by these
energy focused approaches. LCA is an ISO-standatdimethodology for inventorying the
material and energy inputs and emissions assocwatbdeach stage of a product or service life
cycle and translating this inventory data in tewhsesource dependencies (Guinee et al., 2001,
Baumann and Tillman, 2005).

The tool has become very popular in the last dedadanalyze environmental problems
associated with the production, use and disposaaycling of products or product systems. The
technique is being standardized and adopted by roarporations to obtain more holistic and
complete information about the impact of their prad and processes on the environment. Every
product is assumed to be divided into three mafa fprocesses’ (or from ‘cradle to grave’)
which includes: Production, Use and Disposal oycleg (see Fig. 1.2) i.e. from raw material
acquisition to eventual product and waste disposal.

Production Use Dlsposle.ll or
recydling
the product ‘gets fivac
life’ the product ives the product ‘dies’

Figure 1.2: The life cycle ‘from cradle to grave’

This analysis tool (LCA) has many uses, such asigirtg a means to systematically compare
inputs and outputs of two products or processegstist in guiding the development of new
products; to provide information to decision makens industry, government, and non-
governmental organizations amongst several otliteis based on the concept that, all stages of
the life of a material generate environmental intpacaw materials extraction, processing,
intermediate materials manufacture, product manufac installation, operation and
maintenance, removal, recycling, reuse, or dispd3al every ‘life process’ the total inflow and
outflow of energy and material is computed makihgeary similar to exergy analysis. LCAs
consist of three main stages: inventory analysmgaict assessment, and improvement analysis.
The inventory analysis involves defining the LCAfmurpose, boundary conditions, and
assumptions and data collection. The impact arsmlggige of an LCA takes these data and
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systematically quantifies the resulting environna¢imhpacts. Thus, the LCA methodology yields
numerical results that allow for direct, analyticaimparison between the resulting impacts of the
systems under study. Finally, the improvement aisistage of the life cycle assessment is using
the result3 of the study to determine ways in which the precesproduct under investigation
can be improved. Table 1.1 presents the methoddtogis use.

Phase Step Description

Goal Definition Goal definition To define goals of the analysis
and Scoping
Scoping To set up the system boundaries and
functional unit

Inventory Recording To collect information and data, refine

Analysis the system boundaries, and validate
the data

Allocation To allocate inputs and by-products to

main product and co-products

Impact Classification To assign the inventory nput and
Assessment output data to potential environmental
impacts

Characterization To combine different stressor-impact
relationships  mnto  a  comumon
framework

Valuation To assign weighting factors to the
different impact categories

Improvement Interpretation To identify the ecological weaknesses
and potential improvements

Prevention Activities To analyze the improved situation

Table 1.1: General Methodology of LCA

« Goal definition and Scoping

Scoping or defining the scope of the LCA considtsatting the limits of the assessment. In this
step, which processes is included in the study@ded. It is important to choose a feasible and
realistic system. The larger the system is the mmeplex and expensive it becomes.
Complexity and costs arise mainly from collectirgtal More information requires more time
and money and not necessarily is available. Onother side, excluding processes drives to
oversimplified systems and underestimated restilig. guidelines suggest excluding processes
where no data is available or whose contributiornassions to the environment is negligible
when compared to others. Very often, transportatbrinputs is ignored in the LCA study.
Defining a functional unit is another objectivetbé scoping step. This functional unit should be

® It is worth to note that depending on the funcgiomnits (or reference units) chosen for the LCA thsults of the
study can change a lot. Thus the specifics of @aciable should be considered with regards to tmpgse of the
study performed.
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measurable and clearly defined. All inputs and otg@re referred to this unit. In this way, there
is a reference level for comparison of many prosluct

* Inventory Analysis

This consists of collecting all data and informatiaf each process included in the LCA study,
refining the system boundaries, and validatingdat. This step often requires the most effort
since a lot of considerations have to be kept indnrhe data can be site specific for a company
or an area, or can be more general. It also cagubétative or quantitative. The kind of data
chosen depends on the goal of the LCA study. Famgie:

- When the purpose is comparing two specific systdikes,two companies that produce tires
for cars, quantitative and site specific data ftbecompanies is necessary.

- When the purpose is comparison of two general itiesy like growing corn and sugarcane in
any place of the world, quantitative but not sipedfic data is necessary. In this case, the
sources of the data could come from public databas@ven different countries. Obtaining
quantitative data is very often limited by its dshility. However, some LCA goals might not
need quantitative data.

The performance of the LCA strongly depends onr#wrding step, which is a part of the
inventory stage. Data that is obsolete or comas frery different places might not give reliable
results. Consequently, compatibility of the dataasy important. Refining the system boundaries
is also part of this step. Once the data is obthiseme unit processes included in the system
might turn to be irrelevant and others that ardusled may be indispensable. A common reason
for excluding a process is that its data is unabéd. Sensitivity analyses are repeatedly done to
determine whether it is critical or not to includeexclude a unit. A similar scenario applies for
inclusion and exclusion of material flows in thestgm. The validation of data has to be carried
on before proceeding to the next step. Mass andggngalances must agree with the final
datasheet. Disagreement is very common after ¢wiedata from different sources.

* Allocation: Most processes are multi-input and multi-output.the case of more than an
output analyzed, the main product refers to theispar output of interest. Outputs different
from the main product with a positive market vatéue called co-products. The outputs with
negative or neutral market value are called by-petal Pollutants emitted to the environment
and wastes are then by-products. When there aprathucts in a unit process, then inputs
and byproducts need to be allocated, meaning tfracaon of them has to be assigned to the
main product and co-products through some rulespdisted out by Maillefer et al., 1996,
“to perform allocation in the right way is one dfet biggest difficulties of life cycle
inventories.”

* Impact Assessmenthis involves assigning the inventory input andpotitdata to potential
environmental impacts. This step requires consideracientific knowledge for linking the
output data to its impact. Since an output canrdmute to more than one impact category,
special care has to be taken to avoid double.

e Characterization Characterization is the process of combining #féect of different
substances on the same category of environmentphdin For example, what the
environmental impact of methane is in equivalefitsaobon dioxide.
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e Valuation: Valuation is the process of assigning weightingtdesc to the different impact
categories based on their perceived relative impod as set by social consensus. For
example, an assessor or some international ordamizanight choose to regard ozone
depletion impact to be twice as important as theach of loss of visibility, and apply
weighting factors to the normalized impacts acaughji.

* Improvementinterpretation and prevention activities systenadiycidentify, qualify, check,
and evaluate information from the results of theeitory analysis and impact assessment. It
is the phase that often receives less attentionthism phase, extensive sensitivity and
uncertainty analyses should be carried on.

= Major Issues and Shortcomings of LCA

Shortcomings of LCA have been motivation of mamgcdssions and publications. Burgess and
Brennan, 2001 offer a concise and complete reviédwthese problems. Many of these
shortcomings are not associated only with LCA, touany approach that expands the scope of
the unit under study to include other relevantsuoit activities. Many of the problems that now
face LCA are characteristic of this concept of ablehlt is important to identify them for two
main reasons.

The first reason is that the solution to some eséhproblems may be found in other approaches.

The second reason is that some problems, like Xample development of database, can be
solved in collaboration with the other approachesany case, even if avoiding the use of LCA,
these problems still come up in any other appro&etting the boundaries of the system can be a
problem. ldeally, all units involved directly ordmectly in the production chain should be
included. However, including more units in the systinvolves collecting more data, spending
more money and increasing the complexity of theesys Besides, often some units play a less
important role than others and therefore they mioghéxcluded without affecting the results.

Allocation has been one of the most discussedcditfes in LCA. Allocation is a consequence of
breaking down a network in subsystems. Decidingcation becomes critical when two systems
with strong interaction are studied. Then, the subé allocation chosen for the LCA of one
subsystem can strongly affect the results of tirerotPhysical parameters have generally been
discredited for not being able to represent theneguc reality. According to Stromberg et al.,
1997 and Huppes and Schneider, 1994, economic eélpmducts should be used as a basis for
allocation because they justify the existence @f ittdustrial activity. In Lee et al., 1995 the
major difficulty in assigning monetary values toseéanmental costs is that it is difficult to place
causality on environmental effects. In generalrghe no agreement on which allocation method
to use. Guinee et al., 1993 have proposed to agpigitivity analyses to all significant allocation
methods in future case studies.

Another difficulty is obtaining quantitative datahigh is very often limited by its availability.
The performance of the LCA strongly depends omgunedity of the data. Data that is too old, too
sparse, too averaged may not be trustworthy. Thes @i collecting data can increase at a level
where it is not feasible to run a LCA. It is somas possible to reduce these costs by using
general publicly available databases. To get somed gquality data requires working in
collaboration with the suppliers, distributors,.eBther situation is that the data obtained does
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not include some emissions or streams that areidsmesl unimportant. Therefore, collecting
such data often leads to inconsistencies like gisaf@ance or creation of mass and energy. In
such cases, LCA has no utility if physical dataisng with respect to critical pollutants. Ayres,
1995 argues that most of the recent literaturedeswn developing or finding an acceptable way
to model environmental impact, i.e. to select, estd and compare different categories. Seldom
one alternative is clearly preferable than othéngy just vary from one category to another.
Heiskanen, 2000 points out that LCA’s results magfagse rather than enlighten the managers
and therefore could make decision-making harder.

Moreover, LCA focuses mostly on the emissions fiodustrial processes and their impact and
on consumption of nonrenewable resources. It doass account for the contribution of
ecosystems to industrial activity.

= LCA as a decision making tool

Schaltegger, 1997 argues that from an economict @bimiew, today’s LCA provides a small
potential benefit given the high probability of potially wrong decisions (because they are
based on background inventory, unrepresentatiwe, doality and aggregated data) and high
costs. Moreover, Heinskaken, 2000 questions whéiGér's results may be used to alleviate the
pressure by spreading the impact to share it vaghbroader system, instead of creating a sense
of responsibility. Other point of criticism in LCA that the methodology makes the user think
that it could influence environmental aspects agtgheir own organization, when in reality, the
range of influence or decision- making potentiallimited to the physical constraints of its
organization. In general, the use of LCA as a dacismaking tool is questionable given the
facts that it can rarely point to the best techgwial choice and does not consider economic
aspects. Moreover, LCA does not offer a compatibbey to assist traditional cost-benefit
analysis for decision-making. Huppes et al., 128Gues that the “main option for expanding the
domain of LCA seems to be in the combined analysenvironmental effects and costs”.

1.2.3 Ecological Footprint Analysis

The most widely used indicator of carrying capaaityecent times is the Ecological Footprint
(EF) analysis methods developed by Rees and Waalielin1994. EF analysis is an accounting
tool that estimates the resource consumption arstewassimilation requirements of a defined
human population or economy in terms of a corredpmnproductive land area (Wackernagel
and Rees, 1996). An Ecological Footprint is cal@daby inventorying the material and energy
flows required to support a given population onaigt and re-expressing these flows as area of
productive land required to furnish the requisgeaurces and absorb a subset of the resultant
wastes (Wackernagel and Rees, 1996). The indithésefore provides a measure of resource
dependency expressed in a common currency, whiohbeaused to compare performance
between systems both spatially and temporally (Wadgel et al., 2004). Complete ecological
footprint analysis would include both the direchdarequirements and indirect effects of all
forms of material and energy consumption. It allavsumulative approach to impact analysis.
Ecological footprint method calculates the land-uisglications of consumption-related resource
flows and waste sinks required to support a systwma population, that is translating
consumption into land areas, and simply, consumpigoseparated into five major categories:
food, housing, transportation, consumer goods andces. Basicaly, comparison and analysis
on systems could base on the calculation resitofogical Deficit.
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1.2.4 Energy Analysis

Energy analysfsaccording to Brown and Herendeen, 1996 is thega®of determining the
energy required directly and indirectly to alloveystem to produce a specified good or service.
The basic motivation for energy analysis is to diyathe connection between human activities
and the demand for this important resource. Ing@nanalysis the requirements of energy for
production of goods or services is estimated. Galyethe aim is to investigate the potential to
reduce energy costs or to compare energy use ferelit processes giving the same product.
This includes energy inputs transformed at all esagf the production process. The system
perspective is described hierarchically with respgecnergy requirements. Direct energy from
fuels used in the processes is traced backwartfetprimary energy sources so that energy used
for the extraction and refining of the fuels is @aocted for. The system boundaries depend on the
aim of the study. One problem in energy analysibas different forms of energy have different
usability. Whether sunlight and labor should beocacted for in an energy analysis or not is a
disputed question, generally it is not accounted Energy analysis can include renewable
energy sources. However, attentive bookkeepingdgliired to keep them separate from non-
renewable sources. While energy analysis is basetthed notion that energy is more important
than most people think, it typically is not usedstqpport an energy theory of value. The more
moderate view is that energy analysis is one in&ion input, like economics, to the process of
making a decision (Herendeen, 1988). The framewadrknput output analysis is used for
mathematically sound analysis of energy flow inlegmal and economic systems (Hannon,
2001). The concept has also been used to studgyer#iciencies in a broad range of economic
activities (e.g. see Crawford et al., 2006, Giarmpiet al., 1993, Kok et al., 2006).

1.2.5 Emergy Analysis’

Based on the principles of energetics (Lotka, 19P#45), systems theory (von Bertalanffy,
1968) and systems ecology (Odum, 1967, 1975, 1@96¢rgy analysis (EMA) is a quantitative
analytical technique for determining the valuesi@hmonied and monied resources, services and
commodities in common units of the solar energpak to make them (Brown and Herendeen,
1996). Emergy analysis is based on the assumgtaireterything on the planet can be expressed
in terms of equivalents of solar energy. The saarergy of a resource or commodity is
calculated by expressing all of the resource amdggninputs to its production in terms of their
corresponding solar energy inputs (Solar emergyegowr seJ) (Odum, 1996, 2000). The
resulting total can then be used to calculate tfensformity’ for the resource or commodity,
which is a ratio of the total emergy used relatvéhe energy produced (seJ/J).

® Energy Analysis as introduced in this manuscrpthie extension of the well known concept in whiEmergy
analysis uses the first law of thermodynamics &mkrthe transformations of energy and to calcullh&eenergy
losses in a process or process unit as the differbetween the enthalpy leaving and entering thegss.”(Brown
and Herendeen, 1996).

" Emergy evaluations are both synthetic and anal@imthesis is the act of combining elements iribecent
wholes for understanding of the wholeness of systemhile analysis is the dissection or breakingriapiisystems

to build understanding from the pieces upward.Ha emergy method of evaluation, sometimes cadiebrgy
synthesisfirst the whole system is considered through diagning, and then the flows of energy, resourcek an
information that drive the system are analyzed.eBgluating complex systems using emergy methodsntajor
inputs from the human economy and those coming*ffom the environment are integrated to analyaestgons

of public policy and environmental management (Egygsystems.org, 2010).
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In theory, emergy analysis can be applied to syst@onoss scales. To date, emergy analysis has
been and is increasingly applied to evaluate aetyaof systems including geographical regions
(Pulselli et al., 2008; Lei and Wang, 2008), foadduction (Maud, 2007; Rotolo et al., 2007)
and industrial processes (Brown and McClanahang188n and Feng, 2008; Pulselli et al.,
2008). The concept of emergy developed from thé&cbad thermodynamics is presented in the
Appendix [A].

1.3 Similarities and Differences

1.3.1 Similarities

Basically, the concept and original intention of tleviewed methods are nearly the same. They
attempt to account for all the direct and indirembsumption or input of a system, aggregation of
the factors relating to environmental support amgpdct including energy, material, emission
etc., and assess the system as comprehensive siBl@oshe ecological footprint calculates all
the consumption of a system or a population, lifele assessment accounts for all the
environmental impact of a product during its whbfe, Exergy accounts for all the energy
consumption in a process, and Emergy analysis rdetwords all the material and energy flow
input and output of the system. The methodologyptatb by the emergy analysis method is
based on unification of all input material and gyeflows expressed in emergy units relating to
the system under analysis which results in onetickdrunit. This makes it possible to compare
among systems and makes the results of the anahmis easier to be understood for decion
making. A summary of the main similarities is presel in Table 1.2.
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ltems ExA LCA EF EMA
Date 1956 1969 1992 1996
Use of energy in | Comprehensive | Cumulative Sustainable
Original purpose | an economical environmental Impact Analysis | development
way impact level
assessment
Boundary of Life cycle of Boundary of Boundary of
Analysis scope process product or system system
process
Precise Easily accepted | Simple and could| Extended
calculation and | approach be easily research
Merit universally understood boundary to
accepted account for both
energy and
material
Does not take Uncertainties in | Single indicator | Complicated
Criticism ecological inputs | the methodology | resulting in weak | methodology
to consideration analysis with abundance
of calculations

Table 1.2: Main differences between four of the mai environmental system analysis tools

1.3.2 Differences

Although the concept and original intention of h@sethods are similar as described above, they
share different algebra and concrete accountingsrurhis results in some differences in the
outcome of calculating and offers each methodwts advantage on system analysis.

a) Upstream and downstream method

Ulgiati et al., 2004 separates system analysis odsthinto “upstream” methods and

“downstream” methods. The upstream methods areecned with the inputs, and account for
the depletion of environmental resources, while dosvnstream methods are applied to the
outputs, and look at the environmental consequentethe emissions. From this opinion,

ecological footprint method and Emergy analysis hoét could be considered as upstream
methods for their stress on material and energytimich support the system. But differently,

the ecological footprint method pays more attendammaterial flow and as such transfers all the
input into material, whereas, Emergy analysis nme&thays more attention on energy flow and
transfer all the input into energy.
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Life cycle assessment could be considered as a stowam method because it stresses on the
environmental impact from emission. Exergy methednot just an upstream method or a
downstream method. It focuses on the whole progedsims to analyze the efficiency of it.

b) System Boundary (Time boundary)

For the methods described, except for emergy aisalyge system boundary is defined by the
system under analysis, for example, the boundarg obuntry or a region, the boundary of a
factory etc. at the specific time. But in fact, tAenergy analysis method has a different time
boundary from the other methods, which reflectstsndifference in calculations. The Emergy
value of a certain kind of energy or material ie tiesult of all the energy and material input
during the whole time of its formation, and nottjuts exploitation or utilization. For this
difference, Emergy value of energy or materialasjnst the material content of it.

c) Human labor and money flow

Human labor and money flow are also important psugporting the operation of a system, but
they have not been paid enough attention and setdemsystem analysis method combine them
with other factors. Emergy analysis method regdmgsian labor and money flow to be equal
with other factors from its beginning and it isateveloping the calculation of the Emergy value
of information, culture and other materials thahwentionally was thought of as hard to be
calculated.

d) Advantage on system analysis

The emerging characteristics and key points ofyererthod endue them respective advantage on
system analysis.

Exergy is good at tracing the energy depletionuglothe process, so it is advantaged on process
improvement.

Life cycle assessment accounts for all the emissieleased by all the systems involved in the
life cycle of a product, and it contributes on slardization of impact assessment of a broad
variety of emission. LCA could find the significapart contributing most pollution emission
within the entire life of a product; consequentiiy,could help eco-design of product and
improving environmental impact.

Ecological footprint and Emergy analysis methodallgood at assessment of the sustainability
of a system. Ecological footprint gives a compassitview on the sustainable level of a system,
where as emergy evaluation gives a more accuralaaion on the sustainable level of a system
for accounts of the scarcity of energy and matewal takes into account not only non-renewable
energy but also renewable energy, which in mostaaflects the environmental support on the
system.
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1.4 Conclusion

» Comparing the tools described above reveals somédasties and differences. It is
important to note that all tools are not intendedatdver the same areas. Some are more
directed to optimizing energy consumption, whilgtess are environmentally focused. It
could be much more interesting to combine somestmobrder to give decision makers a
social, economiciland maybe also needed technical inputs, as welhdisonmental, to
support a practicable decision.

» Exergy and emergy analyses put the focus on enugyin separate ways. The first
emphasize the importance of the amount of energlitywsed and is thereby very much
a tool for maximizing efficiency. The second inchsdthe input from nature, going all the
way back to the energy from the sun, the tide drel deological earth heat. Exergy
analysis is the physicist's or the engineer’s tantl emergy the systems ecologist’s to
describe the tools focusing on origin. They are abrotools, applicable for
economies/populations, products and projects. Bagpear to be rather difficult to
interpret. Using the emergy approach also, at kbastretically, facilitates the inclusion of
labor, knowledge and biodiversity issues by the afsgansformities and emergy/GDP
ratios, as is described in detail in Chapter 2.

* Emergy is the only measure which is of a donor&ala. has a common metric to all
inputs and outputs involved in any natural or ecoimosystem. Emergy evaluation
presents a competitive approach by encompassinqeaéssary inputs as well as
ecological inputs which gives it a great potenfgalthe future.

» This chapter has presented an overview of sombeofrtajor environmental tools in use
currently and has highlighted their significantfeiences; merits and deficiencies with the
methods. The next chapter gives a detailed overofetve emergy concept.

® A field has arisen that combines these analytioalst with traditional engineering economics, reddrto as
thermoeconomics, or exergoeconomics [Tsatsaroii83]1 This method is characterized by the assigtnoén
monetary costs to exergetic flows. In this way,rggdosses can be associated with traditional castengineered
system, and design alternatives can be comparedptmiized accordingly. Thermoeconomic analysis beasn

applied primarily to energy systems, such as pogesreration or heating and cooling [Rosen and Djn2@03;

Tsatsaronis and Pisa, 1994].

One related study combines exergy analysis esphecialth traditional life cycle assessment, dubbed
exergoenvironmental analysis, in effect using exdmallocate impacts with the intent to prioritimaprovement
efforts [Meyer et al., 2009].

The link between the analytical tools presentedthedeconomy is not largely presented in detathis thesis as it
lies out of the scope of this work.
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CHAPTER 2: Review of the

emergy concept and Recycling
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This chapter (with an extended Appendix) deals cehgmsively with the concept of emergy
theory (Appendix A) which was discovered as onth@fenvironmental system analysis tools
from the previous chapter. It provides an overviefivconcepts and methods important for
understanding and completing several kinds of egnexgluations. It begins by laying the basic
foundation leading to the formation of this concédppendix A). Discussions on the rules of
emergy evaluation and use of transformity valuesuiment emergy related works is presented. A
case study is presented on hydrogen productiomgtdight the challenges with the choice of use
of transformity values. The chapter seeks to prtesestate of art pertaining to emergy’s concept
of recycling and identifies some significant prabgein this area.

Definition 2.1 — Emergy is defined as the amount of available enefgyne kind, usually solar,
that is directly or indirectly required to make &gn product or to support a given flow (Odum,
1996).

2.1 Introduction

Emergy is a concept conceived by Howard T. Odusylteg from several decades of research
on energy quality in ecosystems and human systénasighout the 1960’s, ‘70’s and ‘80’s
(Brown and Ulgiati, 2004). The logic behind Odumt@ncept of embodied energy or emergy is
based on the logic behind the Second Law of Theymaahics as stated in the previous section
(read further from Appendix A). This may also beokm as the law of the dissipation or
degradation of energy resulting in an increase ntropy. It is a measure of the recordable
available energy of every process which has gotwetie generation of a given product of nature
or service in the economy. As in the case of séwatser concepts, theories, ideologies etc.
having to go through difficult moments of total eptance by the large scientific community in
their developmental stages, emergy has had itssimifar challenges. Bakshi and Hau in 2004
presented a detailed analysis on some of the praile areas of the emergy concept facing
general acceptance.

Emergy has been critigued many times over the y&ome of the criticism is related to the
basic formulation of emergy, while others are bagaoh the extension of emergy into economic
systems and sustainability. The next section hybidi some methodological aspects often
subjected to debate.
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2.2 Problems with some methodological aspects of emergy

Emergy theory has been characterized as simplisbiciradictory, misleading, and inaccurate
(Ayres, 2000; Cleveland et al., 2000; Mansson améGMde, 1993; Spreng, 1988). Odum's book
(Odum, 1983, 1996), emergy folios (Odum et al.,®00dum, 2000; Brown and Bardi, 2001,
Brandt-Williams, 2001), and existing emergy handsoare important and essential tools to
provide greater insight and understanding aboutrgyndt is important to note that many
criticisms of the emergy theory and its use are alid for other methods that are popular for
joint analysis of industrial and environmental sys$, including, Life Cycle Assessment,
Cumulative Exergy analysis, Exergetic Life CyclesAssment, and Material Flow analysis.
Through the efforts of many of those in the sciemtommunity involved in the development of
the emergy concept, lots of previously misunderstoancepts and interpretations are now been
embraced due to continuous development of the approHowever, there still remain some
challenges with performing evaluations that prowidsults that are neither clearly understood
nor useful to non-emergy analysts. In fact, somaiglied papers contain interpretations that are
far subjective and discussions that are quite ogetsial. It is for such reasons that a continuous
collaboration involving all emergy analysts is nesay to avoid issues of such nature. With
consistent research advancement in this directemergy could become a more useful
environment accounting methodology than it is todeygleed, when we say, that energy is
required to do something, then, it's really subjec{Bakshi and Hau, 2004):

* How to prove that without one process, the resocarmot be made?
* If a process is clearly present, is that a proaf this necessary?

* In a productive chain, if we stop after a frontie choose, is there any proof the part we
don’t account can be neglected or is even finite?

* If the part we neglect is finite, then is there gmgof that it converges at a value in the
same order of magnitude as the value we found?

* Is there a universal methodology to choose the dyeradf the system, thus allowing
comparisons of emergy studies?

« When we choose the discretization scale of theemystvhat proves us the results we
compute are a minimum stable with regard to théestzoice?

May be some thermodynamic criteria and norms cquievent emergy studies from such
inconsistency, but current research on the emdrggry conforms to that of Hau and Bakshi,
2004 conclusions:

1. Independent Emergy studies cannot be compared $®¢ha borders are different and
because the assumptions at the entries are diffésearces transformities can be very
different).

2. If independent studies seem to have similar resthiésmain reasons are:

(a) Input transformities probably come from the ea@dum’s book. However, if
you look at the emergy algebra chapter it is seahémergy and transformity are

Contribution & la théorie de I'éMergie : applicatiau recyclage 71



Nana Yaw Amponsah, September 2011 Chapter 2: Review of the emergy concept and re@uycl

systemic data that you cannot take from one systedninject in another as if it
where mass or internal energy.

(b) Aggregation and Boundaries are probably inspirem the same previous
study. This however does not proceed of any logmalication.

2.3 New proposition for the first rule
It is encouraged to refer to Appendix A for a revien the rules of emergy evaluation.

2.3.1 Drawback
Some definitions of the®Irule of emergy in literature include but not ligdtto the following:

- All source emergy to a process is assigned tonbheegses’ output (Odum, 1996).

- The emergy assigned to the process output is égubé sum of the emergies associated
with the process independent inputs (Lazzarettd9p0

- For a system at steady state, all the emergy isfltore production process are assigned
to the outputs (Li et al., 2010).

The first principles of emergy allot emergy of timput to the output. This is illustrated as

follows:
200? F

800 seJ Process Unit

1000 seJ
—>

Figure 2.1: Scheme showing the®1rule of emergy

The second rule also depicts that: by-products faopmocess have the total emergy assigned to
each pathway. This is illustrated as:

100 seJ F
| » 500sel
S 4% Process
Unit ‘ > 500 sed

Figure 2.2: Scheme showing the"2rule of emergy

Contribution & la théorie de I'éMergie : applicatiau recyclage 72



Nana Yaw Amponsah, September 2011 Chapter 2: Review of the emergy concept and re@uycl

The third rule also states that: when a pathwaiyssphe emergy is assigned to each ‘leg’ of the
split based on its percentage of the total endiyy bn the pathway. This could be illustrated as
follows:

100 seJ F
350 seJ
M<
400 seJ
g /=5 Process 500 ng 150 seJ
Unit '

Figure 2.3: Scheme showing therule of emergy

The fourth rule describes how emergy is assignekinvsystems of interconnected components.
“Emergy cannot be counted twice within a systen:egfmergy in feedbacks cannot be double
counted; (b) by-products, when reunited, canncadided to equal a sum greater than the source
emergy from which they were derived”.

100 seJ

300 soJ

400 seJ A B > 200 seJ
500 seJ

400 zeJ + 3/5(100seJ) - 460 seJ

Figure 2.4: Scheme showing the"¥rule of emergy

Fig 2.4 illustrates the fourth rule with a simplst&m of two components having two energy
sources and a ‘feedback’ from component B to corapp@. Beginning on the left the output
from A is the sum of 400 seJ from an initial souacel 60 seJ from the 100seJ contained in the
300sed, for a total Emergy of 460 seJ. In this caxe the portion of feedback from B that did
not come from the initial source through A, is ctthin the output of A. The 400 seJ coming
originally from A cannot be counted a second time.

2.3.2 Proposal

It is clear from the above definitions and illusivas that the % rule: ‘all sources of emergy to a
process are assigned to the processes output’ptchencorrect without a consideration of the
fourth law. This is because in the case of systeitts feedbacks, all sources of emergy are not
assigned to the processes output. Let us cons$ideltustration below:
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Figure 2.5: Scheme showing the effect of feedbactia a system

This does not give the®Iprinciple of emergy a solid standing in comparisorother scientific
principles such as laws of thermodynamics in whgabh principle or law is sofidand could be
applied independently without a necessary congdideraof the other. The laws of
thermodynamics describe the transport of heat ao#t im thermodynamic processes. These laws
have become some of the most important in all gbms and other types of science associated
with thermodynamics.

= Incorporating the 4™ Rule of Emergy in the definition of the £ Rule

With this background, an attempt is made in thiesih to propose a modification to adapt the
first rule of emergy to incorporate th8 ule. The following modificatiord are then considered:

Original Definition-1:
All source Emergy to a process is assigned to thed3s output (Odum, 2000).

)

All source Emergywvithout feedbacko a process is assigned to the process outpudi(had}
version).

Original Definition-2
The emergy assigned to the process output is ¢gtla sum of the emergies associated with the
process independent inputs (Lazzaretto, 2009).

= )

The Emergy assigned to the process output is équile sum of the emergies associated with
the procesgrimary independent inputs (modified version).

Original Definition-3
For a system at steady state, all the emergy isflmna production process are assigned to the
outputs (Li et al., 2010).

(e )

For a system at steady state, the emergy inflawtisout feedback emergide a production
process are assigned to the outputs (modified ae)si

° The first law of thermodynamics is applied regesdl of the second principle. The results of apglyire first
principle is moreover not contradicted by the selcdhey are each specific. However, for emergy ajhyglication of
the £ rule may be contradicted by the application ofieule. The rules are complementary but can alsrfierte
with each other, sometimes making their applicatjoite difficult.

% The proposed modifications are presented in tbengular boxes.
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2.4 Transformity values and its current use

Definition 2.2 — Transformity is defined as the amount of indirentl airect solar emergy
required to produce one Joule of exergy of an ibemprocess (Odum, 1996).

In this section some aspects of transformity walldiscussed (refer to Appendix A for a detailed
overview of transformity, how it is calculated ait&lindication for an analyzed case study).

Theoretically, the transformity of an item is a peay of the system from which the item was
produced, and as such an item could have différansformities depending upon which system
produced it.

To derive the transformity value of a resource mdpct, it is necessary to trace back through all
the resource and energy flows that were used dgoritduction, and express all the inputs in the
amount of emergy that went into their own produttwocess. To avoid the emergy calculation
of resources and commodities every time a procsssvaluated, unit transformity values
established earlier are commonly used. In a sdoatihere more than one process could yield a
similar product independently, can we say then thattransformity of the product is the same
independent of the technology or process used? rAcagpto the process efficiencies along a
given pathway, more or less energy might have beguired to reach the same result. The 2nd
law of thermodynamics dictates that there is aliovit below which a product cannot be made.
There is also some upper limit above which the ggecwould not be feasible in practice
although, in principle, one could invest an infnamount of fuel in a process and thus have an
infinitely high transformity. As such, transforn@fi are not constant and do not have the same
value for the same product everywhere, since maifgrent pathways may be chosen to reach
the same end state. As such there is no singlematgy value for most products, but typically a
range: average values are used whenever the ewgtt of a resource or commodity is not
known or not calculated separately (Brown and Heeen, 1996).

Most emergy analysts commonly use transformity eslwerived from other studies, by
assuming they are still valid under slightly difat conditions (place or time). This assumption
may be quite subjective and create doubts in readieusers minds. An incorrect choice of a
transformity value could affect all the other cédétions and thus affect the results thereof.

»  What informs our choices?

Few emergy analysts in recent years recalculatesfoemity values to suit their specific
condition in their evaluations. Most however makérences which could be in doubt. Using
Meillaud et al., 2005, as a fundamental basis ridnén sense of the magnitude of errors could be
established. Considering the transformity of eleityr for example, several values could be
found from literature which sometimes are rathenfgsing. Odum, 1996, published several
transformity values for electricity depending amsburce.
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Source Value (SejJ)
ol 160000
169444*
80246*°
Hydro 165000%*
203418**
Wood 67222*
. 151944*
Lignite 204384°°

*Thailand; **Sweden; **Brazil; °°Texas

Table 2.1: Electricity transformity values by sour@es (Odum, 1996)

Table 2.1 presents different values of electritignsformity established for various places and
types of electricity production processes: hydroeiety is for example calculated for Sweden
and Brazil with transformities equal to 8.0E+04/3&hd 1.65E+05 seJ/J respectively.

Figure 2.6: Showing the locations of electricity nsformity values by Odum (1996)

Author Value (SeJd/Jd)
Feng et al., 2009 1.60E+05
Paoli et al., 2008 1.74E+05
Meillaud et al., 2005 1.88E+05
Cavalett et al., 2006 2.69E+05
Pizzigallo et al., 2008 2.00E+05

Table 2.2: Transformity values for electricity in recent studies and their respective authors.
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Obviously, it is seen from Table 2.2 that even wiikt a single product, there are different
transformity values which exist. For example, ie ttase of Feng et al whose publication was in
2009 the transformity value selected was from OdL®@96 publication. Same applies to Paoli in
2008 in which an average transformity value fronuf@d 1996 was used. Until we conclude on
less tedious ways of transformity calculations,ustiove consider carefully the context (location)
of our evaluation in our choice of using transfagmialues from past studies? This is imperative
and must inform our choice. At least selecting $farmities with quite similar scenarios in our
specific cases would help reduce some inconsigsrarid doubts on this approach of evaluating
systems.

»  Why should this work be pursued?

Transformities are a very central concept in emeaggounting. Though transformity values
calculated by Odum and his group and other transfgrvalues are available in scientific
literature on emergy for use in current and futstedies, it is rather important to revisit these
values and evaluate its significant value in oeerg studies. When a large set of transformities
is available, other natural and economic procesaasbe evaluated by calculating input flows,
storages within the system, and the final prodircEmergy units. One of the main arguments of
emergy critics is this issue of estimation of tfansities in evaluations which could reduce the
efficacy of convincing policy makers to prioritizZzmergy evaluations as they do with other
traditional evaluation methods. Because the sthtecientific knowledge is in perpetual flux,
calculations of transformities are open to revision

According to Ulgiati et al., 2010 the acceptabildf a given transformity should be checked
against strict and agreed upon criteria, that fake account the uncertainty of environmental
resource parameters, the quality of the referredlystthe assumptions underlying a given
calculation procedure, and several other aspeatsnhke a result reliable and applicable. Table
2.3 shows a set of preliminary criteria for theesdbn of acceptable and reliable values of
transformities, towards a critically evaluated thakse in support of future studies. Some of the
criteria identified in Table 2.3 also meet sevexaicerns that not only apply to transformities but
to all kinds of databases. Ulgiati et al., 201QHar explains that a reliable database must consist
with values that are recent (criterion “H” as showable 2.3), checked for uncertainty (criterion
“P"), expressed in comparable units (criterion “Afepresentative of the most used or best
available technologies (criterion “D”), and basedstudies easily accessible to the international
reader (criterion “G”).

Furthermore, data obtained as averages or rangesdrlarger set of cases may be considered
more representative than data only referring tonigue case investigated (criterion “C”); data
and calculation procedures confirmed by severagépeddent investigators worldwide may be
more reliable than data only based on the authontgpne single investigator or team (criterion
“E”), data published in peer reviewed internatiodalirnals are more robust and validated than
data published in working papers of the investigatmstitution without peer review (criterion
“F.

Again, the existence of time series (criterion “iS)also of great importance, in that it reflects
ongoing changes of technology as mentioned in ezadections, resource availability, and
economic performance capable to affect a givenevafithe emergy intensity. In fact, by having
a clear picture of a value stability over timeisimuch easier to figure out how the final restlt o
a study is robust against potential changes octum one step of or one input to the process. As
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a matter of fact, there are very fast changing rietdgies from which very fast changing
transformities are generated. Indeed, such valaeeat be transferred to other studies and the

investigator needs to recalculate the transforfoityhe new specific case.

# Criterion Indicator Issue
. . X What numeraires are used (Energy, Exergy,
Standardization of . . N T
A ) Numeraire used Mass, currency) in the calculation procedure as
accounting method : .
= well as in the final result?
Standardization of . . Reference to the most updated biosphere
B . - Biosphere Baseline . - .
biosphere reference baseline (Odum. 2000) or previous ones
C Numerical Number of How many different case studies were
' Representativeness | investigated cases investigated in order to reach the final result?
. , Does the value rely on the best available or the
Technological Process/technology . o
D . most used technologies in the year the study was
Representativeness | referred to 5
performed’
Number of . .
. How many different authors have published data
E Consensus independent . . o
. : about a given process/product?
investigators
e L Quality of Publication referred to (peer reviewed Journal,
F Scientific reliability S . ; .
publication medium Book, Book of Proceedings, PhD thesis, etc)
. S Is the result published in a paper using English
G Accessibility Language - P pap eTE
language?
H Up-to-datedness Age of value When was a given value published?
. . Are time series available for the value under
I Trend Time series . C
consideration’
L Recovery of natural and human assets requires
Accounting for the Ty s .
End-use . emergy. Is such a care of GHG emissions, toxic
L o cost of environmental = . ; . .
sustainability . effluents, solid waste, erosion, biodiversity loss,
and social impact . . .
water infiltration accounted for?
Is the emergy of labor and services included in
M Socio-economic Inclusion of labor and | the accounting? Is such an inclusion clearly
mclusiveness services shown as an independent component of the final
value?
o Reliance on Does the evaluation show which fraction of each
N Renewability . . o
renewable sources input flow is renewable versus nonrenewable?
Reliance on local Does the evaluation show which fraction of each
O Openness . . . o
sources input flow is local versus imported?
Error/ itivity Is the value accompanied by a sensitivity
. rror/sensitivity . .
P Uncertainty analvsic evaluation that takes into account all sources of
dlle . .
Y error/uncertaintv/change?

Table 2.3: Criterions, indicators and issues addresng the quality and acceptability of Unit Emergy \alues

(UEVs) adapted from: Ulgiati et al., 2010
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2.5 Case Study

This case study is presented to highlight the diffe transformity values for the same product
that can be achieved by different investigators tuthe specific path of process route, location
or even the time (year) of calculation.

Emergy Evaluation for hydrogen production systems

Hydrogen occurs as a gas with a molecule made @htwrogen atoms (i When burned with
atmospheric oxygen, hydrogen gas has the mostsmtegat of all the fuels with 29.1Calories per
gram (121,813 joules/gram) (Brown et al., 1995)mPared with a gram of sugar (4 Calories per
gram) its heat is intense. With an atomic weight diydrogen is also the lightest of all fuels. For
these reasons, hydrogen is required for weightstldgr® processes, such as sending rockets into
space. Hydrogen is the most abundant element ibtinesrse but in the earth biosphere it is rare
as a gas for two reasons:

(1) At the top of the atmosphere molecular collisiomge ghydrogen molecules ¢H
enough velocity to exceed that required to esdapearth’s gravity;

(2) In the presence of sunlight or lightning, hydrogemmbines with oxygen to form
water.

Hydrogen is not a vapor at ordinary refrigeratetigeratures, and must be compressed within
heavy-walled containers to be stored. Hydrogenigasmongst the alternative energy systems
being considered for the future, when petroleunetldsels are scarce and more expensive.

Alternatives for hydrogen production

There are several ways in which hydrogen can beadmted for use as a fuel, including:
separation from natural gas, by chemical procedsorg methane, and separation from water via
electrolysis (Brown et al., 1995). Table 2.4 andufé 2.7 summarize the emergy evaluations of
5 alternative methods for deriving hydrogen.

1 Natural gas 48,000 6.8
2 Hydrogen from Natural gas 76,300 4.5
3 Hydrogen from fossil fuel
electric power plants 204,000 2.4
4 Hydrogen from hydropower 110,563 49
5 Hydrogen from nuclear power 203,956 4.7
6 Hydrogen from photovoltaic cells 69,000 ‘ 1.007

Table 2.4: Transformity and Net emergy yield ratioof hydrogen (Odum, 1996)
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The steps of emergy accounting for a hydrogen mibatu plant include: defining the goal of the
analysis; defining the analysis boundary; analyzivginput and output state of each member of
the hydrogen plant depending on the process umdesiigation; and analyzing the state of
materials and energy exchange among the memberglogeng the emergy flow chart;
collecting information and data about the releviadustrial, economic and ecological processes
and products; and finally, analyzing and computhmgemergy indices (Amponsah et al., 2010a).

Goods

(a) 163 Services
Water
Natural - 5 Fuels
Gas ———ipp! Drilling, m’N t I G
Processing atura as
Reserve

E15 solar emjoules i

Goods

(b) Services
Natural
. il Gas . Steam 1221
Gas Pro[:::IsI;ri‘r?;; 1114 Reforming ———» Hydrogen
Reserve
£15 solar emjoul es i i
1152 1235
(c) f" ;83
Fossil Fuel 4608 Electrolysi 4691
Coal ——»lpower plant [ ™ Gtrolysis =g Hydrogen
E15 solar emjoules i I
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? Electricit
r" 83 Water
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in o |Hydroelectric 0 Electroiysis ﬂ;Hydrogen

Water Plant Electric
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E15 solar emjoul es i i
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Electricit
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Figure 2.7: Summary diagrams of emergy evaluationfmatural gas (a) and hydrogen (b-f) Odum (1996)
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= Emergy analysis for the hydrogen production system natural gas via SMR

The evaluation was carried out using operating rpatars from the internet and published
literature (mainly data by NREL). Comparison iswinawith a previous work by Feng et al.
(2009) and another publication by Bargigli et 20@4). Table 2.4 shows a calculation based on
the work done by Xiao Feng indicating the transfityrof hydrogen achieved. Table 2.5 shows
another emergy calculation based on a Life CyclseAsment data of hydrogen production via
Natural Gas Steam Reforming by the National Ren&avabergy Laboratory (NREL) in the U.S.
Some of the operating parameters were varied tptaddhe systems under investigation.

Operational resources Consumption Unit Transformity Industrial emergy
norm (seJ/unit) (10"sed)
N Natural gas (raw material) 3.18 x 16 MJ 15.2
4.80 x 10[a]
Natural gas (fuel) 1.11 x 16 MJ 4.80 x 16[a] 5.33
Electric 3.42 x 16 MJ 1.6 x 10 [a] 5.47
Middle pressure steam (4.0 MPa, by-product) -6.45 x 16 MJ -4.26
6.6 x 16[b]
R Water 4.60 x 18 MJ 6.6 x 16[b] 3.04
Labor 5.99
Capital resources
F1 Fixed assets Special 667 Yuan 1.77 x 16'[a] and [c] 1.18
F2 Electric
F3 General
F4 Transport
F5 Working Business 630 Yuan 177 x 16'[a] and [c] 1.12
F6 capitals Management 881 Yuan 1.77 x 16'[a] and [c] 1.56
F7 Finance 69.4 Yuan  1.77 x 16'[a] and [c] 0.123
All 34.75
Hydrogen 2.48 x 10 MJ 1.15 x 16]d] 28.52

a: Odum, 1996b: Lan et al., 2002: Dai, 2004;d: Ulgiati, 2001

Table 2.4: Emergy Analysis of hydrogen production i SMR (Feng et al., 2009)
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Item Units Inputs  Transformity (seJ/unit) Emergy flow (seJ/yr)
Plant Material Requirements

Concrete g 1,02E+05 1,35E+09 1,38E+14
Steam generators (steel) 8,20E+05 1,78E+09 1,46E+15
Steam condensers (steel) 8,20E+05 1,78E+09 1,46E+15
Pre-heaters for input water (steel) 8,17E+05 1, 8E+ 1,45E+15
Pre-heaters for combustion air (steel) 8,17E+05 8H+D9 1,45E+15
Aluminium g 2,70E+05 1,17E+10 3,16E+15
[ron g 4,00E+05 2,83E+09 1,13E+15
Steel for pipes g 1,25E+07 1,78E+09 2,23E+16
Diesel for transportation J 6,76E+07 1,10E+05 7,44E+12
Human Work $ 3,25E+06 1,20E+12 3,90E+18
Resource Consumption

Natural Gas (Feed) J 3,92E+05 4,80E+04 1,88E+10
Natural Gas (Fuel) J 4,30E+05 4,80E+04 2,06E+10
Electricity J 1,53E+02 5,40E+04 8,28E+06
Water L 1,98E+01 6,60E+05 1,31E+07
Human Work $ 4,37E+03 1,20E+12 5,24E+15
Product

Hydroger J 4,05E+1: 9,72E+0: 3,94E+1¢

Table 2.5: Emergy Analysis of hydrogen production @ SMR (Amponsah and Le Corre, 2010a)
Transformities are from Buranakarn, 1998; Raw datainputs from Johanna, 2004.

» Emergy analysis for the hydrogen production systemia electrolysis
This evaluation was also carried out based onwgurs work by the National Renewable Energy

Laboratory (NREL) in the U.S. Data was extractednfrits publication on the Life Cycle
Assessment of renewable hydrogen production viarelgsis (Spath and Man, 2001).
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Item Units Inputs Transformity (seJ/unit) Emergy flow (seJ/yr)
Construction Phase

Coal J 3,30E+05 4 00E+04 1,32E+10
Iron scrap J 2,70E+05 2,83E+09 7,64E+14
Iron J 3,30E+0:- 2,83E+0¢ 9,34E+1:
Limestone g 5,70E+04 1,00E+09 5,70E+13
oil J 7,00E+03 6,60E+04 4,62E+08
Natural Gas J 2,00E+03 4,80E+04 9,60E+07
Human Work $ 2,90E+06 1,15E+12 3,34E+18
Processing Phase

Renewable Inputs for electricity generation

Wind J 2,46E+10 2,52E+03 6,21E+13
Non Renewable Inputs

NaOH J 1,88E+03 1,90E+09 3,57E+12
Water g 4,18E+06 1,25E+06 5,22E+12
Electricity J 1,42E+08 1,11E+05 1,58E+13
Human Work $ 1,68E+04 1,15E+12 1,93E+16
Product

hydrogel J 4,05E+1: 8,28E+0:« 3,36E+1!

Table 2.6: Emergy Analysis of hydrogen production i electrolysis (Amponsah and Le Corre, 2010a)
Raw data inputs from Johanna, 2004.

= Comparison of hydrogen Transformity values - diffeent hydrogen systems
The transformity values of emergy analysis constbertotal inputs: renewable, non-renewable,

goods and services and other economic inputs teewahts value. The transformity values
calculated for both SMR and electrolysis are comgpdo already available values in literature.
The results are shown in Table 2.7.

Transformity Values

Author (s)
SMR (seJ/J) Electrolysis (seJ/J)
Bargigli et al. (2004) 7,34E+04 2,18E+05
Feng et al. (2009) 1,15E+05
Odum (1996) 1,10E+05
Brown, Ulgiati (2004) 1,39E+05
Amponsah, Le Corre (2010)* 9,72E+04 8,28E+04

Table 2.7: Hydrogen transformity values in comparien with other systems

From Table 2.7, it is clear that the calculatedrbgén transformity value via SMR (Amponsah,
Le Corre, 2010a*) is almost the same as that esheal by Bargigli et al., 2004. This is
explained by the fact that both calculations weasdd on a very similar data. However, a rather
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slight difference is realized (Fig. 2.8) when comguito that of the Chinese authors (Feng et al.,
2009). This is because of the slight differenceseoled in the transformity values used. The
transformity values used in (Amponsah and Le CaefH,0a) were largely from Buranakarn,
1998 whilst that for Feng et al., 2009 were fromesal sources of transformity data.

Hydrogen Transformity Values for SMR
1,40E+05

1,20E+05 4

1,00E+05 4

8,00E+04

6,00E+04 -

Transformity (seJ/J)

4,00E+04 -

2,00E+04 A

0,00E+00

Bargigli etal. (2004) Amponsah, Le Corre(2010)* Feng etal. (2009)
Investigator

Fig 2.8: Hydrogen transformity values for SMR

Again it could be observed from Table 2.7 and FegRi9 that the evaluated transformity value
(Amponsah, Le Corre, 2010a) achieved via electiwlygs rather close to that of Odum, 1996,
and Brown and Ulgiati, 2004 as available in litarat This establishes a trend of consistency
with our evaluated value.

Hydrogen Transformity Values for electrolysis
2,50E+05

2,00E+05

1,50E+05

1,00E+05 -

Transformity (seJ/J)

5,00E+04 -

0,00E+00

Odum (1996) Brown, Ulgiati (2004) Bargigli etal. (2004) Amponsah, Le Corre(2010)*

Investigator

Fig 2.9: Hydrogen transformity values for electrolysis

As shown in the above case study, the introductibmewly calculated values for the same
product or service would allow a range of valuls, ¢alculation of an average value within such
a range, and finally an estimate of the uncertachigracterizing the value itself. The inclusion of
high quality transformity in new studies will velikely generate much more reliable new results
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(Amponsah, Le Corre, 2010b). In order to avoid mérstandings, it is important to point out

that criteria and scores apply to both individualues (calculated by a single investigator or
based on a specific technology) as well as to geecrvalues or ranges derived from a selected
number of case studies (different investigatordagkpg a given set of technologies). When more
values converge from a diversity of cases towamlsagerage estimate within a database
(endowed with an uncertainty interval), the scargary likely to be higher as a consequence of
increased consensus and representativeness. Tiseruotion of a database of high quality

transformities and a set of criteria for their ge@ace, use and improvement would certainly
reinforce the efforts of the worldwide emergy conmityi (Ulgiati et al., 2010).

= Summary of Emergy theory

Despite the controversies, so called contradictitatk of firm scientific basis as some authors
who oppose the theory have suggested, emergyhasligreat potential for extensive evaluation
and synthesis and even more if it is well reseat@rel developed.

* It provides a bridge that connects economic andbgazal systems. Since emergy can be
guantified for any system, their economic and ecold@spects can be compared on an
objective basis that is independent of their maygtarception.

* It compensates for the inability of money to vahmn-market inputs in an objective
manner. Therefore, emergy analysis provides tHevedae of goods and services.

» ltis scientifically sound and shares the rigorh@rtnodynamic methods.

e Its common unit allows all resources to be comparmeda fair basis. Emergy analysis
recognizes the different qualities of energy otités to do work (Bakshi, 2002).

 Emergy analysis provides a more holistic altermatte many existing methods for
environmentally conscious decision making. Mostseéxg methods, such as life cycle
assessment and exergy analysis, do expand therspstendary beyond the scope of a
single process so that indirect effects of raw nmteconsumption, energy use and
pollutant emissions can be taken into account. Hewethese methods focus more on
emissions and their impact, while ignoring the @ucontribution of ecosystems to
human well being. The concept of critical natur@pital and a framework to account for
have been suggested recently (Ekins et al., 20B8)ergy analysis can quantify the
contribution of natural capital for sustaining econic activity (Bakshi, 2002).

These features of emergy analysis are particuiampyessive since emergy was developed many
decades before the more recent engineering andredepinterest in life cycle assessment,

industrial ecology, and sustainability. Partly dadéeing a theoretical concept whose application
posed significant demands on data requirements,dbeklequate details about the underlying

methodology, and sweeping generalizations thatretitain unproven, emergy has encountered a
lot of criticism, and has not been used much oataidmall circle of researchers. However, there
is no doubt that as an idea, it was truly revohaity and is expected to have a huge impact.
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2.6 Emergy and Recycling
Sustainable management of material flows occudsffarent environmental scales and aims to:

0] Reduce resources depletion;

(i) Reduce environmental impacts of materials exwactnd use, such as ecotoxic
effects, physico-chemical changes, loss of biogitgr nutritional effects, and
landscape changes;

(i)  Reduce waste disposal.

Therefore, saving natural capital and reducing qunes on natural carrying capacities may be
achieved by implementing a waste minimization sgggit(see Figure 2.10). Waste minimization
definition is a broader concept than waste preventrecause it also includes waste management
measures such as quality improvements and recy@lagpbsen and Kristofferson, 2002) which
heavily involve material and product recovery. Gamgnd Gupta, 1999 categorize material and
product recovery options in the following proceategories:

(i) Recycling: action performed to retrieve the mater@mtent of the obsolete products;
(i) Remanufacturing: action performed to restore pafrfwoducts into like-new conditions.

A

Waste minimisation

Prevention

Reduction
at source

Re-use of
product

Quality
improvements

Recycling

Energy
recovey

Pre-
treatment

Preventive measures Waste management measures

>

Figure 2.10. OECD working definition on waste mininization (Jacobsen and Kristofferson, 2002)

In spite of increases in recycling widely obseruganost countries of the European Union, land
filling is still the main waste treatment solutiEA, 2007). The increase on recycling is due to
policy instruments such as the Packaging Dirediisd, 1994) and the Landfill Directive (EU,
1999), or to earlier national regulations.
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- The Impact of waste reduction options on the econoyn

According to Baojuan, 2007 the circular economy saiagainst the linear economy which is
characterized as high consumption and high emissiaoe industrialization. The circular
economy is a closing-cycle economic model whichad®pted to protect environment and
maintain the ecological balance. It is formed unither pressure of resources and environment,
and takes the efficient utilization and recyclirgythe core and “reduction, reuse and recycling”
as the principles. It is used to alleviate the afittion between the finiteness of resources and
environment and the infiniteness of economic andasaevelopment, to solve the issues like
increasingly severe shortage of resources, envieatah pollution and ecological destruction,
and to maintain the virtuous circle of social, emmical and natural systems and sustainable
development.

However, traditional economy is a single-flowingdar economy that is “resources—products—
pollution emissions”. And its characteristics anghhexploitation, high utilization and high
emissions. The materials and resources are exdr&am the earth in high intensity and then
waste is heavily emitted to the environment. Thézation of resources is extensive and one-
time. Humans continuously change resources intatenvts realize the economic growth in
quantity; in contrast, the circular economy is iatéd by the establishment of economic
development model based on recycling of materlalequires to change the economic activity
into a material-recycling process which is ‘“resesre-products—renewable resources”
according to the model of natural eco-system. Aactharacteristics are low exploitation, high
utilization and low emission. All of the materiad®d resources can be used reasonably and
lastingly in such continuous economic recycling. t8e impacts on the natural environment
caused by economic activities are minimized.

Reduction

Manufacture Consumption :
Y Eroduction Y Btilization Y

Resources “ Products # Waste

A

Recycling Reuse

Figure 2.11. The 3R principles of circular economy

The reduction principle requires that the resounpaits should be reduced as much as possible
when they are invested in order to achieve thedfigeoduction purposes; the reuse principle
requires that the manufacture of products and pgckbntainers can be reused in the initial
forms and the manufacturers should extend the ysenigd of products as long as possible; and
recycling principle requires that the finished pwots can turn into available resources again
rather than unavailable waste after they have lised. 3R principles are not equally important
in circular economy. People always simply thinkttbacular economy is just to change waste
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into resources. In fact, however, the fundamental @f circular economy requires that waste
should be avoided and reduced systematically iredomomy. And the recycling of waste is one
way to reduce the ultimate throughput of waste.

- Emergy synthesis and solid wastes recycling value

Recycling is a major concept in completing the egwal life cycle of materials, where waste or
production output from one system is an input tother system. Recycling serves to amplify and
reinforce production processes, and provides aiphglt to the input resources. Systems that do
not develop a complete cycle of materials will betlong continued (Odum, 1996; Buranakarn,
1998). Recycling is a common vocabulary when dgalith waste. Emergy synthesis has been
widely applied in the evaluation of ecological gyss, energy systems, and environmental
impacts of processes and a large number of studiest studies have applied the emergy theory
to eco-economic systems in recent years. Ulgiatli Brown, 2002 proposed an emergy-based
method to quantitatively study the function of tevironment in absorbing and diluting by-
products generated by a process. Ulgiati et ab42ibserve that emergy indeed has a role in this
terminal part of the process chain and propose wehyeccounting for its emergy amounts to
avoid mistakes when recycling waste. Bakshi, 20@bduced an emergy analysis method for
industrial systems, where waste treatment was derei. The wastes are not only handled by an
end-of-pipe treatment approach and ecosystem alilubut also by waste reuse techniques. It is
clear that over the years, several researchers ek using emergy theory and method to
evaluate solid wastes recycling value.

Yang et al., 2003 proposed a new emergy analysisaddor waste treatment, reuse and recycle.
If the wastes are released into the environmeatjrtput provided by nature for their abatement
via natural processes should be accounted for asgjreed to the main product. However if
wastes are treated and re-enter a production @sea substitute material or resource, only the
emergy invested in the treatment and recycling ggscshould be assigned to the recycled
resources.

- Evaluating Indices for recycling systems

As presented in detail in Appendix A on the emermyaluation indices, some researchers
establish user-definable emergy indices to meashweconsumption of solid wastes treatment
(Marchettini et al., 2007; Bastianoni et al., 20jown and Ulgiati, 1997 suggested the use of
several indices based on emergy evaluations ofepsas and economies to evaluate their net
contributions and their relative sustainability the future. The use of these indices according to
the authors may help to increase understandinigeofelative contributions of various alternative
means of production and consumption. Brown and makarn, 2003 also developed several
recycle indices to evaluate the appropriatenessditferent recycle systems. Table 2.8
summarizes the recycle indices for the main bugdmaterials and the three recycle indices:
RBR, RYR, and LRR. Taken together, these recyadléces provide information regarding the
appropriateness of a particular material recycttesy.
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11
Material RBR REYR LER
Recyeled lumber 04 1.4 1.4
Plastic lumber from recycled plastic 29 209 21.0
Ceramic tile from recvcled glass 33 19 8.0
Concrete with recycled appregate 49 25.1 251
Clay brick -sawdust fired 24 (.00 1.7
Il.ecycl.ed steel 14.6 17.0 17.0
Recyeled aluminum 383 447 449
Cement with fly ash 16.8 6452 66,9

Table 2.8. Recycle indices of building materials ¢fpted from Brown and Buranakarn, 2003)

It is quite apparent that steel and aluminum extigh ratios across all the indices. Primary
materials like cement, concrete and clay brick leixhmoderate values for the ratios across all
indices. Wood, on the other hand exhibits indexueslless than 1.0, calling into question the
potential for large scale recycle of wood lumberdividually, the recycle indices provide
comparative analysis to evaluate various recycttesys relative to each other.

The RBR provides information relative to the pot@nsavings that can result if a material is
recycled and substituted for a raw resource. Adl taterials evaluated in this study by Brown
and Buranakarn, 2003 with the exception of woodhemhad very high RBRs. The RBR for

wood was less than 1.0 suggesting that thereles lienefit from recycling. In some cases, either
where wood is scarce, or the quality of the woodesy high, recycle would probably show

positive RBRs.

The recycle yield ratio (RYR) evaluates the netdbiérthat society receives for recycling. It is a
measure of what society gets in emergy for its ggnarvestment in recycle. Very high yields
result from a small investment of emergy to trams@duminum and plastics and recycled
concrete as aggregate. Recycled steel has a edatiigh ratio as well, while the recycle of
lumber is only 1.4/1 and sawdust does not provigesitive net yield. The recycle of fly ash has
an extremely high RYR because the emergy of flyiasiery large.

The landfill recycle ratios (LRR) for all the matdr recycle systems studied (Brown and
Buranakarn, 2003), were greater than one, indigdtiat investments in recycling these materials
are beneficial in the long run. The LRR is calcethby adding the emergy used for land filling to
the emergy of the material, since if land fillednaterial is lost to society and represents a cost.
The long term benefits of recycle were significamgigesting that it costs society between 1.5 and
650 times the emergy to land fill materials tharrg¢oycle them. The costs to society for land
filling plastics, steel, and aluminum were betw@&rand 45 times what it costs to recycle them.

1 RBR, recycle benefit ratio: ratio of the emerggdiin providing a material from raw resource toengergy used in recycling the material. The
larger the ratio the greater the advantage of tecyc

RYR, recycle yield ratio: ratio of the emergy iretinaterial to the emergy used to recycle. A laagje indicates greater yield.

LRR, landfill to recycle ratio: ratio of emergyagsto land fill a material to the emergy used tycte the material. The higher the ratio the larger
the benefit from recycling (Brown and Buranakat®032).
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- Application to buildings

The environmental impacts of buildings have becaneissue of interest since the building
sector is identified as a major contributor to #wevironmental impacts resulting in many
pollution, energy consumption and waste generaéimongst others. The amount of emergy
research in this area still leaves room for muchikwto be done. Much research is needed to
improve the methodology and even more promotera joethodology of LCA and emergy for

buildings.

The concept of emergy has been also applied talibgilconstruction and recycle of building
materials and several environmental indicators Hzeen proposed (Buranakarn, 1998; Brown
and Buranakarn, 2003; Huang and Hsu, 2003; Meilktual., 2005; Pulselli et al., 2008; Yuang
and Li, 2008). For example, Buranakarn, 1998 mawlergy calculations for recycling matter in
building applications where he studied 4 matel@avé and recycling patterns based on emergy
evaluation:

» conventional material flow where material is distt after use;

* material recycle where material is recycled back ttage in the transformation process
and re-transformed,;

» use of a by-product waste from another productimegss in place of some material;

* reuse of a material for some other purpose.

However, these available studies have not higtdgjlthe introduction of a new time scale for
recycling flows. Buranakarn, 1998 in his case studgk into consideration this approach in his
calculation. It is therefore clear that for eacimptete recycle flow in a system, a new time is
introduced which gives the system its own dynamiey.

According to the first rule of emergy analysisstdlear that the emergy assigned to the process
output is equal to the sum of the emergy associstgld the process independent inputs
(Lazzaretto, 2009). This first rule does not expiictake into account this internally generated
‘dynamic emergy’. As such, this is hidden in masses and gives a rather simplistic result which
is not a true reflection of the reality. Most sesliusually consider solid wastes recycling as one
system with a single output (Machettini et al., 200cFeng and Cao, 2007; Brown and
Buranakarn, 2003). Some studies however, consluerécycling system as a multi-product
system (Yang et al.,, 2003). Solid wastes couldeeitbe beneficial or not depending on the
process under study. Two different kinds of wasies normally observed in eco-economic
systems. One serves as a potential resource taugrasew goods whilst the other is the real
waste (Yuang and Li, 2008). When the wastes alg fidgraded so that the useful value of
whatever their physical characteristics (conceimmatpressure, chemical potential, temperature)
is zero in relation to the reference level of thginment, they are no longer a resource (Ulgiati
et al., 2004). These real wastes need resourceseavides to render them harmless.

When comparing recycling pathways with traditiowalste treatment, it is important to consider
these two kinds of wastes at the same time (Yuadd-g 2008). However, most researchers
focus on the harmful waste (Bastianoni et al., 20Géhg et al., 2003; Lou et al., 2004) and
neglect the resourceful waste which could be auregdfor emergy inflows.

Another application of Emergy to building constrantwas published by Pulselli et al., 2008.
The authors proposed a set of environmental indiesprovide a basic approach to
environmental impacts of buildings by accounting fllee main energy and materials inflows
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within the building construction process, maintesgrand use: (i) Building Emergy per volume
(Em-building volume): this represent the ‘enviromts cost’ of the building; (i) Building
Emergy to money ratio (Em-building/money ratio)sthepresents the ratio of total Emergy used
to money (seJ/€); (iii) Building Emergy per perd&m-buildings per person): this represents the
rate of Emergy use of human systems with relatiohuildings. The proposed indices based on
Emergy accounting provide a framework for evalugatiand comparing different building
typologies, technologies and materials, regardindferént manufacturing processes,
maintenance, use, thermal efficiency and energguoption.

With reference to building materials, the most egiee study on Emergy and building materials

was developed by Buranakarn, 1998 in which a suesggaper was published in 2003 (Brown

and Buranakarn, 2003). Some of the results have presented in the previous section where the
author made calculations for several common madseria

Many other works could be found for building ma&ésiin literature, yet the impact of these
material recycle on the final emergy of buildinggarely found. The re-definition of the emergy
of a recycled material or reused material wouldsttefinitely have an impact on the value of the
emergy indices defined by the respective buildiagnuch more detailed account of emergy
evaluation of buildings is presented in chapter 4.

- Development of recycle emergy indices

Despite the several recycle emergy indices destiibéhe previous sections, it proves that these
user-definable indices are not enough systemiccantpositive to establish emergy evaluation
indices system in the light of continuous solid teasrecycling or reuse value on the overall
emergy of a building (Detailed review in chapter\Bhat is the impact of the usage of recycling
materials on the emergy of buildings? Which of theycled materials use in the building have
greater benefits? Which new emergy indices can ligedeveloped? This is much discussed and
solutions proposed with case studies in chaptersd34.

2.7 Conclusion

The emergy concept is eminently well-suited to emuinental accounting techniques as any of
the inputs into the productive process can be nudeiipd by means of transformity ratios to give
data in terms of common units of measure in allthef sectors required for an appropriate
environmental accounting method (Gourgaud, 1997)this thesis, discussions on a critical
review of available transformity values which mashergy analysts use in their studies, is
discussed. A case study of determining the tramsfgrof hydrogen for different hydrogen
production pathways was investigated with resules@nted. A preliminary step was to establish
a consistency in the transformity values for hy@mgroduction for the different pathways with
available data in previous publications. The caltad transformity values for hydrogen were
seen to be consistent with published results. Agaasults indicate that the transformities of
hydrogen via electrolysis are higher than thosesfamities via steam methane reforming of
natural gas. This shows that a larger amount a@iuregs is required to get the product (increased
environmental support). This is because of the lagiount of electricity consumption in the
electrolysis process. Thus, this technology ongnseto be applicable in specific cases, where a
surplus of largely renewable electricity is avaiab
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It has been spelt out in this chapter that recycfiows as in the case of feedback is a dynamic
process and as such the process introduces itsimsrperiod. However, emergy evaluations are
completed based on a specific time frame, overa j@& example. As such, a time ‘gap’ is
created between the time introduced by the reaydlow and the period taken into consideration
for the emergy evaluation. This can lead to overpsification of the evaluation if this internal
time generation via the recycling flow is not taketo account.

In the next chapter, a methodology is introducedrasnhancement over previous studies on how
such emergy evaluations can be carried out. Theloleed approach is then applied to a case
study to give a better understanding of the concept
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This chapter presents and highlights the major Gbuations of this thesis. The studies
show the impact of material reuse or recycle to ¢neergy evaluation of systems. Emergy is
carried by matter and its value is shown to begheduct of specific energy with mass flow rate
and its transformity. This transformity is commoc#yculated over a specific period which makes
it a function of time. Recycling flows as in theeaf feedback is a dynamic process and as such
the process introduces its own time period. Howeserergy evaluations are completed based on
a specific time frame, over a year for exampleséah, a time ‘gap’ is created between the time
introduced by the recycling flow and the period etakinto consideration for the emergy
evaluation. This can lead to over simplificationtloé evaluation if this internal time generation
via the recycling flow is not taken into accouns. &result, an internal factor (such as ‘internal
memory’) is proposed under specific assumptions.

The rules for handling different flows in emergyakiations including feedback pathways were
first referred to as emergy algebra by Sciencerh@87. A systematic statement of these rules
was given in chapter 6 of Odum, 1996 and a compardd the calculation rules for embodied

energy and emergy was demonstrated by Brown andndeen, 1996. The rules of emergy
algebra are as follows:

1) For a system at steady state, all the emergy isfltona production process are assigned
to the outputs.

2) When an output pathway splits into two or more patys of the same type, the emergy
input is assigned to each ‘leg’ of the split basedits fraction of the total energy or
material flow on the pathway; therefore, the transiity or specific emergy of each
branch of the split is the same.

3) For a process with more than one output, i.e.,roolcts, each output pathway from the
process carries the total emergy input to the @m®dee., the entire emergy required for a
process is also required for each of the products.

4) No emergy input to a system can be counted twibas[Tif an input or feedback flow to a
component is derived from itself, i.e., it carriesergy already counted in the emergy
required for the component, then the input or liee#t flow is not added to the emergy
required for the component, i.e., input emergydsdouble-counted.
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3.1 Analysis of feedback flows

. ) [ g ¢ | &)

Fig. 3.0: Components without feedback

A single chain of components in which no feedbackealized has one emergy source(gee
Fig. 3.0, wheree represents the energy flow each pathway carrigs zamepresents the
transformity of the pathway). As such, the emerghahce equations at steady state are:

B: &1, =&, (3'1)

C:er,=er, (3-2)

v &(73)

. el(rl) B %(Tz) > C #%(T;,))

Figure 3.1: Components with single feedback

In this second scenario, there is a feedback fl@mmfthe output (C). According to the second
rule of emergy as outlined above, ‘when an out@ihyway splits into two or more pathways of
the same type (i.e; andey), the emergy input is assigned to each ‘leg’ &f $plit based on its
fraction (@) of the total energy or material flow on the paslywtherefore, the transformity or
specific emergy of each branch of the split is shee’ (i.e.r3). As a result, the feedback flow
from C into B should not be added to the input gyef B to avoid double counting the input
from A;. Thus, the emergy balance equations at steadyatat

*B: €7, =610, (3'3)
C:er,=(e +e,)r, (3-4)
Compartment B in real system values seem incosiate it has limited outputs than inputs

contrary to what appears in the figure. This idearccase of establishing a significant difference
of emergy analysis from other tools. Emergy analydliberately truncates feedback effects

* g, is as a result ofz, and since no double counting is allow8d{er,,e,7,) = er,
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when they have looped back to the source, maimigian essence of hierarchy (Herendeen,
2004). The above equations constitute proof thedrgy algebra, if its rules are properly applied,
is congruent with the statement that emergy is rautative function of the inputs, because it
ensures that the energy of streams is not doubleted in the accounting procedure.

However, emergy concerns itself with the past &g hot accounting for any of the initial flows
leading to the formation of a product could defeafundamental principle. The question then is
how one can account for the initial emergy in adbeek flow without violating any of the
emergy rules.

&(7,)

e4(r3)

‘ o) g e, o o)

Figure 3.2: Introduction of additional emergy required (A,)

B:er,=er, +er, (3-5)

C:er,=er, +er, (3-6)

In this specific cases, is taken into consideration since it is not froauie A and as such
does not contain any of the embodied energy framrthial configuration without feedback.

Now, assuming that the proportion of output thdeeddback flow is given by then:

&(7,)

aey(7,)

‘ &(r) () A
@ B 1 C (@-Dey(r,)

Figure 3.3: Diagram showing the recycled amount as
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Assuming a static calculation:

C: &1, =(1-0a)e(r;) +aer, (3-7)
€1, = 6T, —Aa6I; + a6, (3-8)
&1, =&l (3-9)

Assuming a new boundary under steady state conditio

Az
1S
—
w58
1 4 % D
Figure 3.4: Diagram showing a defined boundary
D: Emergy of D=0, +O, (3-10)

Where 0%, O, andO; are emergy flows. In this case, the feedb#&kis not included in the
calculation as already explained in previous sessim avoid double counting since it is a
function of the same system and is already embodidd energy from the system. However,
emergy is time dependent as it is usually evaluated a specific period of time, say 1 year.

Let us consider Fig. 3.5 below:

O,(t)
®)

OZ

v
oY)

4. @

Y0

Time(t)
Figure 3.5: Simplified process system

“In this thesis the symbol of emergy is choserQisvhich refers to Odum, reflecting his enormous teibuitions to
the concept of emergy. It also seek to avoid cotsflin the use of the letter ‘E’ which is been ugadseveral other
concepts.
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Here in fig 3.5, the output emergO,(t) has been calculated based on a certain time (t) and

from a transformity which is equally based on tpecsfic time (t). From fig. 3.6, if a portion)

of Og, returns to the system as feedback, it requirestiadal time (t) beyond the initial time
which was used for its calculation. This accepted] then requires that, emergy from feedbacks
should not just be ignored, but has to be righthaleated in each specific case since the
transformities from feedback flows could be diffegr&om the flow from which it generated.

75(t)

A 4
oy,
L)
A 4
@)

v

,(t
O

Figure 3.6: Simplified Process system wifeed back

T,(t
Z-D

o 7,(t) (3-11)

Where 7p is the transformity of the output flow (D). Frorhet above, a product thus has a
different transformity in a case of feedback flowhis is because in dynamic calculation,
transformities can be calculated at any time duamgoduct’s life, and transformities are slightly
different with each time period (Brown and Cohed0&).

Updating fig. 3.4 with fig. 3.7, a general equat@an be deduced to introduce this time factor for
such evaluations.

13

A,
a(t)z,(t)
[‘ — a(t)yr, (t-1)
a
(A= L C s

Figure 3.7: Process system showindditional emergy needed for recycling

3 Here, (1a) is the specific energy at time (t). This excluday raw material.
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11 represents the transformity of the raw materiautmphich excludes the transformity of the
recycled or reused materials however represents the transformity of the additicemergy
needed for the recycling.

Ip(A-a)=a(®)zs(t) + 7, (A -a®) +a®)7, (t -1 (3-12)
From equation 3.12 above, in a case where t=0 arfidadback is realized:

75 (0)=7,(0) (3-13)

In this case the transformity of the inputs eqtiadg of the output transformity.

However, if t =1 for example and feedback flow Iserved:

7o 0 =7, A~ a®) + a7, O + a7, A1 (3-14)

o @=a@r; Q) +7, @) (3-15)

Now when t=2 for a feedback flow,

I, (A=1,A-a@)+a1;2 +a ()7, (2-1) (3-16)

Substituting Equation 3.15 into equation 3.16 gives

7, =1,-a@)+a@r,@+a@aOr, 0 +7,0) (3-17)
r,@=1,Q1-a@)+1,0a@ +1,(a @ +a@aWr, ) (3-18)
Ip (2) =0t (a + a,z) (3'19)

It is clear from the above equation that thoughféselback transformity is taken into account in
the calculation procedure, there is the avoidafieedmuble counting.
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Transformity increase based on additional timefédexdback

Transformities (»

Time (t)

Figure 3.8: Transformity effects based on differentime scales

Figure 3.8 shows clearly that for each feedbaclk tithere is a potential increase of transformity
and continues with each turn of increase in feekibiaw (t).

3.2 A Case of Recycling Flows

Recycling flows as in the case of feedback is aadyn process and as such its behavior is in the
same way as discussed above. Consider an aggrexyatedh as in fig 3.9. With a raw material
flow (Source A), into the system, not all interpabcesses might be known within the different
process units. In this example, raw materials efieed, transformed, used and discarded. Source
(B) represents the flow from other services, goadd fuel. As such, the process of refining
requires an emergy inpuDg). The process of transforming the refined matentd a finished
product also requires emergy inputs of fuels, gaats services®y). If the emergy in the raw
material isO, then the emergy in the produ@4) is the sum of the emergy in the raw materials
and the emergy inputs for refining and transfororaiO, =O,, + O, +O; ).
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i ! services
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1 1
1 1
1 1
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Raw : i Op
X ~ . ! >
material J & Refinery —>| Transformation — > Product

1 1
1 1
' :
1 1
' .
! !
' i
T ik 2

Figure 3.9: Aggregated system with no internal recle flows

Considering a similar system which involves reaygli additional emergy through services,
goods and fuel inputs would be required for reexgiO.) from source (C) as shown in fig 3.10.
The emergy in the producDf) is then the sum of the emergy in the raw materad all the
emergy inputs required to maintain the cycle ofrtraerial systemO, =0O_ + O, + O, +0O,)*.

Fuels,
goods,
services

Recycling Recycling

material

On Ox
Raw . Or
. i Transformation
material N Refmery anstormatio Product

Figure 3.10: An aggregated system with recycle flosv

' Note: thoughD,, remains the same notation for both the conventipress and the recycling process, they vary
in terms of real quantities i.©,, decreases sin@®; is a substitute in the recycling scenario.
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: o o . : o
The transformity of the product is given ¢, :Z which takes into account the individual
T Q

emergy flows Qm, Or, Or, Oy over a year and the product outp@).(Transformity (of raw
material, fuels, goods, services, and so on...) gdouhtedly an important concept in emergy
studies. There is still an ongoing research in igieg the use of transformity values and its use
in emergy evaluation (Ingwersen, 2010; Baral ankisBa 2010, Amponsah and Le Corre, 2010a,
Ulgiati, 2010 etc). Systems with recycling flows aeentioned above have a rather peculiar
nature. As such, due to the accumulative effecitsolemergy, a new transformity would be
defined by the system, which accounts for thistinal emergy’ accumulation.

Systems with recycling flows as mentioned aboveshavather peculiar nature. The additional
emergy O¢) needed by a system involving recycling or mataease obviously increases the
output or final emergy compared to that of a cotremal system. As such, a new transformity
would be defined by this system involving recycle.

From the equations derived earlier, it is then moéel to consider a system in which a single
feedback flow in the form of recycle flow is foll@d several times as it passes through the
system. Assuming perfect substitution, let us atersihe loop in figure 3.11.

Tnpnat. Froduct

5t} |

— | gl &ttn} Mo recyeling (1 st Case)
.

Opftl) q(l) =]
I e——
(g1 CT) C—————

ehlergy alteady « contained
ebergerecuired for curtent recycling
ehdergy for « new » raw material

Opfl ) at tl} Recyeling once (2nd Case)

fea@
ellergy alteady « containeds Opf1) 4(2) 4

ehdergy required for current recycling W Cef2) Opf2)atta. Recyclingtwice (3rd Case)

ehdergy for « new » raw material -gi2W) By2)

| )
ellergy already « contained » Opi2) gi3) =

eldergy requited for cutrent recycling 4030 Cef3) Up3)at tal_ Recyclingthree tim es(4th Caze)

ebdergy for « new » raw material (130 S4¢3)

4 " andsoon...

Figure 3.11: Opening out the time notion for emergyevaluation of recycling process
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WhereQ,; is the specific total emergy inputs (emergy of raaterial, fuel, goods and services etc
without recycle, from source (A) and (BXD. is the specific additional emergy needed for
recycling from source (&), Op is the specific emergy in the produgtis the amount of material
to be recycledd in the previous section) ands the additional time needed for recycling. From
fig. 3.11, it is therefore clear that in the ficsise, there is no recycle operation tieeand g=0;
O:=0 and as such:

G O)—— —> 6,0

No recycle operation
0:(0=Q ) (3-20)

However, in the % case, ifq(1) is the amount of material to be recycled anihdicates the
recycle time, it must be noted that it already eors a specific emergy from the previous
operation that led to its formation given &@s(0)q(1). Also, the additional specific emergy
needed for the current recycling (collection, satetc.) is given a®(1)q(1) and the ‘specific’
emergy of the new raw material for the processemiasO, (1)(1-q(@)) resulting inOp(1) as the

specific emergy of the product given as:

a@®
10, (0)a@®
v
O, Mg —*
taw ,
0, (0)—> 0,0 O OL-qL)— ——> 0,0
First recycle operation

Op 1) =a@®O, @ +O, MA-aq@) +a@O; (O) (3-21)
In the special case where:
0 =00=0@
Equation (2) becomes:
0, (1) =0, +90, (3-22)

150, is calculated from the emergy of the additionalvéities needed before a material is successfidbycled or
reused (e.g. sorting and collection). The total gyef O.is dependent on the fraction of material recyctgd,
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a(2)

10, (Wa(2)
v

0. (2)a(2—>

0 @1-9(@)y—— —>0,(2)

Second recycle operation

At a time §, indicating a second recycle operatiorg(2) is the amount of material from the first
operation to undergo recyclin@p(1)q(2) is the specific emergy it already contai(2)q(2) is
the additional specific emergy it needs for theeuir recycling operatiorO. (2)(1-q(2)) is the

specific emergy of the new raw material to be itgaiin the operation resulting ©®s(2) as the
emergy of the product, it gives:

0: (2 =a(90. (2 +O (2)(1-a(2) +a(2)0 () (3-23)
In the special case where we hO, ¢O, andq constant, equation (3.23) is:
0, (2 =0, +q0, +g°0, (3-24)

In the third recycling ¢), it follows from the previous derivatives. Thusetspecific emergy
output Op(3)) as in the special case where we O,/ O, andq constant is given as:

a®)

10,(2a(d)
v

0. (3aB)—>

0 (3)(L-aE)—> — 0,0

Third recycle operation

OP (3) = Oi + qoc + qZOC + qSOc (3-25)

Contribution & la théorie de I'éMergie : applicatiau recyclage 104



Nana Yaw Amponsah, September 2011 Chapter 3: Effect of different time scales on eggesynthesis

This continues for any other additional recycliftgs important to note that since there are more
or less differences between each two recycling ggees, due to conditions of manufacture,
technological levels and material inputs, emergyutnfor 100% material recyclin@. would
definitely differ in terms of real values but remsias the notatior®, for all recycle times ¢},

2" 39 4" . n™® Moreover, the increase of proportion recycle) @oes not cause the

proportional decrease of emergy for new raw métemmut (O, (t)).

It is also worthy to mention that in emergy accaumbnly the flows that are crossing the system
boundaries must be accounted for. As such intg@aérated waste where part of it is recycled to
another internal system in the process is not mr#eolto avoid double counting. In this case only
the external emergy used for the recycling is antedifor. However, where the waste generated
by a system is used by another system, the flowcunted for. With the different cases
described above, a general equation could thereteced to calculate the emergy in the product
(Op) at a recycle timé Let us deduce this from the simplified flow diagrin fig. 3.12.

qt)O,(t-1)
|
|
: |
q()o,(t) i >Time step for usingthe
B | product

|
System i
I

.S - J

QM@-aw®) O, (t)

Figure 3.12: Simplified emergy flow diagram (emergyflows during recycle operation)

Then, the specific emergy balance is then written a

O, ()= (MO, (1) +O (HA-a(®) +qt)Op (t -1 (3-26)
which results in the special case whg©; and Q are independent of time, we have:
0, (1) = O, +qO,for the £' Recycle

0, (2) =0, +0,(q+q?) for the 2 Recycle

0,(3) =0 +0,(q+q? +q°) for the 3 Recycle

0, (4) =0, +0,(q+q? +q* +q*) for the 4" and so on.

18 As shown in the equations above, assuming thanttial emergy amount@;) remains constant in all stages of the
recycle, increasing the amount recycled.€. a fraction between 0-#lpes not cause the proportional reduction of
(© (v in total though there is a reduction of new ravterial needed for the recycle operation due tosthestitution

of the recycled material.
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Therefore, foN number of recycles this then gives in the spex@ak whem, O; andO; are
independent of time, we have:

0," =0, +0,(q+g* +q° +q* +..+...+q") (3-27)

=0, +00,(L-q")/(1-0q) (3-28)

Patten, 1995 discussed the effects on emergy oingrathe available energy used through
multiple passages through an ecosystem networkattéos were derived based on the behavior
of the multiple passages. An exponential increaas @bserved, creating a cumulative flow for
such continuous passages through ecosystem netwidrksexact formulae are proposed here
(under assumptions) based on another approach. Hrendiscussion above, it is clear that
considering or ignoring the time pathway of a réeyftow in an emergy evaluation could have

enormous impact on the final results. This is eweore evident when recycling is done

continuously for a specific number of times. FiglBshows the effect of cycle times in recycling
on the specific emergy of the recycle flows.

Additional emergy for recycling (9

v

WUU |

Totalinput emergyj
Number of times of recycle

atno recyclingo;

Figure 3.13: Effect of cycle times (number of timegecycle) on specific emergy amount

It is observed that as cycle times (number of timesaterial undergoes recycle) increase in
recycling flows, specific emergy increase which sadlol the memory of the pathway. This is a
continuous accumulation of specific emergy amowstshe number of times recycle is done
increases. Since emergy accounts for the ‘pagsti@memory of a flow pathway, it is necessary
to add this emergy introduced by the recycling affet that discrete time. The scale of this
discrete recycling is greater than the time tak#o account for calculations of input energy
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involved in refining and transformation of the ramaterial to its final product. Especially in
cases of encapsulation or system aggregation wietagled flow pathways are ignored, the
evaluation could be over simplified, not accounfioigthis effect.

Depending on the number of times of internal feellldows, it is then necessary to take into
account a correction factor. From equation 3.274abm the special case whenO;, O are

independent of time, this correction factor woulel ¥ =(q+0”+q°+q* +...+..4+9")  which

helps to correct emergy evaluations involving a berof recyclesN). This correction factor if
introduced, i.¢¥, makes it easier for the calculations. As a mattdact, the important thing is
to calculateO. and only multiply by the fact¥, depending on the number of times of recycle.

System with its own memory

|
|
: |
YO, |
: |
System |

A L

0, 0.

Figure 3.14: Introduction of a correction factor (¢ )
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Figure 3.15: The impact of continuous recycling ira process

Fig. 3.15 shows the behavior of recycle patterrsethaon this factor on the number of times of
recycle (N) and the rate of recycling (q). Comparli®% and 100% recycling rates for example,
the impact of this factor is not that significarttr fa first recycle operation. However, the
significant difference is greater at higher recytfees. It is important to emphasize that; the
hidden information within recycle flows in such egne synthesis cannot be ignored. At lower
recycle rates, a certain asymptotic behavior is alsserved which indicates that at higher recycle
rates (e.g.100% recycle rate) emergy can be detingdas a function of the number of times of
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recycle. The impact between recycle timeg (.e. between N-1 and N (between a current
recycling and a preceding one) can also be detedrgonsidering the time step which results in
an asymptotic behavior. As sugh(g,N) -y(q, N-1) =& givesq".

100

90 - g=10°

80

70 - e=10*

60

50 1

=103

40

30

20~

10

Number of recycling (N) for asymptotic behaviour

0 T T T T T T T T T 1
0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

rate of recycling (q)

Figure 3.16: Shows the asymptotic behavior at diffent recycling rates

Therefore one can determine the number of timag®fcling to consider to achieve a specific
asymptotic behavior. Fig. 3.16 shows the asymptiodhavior at different rates of recycling.
From the figure, it is observed that, asymptotibawor is more favoured at lower recycling
rates.
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3.3 Case Study - Recycle of some selected Building Materials
(Inspired by Buranakarn, 1998)

In this section, a case study is presented witleraprgy evaluation applied to some building
materials commonly used in the building and comsitbn industry. This case study is inspired by
the work conducted by Buranakarn Vorasun. In thatkwBuranakarn, 1998, the emergy of nine
materials used in buildings were evaluated, inclgdivood, concrete, cement, glass, clay brick,
ceramic tile, steel, plastic, and aluminum. Emergsnaterials was evaluated by analyzing inputs
of raw resources, energy, and labor obtained frational statistics for each material. Inputs of
materials, energy and labor were tabulated and estety to emergy using emergy per mass,
transformities, and emergy per dollar ratio (Odd®96, 2000). Emergy for each input was then
summed to obtain the total emergy per gram of natproduced. In this work however, the

conceptual approach discussed in the previousosscis applied to two different groups of

materials from the study conducted by Buranakaime first comprises of metallic materials

(steel, aluminum) and the second, non-metallic nase(glass and plastics).

€) Evaluation of steel recycling process in the llding and construction industry

Steel is among the most used and also recycledimpdrtant materials in world economy
(Zhang et al., 2009) especially in the construciiwgtustry. In this particular industry, steel is
easily reclaimed and reused in new building woRaclaim of steel from demolished buildings
for recycling is a common and ancient practicehim $teel industry. New steel is often made in
part or all from reclaimed steel scrap from différeources, reducing environmental impacts
from steel production. Comparing the primary enebogyden, when compared with the use of
only virgin raw materials, current recycling opé&vatof stainless steel production represents a
reduction of 33%, and 100% recycling of stainlaeglsproduction would represent a reduction
of 66% (Johnson et al., 2008).

Recycling of steel also decreases,@issions far more considerably. Data for thigcdady is
collected from the thesis presented by Buranaked88 in which he studied the recycle options
of some building materials. In clearly defining egeintensity of recycling operations, he states
that emergy intensity is not transformity or emepgy gram but rather reflects the energy inputs
required to bring a material back to a previougestan which its transformity or emergy per
gram is the same as a raw material input at tlegestOnly the emergy required in recycling
facilities is added into the evaluated processesvoid double counting. He evaluated the
recycling of steel via two recycling alternativete presented the options of using post consumer
scrap steel as substitute for the pig iron inpwt also considered a combination of by product
steel from the production process and post conssonap steel as substitute for pig iron input.

In the conventional steel process which does nailwe any recycle, the pig iron is the largest
input comprising about 70% of the total inputs. Thels and electricity represent about 25% of
total inputs. In the first recycle process addidibamergy is used in collection and separation.
These inputs add slightly to the total inputs & pinoduction process.
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Emergy
Solar emergy per
) unit (seJ/unit) sel/
Note Item Unit/year Input Resource y
Conventional steel product

1 Pigiron g 4,53E+13 2,83E+09 1,28E+23
2 Natural gas J 3,17E+17 4,80E+04 1,52E+22
3 Other fuels J 2,80E+16 6,60E+04 1,85E+21
4 Electricity J 1,84E+17 1,74E+05 3,20E+22
5 Transportation ton-mile 7,50E+09 9,65E+11 7,24E+21
6 Labour $ 1,58E+09 1,20E+12 1,90E+21
7 Annual Yield g 4,49E+13 4,15E+09 1,86E+23

Table 3.1: Emergy evaluation table for the conventinal production of steel via the electric arc furnae process
(Data from Buranakarn, 1998)

Y"As discussed above, table 3.1 shows a situatiotheffirst case, where there is no recycle

operation i.eq=0; O=0 and as suco, (0)=0 (0). Performing such an emergy evaluation with an

annual base period (i.e. per year) requires notiaddl time for recycling (i.eto). In this case,
the sum of the total emergy inputs (pig iron, naltgas, other fuels etc) based on their respective
annual (yearly) quantitie€)) as evaluated, gives the emergy of the productli@86E+23seJ/yr
and a transformity of 4.15E+09seJ/g.

Solar emergy per Emergy

unit (seJ/unit) seldly

Note Item Unit/year Input Resource
Material recycling and byproduct use steel product

1 Post consumer steels g 1,36E+13 2,83E+09 3,85E+22

2 Steel scrap or slag g 3,17E+13 2,83E+09 8,97E+22

3 Post consumer steel collection g 1,36E+13 2,51E+08 321E+

4 Post consumer steel separation g 1,36E+13 8,24E+06 1202E+

5 Natural gas J 3,17E+17 4,80E+04 1,52E+22

6 Other fuels J 2,80E+16 6,60E+04 1,85E+21

7 Electricity J 1,84E+17 1,74E+05 3,20E+22

8 Transportation ton-mile 7,50E+09 9,65E+11 7,24E+21

9 Labour $ 1,58E+09 1,20E+12 1,90E+21
10 Annual Yield g 4,49E+13 4 24E+09 1,90E+23

Table 3.2: Emergy evaluation table involving recyd of post-consumer steel via the electric arc furma
process (Data from Buranakarn, 1998)

17 |n Table 3.2, Buranakarn, 1998 has taken into auicthe same labor for each raw material whatevercytle
(conventional or recycling). This assumption cobll usefully revisited in a dedicated work, as iatkd by an
anonymous reviewer.
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The main difference between the two tables predeiethe additional emergy needed for post
consumer steel collection and separation for tlgcte process (Table 3.2). This represents the
additional emergy needed for the collection of ustegl from landfills and other sources and the
corresponding additional emergy needed for somingeparation. This is represented by item 3
and 4 on Table 3.2 with transformities of 2.51E#8/3 and 8.24E+6 seJ/J respectively. As such,
Table 3.2 presents the system involving recyclig. consider that the 70% new raw material
input represents 0CF. In this specific case, g, which is the rate afysting, is given as 30%. As
such, from equation 3.22, which was earlier on meetd O, () =0, +q0O,, whereG; is the

emergy of the total inputs without recycle and ég@@ in that specific case. As such, the
emergy contained in the material to be recycle@dsvhereOp = O; in the specific cas&); =
1.86E+23 seJ. From the data (see Buranakarn, 1888 flhe emergy needed for collection and
separation for a 100% material recycle is 1.13Es€Pand 3.70E+20 seJ respectively.

Applying equation 3.22, then giV1(]_86<1023)+0.3(37>d(f°+ ]_134022)= 19CE+23sej yr

However, this could also be done by the methodagxetl in the previous sections. Therefore,
calculatingO. andy, Op could be calculated. Fig 3.16 presents the evaduamergy results for
different recycle times for recycling rates of 3@%d 90%.

2,70E423

2,50E+23

90% steel recycle

2,30E+23

2,10E+23

Final output emergy (Ep, $eJ)

1,90E+23
30% steelrecycle

1,70E+23

0 2 4 6 8 10 12
Numberof times of recycle {(N)

Figure
3.16: Results of Continuous recycling of steel bad®n 30% and 90% recycling rate

It is observed that at both 30% and 90% recycletexd| scrap, there is a gradual accumulation of
emergy from the first, second, third recycle andgsolIn the third recycling, for example, it is
seen that the materiaf)(undergoing recycling has already been subjectedfirst (L-q), second
(@@-9) and now a thirddf) recycling. As such this accumulative effect mostconsidered in
the final emergy output of the system. Note, that is not double counting as already explained.
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(b) Evaluation of Aluminum recycling process

The correction factors achieved was again exteridechlculate for aluminum sheet recycle.
Table 3.4a gives the results of the conventionatgss and Fig. 3.17 shows the behavior if the
recycle continues for a number of times for diffenecycle rates (q=30% and 90%).

Solar emergy per unitjt EMergy

Note Item Unit/year Input Resource (seJ/unit) selly
Conventional aluminium sheet production

Primary aluminium (ingot) g 4,17E+11 1,17E+10 4,88E+21
Electricity J 1,08E+15 1,74E+05 1,88E+20
Labour $ 2,09E+07 1,15E+12 2,40E+19
Annual Yield g 4,00E+11 1,27E+10 5,08E+21
Recycling Process

Used aluminium can g 2,29E+11 1,17E+10 2,68E+21
Primary aluminium (ingot) g 1,25E+11 1,17E+10 1,46E+21
Aluminium scrap g 6,25E+10 1,17E+10 7,31E+20
Used All. can collection g 2,29E+11 2,51E+08 5,75E+19
Used Al. can separation g 2,29E+11 8,24E+06 1,89E+18
Electricity J 1,08E+15 1,74E+05 1,88E+20
Transport (Truck) ton-mile 2,82E+07 9,65E+11 2,72E+19
Labour $ 2,90E+07 1,15E+12 3,34E+19
Annual Yield g 4,00E+11 1,29E+10 5,16E+21

Table 3.4a: Results of emergy evaluation of convaanhal aluminum production and recycling of used
aluminum cans (Data from Buranakarn, 1998)

6,00E+21

5,80E+21

90% aluminium recycle
5,60E+21

5,40E+21

Final emergy output (Ep, $6J)

5,20E+21

30% aluminium recycle

5,00E+21
0 2 4 6 8 10 12

Number of times of recycle {N)

Fig 3.17: Continuous recycling of used aluminum canfor 30% and 90% of material recycle
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(© Emergy evaluation of plastic and glass (ceramide) recycling

This could be applied to several other materiagyekieg options to evaluate the different impacts.
Data for the emergy evaluation of plastics andsgg(asramic tile) were collected from an emergy
synthesis study presented also by Buranakarn, 1BB&oth recycle processes, there are
associated costs of collection and sorting anduaeb the emergy per mass of the product from
the recycle processes are higher than the convehtiwocess (Tables 3.5 and 3.6).

In Table 3.5, the emergy evaluation of conventigaiastic lumber production is given with that
of a recycling process; assuming that post consipiastic (e.g. milk bottles) and paper are
substituted for the plastic resin and wood fibdreJe are associated with costs of collection and
sorting and as such, the emergy per mass reusesbtpnsumer plastic results in an emergy per
mass of 6.33E+9 seJ/g.

Solar emergy per unitlit Emergy
Note Item Unit/year Input Resource (seJ/unit sedly r
Conventional plastic product
Wood fiber J 2,67E+12 4,20E+04 1,12E+17
Plastic resin g 7,22E+08 5,27E+09 3,80E+18
Electricity J 1,08E+12 1,74E+05 1,88E+17
Transport (Truck) ton-mile 1,87E+05 9,65E+11 1,80E+17
Machinery g 4,84E+05 6,70E+09 3,24E+15
Labour $ 5,27E+05 1,15E+12 6,06E+17
Annual Yield g 8,50E+08 5,75E+09 4, 89E+18
Recycling Process
Post consumer paper g 2,67E+12 1,42E+05 3,79E+17
Post consumer plastic g 7,22E+08 5,27E+09 3,80E+18
Collection g 8,49E+08 2,51E+08 2,13E+17
Separation g 8,49E+08 8,24E+06 7,00E+15
Electricity J 1,08E+12 1,74E+05 1,88E+17
Transport (Truck) ton-mile 1,87E+05 9,65E+11 1,80E+17
Machinery g 4,84E+05 6,70E+09 3,24E+15
Labour $ 5,27E+05 1,15E+12 6,06E+17
Annual Yield g 8,50E+08 6,33E+09 5,38E+18

Table 3.5: Emergy evaluation of conventional and mycle process of plastic lumber (Data: Buranakarn1998)
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Emergy
Solar emergy per unit t

Note Item Unit/year Input Resource (seJ/unit) sedly
Conventional ceramic tile (glass) product

Silica sand g 3,38E+09 1,00E+09 3,38E+18
Sand g 1,31E+08 1,00E+09 1,31E+17
Clay g 1,09E+09 2,00E+09 2,18E+18
Others g 2,18E+08 1,00E+09 2,18E+17
Water J 1,08E+09 4,80E+04 5,18E+13
Natural gas J 8,85E+13 4,80E+04 4,25E+18
Electricity J 1,61E+12 1,74E+05 2,80E+17
Transport (Truck) ton-mile 1,19E+06 9,65E+11 1,15E+18
Machinery g 4,08E+07 6,70E+09 2,73E+17
Labour $ 6,85E+05 1,20E+12 8,22E+17
Annual Yield g 4 14E+09 3,06E+09 1,27E+19
Recycling Process

Sand g 1,31E+08 1,00E+09 1,31E+17
Clay g 1,09E+09 2,00E+09 2,18E+18
Post consumer glass bottles g 2,70E+09 1,90E+09 51BE+1
Others g 2,18E+08 1,00E+09 2,18E+17
) Collection g 2,70E+09 2,51E+08 6,78E+17
. Separation g 2,70E+09 1,32E+07 3,56E+16
Water J 1,08E+09 4,80E+04 5,18E+13
Natural gas J 6,65E+13 4,80E+04 3,19E+18
! Electricity J 1,21E+12 1,74E+05 2,11E+17
» Transport (Truck) ton-mile 1,19E+06 9,65E+11 1,15E+18
- Machinery g 4,08E+07 6,70E+09 2,73E+17
. Labour $ 6,85E+05 1,20E+12 8,22E+17
v Annual Yield g 4,14E+09 3,38E+09 1,40E+19

Table 3.6: Emergy evaluation of conventional and ®ycle process of glass (Data: Buranakarn, 1998)

Figure 3.18 shows the pattern of results obtainedhe product emergy value®gjiass Oppiastid
when the correction factor is used in calculatingse values for their respective recycle times

and rates.
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1,80E+19

1,60E+19 90% glass recycle
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Fig 3.18: Continuous recycling of post consumer g&s (ceramic tile) and plastic for 30% and 90% recyle.

The general principle is the same for each matdaakxample, the recycle of a material is much
affected by the recycling rate (g) and the numbdinaes the recycle is done. Criteria to judge
appropriate optimum levels for both recycle timad aates depends on the asymptotic behavior
of the respective patterns for the recycle opematibhe output emergy values from the
continuous recycling tables presented, further siéfp emphasize the accumulation effect of
continuous recycling at different increasing radasing material recycling. It shows the gradual
increase of specific emergy amounts between tlsg Becond, third, etc recycle times. This is
important to be accounted for during an emergyuatain.

In many studies (Bastianoni et al., 2002; Meillagd al., 2005; Odum, 2000), emergy is

calculated as the product of energy (over a smegériod) and its associated transformity (often
selected from a reference database). Howeverjdrthsis this strong relation seems broken. As
was reported to a reviewer of a paper submitteithégournal of ecological modeling based on

this work, this thesis reminds readers that anees® in the emergy of a product does not
necessarily correspond to a change in the exerggfuavailable energy) in the product. The

reviewer reported that this work seems to breaklithle between eMergy and exergy of a

product. The first question then relates to: is ipure mathematical paradox in the rules of
eMergy? Is it consistent with previous work? Whatrevéhe previous solutions to avoid the

cumulative problem in reuse scenarios? What aredhsequences?
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- A Mathematical Paradox?

It is important to recall that emergy is a ‘cumivat measure and again does not take into
account the (time) depreciation. There are quitewapublished papers which demonstrate the
time dependence in the emergy concept (Odum aretdeet 1996; Tilley and Brown, 2006).
However, in these two examples (papers), depreaidh the environment is not taken into
account for emergy. In respect to the approachepted in this thesis, one can argue that a
similar product could have different transformitigst because one has a portion of recycled
material in its production. However, this work dmsmatrates that since transformity = emergy
(input)/ exergy, emergy (input) can increase witreonecessary change in exergy.

From thefirst law of thermodynamics:

dU = W, +Q or mdu+udm= W +Q (3.29)

whereU is internal energyV external work an€) received heat.

I N Energy U: dU/dt =] - k1*U - k2*U
EMERGY: IF dU > 0 then dEm/dt = Trj*] - Try*k2*U

U koU IF dU =0 then dEm/dt=0
] — > Transfer for Use
KU IF dU < 0 then dEm/dt - Tr,,*dU/dt

SMaterials *J Second L
alerials ¢ Secon@law Where Transformity of ] = Trjand

»
o
*
*

\ J/ B
+Used Transformity of water Try = Em/U

Energy

Figure 3.19 - Lake model (Odum and Peterson, 1996)

Water Stored (W) : dU/dt =] - k*R*U - ko*R*U*B - ks*U

Surface Emergy Stored (Em) : IF dU/dt > 0 then dEm/dt = Trj*] - Trw*ks*U
Discharge
_,q if dU/dt < 0 then dEm/dt = Tr,,*dU//dt
Sub-Surface if dU/dt =0 then dEm/dt=0
Discharge

Transformity of W = Try = Em/U

Figure 3.20 - Lake model (Tilley and Brown, 2006)
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Consider a product (water in a tank, for examplst@ady state: no input or output flow in which
continuous electric power (input of emergy flow)dreces heat losses to the environment) as
shown in fig. 3.19 and 3.20 under (time) deprecratwith its environment (heat losses for
example). If one wants this product to keep theesaseful available energy, one has to add
external energy (in a case of heat los: RQiss = hAT )). Assuming th¢dW =0, if one wants that
the temperaturd is constant, then one has to add energy (by elemtnverter, for example)

elec _

add = ~Qioss Which giVeS:

dU = AR + Moss =0 (3.30)

As such, one could have an increase in emergy utitaahange in the exergy of the considered
product. Odum, 1996 stated the first rule of emargigulations as: “all sources of emergy to a

process are assigned to the processes output.’uéts Qas« must be taken into account for
emergy value. In other words, if a product is undiene) depreciation, to keep the same useful
available work we have a “cost” to pay to Nature (EARNOT formula” but in this case

dEx= [1—TT—°j C, dT=0 (e.g. Dincer and Rosen, 2007, pp17-19) for theskat the tank). In this

respect, use of a product under (time) depreciationexample the mass losses for the “new
production”) does not really damage its useful kade “value” but require additional energy to

recover the same useful available “value” (as & wopay to Nature). The formulae recounted in
this thesis contain this same behavior.

3.4 Consistency of the concept

The inspiration from work conducted by Buranakand the subsequent publication of the results
(Brown and Buranakarn, 2003) is consistent with ékgension done in this work. Considering

the work of Buranakarn, 1998, pp 53-58 for exampdes Table 3.8, the production of steel from
100% pig iron resulted in the transformity of 4.#8BeJ per gram whilst for another scenario in
which 100% post consumer steel scrap was use@naformity of 4.41E+9 seJ per gram was
realized. In another scenario in which 70% steeapcand 30% post consumer steel was
employed in producing the same product as in tleeprg@vious cases, the transformity resulted in
4.24E+9 sed per gram. This shows clearly that dymtocould have different transformities based
on the composition of material inputs (in this céise ratio of raw material to percentage of

material reuse or recycle).

In order to reuse or recycle waste material théit lshs a potential to be used, an emergy
investment is needed. As already mentioned inrtreduction, for an emergy evaluation to be
reliable, the emergy input required for waste tremtit, safe disposal, or recycling must be
accounted for. Undertaking an emergy evaluatiosuoh a system therefore means in principle
that the transformity of the recycled material dbobe calculated accounting for both the
investment for recycling and previous input to gvecess that generated the waste. However,
evaluating a system in this manner would be dogblenting if one needs to assign to it the
whole emergy it bore when it was still in the fimésl product form. Ulgiati et al., 2004 then
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proposes a path of emergy allocation in order aotidlate the emergy rules in which only the
emergy invested in the treatment and recycling ggscshould be assigned to the recycled
resource. As such, the proposal suggests that svasiy bear the additional emergy inputs
needed for their further processing. Though thi gy of solving such a problem, it might lead
to over simplification of a system which leads tnraccounting of the past path way of the
recycled material. As in this example, this worklseto demonstrate a way of accounting for the
emergy of a material which is reused without nemdégsviolating any of the emergy rules. This
goes to show clearly that transformity is a functimf the pathway: 4.15E+9 (0% recycling)
versus 4.41E+9 (100% recycling) seJ per gram.

R m’":ce Solar emergy per Emergy
unit sellyr
Note Item Unit (seJ/unit)
"A. Conveutional steel product
1 Pigiron g 4.53E+13 2.83E+09 1283.00
2  Natural gas J 3.17E+17 4.80E+04 152.38
3 Other fuels J 2.80E+16 6.60E+04 1851
4  Electricity J 1.84E+17 1.74E+05 31945
5  Transport (Railroad) ton-mile 7.50E+09 5.07E+10 3.80
6  Transport (Truck) ton-mile 7.50E+09 9.65E+11 72.34
7 Labor S 1.58E+09 120E+12 18.98
8  Annual Yield (Y) g 4.49E+13 4.15E+09 1867.60
(EAF steel products)
B. Material recycling steel product
Post-consumer steels g 453E+13 2.83E+09 1283.00
10 Post--onsumer steel collection g 4.53E+13 2.51E+08 113.00
11 Post-consumer steel separation g 4.53E+13 8.24E+06 3.70
12 Natural gas J 3.17E+17 4 80E+04 15238
13 Other fuels J 2.80E+16 6.60E+04 18.51
14 Electricity J 1.84E+17 1.74E+05 31945
15 Transport (Railroad) ton-mile 7.50E+09 5.07E+10 3.80
16 Transport (Truck) ton-mile 7.50E+09 9.65E+11 72.34
17 Labor s 1.58E+09 1.20E+12 18.98
18 Annual Yield (Y) g 4 49E+13 4.41E+H09 1983.30
(EAF steel products)
C. Material recycling and byproduct use steel product
19 Post-consumer steels g 1.36E+13 2. 83EH09 385.01
20 Steel scrap or slag g 3.17E+13 2.83E+09 898.36
21  Post-consumer steel collection g 1.36E+13 2.51E+08 34.13
22 Post-consumer steel separation g 1.36E+13 824E+06 1.12
23 Natoral gas J 3.17E+17 4.80E+04 15238
24 Other fuels J 2.80E+16 6.60E+04 18.51
25 Electricity J 1.84E+17 1.74E+05 319.45
26 Transport (Railroad) ton-mile 7.50E+09 5.07E+10 3.80
27 Transport (Truck) ton-mile 7.50E+09 9.65E+11 7234
28 Labor s 1.53E+09 1.20E+12 18.98
29 Annual Yield (Y) g 4 49E+13 424E+H09 1904.09
(EAF steel products)

Table 3.8: Emergy evaluation of steel and steel ngcling alternatives (Electric Arc Furnace process)
(Adapted from Buranakarn, 1998)
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3.5 Consequence of the concept
Two major consequences are highlighted based odeteloped concept.

The first one concerns the calculations. As a tesuthis work, as in the case of several papers
(e.g. Odum, 2000 pp 389-393) where emergy tabkesmployed, it would be necessary to create
an additional column. Actual table for eMergy evéilua is mainly composed of 4 columns:
{Itemy Data unit Solar emergy/unjtSolar emergly For an Item with its own previous time
pathway, authors suggest a sub-composition othiing column Solar emergy/unit (pureBolar
emergy/unit (its own time pathwéyand e.g. for recycling $olar emergy/unit (raw)Solar
emergy/unit (additional eMergygorrection factor¥ }.

The second one concerns the analysis. In ordesuseror recycle waste material that still has a
potential to be used, an emergy investment is reedealready mentioned in the introduction of

this thesis, Ulgiati et al., 2004 pointed out that an emergy evaluation to be reliable, the
emergy input required for waste treatment, safpadial, or recycling must be accounted for.

Undertaking an emergy evaluation on such a systerefore means in principle that the

transformity of the recycled material should becakdted accounting for both the investment for
recycling and previous input to the process thaegeted the waste.

Ulgiati et al., 2004 have then amounted to ‘resgttihe emergy content in recycling processes to
eliminate the problem of cumulative emergy. Theyintaan a strong link between “effective
available energy” and “emergy” but the cost is aklen of emergy rules as they pointed out
themselves. Consequently, without providing a ‘rédeck” (dimensionless number) that could
cancel the previous emergy of the recycled matetted difference between 4.15E+9 and
4.41E+9 seJ per gram as in the example of Buranak808 is explained by the time pathway.
The idea presented in Ulgiati et al., 2004, is ker@ative when no information concerning the
number of recycling is available. Other alternativare Brown’s proposition (Brown and
Buranakarn, 2003) keeping the value for a singtgaleng or keeping the maximum value which
is to say the asymptotic standard.

Impact on Emergy Indices

Several recycle indices have been developed andgsénfor emergy evaluations (Brown and
Ulgiati, 1997). Individually, the indices providemparative analysis to evaluate various systems
relative to each other (see section 2.3). In thermed work (Buranakarn, 1998), several
additional indices were developed to evaluate tpprapriateness of the different recycle
systems. The Recycle Benefit Ratio (RBR) is théoraf the emergy required to provide a
material from raw resources over the emergy reduiverecycle a post-consumer product that is
substituted for the raw resource. It provides imfation relative to the potential savings that can
result if a material is recycled and substitutedafoaw resource. The Recycle Yield Ratio (RYR)
for instance is the ratio of the emergy in a reeganaterial to emergy used for recycle. This
evaluates the net benefit that society receivesrdoycling. It is a measure of what society
receives in emergy for its emergy investment iryckx The RYR is similar in concept to the
Emergy Yield Ratio (EYR) used to express the netelits to society from energy sources
(Brown and Ulgiati, 1997).
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This work does not seek to propose a change ingheof these indices but rather proposes new
dimensionless numbers or indices to analyze regu#islike the existing indices.

» Extended Recycle Indices

Oc1,2,3_> ¢ - '

q — > Extraction || Transformatio _|_>O
12,3

Figure 3.21: Emergy flows with additional emergy fo recycling

Let us denoteD; as the total “initial” solar emergy for the contienal process, i.e. for raw
material, the emergy needed for processing whichhia case involves both emergies for
extraction and transformation. Thé&j the “additional” solar emergy needed for recycle, ©.

= Oreuse L€t US NOW distinguish the purchased (1), renésvpart (2) and the non renewable part
(3). With this notation, one would have:

0,=0,+0, +0, (331)
0,=0, +O, +0, (332)

From the definitions above, some dimensionless mumbould be derived, as an extension of
EYR(a) which can be defined as:

(3.33)

As such, in the above index, the ratio represeméseimergy in the producO{Opg) to the
purchased or non renewable emergy needed in tramsip the raw material into the product
(Opr)- As such, the higher the ratio, the better berfefiinvested emergy. This is represented
also in Buranakarn, 1998; Brown and Buranakarn3200

@)
EYR =—%
o) EYR o, (3.34)
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The above (b) also represents the ratio of thé ¢ot@rgy needed for recycle to the emergy from
non renewable or purchased sources as used angrétéel by Brown and Ulgiati (1997). In this
case, a higher EYRndicates a greater amount of emergy for recy&esuch, the favourability
of a material with a potential to be recycled dejseon how low the value represents.

(Oi 123 + wcl,z,a )
(0, +¢0,)

(c) EYR = (3.35)

The third scenario represents the developed commeepé previous sections of this work. This is
the special case in which systems have recyclegduse material as a part or percentage of its

material inputs. As such the total emergy in thedpct is O, +¢/O, which traces the time

pathway of the material as proposed in this thddig indicates the ratio of material and energy
conserved to the emergy required for recycle wieegale materials are used. As such, Eq. 3.35
traces the pathway of the material as proposeudismpaper.

Indeed, ELR and EIR, NRR (Brown and Ulgiati, 198@h be extended too. The most important
is to calculate these dimensionless numbers to aoegifferent systems.

Emergy Investment Ratio (EIR)

_ (O, +¢0,)
"R 710, +40,)+(0, +40,) (839
Environmental Loading Ratio (ELR)

(0, +40,) +(O, +y0,)
ELR, = (Oiz +¢OC2) (3.37)

3.6 Defining the emergy ratios of products

The emergy of a product is usually defined by titaeltemergy inputs of all resources (renewable
and non-renewable) as well as emergy inputs of g@dl services. However, this might be

different in a specific case where a part(s) ofitipait materials are recycled materials based on
the approach discussed above. Given that:

@ N), je{l.\g}

Where ¢ is the amount recycled, j number of tinfieeaycle and N maximum number of times
of recycle.

Contribution & la théorie de I'éMergie : applicatiau recyclage 122



Nana Yaw Amponsah, September 2011 Chapter 3: Effect of different time scales on eggesynthesis

This therefore means that if different recycled enats with different quantities and number of
times in use are in effect, it becomes difficultdefine the emergy of the product. As such, in
such cases, a possible range of emergy values eatefined for which the investigator can
carefully select from.

Emergy Yield Ratio (EYR)

2 T T T T 1
0% 20% 40% 60% 80% 100%

Amount (fraction) of plastic recycled (q)

Fig. 3.22. Impact of plastic recycle on EYR

Fig. 3.22 presents a typical range of values foREYf plastic. The different EYRs explained
above (EYR EYR., EYRy) have been plotted. It shows clear differencesdan the approach
for calculating the ratios. EY,Rs the calculated ratio based on work done by Bakarn, 1998
which has similar results with EY;Ror the first recycle. EYRis calculated only based on the
additional emergy required for the recycle proq@sshis example, 25% dD. is assumed to be
from non renewable sources) and remains constamélhs

However, the extended emergy ratio proposed inpghper (EYR) shows significant differences
in EYRs based on the quantity of material recy@nd the number of times of recycle. A steady
decline of EYR is observed in all cases of N whishargely due to the additional emergy
required in the recycle operation.

In such scenarios where a material might have goder several loops of recycling the emergy
ratio is defined within a range than having a djpeealue.
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3.7 Conclusions

In this chapter an approach with the aim of contriiy to the emergy evaluation of recycling
processes has been presented. The following aradhrepoints:

1. Researchers often adopt classical emergy indicels a8t EYR, EIR, ELR ESI etc., to
evaluate solid wastes recycling value (Feng and 2@@7; Lou, 2004; Yang et al., 2003).
Consequently, additional efforts to complement tladculation procedure to reflect a
rather clearer picture of these indices are neetl@dugh this analogy, this work presents
a way by which emergy information loss (internaleimory’) which is generated as a
result of continuous recycle operations can bewatenl for in emergy evaluations.

2. The analysis done, shows significant loss of emdrigyory when recycling is done
severally and as such from our analysis; this goineeust be given attention and
developed further. Buranakarn, 1998 and Brown amciiBakarn, 2003 share in the view
that emergy of a product increases with recycliragess. As a result, a recycling process
would increase the emergy content of a product onlge (whatever the time pathway).
This significantly stands out in this chapter.

3. The concept has been applied to examples of bothllmeand non-metallic materials
often used in the building and construction industihis could be extended to evaluate
other material recycling processes and options.okection factor is proposed which
would contribute to comprehensive and an easierrggmevaluation of systems with
recycle. As a result, in this work, as in the casseveral other works (e.g. Odum, 2000
pp 389-393) where emergy tables are employed, iildvibe necessary to create an
additional column. Actual table for eMergy evaloatis mainly composed of 4 columns:
{Item Data unit Solar emergy/unjtSolar emergy For anltem with its own previous
time pathway, it is proposed that a sub-compositadnthe third column $olar
emergy/unit (pure)Solar emergy/unit (its own time pathwpyg created, and e.g. for
recycling {Solar emergy/unit (raw)Solar emergy/unit (additional eMergygorrection

factor? }.

4. It is obvious that traditional economics based amey is not sufficient to fully evaluate
waste recycling value. As such, the emergy theoeggnts a rather more rewarding path
for the future. The contribution of this work adidsthe maximum use of the emergy
theory, especially in systems with recycling. Thenaepts mainly developed in this
chapter are used in a real typical case study setisitivity analysis to ascertain more
clearly the impact of the method proposed on prevgmilar works.
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This chapter seeks to present a real case studgdbas the concept developed and detailed in
the previous chapter. The case study concernsrieegy evaluation of a Low-Energy Building
(LEB) (BBC-Béatiment Basse Consommation énergétiquérench) in which some input
materials are recycled or reused materials. Thstfprart of the chapter focuses on a review and
analysis of existing LEB: main design principleshnologies and solutions in order to select the
best methods for saving and producing energy fremewable energy sources in a building
based on LCA results. The LCA is realized usingnhbg building simulation software,
COMFIE®, Afterwards, an emergy evaluation is presentedtten same building. Separate
scenarios are then evaluated based on differenftoteng materials and quantities.

4.1 Introduction

A significant percentage of the total natural reses that are used in industrialized countries are
exploited by the building industry (Peuportier &t 4996). Almost 50% of this energy flow is
used for weather conditioning (heating and coolimgpuildings. Almost 40% of the world’s
consumption of materials converts to the built esrvinent, and about 30% of energy use is due
to housing (Pulselli et al., 2007). In the E.Ug #nergy consumption for housing and services
was 371.4 Mtoe (million tons of oil equivalent) 2000 (Eurostat, 2000), which is higher than
other sectors such as transport and industry. #swt, there have been developmental research
works to significantly reduce the consumption oémgy in the building industry.

4.2 Low Energy Buildings

In effect, terms such as low-energy and passivadane used more frequently all over Europe,
as environmental protection and resource conservaitie hot topics in these days. Low energy
buildings involve the reduction of use of fossiefisuch as oil, gas and coal, which enhances
sustainable building and development. There areymeays to make a building energy-efficient:
by high insulation, using building components résglin less thermal bridges, buildings with
good air tightness or by technical installationghsias mechanical heat recovery ventilation,

18 \www.izuba.fr
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which also benefits the indoor climate. Even ifrgyeefficiency is important, the main reason for
buildings is to give a good indoor climate, andusmber of studies have indicated significant
relationships between the ventilation and health@oductivity in regard to offices, schools and
dwellings (Andersson et al., 2006; Wargocki and Wy2007). From an indoor environmental
perspective it is also important to avoid possibl@sture problems in the constructions. As the
concept of low-energy- and passive houses is ndpasad and common in some European
countries as in others, the level of standards@edise criteria vary. Other influences on the
variety of standards are different outdoor climatgd historical demands on indoor climate. In
the jungle of definitions and standards, even thasen system does not meet the required
standard or target, it could be compared to otbarthe market and could be used in different
combinations to match up with the requirementshef riegulation. Various studies and real life
instances show that a high performance level peignary energy consumption below 50 kWh.m
% per year (including heating, cooling, domestic hgtter, lighting and ventilation), can be
reached through appropriate architecture desigrbowd with high insulation, free cooling and
heat recovery on exhaust air. This last technolegyarticularly affected by airflows across the
building envelope caused by low air tightness. &hare different labels (fig. 4.1) as well as
modeling tools developed to deal with this issueqactely.
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Figure 4.1: Examples of national definitions useddr VLEB in DK, Switzerland, France and Germany.
(Source: Eriksen et al., 2009)
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Low Energy Buildings in France

In France, about 29.7 million residences are resipten for 42% of final energy consumption
(ADEME, 2005). The building sector is the biggeshsumption sector, before transports sector.
The building consumption has to then be reducectach the French objective, defined in the
“plan climat” (ADEME, 2011). Thus, very low consutign buildings are a key subject in
France.

The French Ministerial decree froni 8lay 2007 defines regulatory requirements for eyerg
performance of buildings. This decree defines fexels:*°HPE, HPE EnR, THPE, THPE EnR,

and BBC. A low-energy house (BBC-Batiment de basssommation énergétique) is a building
that respects the French law set up by the ordstayf8", 2007 published in the Official Journal

(Journal Officiel de la République Francaise) ofyM#®, 2007 which specifies that for the new
residential constructions, the objective of maxim@ahsumption in primary energy is fixed to 50
kwh/m2.year — to modulate according to regions afttdude. Taken into account is the
consumption of so-called conventional primary egpetgating, cooling, ventilation, auxiliaries,

production of domestic hot water and lighting feieis.

The French Environment and Energy Management Ag€AGEME) provides information
about 1100 very low energy demonstration builditigg have been built in France since 2006.
From the 1100 demonstration buildings, 60% arelezgial and 40% commercial, while 80% are
new buildings. A survey on 124 of these new bugddishows that their cost remains acceptable:
For 85% the cost is lower than 2000 €/m?2 and fé¥%Gff the buildings the cost is lower than
1500 €/m2. Several apartment or commercial buiklingve a cost lower than 1200 €/m?, which
is the average value for classical new buildingthefsame type (source: www2.ademe.fr). All
these 124 new buildings have well insulated wall$ @ofs and very high envelope air tightness.
They are all equipped with an efficient heatingteys (heat pump, condensing boiler, wood
heating system), an efficient ventilation systeniti{vineat recovery for 90% of the commercial
buildings and 45% of the residential buildings) avith solar thermal systems for domestic hot
water (in 90% of the residential buildings). In ditoh, solar photovoltaics are used in 35% of
these buildings (55% in commercial buildings).

There are many techniques and methods for redwibgilding’s energy consumption; this is
why there are a lot of labels. The High Quality Eonmental standard for « high eco-friendly
quality » in France, aims to set out a coherentglaobal outline which applies the principles of
sustainable development. It takes the building'siception, construction, functioning and
deconstruction into account. In Germany « Passwhaus used. Switzerland has created an
equivalent label: « Minergie »and in France, thelBBffinergie label is assigned to houses that
meet the requirements of the label Low ConsumpBaiiding (BBC 2005-Batiment de basse
consommation énergétique) with the constraint @& #irtightness of the building with the
obligation to measure the impermeability in the Riegulations are often updated in France. For
example, each five years, there is a new ‘Regleatient Thermique (RT)’, the recent one called
‘RT 2012’ published in 2010 which sets the new liralues.Consumption target levels sought
by the current thermal regulations and the law e tGrenelle Environnement’ (France’s
Environmental Round Table) are presented in Taldle 4

9 HPE: High Performance Energy; EnR: Renewable BndrgPE: Thermal High Performance Energy
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In the last few years, new sustainable buildindgitetogies have been developed and applied to
buildings in order to achieve these set targetsaggessment of buildings is expected to evaluate
building technologies and materials, and to defitamdards for making choices while taking into
account the different steps for the building precdsom the cradle to the grave”, from the
extraction of raw materials to their assemblagewseland even until their disposal or recycling.
Integrating several accounting methods and symtheticators are then expected to provide
general information on the environmental sustaiitglaf buildings.

Année Cible Niveau
2005 190 kWh/ni/an RT 2005 initiale
2008 150 kWh/nf/an RT 2005 renforcée
2010 120 kWh/ni/an Objectif pour RT 2010
2012 50 kWh/nf/an Objectif BBC pour tous
2020 0 kWh/nf/an batiment a énergie positive
BEPOS

Table 4.1: Energy consumption target levels for blidlings in France (source: ADEME, 2011)

4.3 Tools and Indicators applied to the evaluation of buildings

Environmental assessment tools vary to a greamnexte variety of different tools exist for
building components, whole buildings and whole dinig) assessment frameworks. The tools
cover different phases of a building's life cycledaake different environmental issues into
account. These tools are global, national andpimescases, local. A few national tools can be
used as global tools by changing the national datd Tools are developed for different
purposes, for example, research, consulting, dectisiaking and maintenance. These issues lead
to different users, such as designers, architeetgarchers, consultants, owners, tenants and
authorities. Different tools are used to assess anavexisting buildings. Moreover, the type of
the building (residential or office building) inBnces the choice of the environmental assessment
tool.

According to Pulselli et al., 2007, an “indicatois a tool able to give synthetic information
regarding a more complex phenomenon within a wgirse; it works to make a trend or a
process that is not immediately clear more visibieicators simplify information that is often
relative to multiple factors, and enable investigatto communicate and compare results. The
calculation of indicators follows different targetscording to which of the two classes is noted:

A. State-pressure environmental indicators accourdggdecific parameters, through conventional
physical units, in order to verify their compatityilwith specific environmental variables;
they often evaluate much localized factors basedaia collected in a specific area. First-
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level information is thus achieved, but this netalde further processed in order to obtain
truly synthetic information.

B. Sustainability indicators provide a general evatuatbased on a comprehensive balance,
integrating a multiplicity of phenomena that magewe non-homogeneous; they attempt to
evaluate general behaviors from the viewpoint obgl sustainability, with special reference
to the problems of resource overexploitation aretgnwaste.

Methods for evaluating buildings are usually basadenvironmental state-pressure indicators.
These techniques are known worldwide and develapdide national level. Some examples are
the Building Research Environmental Assessment 8e{BREEAM in UK) and the Leadership
in Energy and Environmental Design (LEED, in theA)SThese methods provide a list of
indicators, based on objective values that compaildings’ performances and impacts to their
environmental constraints, which are defined asir thgustainability threshold. Global
sustainability indicators are obtained by processiata relative to different parameters (given in
mass and energy units) through thermodynamics-bakggdithms. Different measures can be
involved in the creation of a unique synthetic hata Some examples of these are the Life Cycle
Analysis, Emergy analysis, the Ecological footpramd the Exergy assessment. These methods
enable the study of relationships between buildiagsl their environmental context, an
ecosystem. A holistic approach is thus developeel \{thole is more than its parts) by gathering
information and providing general evaluations afdings.

This chapter focuses on LCA which is a widely us®aal in the analysis of buildings and emergy
which is the subject of this dissertation.

LCA in Buildings: A Review

With ongoing developments, including energy cexdéfion schemes, environmental labeling and
rating, etc., the interest in a life cycle perspectfor buildings is steadily increasing. The
demands from stake hold&t$or more sustainable buildings are becoming s&ongs already
elaborated in the first chapter of this thesis, LIGA tool used for the quantitative assessment of
a material used, energy flows and environmentalactg of products. It is used to assess
systematically the impact of each material and @secLCA is a technique for assessing various
aspects associated with development of a prodiifet’¢i.e. cradle to grave) from raw material
acquisition, processing, manufacturing, use amallfirdisposal (1SO, 1997).

- The Need for Life-Cycle Assessment in Buildings
Although LCA has been widely used in the buildirgter since 1990, and is an important tool
for assessing buildings (Fava, 2006), it is lesgeltged than in other industries, including
perhaps the engineering and infrastructure sette.building industry, governments, designers
and researchers of buildings are all affected bytithnd of sustainable production and eco-green
strategies. The importance of obtaining environnneldted product information by LCA is
broadly recognized, and LCA is one of the tooldédp achieve sustainable building practices.
Applying LCA in the building sector has become stidict working area within LCA practice.

9 This includes clients, municipal authorities amdgerty developers.
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This is not only due to the complexity of buildingat also because of the following factors,
which combine to make this sector unique in congoarito other complex products:
- First, buildings have long lifetimes, often morantb0 years, and it is difficult to predict
the whole life-cycle from cradle-to-grave.

- Second, during its life span, the building may ugdemany changes in its form and
function, which can be as significant, or even mmgmificant, than the original product.
The ease with which changes can be made and thertoppy to minimize the
environmental effects of changes are partly fumstiof the original design.

- Third, many of the environmental impacts of a huaiddoccur during its use. Proper
design and material selection are critical to mimérthose in-use environmental loads.

- Fourth, there are many stakeholders in the buildidgstry. The designer, who makes the
decisions about the final building or its requirpdrformance, does not produce the
components, nor does he or she build the buildingditionally, each building is unique
and is designed as such. There is very little stathzation in whole building design, so
new choices have to be made for each specifictgtua

The comparability of LCAs of distinct products atie way these LCAs are applied to design
and construct environmentally sound buildings iman point of attention in LCA practice.
Several initiatives for harmonization and standaation of methodological developments and
LCA practice in the building industry have takemgd at national levels, but in general much
scope remains for wider involvement and co-openatio

LCAs of buildings have mainly been conducted farearch purposes (Thormark, 2002; Chen et
al., 2001; Yohanis and Norton, 2002; Adalberth bt Aa001; Peuportier, 2001) and few
professionals in the building sector currently havelepth knowledge about LCA. Much of the
research in especially European countries centedeweloping or using building-specific LCA
tools. The simplest and probably most common kugjdelated application to date is the use of
LCA for comparing the environmental impacts of éi#fnt building materials (Ortiz et al., 2009;
Nassén et al., 2007). The basic principle is a-feelhded evaluation of the environmental
impact and financial cost during the whole life leyof the building and its installations, by
coupling LCA and cost assessment with advancedmggtion techniques. This results in
concepts and guidelines for globally optimized extely low energy building concepts. LCA
methods represent a rational approach, which catvewith the progress of knowledge, and
this may help various actors to agree on commategfies. The interest and potential of new
technologies like renewable energy systems carsbesaed by this precise approach. Another
advantage is the standardization of LCA allowingirkk between evaluations concerning
materials and buildings (Peuportier, 2001). A gahBamework for applying LCA in buildings
has been elaborated in the European project REGENER .

- Considered Life Cycle Phases
The different phases considered in a building difjele are the fabrication of components, the
construction, the use of the building, the ren@ratand the renewal of components, the final
dismantling and the treatment after use of compisnerhe possible reuse and recycling of
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components is also taken into account. As suctypeeal life cycle of a building can be
separated into three distinct phases, each cargistione or several life cycle stages, as detailed
in the first chapter of this thesis. The assemlilgge refers to the collection of raw materials
through resource extraction or recycling, the maotuire of these raw materials into products,
the assembly of products into a building, the regtaent of building products and assembilies,
and intermediate transportation. The operation @hasfers to heating and electricity
requirements, water services and other servicdsidirg material replacement. The disassembly
phase refers to the decommissioning and demoldfdhe building, the disposal/recycling/reuse
of building products and assemblies, and intermiediansportation steps. Each life cycle stage
can consist of many unit processes.

The LCA database for building technologies covédre tcradle-to-gate” impacts, i.e. the
environmental impacts from the raw material extoactto the manufacturing of building

products and assemblies and the disassembly pWakbtionally the database covers the
environmental impacts derived from the transporthef demolition waste to the treatment units
and with its treatment. The considered processehkighlighted in Figure 4.2.

Operation ]
Assembly Phase Phase Disassembly Phase
Raw Material _| Building o Building
Extraction i Operation " Demolition
* Y
Transport <«
Transport
Manufacturing LS Y L
of:uﬂdmgd Reuse of Recycling of Disposal of
HiZ uct;:n Building Building Building
ASSEI' tes Products Products Products
Transport
I
Replacement of
Building Building
Construction Products and
Assemblies

Figure 4.2. Life cycle of a building (Optis, 2005).
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- Review of some published works
Adalberth et al., 2001 performed LCA on four mdi#timily buildings built in the year 1996 at
Sweden. The functional unit was considered as adhinr area (f) and the lifetime of building
was assumed to be 50 years. The main aim wasdg difierent phases of life-cycle of all four
buildings and to find out which phase has the rsgleavironmental impact, and were there any
differences in environmental impact due to the chaf building construction and framework.
Different phases of a building considered were: ufecturing, transport, erection, occupation,
renovation, demolition and removal phase. Valuemdrgy consumption was calculated to be
6400 kWh/m.50 yrs. The occupation phase alone accounts fautaB0-90% of total
environmental impact caused by a building, so itmportant to choose such constructions and
installations options which have less environmemtglact during its occupation phase.

Arena and Rosa, 2003 considered a school buildidgparformed an LCA to compare different
building technologies which have been applied mral school building for obtaining thermal
comfort with minimum fossil energy consumption. §isichool building is situated in Lavalle, a
small town in Northern Mendoza (Argentina). Lifeagpof building was considered to be 50
years. A simplified LCA methodology was used andly aronstruction and operational phases
were considered. Environmental impacts which wemesidered in this study are; GWP, EP,
ARP (Acid Rain Potential), PSP (Photo-Smog Pot8ntiasource consumption and TP (Toxicity
Potential). For all calculations regarding invegtampact assessment and normalization phases
the SBID (Society of British Interior Design) dasasle was used (Petersen, 1997). The annual
energy savings and global energy savings (for Hsyewere calculated and showed that the
annual energy savings during use phase were 530Fyear, and global energy savings for 50
years life span were 265374.5 MJ/year. This studymved that almost all the environmental
aspects investigated were improved when conseevgghnologies were implemented.

Norman et al., 2006 compared high and low populbtéttiings for their energy use and GHG
emissions. It illustrates that the choice of fumicéil unit is highly relevant for full understanding
of urban density effects and choose two functiométs; living area (per frbasis) and number of
lives in a house (per capita basis). Both the domdi were selected for Toronto (Canada). The
EIOLCA (Economic Input—Output based LCA) was usedstimate the environmental impacts
of material manufacturing required for constructioh infrastructure. EIO-LCA is a tool
developed by researchers at Carnegie Mellon Untydiidlyer and Chaffee, 1997). For building
operations nationally averaged public datasets wglized and detailed location-specific data
for the Greater Toronto area were used for pubtid private transportation. Energy use and
GHG emission estimates for per person-kilometredffierent transportation models were taken
from previously submitted report by Kennedy, 200Ris study shows that embodied energy and
GHG emissions resulting from material productiomoas the supply chain were approximately
1.5 times higher for low-density case study thantitgh-density case study on per capita basis;
and the high-density development scenario becon2stimes more energy and GHG emissions
intensive than low-density if considered for uiitrig area basis.

Guggemos and Horvath, 2005 compared environmefffiatte of steel and concrete framed
buildings using LCA. Two five-storey buildings wittoor area of 4400 mwere considered

which were located in the Midwestern US and werpeeted to be used for 50 years. In this
study two methods, process based LCA and EIO-LCArewused to evaluate life-cycle
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environmental effects of each building through efiéint phases: material manufacturing,
construction, use, maintenance and demolition pHdseresults showed that concrete structural-
frame had more associate energy use and emissierts tbnger installation process.

A study carried out in France as part of the EQUfdject (evaluation of environmental quality
of buildings) considered different phases of dwef$ life-cycle, using the functional unit o’ m
living area, with the sensitivity analyses basedtbernative building materials, types of heating
energy, and the transport distance of the timblis $tudy by Peuportier, 2001 showed that the
dwellings with greatest environmental impact weret those whose area is larger, and
emphasized the importance of choosing materials i environmental impact during the pre-
construction phase (i.e., employing LCA as a denishaking supporting tool during the design
stage).

Scheuer et al., 2003 employed an LCA to find thérenmental burdens of a university building
in Michigan (Khasreen et al., 2009). They set thuelys boundaries to include only the building
itself (structure, envelope, interior and backfiihd set the life span to 75 years, which is very
long compared to most other studies, which typycaisume 50 years. The study neglected the
insignificant contributions, e.g., impacts from ifdies used for production, and omitted the
factors which are not related to building desigg,,durniture, movable partitions, street and side
walk modifications, etc. Lack of data had its iefice on the scope of the study due to data
unavailability; the study holder was forced to omiaterials used during the construction
process, and small replacement materials. Forctsge the materials omitted did not affect the
results significantly, but in other cases, unavlity of national and realistic data might drive
the study in the wrong direction, or change itsl goa scope (Khasreen at al., 2009).

- Environmental impacts associated with buildings

A number of different materials are used in thestarttion of a house. This section provides a
brief detail of the environmental impacts assodat@th the main materials used in the
construction process:

Concrete:The production of concrete is quite complex andrenmentally impacting process as
it releases various pollutants such as, carbondkokeavy metals, organic hydrocarbons, carbon
monoxide, sulphur dioxide, Nitrogen oxides and kleawastewater.

Wood: Wood is considered to be a recyclable materiatesiat the end of its service life, a
wooden product can be down-cycled and can be usednény purposes for example, in
chipboard production, animal bedding or gardenquts;

Glass: The two main environmental factors associated gléiss production are the high primary
energy consumption with related energy pollutiod #re material pollution.

Ceramic tiles:They have huge environmental impacts associatddtiheir production. Potential
polluting elements released as a direct resulbeif {production include carbon dioxide, sulphur
dioxide, fluorine and possible chromium.
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Aluminum:It requires a great deal of energy to be produdéds energy consumption in itself
brings environmental burdens besides the large ateoaf pollutants released during the
production process. The pollutants resulting frolmmenum production process include
substances like carbon dioxide (gQacidic sulphur dioxide (S} polyaromatic hydrocarbons
(PAHs), and gases having global warming potentia. iperfluorocarbons (PFCs),
tetrafluoromethane (GJand hexafluoroethane {&) (Berge, 2001).

The impact assessment framework is a multi-stepgss starting by selecting and defining
impact categories, which are relevant to the bogdi(such as, global warming, acidification,
toxicity, etc.,). This is followed by a classifi@a step, which assigns LCI results to the impact
categories, e.g., classifying carbon dioxide emissias causing global warming, and modeling
the impacts within impact categories using coneer$actors, e.g., modeling the potential impact
of carbon dioxide and methane on global warminggisheir respective GHG potentials (ISO

14044, 2006). These steps could be followed byoopti steps to express potential impacts in
ways that can be compared. For instance, compahagglobal warming impact of carbon

dioxide and methane for two options, weight them mlentify the most significant ones. At the

end of the study all the results should be evatuatel reported (SAIC, 2006). Impact categories
could be grouped according to their region of éffecg., global warming has a global effect,
whereas eutrophication has a local effect (ISO 242006).

The impact categories included within the LCA séisdcarried out by researchers of building
environmental impacts differ according to the gufahe study, data availability, and significance
of the impacts. For instance, among the researchieosproduced whole construction process
LCAs, Adalberth, 1997 studied four dwellings lochia Sweden and calculated five different
impacts (GW, A, E, OD, HT, EE), however Peuportier studied three types of howgds
different specifications located in France, andcudaled twelve different impact categories
(Peuportier, 2001). Again among other researchés produced LCAs of BMCC5 Asif et al.,
2007 studied eight different building materialsairscottish dwelling, and calculated one impact
(GW) but Saiz et al., 2006 studied green roofs pai® and calculated eight different impacts.
Within the literature of LCAs applied to whole kigs, the most commonly studied impacts
were global warming, acidification, eutrophicati@md ozone depletion, which were present in
most studies.

4.4 LCA-based environmental assessment and design tools

Life cycle assessment (LCA) allows a quantificatadnindicators related to these issues and is
widely used among industries as well as acadermhis.method has been applied in the building
sector and several tools have been developed. fBoesion of these tools and their relevance as a
design aid is often questioned. Some of the toofssidered include but not limited to: ECO
QUANTUM (W/E Sustainable Building, The NetherlandbEGEP (ASCONA, Germany),
OGIP (EMPA, Switzerland), EQUER (ARMINES, FrancENVEST (BRE, United Kingdom),
Eco-Soft (IBO, Austria), BeCost (VTT, Finland), SAWPRO (BDA Milieu, The Netherlands),

21 GW, global warming potential; OD, photochemicaboe creation; A, acidification; HT, human toxicitiL,
energy consumption
22 BMCC, Building and Materials Components Combinasio
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ESCALE (CSTB, France). In general, the input datduide a description of the studied building
(geometry, techniques...) and its context (e.g. Bt production mix). The output is a multi
indicator comparison of design alternatives, sutipgidecision making.
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Figure 4.3: Sample interface of different tools

Peuportier et al., 2005 studied LCA results frore thfferent tools and proposed ways of

harmonizing the different outputs. The exercisevadid to improve the various softwares (tools)

and aimed at increasing the confidence in the tddle added value was also to clarify the main
assumptions in each tool and to identify good pracbased the recommendations. This was
necessary since the different tools mostly gavesglaiesults. Some good practice proposed by
the group included for instance:

- account both for the use of recycled materialsoimstruction and for recycling at the end
of life, at each phase with 50% of the total pdss#woided impacts compared to no
recycling,

- include water consumption in the analysis,

- use product specific data when available with assist@nt methodology, recent data being
preferable,
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- propose default values for transport distancestécasid for each type of waste treatment
process (incineration, landfill, recycling, ...).

Simulation tool for LCA adapted in this study

The simulation tool (Appendix C) used in the catelg allows the comparison of alternative
designs. The simulation tool EQUER (Polster et #96) is based upon a building model
structured in objects, compatible with the thermsiatulation tool COMFIE (Peuportier et al.,

1996). The functional unit considered is the whaldding over certain duration. Impacts due to
the activities of occupants (e.g. home-work trangpion, domestic waste production, water
consumption) may be taken into account, e.g. whamparing various building sites with

different home-work distances, waste collection ttiedtment system, water network efficiency,
etc.

Coupling LCA and energy calculations simplifies tiee of the tool, and makes the comparison
of design alternatives easier. The two modelsiaked according to a formalism taken from the
STEP approach (standard for computer data exch&@gd and Wix, 1991). The main classes
are the products (building materials or finishés® components (manufactured set of products
like windows, shading devices, etc.), the subsyst@msite built set of products and components
like walls or zones), the whole building and thélding site. A zone is here meant as a thermal
zone, i.e. a part of the building with a homogemsethermal behavior. It may include several
rooms with the same occupancy schedule, orientatibernal heat gains. This thermal-oriented
description can be conflicting with other evaluatide.g. acoustic, day-lighting).

A day-lighting module is added to the thermal s@atioh tool. This module uses another
description, based upon rooms. The output of tfievace is an ecoprofile including the different

CML indicators (global warming, acidification, eyptdcation potentials, smog, etc.), plus some
aggregated values like primary energy and wateswoiption, and generation of radioactive and
other waste (Heijungs et al., 1992). These indisatwe given either for the different phases or
for different alternatives or projects.

Summary

As a matter of fact, LCA should be part of the gdagirocess as a decision making support tool,
to be used by the designers of the building inlpdnaith other aspects like cost, and functional
requirements. The balance between these threeiaritethe task of the architect/designer to
achieve the optimum performance of the buildingaiBstorming during LCA in the early stages
of the design will help find alternatives to theremt proposals which better achieve this balance.
It is very necessary to consider the functions ¢ studied construction itself, as the
environmental impacts of civil constructions aréfedent from those of buildings, which are
dominated by energy consumption.

It has been estimated that the use phase in caomehbuildings represents approximately 80%
to 90% of the life-cycle energy use, while 10% @9®is consumed by the material extraction
and production and less than 1% through end-offitmtments (Khasreen et al., 2009).
Although, LCA is considered the best method avélab assess the environmental performance
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of a product, its application in construction isyweomplex. This is because of the huge number
of different materials, products, actors, procesard also the wide life cycle span of a

construction product. A full LCA of a product prdess useful and accurate information, but is
costly and time consuming, while using generic @ac information in a specialized application

could lead to a wrong choice. Again, almost allttd studies available were carried out in

developed countries. In view of the vast poterfbalbuilding construction in the less developed

world, this should be addressed as a matter ohgygéHunkeler and Rebitzer, 2005).

Despite the limitations presented by LCA, it iseed a powerful tool for the evaluation of
environmental impacts of buildings. It has the ptig¢ to make a strong contribution to the goal
of sustainable development.

4.5 Emergy Evaluation applied to buildings

Emergy Evaluation has been widely applied in thaleation of ecological systems, energy
systems, and environmental impacts of processesaatatge number of studies which is
available in literature. Yet, despite such a widbate, only a few studies have been produced
concerning applications of Emergy Evaluation tdding construction and to building materials.
In most of these studies, Emergy evaluation is eygad as an environmental indicator for
construction activities, building materials prodantand recycling (Buranakarn, 1998; Odum,
2002; Brown and Buranakarn, 2003; Huang and Hs0d3;2Meillaud et al., 2005; Pulselli et al.,
2007). Odum, 2002 presents a broad approach teeth#onships of building construction with
materials circulation and energy hierarchy.

In the Emergy approach, buildings are a storageaterials that is the sum of the inputs during
the construction process. This storage loses Emesdyilding materials depreciate along time
and become dispersed in the environment. New inpytsneans of maintenance and repair
actions keep the Emergy flow into the building syst The necessary symbiosis between Earth
processes and building construction in the uséhefglobal cycle of materials is described by
Odum, 2002.

Processes of providing materials to constructiart sivith the slow work of our planet in
concentrating stored reserves, such as mineralam@socks, and continue with human work in
mining and processing those resources into stoéksonstruction materials and products.
Materials and products incorporated in buildings eeleased again to the global cycle, after
reaching their end of life. Odum, 2002 identifiesee pathways for materials after reaching their
end of life:

(i) Reuse of the highest quality components with sapair;
(i) Reprocessing of remnants that are still concertrate
(i) Environmental recycle of the least concentdateaste materials.

An important assumption brought by Odum, 2002 & Bmergy per mass is an indicator for the
most beneficial recovering path. Materials with thighest Emergy per mass have more
economic and environmental advantages for beingeteand reprocessed, when compared with
low concentrated materials that are more easilggs®ed by global cycles. Buranakarn, 1998 and
Brown and Burnakarn, 2003 proposed a set of Emiadgxes to evaluate recycling patterns and
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recyclability of building materials. These Emergydéxes are suggested to measure the
environmental benefits of three recycling trajelet®r material recycle, by-product use, and
adaptive reuse, i.e. recycling the material foifeent purpose. The reuse option in the sense of
reusing a product elsewhere was not considerdiesetstudies. Emergy per mass is also pointed
as a good indicator for recyclability. Buranakai®98 and Brown and Burnakarn, 2003 also
recognizes that materials with higher Emergy pessrare more suitable for being recycled by
human systems due to their ‘quality’, and have nemnaronmental impacts when released to the
environment. In the context of an environmentalrapph, Huang and Hsu, 2003 proposed a set
of indicators based on Emergy to measure the sffgictonstruction in Taipei’s sustainability:
(a) intensity of resource consumption; (b) infloutftow ratio; (c) urban livability; (d) efficiency

of urban metabolism; and (e) Emergy evaluationrbfin metabolism. The relevance of Emergy
Analysis for that study was in the fact that it leled the consideration of biophysical value of
resources to the economic system. Evaluation oh ranergy flows of materials used due to
urban construction provided both an understandirtgeir relative value and contribution to the
ecological economic system (urban constructionggivalent to 44% of the Emergy used in
Taipei), and a measure of the ecological interfaiceapid urban development (environmental
load of construction waste generation and recyadipygortunities).

Meillaud et al., 2005 applied Emergy Analysis taleate an experimental building of three
stories containing faculty and students’ officesl an workshop, built in 1981, by including
environmental, economical, and information flows.iBcluding information flows generated by
building occupants to the analysis of the wholddiog system, it was possible to calculate the
outputs generated by the building usage: Emergyeg@ecated student, Emergy per publications,
Emergy per courses and Emergy per ‘services’.

The significance of Emergy per unit values was lmgited by Meillaud et al., 2005 because
there were few available Emergy per unit refererffoesmost commodities inputed into the
building.

Aspects regarding the suitability of Emergy Anatysthen compared with Embodied Energy
Analysis, Exergy Analysis and Life Cycle Assessnm@&@A) were also stressed by Meillaud et
al., 2005:

(i) Concerning Embodied Energy and Emergy, results ssiowar kind of information: the
higher the specific emergy and the embodied eng@syy mass, the more relevant its
potential recycling;

(i) Concerning Embodied Energy, Exergy analysis and LffAse methods were not able to
evaluate information or monetary flows and justoagt for the energy on the information
carrier, i.e. computers, paper, and disks.

Another application of Emergy to building constiantwas published by Pulselli et al., 2007.
The authors proposed a set of environmental indimesprovide a basic approach to
environmental impacts of buildings by accounting flee main energy and materials inflows
within the building construction process, mainteseggrand use:

Contribution & la théorie de I'éMergie : applicatiau recyclage 139



Nana Yaw Amponsah, September 2011 Chapter 4: Emergy and building materials recycleease — case study

(i) Building Emergy per volume (Em-building volume)ighepresents the ‘environmental
cost’ of the building;

(i) Building Emergy to money ratio (Em-building/monegtio): this represents the ratio of
total Emergy used to money (seJ/€);

(ii)Building Emergy per person (Em-buildings perpon): this represents the rate of Emergy
use of human systems with relation to buildings.

The proposed indices based on Emergy accountingdarca framework for evaluating and
comparing different building typologies, technolesgi and materials, regarding different
manufacturing processes, maintenance, use, theffiti¢ncy and energy consumption.

Pulselli et al., 2007 argue that buildings are hikkk Emergy reservoirs (storage) that persists in
time, and that Emergy evaluation of a building hgits the durability of materials as a factor
for sustainability. With reference to building maaés, the most extensive study on Emergy and
building materials was developed by Burnakarn, 1i@9&der to identify recycling patterns. The
author made calculations for several common madgeria

However, the values presented for metals and ptagsip not include the final stage of
transforming the raw material into building prodyctuch as extrusion of aluminum for profiles
production. Other single reference values for bagdmaterials may be found dispersedly in
literature, yet in general calculation procedures @nitted, thus hindering an analysis of their
accuracy and data source.

4.6 Case Study
4.6.1 LCA applied to the evaluation of a 1-storey aw Energy Building in France

This case study is applied to a typical buildingesponding to the present construction standard
in France. The building under study is located lreys (Isére) which is a small town situated on
30km from Grenobldt is defined by a net area of 155 nalculated as the sum of the living area
plus the garage area. It is intended for residensa. It is comprised of a basement, a ground
floor and one other floor. The structure considtseinforced concrete frame with pillars and
beams. The walls are made of concrete blocks withngernal insulation layer and gypsum
plastering. The upper ceiling is covered with mahevool, under clay tiles roof. The aluminum
glass windows are double glazed witff£1.13W/nf.K.

Figure 4.4: View of the Low Energy Building — BBC bcated in France

2 Overall heat transfer coefficient
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The structure consists of a reinforced concretendrawith pillars and beams. The external
wrapping is formed by two side walls (adjoining ¢ke), two facades (brickworks with cavities),
an insulated basement, and a tile roof. The hosigeated by a gas boiler. The ventilation is
mechanical. The heating consumption is around 50rWHhn Fig. 4.5a sketch of the studied
building is shown, that represents the dimensidnthe house. The involved materials were
guantified through investigating the inventory rgpo
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Figure 4.5: layouts of the different floors
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- Simulation with EQUER

The project was assessed with the EQUER softwageatde the house and to make any possible
improvements to it until it reaches level A, whiclorresponds to a low energy building
(<50kWh/m?/year). Firstly, the characteristics lo¢ tuilding were registered in order to model
ALCYONE using the software PLEIADES. Then it wageesting to run the model under
PLEAIDES with adequate weather information to stthy different developments of the energy
consumption of the building during the entire yéire final phase of the project was to change
certain values on the building structure in orderassess energy improvements using the
PLEIADES simulation tool, and choose the best smhstto achieve the initial goal of at least
50kWh/mz/year.

- Methodology
A step by step layout pl&h(basement, ground floor, first floor, roof) forethrarious stages were
carried out.

Facessudetest Facesnord et ouest

oy .
o

Figure 4.6: 3-dimensional image of the house

- Simulation in PLEIADES

Now a simulation is conducted via PLEIADES to avhighe energy profile of the building
during the year under study. The procedure is lk®fs:

The data previously programmed in the ALCYONE safivis transferred to PLEIADES. The
model is refined by redefining the type and theidtire of the various components (windows
and partitions) and then a likely scenario of oetign is selected and adapted for the simulation.

%4 Lay out plans for the various stages are presentég 4.3
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We define a scenario occupationby launching the simulation using the software
METEOCALC?® to generate the temperature profile for the weathe

Since some types of materials do not exist in thleAIDES database, there is the need to create
one. This is for example the case for polyuretheffisol which is often used in insulation of the
floor. Referring to the values of the document jed by the manufacturer helps one to define
the different properties: conductivity, mass, dgnand specific heat. When these values are not
available, assumptions are made by equating thedlemplate provided by a similar type of
component. For example, for the windows MINCO (4 4.&\rgon), the exact characteristic
values of this model can be found on the MINCO webshich can then be used to define the
windows and doors of the house.
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Figure 4.7: An example of creation under PLEIADES ér windows and walls

- Results of the Simulation

A simulation is conducted to observe the behavidhe different zones of the house during the
year by taking the climatic conditions of the cityo consideration and setting the scenario of

occupation as stated previously. To this end, @neaye annual total heating needs of 136kWh/m?
Is achieved.

>The different characteristics of occupation of theuse in terms of ventilation, set temperature fimg of

occupation are considered. Specific scenarios doupto the separate residential areas or zonesoarsidered. E.qg.
The family in this case consists of 4 persons: @tad2 children with assumptions based on thehringt of different
lives. The parents return home for Lunch and sgessl time in their rooms than the children. Durihg day on
weekdays, the house is unoccupied while on weeki¢iglbusy.

26 A powerful tool to quickly generate hourly weathiata files for use in PLEIADES + COMFIE.
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Zones Besoins Ch, Besoins Ch.

finnce

5550 0 kb 0 kb3
55 NG 0 kwh 0 kb 3
35E 0 kb 0 kdhim3
REC 50 2495 [k 125 kithjm
ROC E 2578 kwh 136 kithimd
ROC M 1808 kwh 218 kwhim3
ROC M 0 kb 0 kwhfm3
REC ME 0 kb 0 kwhfm 3
M1 S0 1940 kb 97 kwh/m3
M1 E 2373 kWwh 125 kwhimd
M1 NG 1668 kb 201 kb3
M1 MNE 0 kb 0 kiwhfm3
M1 M 0 kb 0 kwhyfm3
Tokal 12863 kWwh 136 kwhim3

Figure 4.8: Zonal heating needs under PLEIADES

By observing the synthesis results, it can be sea&tnthe area with the most consumed energy is
the ground floor (RDC NO) with 218 kWh/m2. The axgi#h much less energy consumption is
the first floor towards south-west (N1 SO) with BWh/m2. This difference is partly due to
uneven solar energy gains. As such the part orwaitbagreater solar energy gain requires less
energy in total than vice versa. The chart displalyg Fig. 4.9 shows this patchy distribution.
The chart shows in green the important contribwtifm the area N1 SO and that of the red RDC
NO area.
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Figure 4.9: Distribution for solar energy gains forareas N1 SO (in green) and RDC NO (in red)
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- Energy Performance Improvement

The goal now is to build on the results of the nliodeto optimize the energy consumption of the
house. Assuming the characteristics of the buitetape (materials of walls, floors, windows
etc.) are optimal, the idea then is to installogint energy systems to reduce the annual energy
balance. It was decided then to estimate the gaihgeved through the addition of a Canadian
well?” on one hand and then a Photovoltaic panel coupléde Canadian well. By integrating
the Canadian well to the simulation of the housegea optimized value of heating power is
achieved. This gives a final value of 90 kWh/m2fyeesulting in an energy gain of 37%
compared to the initial value of 136 kWh/mz/year.

Zones Besoins Ch. Besoins Ch.

5550 0 kiwh 0 kxwhym
55 MO 0 kwh 0 kb
S5E 0 kwh 0 kb
ROz S 1862 kwh 94 kwhim
RDCE 1706 kwh o0 kwhim
RDC MO 1145 kwh 133 kwhjim
RDC M 0 kwh 0 kb
RDC ME 0 kb 0 kwhyim
M1 50 1309 kwh &6 kwhjim
M1 E 1519 kwh 50 kwhjim
M1 MO 295 kiwh 120 kiwhjm
M1 ME 0 kiwh 0 kxwhym
M1 M 0 kwh 0 kb
Entrée du puits 0 kwh 0 kb
Milieu du puits 0 kwh 0 kwehjim
Sortie du puits 0 kwh 0 kb
Takal 8537 kwh 20 kWwhim

Figure 4.10: Optimized zonal heating needs under FEIADES

2" The Canadian well consists of passing a propoudifdnesh air through pipes buried in the groundpbeit enters
the house. The principle is to make passive usgeothermal energy. A PVC or baked earth pipe isrtedl in the
ground at a depth of about 2m. Typically, its ditenevill be between 20 and 30 cm, one of its ersdspen to
outside air, and it is provided with protection iiga water, insects and rodents. The other end eafitted with a
circulating fan (15 W for 200 Hhand carries air inside the room. In winter, tb# at this depth is warmer than the
outside temperature, and therefore the cold apréheated as it passes through the pipes. In suntheesoil is
colder than the outside temperature, and theretbesyell will make use of the relative coolnesghs ground to
moderate the temperature of the air input intordstédence. Some rules have to be respected to sum&ethat heat
can be exchanged correctly between the groundrendit:

* The air volume that passes through the ground matgte blown too quickly (maximum 3 m/s).

e The ratio between the air volume and the exchangice between the tube and the ground must not be
more than 6.

« The installation must not operate continuously;eoflise the surrounding ground will be depleted.
Operation for one hour out of two would appearédalgood solution.

« If the volume of the well is too small, all thatriecessary is to make one or several other welkpakting
of 10 m should be provided between the tubes. Ti@emncy of the well will drop as the spacing betsn
the tubes reduces.
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With the Canadian well, the simulation indicatescasumption of 90 kWh/m?3/year which still
remains above the standard BBC 50kWh/m?/year. AB,stiis decided to then install in addition
to the Canadian well a photovoltaic solar pghe& reduce the consumption. The calculated
amount of annual electricity production gives 7k\WWh/m?/year and thus, the home consume
18.67 kWh/nA/yr, which corresponds to the BBC Effinergie hogsBtandard.

Logement économe

- o5 CEffinergie

RN

136 kWh/m?.an
mam

90 kWh/m?2.an 34% 2312330 E
e E

cremme |

Logement énergivore

Figure 4.11: Balance of energy consumed and the BBgfinergie standard

If the necessary materials for construction arectet carefully based on all the necessary
considered factof§ for optimized energy, then the only option isfitimize the energy systems
as shown in this example to achieve the necesaaggtt

- Amounts of energy and building materials used in th case study

An inventory of inputs to the process with relatnesv data has been collected from a project
assignment by Post graduate students of the EesdléMines de Nantes. In this document, the
quantity of materials and their compositions aporeed in a succession of steps that cover from
the first to the last brick settled.

*® The roof has a total area of 56.1 square metesshypothesized to cover 90% of the surface by pymitaic
panels. The study of datasheet from different mactufers’ panels solar PV Monocrystalline (Solaréumd Shiico)
indicates power per m2 of 135Wc/m2. Thus, by coge®0% of the roof, we reach an installed capaoifty.82
kWec.

In France, the annual production capacity of PVetais about 1100kWh/kWc. A study conducted by Hespul
association (http://www.hespul.org) gives a clu®8% yield for a facility from East or West andlined 0 ° and
90% for a tilt 30°. In this case, the inclinatiand3°, which gives after correlation, a performamziex of 90.7%.
By multiplying the installed capacity by the ind@&4100kWh/kWc performance, it gives an Annual Eleityi
production of. 6748kWh. Considering the living acé®4.6 square meters, the annual production atedun 71.33
m2 kWh / m?/year.

29 As in Lynn Froeschle's article, "Environmental &ssment and Specification of Green Building Matstim the
October 1999 issue of The Construction Specifiepublication for members of the Construction Speatfons
Institute (CSI).
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Quantity of material consumed (kg)

concrete  bricks  limestone  mortar wood plaster  terracotta tiles PVC

Main material consumption for construction

Figure 4.12: Main raw material inputs in constructing the building

From Figure 4.12, it could be seen that concreéto(f) takes about 74% in mass of the entire
material inputs of the building followed by bricksriques). This comprises mainly in the use of
concrete for the groundwork, building frame andtfa floors.

Construction Usage Renovation Demolition Tqtal
Energy consumed (GJ)
Nuclear (78%) 888,4 3917,8 79,8 19,5 4905,5
Hydro (14%) 159,5 703,2 14,3 3,5 880,5
Natural gas (4%) 45,6 200,9 4.1 1,0 291,6
Coal (4%) 45,6 200,9 4,1 1,0 251,6
Used water () 614,5 334,0 90,5 11,1 1050,1

Table 4.2: Calculated energy and water quantitiesfahe different phases of the project
(Data generated by EQUER)

It is clear as expected that a greater amount efggnis consumed during the usage phase
followed by the amount consumed during constructidgain, the consumption of water is
higher during construction than during the utiliaatof the building.
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- Environmental impacts associated with the main matgals used in the construction
of the building

A number of different materials were used in thastnuction of the studied home. This section
provides a brief detail of the environmental imga&s$sociated with the key materials used in the
construction process.

Concrete: The production of concrete is quite complex andrenmentally impacting process
as it releases various pollutants such as, carimxidé, heavy metals, organic hydrocarbons,
carbon monoxide, sulphur dioxide, Nitrogen oxidesl alkaline wastewater. Concrete has a
global warming potential (GWP) of 65 g/kg (Berg802).

Timber: Timber is considered to be a recyclable materiaesat the end of its service life, a
timber product can be down-cycled and can be usech&ny purposes for example, in chipboard
production, animal bedding or garden projects. Bmb reported to have a GWP value of 116
g/kg (Berge, 2001).

Glass: The two main environmental factors associated gliélss production are the high primary
energy consumption with related energy pollutiod #ive material pollution. Glass has a GWP of
569 g/kg (Berge, 2001).

Ceramic tiles: They have huge environmental impacts associatddtieir production. Potential
polluting elements released as a direct resulbeif foroduction include carbon dioxide, sulphur
dioxide, fluorine and possible chromium. The GWRigdor ceramic tiles is equivalent 571 g/kg
(Berge, 2001).

Aluminum: It requires a great deal of energy to be produtéd energy consumption in itself
brings environmental burdens besides the large ataoaf pollutants released during the
production process. The pollutants resulting frolmmenum production process include
substances like carbon dioxide (g§QCacidic sulphur dioxide (S polyaromatic hydrocarbons
(PAHs), and gases having global warming potentia. iperfluorocarbons (PFCs),
tetrafluoromethane (GJ and hexafluoroethane {&) (Berge, 2001; International Aluminum
Institute).

Impact Construction Usage Renovation  Demolition Totgl
Exhaustion abiotic resources (E-15) 0,4 1,4 1,2 0,0 2,9
Inert waste products €q) 9,9 22,0 0,8 0,8 33,5
Radioactive Waste (dn 9,4 1,7 0,2 0,1 114
Greenhouse (t Cp 61,3 270,6 2,7 1,5 3361
Acidification (kg SQ) 287,5 320,9 19,7 17,0 644,2
Eutrophication (kg P§) 35,7 38,2 1,2 2,6 7717
Aquatic ecotoxicity (n°1) 781072,0 1204761,0 73186,2 49770,6 21087B9,7
human toxicity (kg) 406,3 431,0 90,2 20,5 948,1
Photochemical ozone production (kgHz) 225,4 271,7 6,6 18,4 522,0
Odor (Mn) 174,1 5135,6 6,9 1,8 5314,4

Table 4.3: Ecoprofile of the different phases of th project (Data generated by EQUER)

Contribution & la théorie de I'éMergie : applicatiau recyclage 148



Nana Yaw Amponsah, September 2011 Chapter 4: Emergy and building materials recycleease — case study

Table 4.3 presents a comparative ecoprofile (reminpare the different phases of the building
cycle rather than the design approaches). The @mwiental impacts estimated for the
‘utilisation’ phase is observed to be rather highall items. As such it could be said that the use
of the building contributes the highest to the emwnental impacts during the entire life cycle of
the building. As such, a detailed analysis of thiease and subsequent improvement of the
materials and equipments used could lead to a imeitbr environmental performance.

4.6.2 Emergy evaluation of a 1-storey Low Energy Blding in France

Raw data (mass quantities) in the building metamputation has been reported in Table 4.4,
and has been aggregated into different structadspit has been processed through the relative
transformities and expressed in terms of solar gyn@ules. Emergy flows represent a measure
of energy used in the process that could be coedeas the content of a reservoir, the building

itself. References for transformities used in thield are from: Odum et al., 2000; Brown and

Buranakarn, 2003; Meillaud et al., 2005; Odum, 1996

Emergy flows have been reported relative to theensds used to build each component and
structural part. Other factors have also been asdes order to achieve a comprehensive
evaluation of the entire construction process, |icholar irradiation (to the building yard during
the complete process), soil erosion (the loss gfamic matter content in the built area),
machinery and fuel (Pulselli, 2007). Assuming thi@s case study is a likely example of a
common approach to the manufacturing of contemgdraildings, emergy of building materials

has been assessed for a 1,76®uilding and then allocated to a unit of volume.

In Table 4.4the composition of the main building materials usedshown. This assists in
knowing the main material inputs for the constretof the building. The subsequent emergy
results enable us to make a list of building matsiibased on their ‘environmental cost’ (in terms
of seJ) that depends on both their quantity andr tihensformity (quality). In fact, since
transformity is an indicator of energy hierarchpr(fa more detailed study see Brown and
Buranakarn, 2003) that accounts for all the inpatsl transformations occurring in the
production process (i.e. from raw material exti@ctio their final grade form), building materials
have been evaluated through the emergy analysas$&gssing both their environmental impact
(quality) and their use in the building industryéatity). The materials were diversely applied.
Some of these applications include but not limited electrical-service distribution, lighting;
finishes-wallboards, tiles, flooring, wall coversygpaint, wallpaper; masonry and stonework
walls, roofing; mechanical-plumbing, refrigeraticair distribution, walls and fences; window
and doors-hardware, carpentry, glazing, frames etc.

Emergy values of the main individual materials @s® presented in Figure 4.13. It can again be
observed that concrete still remains a significaaterial not only in quantity use but also in
terms of its emergy input. This is because althogghcrete does not have a too high
transformity value, it is used in a very large ditgnproportion in the construction of the
building and thus becomes responsible for a lahgeesof the total emergy (65%) of the total
material emergy input.
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Figure 4.13: Emergy inputs of main raw materials inconstructing the building

It however shows that limestone which was the thargest input falls out when emergies are
considered. This is explained by the low transfoymialue (1.68E+09 seJ/kg) for limestone.
PVC though slightly low in consumption rather gamwergy input due to its high value of
transformity. This makes PVC a good choice for oding or reuse since it has high embodied
energy.

In Table 4.4, the emergy flows have been presemiadve to the materials used to build each
component and structural part. Other factors hdse been considered in order to achieve a
comprehensive evaluation of the entire construgbi@tess, such as solar irradiation, machinery
and fuel. Human work was assumably neglected. Tsergption detailed here based on the
emergy evaluation enables one to assess the empuggtment required for building
construction.

Other structural elements, improved technologiesl seuse of materials from a demolished
building could be selected in order to reduce ttatenmal consumption and thus decrease these
values. This enables direct choices in the execwisuch building projects.
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Table 4.4: Emergy evaluation of building constructbn process

! 2 Density (kg/m®) Wolume (m*) : Unit 4 ) ) ° 8 )
Node liem Raw daia Transiormity (sed/uni) Ref. Emergy (sed)
Renewabie nputs
1 Sun 8,18E+11 J 1,00E+00 a 8,19E+11
2 waer 1000 614,52 6,15E+05 kg 4, 80E+04 a 2,95E+10

Non Renewabie fnputs
Basement (ficor)

3 concree 1500 51 7r1g kg 1,81E+12 b 1,40E=16
4 Soft limestone 1500 1,0 1544 kg 1,88E=09 f 258E+12
5 Heavy concree 2300 0.5 1183 kg 1,81E+12 b 214E+15

Ground ficor (fioor)

6 concree 1300 0.8 1071 kg 1,81E+12 b 1,84E+15
T heavy concreie 2300 0,2 474 kg 1,81E+12 b 8,58E+14
g Falyurethane efisol a5 0,3 i kg 8 85E+12 [+ 9,57TE=13
9 Maorar 2000 0,3 613 kg 3I1EH2 [+ 2,05E+15
10 Ties 2300 01 118 kg 3,68E+12 [+ 4,36E+14
Underground Wall
11 Concrete 1500 52 7303 kg 1.81E+12 b 1,41E+18
12 Heavy concrese 2300 1.0 2393 kg 1,81E+12 b 4 33E+15
‘Wall (on the wesl)
13 Lightweod 500 0.2 110 kg 2 40E+12 f 2 64E+14
14 Wooden fibre 40 0.6 23 kg 2 40E+12 f 5,64E+13
15 Bricks 741 28 2040 kg 3,68E+12 [+ T.91E+15
18 Flazter 1400 0.1 206 kg 3, 20E+12 d 6,76E+14
17 ‘Wooden panel 120 0,02 2 kg 240E+12 T 5,T4E+12
12 plasier 1200 0,02 24 kg 3,25E+12 d T.87TE+13
Wall coaing
1% Lime plaster 1400 01 73 kg 3. 20E+12 d 241E+14
20 Bricks 741 1,0 727 kg 3,68E+12 [+ 267TE=15
21 Flazter 1400 0.1 73 kg 3, 25E+12 d 241E+14
Flagiering
22 Plasier 1400 0,01 14 kg 3,28E+12 d 4,88E+13
23 Concreie blocks 1300 0,10 132 kg 1,81E+12 b 2,38E+14
24  Lime plaster 1400 o.M 14 kg 3.20E+12 d 4,68E+13
Wall (East)
25 Pargthermn bricks30 782 0,3 196 kg 3,68E+12 [+ T.21E+14
28 Bricks 10.7 cm 1700 01 153 kg 3, 88E+12 [+ 5,63E+14
27  Bricks 10.6 cm 1700 01 153 kg 3.83E+12 c 5,63E+14
Wall (Marth)
23 Concree 1500 1,8 2504 kg 1,81E+12 b 4,88E+15
20 Bricks 741 0,7 A5G kg 3, 8BE+12 [ 1,84E+15
30  Wooden fibre 40 01 3 kg 2 40E+12 f 6,90E+12
N Light wood 500 01 27 kg 2 40E+12 f 6,47TE+13
Intermediaie Floor
32  Flager 1500 0.1 154 kg 3. 20E+12 d 50TE+14
33 Concree 1300 0.6 802 kg 1.81E+12 b 1,46E+15
7. § Heavy concree 2300 0,2 473 kg 1,81E+12 b 8,56E+14
35  Polysiyrene extrude 35 0.3 11 kg 8,85E+12 C 9,56E+13
a5 Moriar 2000 0,3 514 kg JAEHZ [ 1,70E+15
7T Ties 2300 01 112 kg 3.83E+12 c 4,36E+14
Room Parisoning
38 Flaster 1200 01 T4 kg 3, 25E+12 d 244E+14
3%  Wooden fibre 40 0.5 20 kg 240E+12 b 4 75E+13
40  Plaster+cellulose 1200 01 74 kg 3. 20E+12 d 2 44E+14
41 Concras 500 01 73 kg 1,81E+12 b 1,33E+14
Roof rafiers
42  Terracofa 1800 01 153 kg 1,63E+09 b 257E+11
43 Air space 1 0,0 0,04 kg 5,9TE=12 a 2, 80E+11
44 ‘Wooden fibre 40 0.5 19 kg 2 A0E+12 b 4 853E+13
45  Wooden board 800 0.1 43 kg 2 40E+12 b 1,03E+14
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Table 4.4(Continued)

1 2 3 . 4 5 6

Density (kg/m’)  Volume (m*) Unit . .
Note  Item Raw data Transformity (seJ/unit)  Ref. Emergy (sed)
Upstairs Roofing
46  Terracola 1900 01 165 kg 1,68E+00 b 2,78E+11
47 Airspace > 1.3cm 1 0.0 0,04 kg 6.97E+12 3 3,03E+11
48 Wooden fore 40 05 | kg 240E+12 b 501E+13
48 Lightwood 800 01 45 kg 240E+12 b 1.11E+14
50  Inenor wooden door 750 0,05 48 kg 240E+12 b 1,15E+14
80  Double glass window for exiernal door 2700 0,03 82 kg 2,13E+13 c 1,T4E+15
4164 argon
61  Glass Window 2700 0,02 44 kg 141E+12 e 6,18E+13
62  Exernal wooden goor 750 0,08 4 kg 240E+12 b 891E+13
63 mesalic gae TE74 0,01 43 kg 8,55E+08 a 412E+10
64  Drainage sysiem (FVC) 171 kg 9.86E+12 ¢ 1,69E+15
65  Staircase (wood) 300 kg 2 ADE+12 b 7.20E+14

Furchased Inputs
86  Fuel (Transpors) 1,74E+08 J 1,13E+05 h 1,96E+13

Energy consumed (Elecricty use on sie)

67  Nuciear (78%) 8,8BE+05 J 2 00E+05 [ 1,78E+11

68  Hydro (14%) 1,58E+05 J B,00E+D4 E] 1,28E+10

89  Nawral gas (4%) 4 56E+04 J 4 80E+04 a 2,18E+09

70 Coal (4%) 4 58E+04 J 4,00E+04 E! 1,82E+08
Total emergy for buliding manufaciuring

otal emergy for bulding manufaciuring 7 1E+16

References (Ref): [a] Odum et al. (2000); [b] Siian(2006); [c] Brown and Buranakarn (2003); [deMaud et
al. (2005); [e] Odum et al. (1987); [f] Odum (199R)] Brown and Arding (1991); [h] Bastianoni et &005)
(Raw data calculated with EQUER software)

Solar irradiation from the sun has been considerdtie calculation. This is necessary in order
not to neglect the ‘free energy’ required for cert@eas during the manufacture of the building.
A typical example is to aid in drying up of mortand concrete amongst others which is most
often not considered by several other tools. Theutation has been performed as follows:

Building area is given as 208mSolar irradiation per year is approximately 5.38EJ/nf;
Estimated building time given as 9months; Albedéfde reflectivity) given as 0.2. As such the
solar irradiation is calculated as:

(200m?) [(5.16E +9J / m?) [{L- 02)

System Boundaries

In the emergy evaluation, raw materials extractsonot included as all materials are assumed to
be in their processed and usable state. Transjortatbuilding materials to the construction site
is thus considered. Erection of the building enpelds also considered. However, for the
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purposes of demonstrating the main ideas of thesish use of the building, demolition of the
building and operation of recycling or treatmenttloé rubble are discussed but not included in
the emergy evaluation.

4.7 Proposal of a model to evaluate materials reuse

The sustainability of the building and constructiodustry largely depends on the ability to reuse
materials. This in a large extent helps to reduee dependence on virgin raw materials and
components (refer to chapter 3 for a detailed vevan recycling in the B&C industry).
Therefore, the evaluation of building constructiwith the use of such recoverable materials
becomes an important goal to be achieved.

Different scenarios
Two different scenarios are considered in this wdtke first is a reuse scenario and the latter is
the recycled scenario. Figure 4.14 shows the matthé different scenarios.

(a) Reuse scenario [®Case)

Within this model, the reuse scenario is considéoedhose materials and components
that:

() Can be disassembled or partially removed,;

(i) Keep their shape or function after being disassethbbr partially
removed,

(i)  Have no hazardous materials.

It is important to note that structural and demabie components are usually suitable for reuse,
such as steel sections, wood and engineered wadhree and assembled precast concrete
elements, as long as they meet the set standaruleemgnts.

Non-structural materials may also be suitable éuse such as finishing materials that could be
resized if needed (e.g. wood floors, glass pamatgjow and door frames, or metallic panels).

Poszibleto he

—®  dizassanbled
1 REUSE

Materials
Eecovered [

Notpossibleto | RECYCLE
L] D¢ dizassombled

Figure 4.14: Allocation of the recovered material$o the different scenarios
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(b) Recycling scenario {iCase)
The recycling scenario option is considered fosthmaterials and components that:
() Cannot be disassembled;
(i) Do not keep their shape in spite of being disastsinb

(i)  Cannot be separated by mechanical or chemical ggesef being a
composite material, or recycled as it is;

(iv)  Can be cleaned if being a contaminated material;
(V) Not having hazardous materials.

However, materials which are not feasible to beasspd for recycling purposes, such as glued
materials could be allocated to heat recovery od f@led depending on their composition and
level of contamination.

There could also be other different possibilities the different scenarios presented. In reuse
scenarios, materials or components may substheteame product with the same function or the
same product with a different function, or event mdéira subassembly with the same or different
function. Recyclates may also be substitutes ofrreaterials for the same material production or
a substitute for a raw material in a different matenanufacture.

4.8 Impact of material recycle or reuse on the emergy of the building

Bricks were found to be the second most used nadtarithe construction of the building,
accounting for about 19% of the total percentagenaferial input. Though it might not be the
best example of a reusable or recyclable materiduilding, compared to PVC, steel etc, the
idea is to illustrate the developed proceduretierdmergy evaluation.

As a result, the emergy of the building is re-eatdd taken into account the different scenarios
already mentioned. The®Xase is considered for a case of damaged bricksnHereuse. As
such, emergy for sorting, collection and transgmmato the recycling plant is considered in
addition to the emergy for the plant process. Bm®rgy adds up to give the additional emergy
for recycling (Q). This is given as 6.20E+13 seJ (with referenaddutation from Buranakarn,
1998). This then is multiplied by the quantity (§6% in this case) of bricks to be recycled. The
result {yO.) is added up to the initial emergy of the build{ngf. Table 4.4) 7.1E+16 seJ to give
an emergy difference of 5.4E+11 seJ for the fiestycling. This is continued for different
number of times of recycle and for different quaesi to assess the various impacts. Table 4.5
presents the results.
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yOc, sel
Recycling
1si 5,442E+11
2nd 7,074E+11
3rd 7,564E+11
4th 7,711E+11
5th 7. 755E+11

Table 4.5: Results of bricks recycling for differem number of recycling times

The difference in emergy increases with increasénnumber of times of recycle as noticed in
the example in Chapter 3. This however highlightskey point much better.

The same is achieved in the case of material rdosthis case, the additional emergy needed
(Oc) is generated from sorting and collection. As s@ghs given as 3.41E+13 seJ. Table 4.6
presents the results of emergy of the buildingeaad for a 30% recycle rate (q) and for different

number of times of recycle.

Difference with

yOc, sed
initial emergy se.

Reuse

1st 2,99E+11 3,0E+11
2nd 3,89E+11 3,9E+11
3rd 4,15E+11 4,2E+11
4th 4,24E+11 4,2E+11
5th 4,26E+11 4,3E+11

Table 4.6: Results of new emergy of building for nese of bricks (e.g. in concrete mix)
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4.9 Impacton EYR and ELR
Calculated values of the improved indicators aes@nted in the following tables and figures.

- Impact on the Emergy Yield Ratio

Recycling Scenario

5R 3,4545E+03

© 4R 3,4553E+03

©

oy

e 3R 3,4577TE+03
2

2 2R 3,4660E+03
5

=

1R 3,4938E+03

3,5897E+03

Emergy Yield Ratio (EYR)

Figure 4.15: Results of recycle bricks use on EYRf the building (refer to Appendix D for EYR calculations)

It is seen from the results presented in Figur® 4hht the EYR decreases with an increase in
recycling times. This is explained by the increasthe additional goods and services purchased
to aid in the recycling process. Figure 4.16 shthesmpact of quantity of recycled bricks use on
the emergy yield ratio (EYR) of the building.

Effect of amount recycled on EYR
3,450E+03 -
3,350E+03
5 3,250E403 -
o
E 3,150E+03 —o— 1st Recycle
2 3,050E+03 - —— 2nd Recycle
2
> 2,950E403 - ~— 3rd Recycle
g —— 4th Recycle
i 2850E+03 -
—#— 5th Recycle
2,750E+03 -
2,650E+03 T T T T ‘ )
0 0,2 0,4 0,6 08 1 1,2
Amount of material recycled (q)

Figure 4.16: Effect of recycled bricks usage on EYRf building
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Figure 4.17 also shows a similar result for thedffecycled plastic usage has on the EYR of the
building construction. Figure 4.18 also display®ther result in which the same quantity of
plastic is sorted, collected and reused withouteugoing process recycle.

Recycling Scenario

5R 3,58336E+03
© 4R 3,58340E+03
2
8 3R 3,5835E+03
B
2 R 3,5839E+03
E
=

1R 3,5853E+03

C

3,5897E+03
Emergy Yield Ratio (EYR)
Figure 4.17: Effect of recycled plastic usage on BY of building
Reuse Scenario

5R 3,58623E+03
© 4R 3,58625E+03
2
g 3R 3,58631E+03
s
2 2R 3,58653E+03
E
=

1R 3,58727E+03

C
3,58973E+03
Emergy Yield Ratio (EYR)

Figure 4.18: Effect of reused plastic on EYR of bidling

As can be seen in the results of the EYR, ignattiegimpact of material reused or recycled leads
to loss of significant information. Extending thraditional EYR to include the recyclable values
from the additional emergy needed for recyclingréases the base value (purchased goods and
services) and thus reduces the EYR. It is obsetivadEYRs are lower in higher recycling times
than lower times. For instance, the difference ¥RHor a f' recycle and a"recycle could be
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significant in a future case of high® for recycling. This is due to the significant cheagn the
additional emergy amounts needed for the cycle atkrral recycle or reuse (Refer to Appendix
B for additional results).

Results of Emergy Evaluation

The results achieved by the LCA tool are used pstidata for the emergy evaluation. For the
purpose of the study, only the energy and wateat;yare considered. Transformities for the
various energy sources (hydro, natural gas, coalyjeferenced from Odum et al., 2000. The
transformity of nuclear is from Ulgiati and Browt99.

Construction Usage Renovation Demolition Total TransiorifselJ/J) Emergy (s¢J)
Energy consumed (GJ)
Nuclear (78%) 888,4 3917,8 79,8 19,5 4905,5 3,35E+05 H69E
Hydro (14%) 159,5 703,2 14,3 3,5 880,5 8,00E+04 7,04E407
Natural gas (4%) 45,6 200,9 41 1,0 251,6 4,80E+04 1,2TEO
Coal (4%) 45,6 200,9 4,1 1,0 251,6 4,00E+04 1,01E407
Used water (nf) 614,5 334,0 90,5 11,1 1050,1 4,80E+04 5,04E;]07

Table 4.7: Emergy evaluation results

From the emergy evaluation results, it is cleamecdmpare the actual quantities of both energy
and water consumption on a similar basis. The mglis seen to consume about 90% more of
energy for construction, usage, renovation and digorothan it consumes water. It is also
observed to consume more energy from the nucleacsaince it is also the most used energy
source in France. However, due to the high trangtgrvalue of nuclear, it would be advisable to
use more of natural gas for reasons of sustaibabili

The transformity is an indicator of an energy hielng that accounts for all of the inputs and
transformations that occur in the process (i.emfraw material extraction to their final grade
form) (Pulselli et al., 2007), which suggests tbatecting raw materials at a lower energy
hierarchy and reducing the environmental influedceing material production are effective
measures to reduce the transformity. For examipéetransformity of nuclear is 3.35 x°1€eJ/J,
which is much larger than the transformity of hyd®00 x 18 seJ/J). In fact, hydro is a
renewable source of energy and as such is in faf@nvironmental protection. As a result,
replacing with hydro definitely reduces the emeagyount.
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4.10 Conclusion

In this chapter, different aspects of evaluatioagehbeen conducted. The emergy evaluation and
another via an LCA tool (EQUER). Emergy evaluatisrseen to be very useful for evaluating
and improving industrial systems because, unlikeeotanalytical tools, it accounts for the
contribution of ecosystems to economic activityrtkermore, it provides useful indicators for
evaluating the economic and ecological feasibdisywell as sustainability of the systems. The
improved indicators proposed in this work provideamceptually sound basis to quantify the
impacts of recycling of materials in a typical Ld&nergy Building. The calculated indicators
were shown to be consistent with the notion thaesting in waste management must be
expected to lead to less environmental stressliadggpendent on the input materials either from
renewable, non renewable or purchased sources. ol galance of these would enhance
sustainability.

The next section summarizes the main conclusions tre§ work, highlight some
recommendations and propose areas of further dawelot and work.
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Conclusions and
Perspectives
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Introduction

This thesis aim to improve emergy accounting fatemys with "waste” recycling by introducing

a recycling factor that is a function of the reayglrate and number of recycle loops. The effort
holds similarities with Patten, 1995 on Network emation. It is rather essential since
understanding emergy recycling is a pressing npad]y because not enough authors have
seriously considered it. This thesis realized atHtole des Mines de Nantes has been mainly
conducted based on the following works:

1. Ulgiati, S., Raugei M., Bargigli S., 2004. Dottittze I's and Crossing the T's of Emergy
Synthesis: Material Flows, Information and Memory pésts, and Performance
Indicators, Proceedings from the Third Biennial Egye Evaluation Research
Conference, Gainesville, Florida.

2. Buranakarn, V., 1998. Evaluation of recycling ardse of building materials using the
emergy evaluation method, a Ph.D dissertation,aBegent of Architecture, University
of Florida, Gainesville, FL.

The Emergy Theory

Of the many measures of value used in environmaet@unting, viz economic value, the value
of labor, available energy, material flow, emergyhe only measure which is of a donor-type i.e.
has a common metric to all inputs and outputs wealin any natural or economic system. Any
measure of real wealth requires a method of acoaymthich utilizes a donor-determined value.
Emergy is a measure of the totality of what wasuireg to generate a good or service. The
techniques closest in essence to that of the EmEamcept are the available energy, exergy,
approaches and the various embodied energy analflsese approaches have failed to relate one
form of energy to another with respect to the dyaif that energy via the transformity. They
have not used a common unit of measure.

The Emergy Concept is eminently well-suited to emwnental accounting techniques as any of
the inputs into the productive process can be nudetipd by means of transformity ratios or
emergy/money ratios to give data in terms of commnits of measure in all of the sectors
required for an appropriate environmental accognnethod (Gourgaud, 1997)

One of the main tools for environmental assessmehtsh is currently most used is LCA as
pointed out in previous chapters. The chapter thisfthesis which presented a case study on the
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emergy evaluation of a building, sought to introglacsimplified LCA approach to a similar case.
A summary of the main differences with both advgetaand disadvantages between LCA and
Emergy are as follows:

Life Cycle Assessment:
Advantages
» |t accounts for emissions of pollutants
» ltis supported by comprehensive and complete datab
» It goes beyond the process boundary (« cradleagegs analysis)

Disadvantages
» |t does not account for ecological inputs (which ba important for e.g. water depletion)
» Accounting of labor and services using mixed apghmea (10 and hybrid)
e Itis Human oriented (Human point of view is apglia evaluation step)

Emergy Evaluation:

Advantages
» It provides account for all type of inputs, inclodilabor and service
» It provides values expressed in the same commdr(sell)
» It accounts for contribution of ecological inpussi, tide, wind, etc.)

Disadvantages
* It does not provide any information about emissions
» It lacks of details of some process phase (i.e¢adle and grave » phase of process)
» It does not rely on comprehensive database, dsFérprocesses
» It lacks of transparency of data

Emergy and Recycling

The work conducted centered on studying recyclingliscrete times and proposed a set of
equations to evaluate such systems involving regycillhis approach aims to contribute to the
emergy evaluation of recycling processes. Sincegymesearchers often adopt classical emergy
indices such as EYR, EIR, ELR ESI etc., to evalsatéd wastes recycling value (Feng et al.,
2007; Lou, 2004; Yang et al., 2003), consequerslyditional efforts to complement the
calculation procedure to reflect a rather clearetupe of these indices for recycling have been
proposed with their impacts examined. Through &hnialogy, this thesis presents a way by which
emergy information loss (internal ‘memory’) whichdenerated as a result of continuous recycle
operations can be accounted for in emergy evahmtidhe results show significant loss of
emergy history when recycling is done severally ant accounted for in emergy evaluations.
Buranakarn, 1998 and Brown and Buranakarn, 200& shahe view that emergy of a product
increases with use of a recycled material. As altrea recycling process would increase the
emergy content of a product only once (whatevertime pathway). The concept has been
applied to examples of both metallic and non-mietaiiaterials often used in the building and
construction industry. This could be extended talgate other material recycling processes and
options.
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Principal contributions

Redefining the first rule of emergy to enhanceritependence as in the case of other scientific
rules and laws. This is intended to incorporatéhim first rule the eventuality of recycle in an
aggregated system.

Again, discussions on a critical review of avai@litansformity values which most emergy
analysts use in their studies is highlighted. Iis fight, a case study was conducted on the
emergy analysis of different hydrogen productionthpays (SMR and electrolysis). A
preliminary step was to establish a consistencythi@ transformity values for hydrogen
production for the different pathways with avaikllata in previous publications. The calculated
transformity values for hydrogen were seen to hasistent with published results. Moreover,
results indicated that the transformities of hydmogvia electrolysis are higher than those
transformities via steam methane reforming of ratgas. This shows that a larger amount of
resources is required to get the product (increasgdtonmental support). This is because of the
high amount of electricity consumption in the elelytsis process. Thus, this technology only
seems to be applicable in specific cases, wherar@us of largely renewable electricity is
available However, emergy investigators sometimes confusseth@nsformity values and select
values not withstanding their original sources.sTdefinitely could influence the outcome of
results and impact on decisions. As such, a sguidelines adapted from Ulgiati et al., 2010 has
been presented to enable the correct selectiamméformity values. Thus available transformity
values calculated from previous studies should drefally selected if to be used in a recent
study. If possible an idea of the context withiniettthat value was reached would be useful.

Through the inspiration of previous emergy studiéss work has tried to develop formulae
which could be used in cases of continuous recyainmaterial for example, in buildings. The
developed approach is applied to a case studwabetter understanding of the application of
the concept. As a result, a ‘factor’ is introdueiich could be included on emergy evaluation
tables to account for subsequent transformity cbsig multiple recycling. This factor can be
used to solve the difficulties in evaluating aggiteg systems, serve as a correction factor to up-
level such models keeping the correct evaluatioth @so solve problems of memory loss in
emergy evaluation. These developed formulae whiechdil” the time pathway of a material has
not as yet been considered in emergy publicatiofi$e current practice in eMergy evaluation is
based on transformity as an input (for raw materis such this proposition evolving different
ideas is interesting for the emergy community atigtioresearchers for the development of the
theory.

%0 This was a remark by a reviewer on the submissfanpaper : ‘Recycling flows in eMergy evaluatién:
Mathematical Paradox?’ based on this work.
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Highlights of contributions
« The emergy of a product containing a part of rangchs expressed in discrete time:

Op () =aMO, (1) + O ()L - a(t)) + a)Os (t - 1) (cf. 3-26)

Based on the hypothesig, (Q.,, O constant) considered, it is possible to expressatemu(3.28)
_~N

by introducing a factor, note¢: O =0, +¢ O_with w:q(quq) with N greater than or

equal to 1.

Based on this work, it is possible to re-definaor(depending on the pathway, i.e. the number
of recycling) in the form:

(Oi 12,3 + llocl,m )

(()il B wt,l )

EYF\Z) = (cf. 3-35)

In addition, other ratios ELR and EIR, NRR (BrowrddJlgiati, 1997) can also be extended.

E Investment Ratio (EIF EIR, = (6, +49,) (cf. 3-36)
mergys Iinvesimen allo - Cl. o-
¥ (O, +40,)+(O, +¢O,)
Envi tal Loading Ratio (ELFELR, = (6, 140,)+ (9, *40.) (cf. 3-37)
nvironmental Loadin atio - Cl. o-
° (0, +40,)

The link between emergy and exergy is not "brokeks.two products could have the same
exergy content but different emergy contents. Bglagy with the statement of Carnot, then for
recycling, there is an emergy price to pay. The malicators depend on the number of recycling
and the part recycled. They thus allow a comparsiween two technical solutions.

Concluding remarks and future work

Based on the above discussion it is clear thatmgoitant future research should be based on
developing the concept further to accurately define transformities of recycled materials
depending on how many times the respective maisrraused.

Another important point to consider is to develbp model to highlight the benefits of recycling
in emergy point of view. The model developed instlitiesis, introduces a disadvantage to
recycling. As discussed, the additional emergy freoycling which contributes to the final
emergy of the product gives a result which makegaleng non-competitive in the emergy point
of view. To correct this anomaly, an ‘emergy resetild be proposed as pointed out by Ulgiati
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et al., 2004. Consequently, after any recyclingcess an emergetic object (reset) is proposed.
The ‘reset’ object cancels the emergy amount. A& siie emergy of the recycled raw material is
then comparable to that of the initial raw matefiam the bowels of the earth, but without that
of extraction and refinery. By canceling the embkddiemergy amount from the recycling
process, recycled raw material is then supportada fesult, the decision to invest in a recycling
module becomes interesting and as such, underlisoitdd resources, recycle is made favorable
over raw material use even though the emergy camlkegyct otherwise.

31

O, [«

g

v

Op

Schematic diagram of a recycle process with a ‘reséey ()

This work certainly agrees that if an investigdtas no idea on the internal rate of recycle, then
Ulgiati's proposal stands. For this reason, resoitgs impact have also been presented on the
measure of sustainability in Chapter 4 for the gjmecase. At a higher scale, recycled material
behaves dynamically as storage, thus it accumuéatesgy over time, but it cannot keep giving
new emergy to the product flows. As a result, gckeg process would definitely increase the
emergy content of a product only once (whatevertithe pathway)? This significantly stands
out in this thesis. Buranakarn, 1998 and Brown Bodanakarn, 2003 share in the view that
emergy of a product increases with recycling precéslditionally, the case study introduced in
Chapter 4 of this thesis, shows significant impaats the measure of sustainability when
recycling is done severally and as such from thedyars; this concept must be given attention
and developed further. It is worthy to note thag¢ gtate of scientific knowledge is always
changing and as such the contributions from thigkvaald up to the information that drives the
necessary changes and evolution.

31 0o- Emergy of the raw material ;z&Emergy of extraction ; ©: Emergy of transformation ; @\dditional emergy
for recycling ; @Q: Emergy of the output materigl:Reset object

32 A response given to a journal reviewer on the ipditg of continuous emergy increase based onptmposed
formulae.
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The Emergy Concept

Definition A.1 — The First Law of thermodynamics states that thal teergy of any system and
its surroundings is conserved — i.e. Energy ishegitreated nor destroyed, it changes from one
form to another.

Preliminary Concepts

Before introducing the emergy concept, it is impottto recall some general energy concepts.
The theoretical and conceptual basis for the emenggthodology is grounded in
thermodynamics. According to the First Law of Thedynamics, any system in a given
condition or state contains a definite quantitgoérgy. When this system undergoes change, any
gain or loss in its internal energy is equal to lites or gain in the energy of the surrounding
systems. In differential form, this is written asEquation 2-1, without chemical reactions.

dU = &+ W (2-1)

where the ternt is internal energyQ is heat andV is work (defined here as a useful energy
transformation).

The symbob is employed to indicate that the term refers taneremental amount of a quantity
which is not a property. In contrast) denotes the incremental change of a propertyrnate
energy. This is because, though we cannot measerabisolute values of either of these energy
terms alone, we can and do measure their differekmglication of the First Law to a system or
process is merely an accounting exercise. All ticeeiases in the energy of the system due to all
the non-thermal energy interactions are summedtlisdsum is the measure of the total work
(available energies utilized in energy transfororad) done on the system. The total energy
increase due to thermal interactions is summedtlisdsum is the total heat absorbed by the
system. This makes the accounting easier, as erseejier here or there. It does not go away.

Definition A.2 — The second law of thermodynamics states thantrepy change of any system
and its surroundings, considered together, resgltirom any real process, is positive and
approaches a limiting value of zero for any prodésd approaches irreversibility.

The first law does not account for the observatibat natural processes have a preferred
direction of progress. For example, spontaneousdat always flows to regions of lower
temperature, never to regions of higher temperauitteout external work being performed on
the system. The first law is completely symmetriwh respect to the initial and final states of
an evolving system. In a refrigerator, heat flowanf cold to hot, but only when forced by an
external agent, a compressor. The second Law ofnmidaynamics is behind the separate
summing of work and heat. Basically, for every sfanmation of energy or material into another
kind, some energy is lost from the system. Evesjesy requires this kind of ‘payment’ in order
to be productive.
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ds= dchfeV (Clausius, 1865) (2-2)

dS=dS, et dS, (2-3)

urroundigs

wheredQ is the loss of the system’s ability to do workhie form of dissipated heat;
T is the uniform temperature of the system; and
dSis the exact differential of entropy.

The second law is also known as the law of thamghsion or degradation of energy or the law of
the increase in entropy (Gourgaud, 1997). Entr@)ynfay be defined as a measure of the extent
to which energy is degraded, dissipated, or dilsedhat it becomes less able to do work. The
energy contained in a system may be constanttutility diminishes with every increase in the
entropy of the system. It is important to note hdieat from the second law, it is the
accumulative change in energy that takes placerasudt of a change in the state of the system
that is the crucial element underlying the thedrthe Emergy concept

Emergy Concept

Emergy is a concept conceived by Howard T. Odusylteg from several decades of research
on energy quality in ecosystems and human systanesighout the 1960’s, ‘70's and ‘80’s
(Brown and Ulgiati, 2004). The logic behind Odurtncept of embodied energy or emergy is
based on the logic behind the Second Law of Theymaahics as stated in the previous section.
This may also be known as the law of the dissipatio degradation of energy resulting in an
increase in entropy. It is a measure of the rediedavailable energy of every process which has
gone into the generation of a given product of ratur service in the economy.

Definition A.3 - The term emergy was coined by David Sciencemairsittng scholar from
Australia working with H.T. Odum, and is a contiaatof the phrase “embodied energy”. It is a
measure of not only the measurable energy curreatiyained in the product or service but also
the totality of the available energies that haveerbe&eonsumed or degraded in each energy
transformation that has contributed to the develeptrof that product or service in its current
form (Gourgaud, 1997).

Though it was conceived in the ecological scienpesponents claim it is applicable to all forms
of systems, including natural systems, human systemd the interface of natural and human
systems (Brown and Ulgiati, 2004). Emergy is defias “available solar energy used up directly
and indirectly to make a service or product” (Odu®96, p.8). Brown and Ulgiati, 2004, state
that emergy can be thought of as “energy memoryl’ iana way of including all inputs to a
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system on a common basis. This common use of nedeuremergy is the solar emjoule,

abbreviated seJ. Researchers from a number ofplies use this approach to goods and
services originating from natural and human systétigas been applied to the examination of a
number of different systems, including regional @lepment, alternative energies, building

efficiency, agricultural practices and natural eaniments (Giannetti, et al, 2006; Lei and Wang,
2008; Meillaud et al, 2005; Menegaki, 2008; Odu®Q@a; Pulselli, 2008; Rydberg and Haden,
2006; Tilley and Swank, 2003).

As stated previously, the First Law of thermodynzsrstates that energy entering a system is
neither created nor destroyed. According to Goutgdi997, energy flowing into a system is
either stored within the system or leaves the systeough the appropriate pathways. Although
energy is conserved within a system, useful transitions (work) necessitate that the energy as
it participates in these transformations changesssential quality. As such, energies of different
qualities are not additive. This distinction is ajar breakthrough by the emergy concept from
that of the traditional energy analysis, sometiongsd in environmental accounting techniques as
described in chapter 1 of this thesis, where enefglifferent types and qualities are deemed to
be additive.

Mathematical Definition of Emergy

The concept of emergy is best understood by a clederstanding of exergy. Exergy as already
defined, is the real proportion of the energy tbat drive mechanical work. It could also be
given as:

E, =G+gz+%v2 (2-4)

whereG is Gibbs free energy, and is the available chemicergy.

In thermodynamics, the Gibbs free energy is a tbdymamic potential which measures the
useful work obtainable from an isothermal, isobdahermodynamic system. Technically, the
Gibbs free energy is the maximum amount of non-gvkwvhich can be extracted from a closed
system, and this maximum can be attained only completely reversible process. When a
system evolves from a well-defined initial stateaowell-defined final state, the Gibbs free
energy 'G' equals the work exchanged by the systigimits surroundings, less the work of the
pressure forces, during a reversible transformatifdhe system from the same initial state to the
same final stateGibbs defined what he called the available en@&fgg body as: The greatest
amount of mechanical work which can be obtainedhfeogiven quantity of a certain substance
in a given initial state, without increasing itdaiovolume or allowing heat to pass to or from
external bodies, except such as at the close opitheesses are left in their initial condition
(Gibbs, 1873). The initial state of the body, adong to Gibbs, is supposed to be such that the
body can be made to pass from it to states ofpditsil energy by reversible processes. Wie

is referred to as Gibbs function or simply freerggeThe Gibbs free energy is defined as:
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G=U+PV+TS=YkuN, (2-5)
i=1

Exergy powerPy, is the rate of change of exergy with time ancgias:

_d& 2.
R dt (2-6)

Emergy is then defined as the integral of the expayver over time.

ty
O(t) = Oref + I det (2-7)

to

i.e. the fundamental emergy of formatidD.&) and the emergy from a set timeto a timet.
However this is only true by the introduction otransformity factor ) which considers the
change of energy from one form to another whichesdkis not usable in its present form.

Transformity (1)

The transformity (previous name transformationoaBcienceman, 1987) is the ratio obtained
when the total emergy used up to make a produdivised by the exergy remaining in the
product. H.T. Odum defined transformity as the eyesf one type required to make a unit of
energy of another type (Odum, 1996). It has theedsion of emergy/energy and measured in
seJ/J. Transformity is a very important concepEmergy Evaluation. It is used as the name
implies, to ‘transform’ a given energy unto emebyymultiplying the energy by the transformity
and hence, provides an energy quality factor (Brawd McClanahan, 1996). The transformity
of a resource increases with more energy transtasnsacontributing to the production of the
resource because at each transformation, avaiaigligy is used up to produce a smaller amount
of energy of another form. So, the emergy increaséshe energy decreases that result in sharp
increase in emergy per unit energy, i.e. transfigrfilau and Bakshi, 2004).

According to Odum, the energy flows of the univease organized in an energy transformation
hierarchy and that the position in the energy hamais measured with transformities (Odum
and Peterson, 1996). According to Scienceman, timeept of transformity introduces a new
basic dimension into physics. However there is guoiby in the dimensional analysis of

transformity as Bastianoni et al (2007) state tratisformity is a dimensionless ratio.

In any useful energy transformation, many jouledo®f transformity (low quality) energy are
required to produce a lesser quantity of highendi@mity (higher quality) energy. The energy
generated by the work of transformation constitugeshigher level in the series of
transformations. The output of any one energy foaingtion contributes and converges energy
to produce an even smaller output at the nert higgneel in an energy transformation chain
(Figure 2.0, Odum, 1996).
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BET
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o0 1 Q0

Figure 2.0: Energy transformation steps (Odum, 1996
» Definition as a ratio

Like the efficiency ratio, transformity is quantiteely defined by a simple input-output ratio.
However the transformity ratio is the inverse dfogncy and involves both indirect and direct
energy flows rather than simply direct input-outpaergy ratio of energy efficiency. This is to
say that it is defined as the ratio of emergy irtpugnergy output.

_ Of(in) 2-8
d E(ou) (2-8)

However, it was realized that the term 'energy otitefers to both the useful energy output and
the non-useful energy output (Nag, 1984). But aslfba and Ulgiati observed, the notion of
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transformity meant to capture the emergy invested ymit product,O, or useful outputk,,
(Sciubba and Ulgiati, 2005). The concept of tramafty was therefore further specified as the
ratio of input emergy dissipated (availability usgo) to the unit output exergy. According to
Jorgensen (2000), transformity is a strong indicatdhe efficiency of the system.

7= O (2-9)
E, (oud)

Substituting the mathematical definition of emef8yr) in the above equation (2-9) gives:
0=>T1E, (2-10)
i

= Calculation of Transformities

Transformities are usually calculated by analyZzing production process for a resource or a
particular item. The transformity of a particulaoaomic or ecological products and services is
determined by analyzing the production processesthef economic and environmental
subsystems. Then all energy inputs required foptbduction are documented and converted to
solar emergy joule by multiplying by the appropitansformity. Finally, to get the transformity
of the product, all the solar emergy joules for thikéerent steps in the production process are
summed up and then divided by the available enefghe product (Brown and McClanahan,
1996). Transformities are usually available frorheststudies (e.g. Brown and Arding, 1991;
Odum, 1996). Figure 2.1 shows how transformities @lculated by summing all the inputs to
process, direct environmental inputs as well ashmased inputs, expressed in emergy (seJ), and
then dividing this total emergy by the energy caht# the product of the process.

The same item may have different transformitiepedeing on the process that resulted in the
item. This may be due to the technology involvée, year of calculation and where the process
took place (country, region).

The baseline for all transformity calculations i total emergy input to the Earth. This is the
sum of the emergy of the solar insolation, deethdagat and tidal energy. These global emergy
inputs are the driving force for all planetary wities. As mentioned previously, most of the case
studies that use Emergy Evaluation rely on andtizsesformities previously calculated. Thus,
the availability of this data often determines &ase with which emergy accounting studies can
be performed (Hau and Bakshi, 2004). For an intdépscription of the methodologies used to
derive the transformity coefficients for variougural and human processes, see Chapters 3 and
4 in Odum’s Environmental Accounting: Emergy andiiEanmental Decision Making.
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I+Fl1+F2
-_—

Product 2

I+F1
e Process 2
Product 1

Degraded t
_DeE energy (heat)

inputs 1+ F1 in emergy units

Transformity of preduct T =

output 1 in units of energy

inputs I + Fi + F2 in emergy units

Transformity of product 2 =
output 2 in units of energy

Figure A.1: Calculation of transformities (Lagerberg, 1999)

A range of transformities usually exist for a giveroduct. The lower limit of the transformity
range represents the most efficient approach tangdke product. Odum (1996) maintains then
that transformities for a given product can be usedompare production efficiencies among
systems.

» Unit Emergy Values (UEVS)

Unit Emergy Values (UEVs) are based on the emeegyired to produce something. UEVs
differ dependent upon whether the entity is beeresented by an energy measure (joules) or a
material measure (grams). According to Brown antddo 2008, if the ratio compares emergy
inflow to unit energy outflow, that ratio is calladtransformity’. If it compares emergy inputs to
unit material outflow, the ratio is the ‘specificnergy’, similar to the specific heat associated
with the mass of compound or element. UEVs areutatied by dividing the sum of all emergy
required by the units of product output. These eslare computed based on the emergy required
to generate one unit of output from a process. foamity and specific emergy are the two types
of UEVs considered in this thesis. However, theeesgveral types of UEVs such as, Emergy per
unit money, which is the emergy supporting the gaien of one unit of economic product and
emergy per unit labor defined as the amount of ggsupporting one unit of labor directly
supplied to a process.
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= Emergy's relation with other thermodynamic quantities

There seems to be much confusion about the refdtipnbetween emergy and other
thermodynamic properties, such as energy, exerghaky, etc. The qualitative difference, as
pointed out by Odum and coworkers, is that unlikeergy, these thermodynamic quantities do
not recognize the difference in quality of vari@arergy sources. A common example is that "a
joule of sunlight is not equivalent to a joule oksil fuel' in the sense that they cannot do the
same kind of work (Brown et al., 1995). This lesm$mpressions that emergy analysis is a very
different approach from exergy analysis (Emblemssad Bras, 2001). Similarly, Ayres (2000)
questions the need for emergy as opposed to sthn@daiables of thermodynamics, namely,
enthalpy and exergy. There is also some confudiontahe exact definition of available energy.
It is certainly not Gibbs free energy because mlobfait is available for work. Odum (1995)
argues that neither is it exergy because "exerggfised to include only energy flows of similar
qualities that of mechanical work, while availalgleergy as defined in emergy analysis also
considers important inflows, such as human servibas require very large energy flows to
maintain. On the other hand, Odum (2000b) and Caihi§p001) define available energy in
emergy analysis as exergy or energy with the piaetd do work. Scrutiny of transformity
calculations indicates that available energy asd useemergy and exergy may indeed be
equivalent. For example, for heat engines the abigl energy of the system is the same as
exergy since it is obtained by multiplying its heantent or flow by the Carnot factor (Odum,
1996). The relationship of the transformities oélfuto their combustion efficiencies may be
easily justified if available energy and exergy ageivalent. Odum uses the heat of combustion
to determine available energy, which is shown toclose to exergy for fuels (Szargut et al.,
1988). Moreover, the use of exergy justifies whysgated heat carries no emergy value. This
lack of formal links between emergy and other thatymamics quantities is a significant cause
of skepticism about emergy among engineers. Sofoetiehave been made to connect emergy
with exergy (Ulgiati, 1999). Improved understandioigthe relationship between emergy and
exergy is essential for constructive cross-fedtian between these areas. Such insight is
essential for greater use of the data and conoégtsiergy analysis in evaluating the life cycle of
engineering products and processes. A strong ktwden engineering thermodynamic concepts
and emergy helps proving that many criticisms o&rgy, such as its connection with economic
value or the Maximum Empower Principle, are noeveht to using emergy to capture the
thermodynamic aspects of ecological goods andsvMore importantly, it clears up much of
the confusion regarding the relation of emergytteeonthermodynamic properties.

Overview of Emergy Evaluation Procedure

Emergy Evaluation of a given system is a mass amgg flow analysis where flows are
transformed to emergy using transformities. Emegggluation allows comparison of energy
flows of different forms. Emergy Evaluation likehet assessment methods is guided by the
research or management questions of concern.bidged on universal principles of ecological
energetics and uses the Energy Systems Languagsddbe natural systems.

Contribution & la théorie de I'éMergie : applicatiau recyclage 199



Nana Yaw Amponsah, September 2011 Appendix

=  Summary of emergy analysis procedure

There are five main steps required to completenagrgy evaluation (Campbell et al., 2006).
» First, a detailed systems diagram is completed.

« The second step is to translate this knowledgeantaggregated diagram of the system
addressing specific questions.

« Third, descriptions of the pathways in the aggregjatiagram are transferred to emergy
analysis tables where the calculations needed amtijatively evaluate these pathways
are compiled.

* The fourth step in the method is to gather the data needed to complete the emergy
analysis tables along with the conversion facterse(gy contents, transformities, etc.)
needed to change the raw data into emergy units.

» Finally, after the raw data has been converted @m@rgy units, indices are calculated
from subsets of the data

Overview System Diagrams

A system diagram is drawn first to put in persperthe system of interest, combine information
about the system from various sources, and to agatata gathering efforts. The process of
diagramming the system of interest in overview eesthat all driving energies and interactions
are included. Since the diagram includes both dom@my and environment of the system, it is
like an impact diagram which shows all relevaneiattions. Next, a second simplified (or

aggregated) diagram, which retains the most impbeasence of the more complex version, is
drawn. This final, aggregated diagram of the systéimterest is used to construct a table of data
requirements for the Emergy analysis. Each pathttey crosses the system boundary is
evaluated.

» Language symbols for energy-emergy systems from Ogu

The Energy Systems Language, also referred to agyi£€ircuit Language and Generic Systems
Symbols, was developed by the ecologist Howard dur® and colleagues in the 1950s during
studies of Tropical Forests funded by the UniteateSt Atomic Energy Commission. They are
used to compose energy flow diagrams in the fiélslystems ecology.

Energy circuit: A pathway whose flow is proportional to the quantit
the storage or source upstream.

Source:Outside source of energy delivering forces accarttima
program controlled from outside; a forcing funatio

%
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Tank: A compartment of energy storage within the systéarirgy a
guantity as the balance of inflows and outflowstate variable.

Heat sink: Dispersion of potential energy into heat that aquannes all
real transformation processes and storages; fgsstential energy from
further use by the system.

Interaction: Interactive intersection of two pathways couplegtoduce
an outflow in proportion to a function of both;ntml action of one flow
on another; limiting factor action; work gate.

Consumer: Unit that transforms energy quality, stores it, &etls it
back autocatalytically to improve inflow.

Switching action’A symbol that indicates one or more switching
actions.

Producer: Unit that collects and transforms low-quality energnder
control interactions of high-quality flows.

Self-limiting energy receiver:A unit that has a self-limiting output
when input drives are high because there is #irighconstant quality
of material reacting on a circular pathway within.

Box: Miscellaneous symbol to use for whatever unit ocfion is labeled.

Constant-gain amplifier: A unit that delivers an output in proportion to the
input | but is changed by a constant factor ag las the energy source S is

sufficient.

Transaction: A unit that indicates a sale of goods or servigsid line) in
exchange for payment of money (dashed line). Recghown as an external

source.
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= Emergy Algebra
Rules of emergy evaluation

Since the definitions of emergy and transformity laased more on logic of memorization, than
on conservation, algebra of emergy has been intexti(Brown and Herendeen, 1996). The rules
of emergy evaluation are:

« all source emergy to a process is assigned tortdwegses output;
» by-products from a process have the total emergigread to each pathway;

* when a pathway splits, the emergy is assigned ¢ éxg of the split based on its
percentage of the total energy flow on the pathway;

* emergy cannot be counted twice within a system:
- emergy in feedbacks cannot be double counted,

e By-products, when reunited, cannot be added to legusum greater than the source
emergy from which they were derived.

Emergy allocation techniques

Figures A.2 (@) and A.2 (b) (Odum, 1996) indicate tenergy, emergy and transformity
relationships for the splitting of the flow via athway and a storage respectively. In by product
branching, Figure A.2(c) (Odum, 1996), the flowesch resulting branch is of a different energy
quality or transformity. By-product flow resultsofn energy transformations. All by-product
branches derived from an energy transformationydie same emergy as the emergy on each
pathway records the total input to the procesthd$e two pathways come together again in some
other area of the system, they are not to be addethis would result in double counting
(Gourgaud, 1997). A more detailed overview of timeergy allocation depicting the rules is
discussed later in this chapter.
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Figure A.2: (a) and (b) indicate the energy, emerggnd transformity relationships for the splitting of the flow
via a pathway and storage respectively. In by-prodet branching (c) the flow in each resulting branchs of a
different energy quality or transformity (Odum, 1996)
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Figure A.3: Interactions of flows of the same kinda) and (b); intersection of flows of different kirds, i.e. with
different transformities (c) (Odum, 1996).

In figure A.3, interactions of flows of the samendiand different kinds are depicted. In figure
A.3(c), there is an intersection of flows of diet kinds, i.e. with different transformities. mg
type of intersection, interactions occur in whiclottb inputs are required for energy
transformations resulting in one more output preésiuklost energy transformations involve the
interaction of two or more inputs of different tehormity.
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Emergy Evaluation Tables

Emergy analysis of a system of interest is usuatligducted at two scales. First, the system
within which the system of interest is embeddednialyzed and indices necessary for evaluation
and comparative purposes are generated. Secondsystem of interest is analyzed. Both
analyses are conducted using an Emergy Analysie Daganized with the following headings:

1 2 3 4 5 6
Note Iltem Raw Units Transformity Solar Emergy Macro-eaanic
$

Each row in the table is an inflow or outflow patyvin the aggregated systems diagram;
pathways are evaluated as fluxes in units per yaaexplanation of each column in an Emergy
Analysis Table is given next.

Column 1: The line number and footnote number ¢batains sources and calculations for
the item.

Column 2:  The item name that corresponds to theer@fithe pathway in the aggregated
systems diagram.

Column 3:  The actual units of the flow usually exdéd as flux per year. Most often the
units are energy (joules/year), but sometimegen in grams/year or
dollars/year.

Column 4:  Transformity of the item usually derivieaim previous studies.

Column 5: Solar Emergy (seJ), which is the proddithe raw units in Column 3 with the
transformity in Column 4.

Column 6:  The result of dividing solar Emergy inl@uan 5 by the Emergy to money ratio
(calculated independently) for the economy ofrthgon within which the system
of interest is embedded.

Emergy Indices

Emergy evaluation classifies inputs into differerategories — refer to fig. A.4 (i.e. local
renewable, R, local non-renewable, N; and purchaBedOn the basis of these classes, some
indicators can be computed in order to assess ubkisability of the use of resources. The
environmental loading ratio (ELR) is the ratio afrphased (F) and non-renewable local emergy
(N) to renewable environmental emergy (R). Wheraasformity or emergy content is assigned
to a product, every input into the product can leasured in emergy terms, i.e. on a common
basis. A measure of the real annual wealth of @m& based on total annual emergy use.
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Emergy availability to a nation and emergy usegeson suggest a measure of the standard of
living enjoyed by the population of that nationainmuch more effective manner than that of fuel
use per person or per capita income. This emergyhudex takes into account the different
quality of input joules, by means of the transfdires, and also includes renewable as well as
non-renewable environmental resources, usuallyestgll in energy balances. In this context,
standard of living refers to the availability ofsoeirces and goods and is a much more
encompassing and effective measure of living stalsddan $GDP/capita.

The emdollar refers to the total amount of moneyflgenerated in the entire economy by a
given amount of a particular emergy input. The elfadds defined as the emergy input divided
by the emergy/$GDP ratio. A high emdollar value &particular amount of emergy input
contributes more to the economy. It has been pempdisat the emdollar value of a resource
could be used as a shadow price of the resousdé its

In trade analysis, the emergy exchange ratio (EER)e ratio of emergy received for emergy
delivered in a trade or sales transaction. A paldictrade of one commodity for another can be
expressed in emergy units. The nation receivinghtgker emergy acquires a greater real value
and as a consequence has its economy stimulateel timan its trading partner. Unprocessed
products tend to have high emergy exchange ratiothé€ importing nation when sold at market
prices. Most technologically advanced nations gklithigh emergy exchange ratio as they are
not emergy self-sufficient. A high emergy excharrgéo contributes to the vitality of the
economy of the importing nation which utilizes tingprocessed resources in its manufacturing
sector making it capable of successfully competiuitty other nations in the overall balance of
trade.

The emergy yield ratio (EYR) is the emergy of atpotidivided by the emergy of those inputs to
the process that are fed back from the economyis"fdtio indicates whether a process is a
primary energy source for the economy. Recently, rdtio for typical competitive sources of

fuels has been about 6 to 1 (Lagerberg, 1999).eBsas yielding less than this cannot be
considered primary emergy sources. If the ratiowger than unity, the process is not a positive
source of net emergy; if the ratio is less thaeraltives, less return be obtained per unit of
emergy invested in comparison with alternativessLasmpetitive emergy sources (i.e. having a
lower net emergy yield ratio) may have a lower cdage to local conditions: costs are affected by
international markets and value of currencies, twhitay not reflect the physical reality of a

misuse of the emergy invested in comparison witiadly available alternatives. Sources less
competitive may become competitive when the otherroach scarcity or are used up."” Odum
(1995) has defined an emergy investment ratio deioto account for the contributions to the

productive process from the environmental inputs.

The emergy investment ratio (EIR) is the purchasexbrgy feedback (F) from the economy
(services and other resources) divided by thedmaergy inflow from the environment (1). This
ratio gives an indication of whether a processsiseeonomical as a utilizer of an economy's
investments when compared with alternatives antlates the emergy input from the economy
required to develop a unit of environmental inpRtices may be low because of the high
proportion of useful work which is provided freern the environment. Ulgiati et al (1994) state
that if the ratio is low then the tendency is torease the purchased inputs so as to process more
output and more money. They claim that the tend@&ttywards optimum resource use.
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Local
renewable
sources

Economic
process

Yield(Y)=R+N+F

Emergy yield ratio (EYR) =Y/ F

Emergy investment ratio (EIR) = FAR + N)
Environmental loading ratio (ELR) = (F + NYR
Sustainability index (81) = EYR/ELR

Figure A.4: Representation of typical emergy indice (Lagerberg, 1999)

This ratio (EIR) is useful for the investigation thfe economic viability of processes in the
economy and is particularly relevant to the ingegtion of best alternate land use problems.

The environmental loading ratio (ELR) is the ratiopurchased and non-renewable indigenous
emergy to free environmental emergy. A very higlhugdor this ratio may be indicative that the
pressure of economic activities to local environtaknesources is excessive and resulting in
environmental stress.

The empower density is defined as the emergy flemumit time and unit area and is a measure
of spatial concentration of emergy flow within apess or system. A high empower density can
be found when emergy use is large compared witlad@ land area. The empower density is
expected to be high for highly industrialized araad for areas of intensive crop production.

The Sustainability Index (SI) which is a compositgdex tracking a diverse set of socioeconomic,
environmental, and institutional indicators caltetafor Italy in 1989 (Ulgiati et al., 1994) was
Sl = 0.17. This indicates a massive use of nonwab& energy, large imports of purchased
energy and materials, and large environmental ssttascontrast, the value of the sustainability
index for the village under study (Sl = 6.68) idigative that the eco-village economy is a model
to pursue for a more sustainable development
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General Applications of Emergy Evaluation

The concept of Emergy Analysis has been widely @teck globally and its application has
spanned such global problems as population carryapgcity, greenhouse emissions, material
fluxes in conventional and renewable energy pradocsystems, and sustainable patterns of
development at local, regional, national and glcicales.

Emergy research has led to the development of rstfr quantifying environmental values,
and their application to questions of energy polog natural resource management throughout
the world, helping developing nations understamir ttresource issues and to evaluate alternative
solutions. It has addressed resource managemestianse in Thailand, Papua New Guinea,
Mexico, Brazil, and Ecuador, the six countriesha tsouthern cone” of South America and most
recently the Sahel region of northern Africa.

Emergy analysis was used to compare four technzdbgptions of soybean production in Brazil
(Ortega et al., 2004): chemistry and machinerynisitee; herbicide and no tillage; ecological
traditional and modern organic enterprise. Theseewdvided in two main categories, the
biological models (organic and ecological farmsyl dhe industrial models (green revolution
chemical farms, using herbicide without tilling).hd biological options showed better
environmental, economical and social performande#tors. The classic emergy analysis, point
out that the biological options are the betterradi@gves (Hau, 2002)

The emergy analysis was also used to evaluateustaisability of a village which aims to be
ecologically friendly. The choice of focusing orethse of local resources including agriculture
and farm goods, photovoltaic panels, renewableirigeatnd cooling systems, recycled water
from constructed wetlands etc., aims to obtainstasnable village.

Another study examined and evaluated, by using gynanalysis, the use of environmental
resources for wastewater treatment in a Swedish.tdlwe study included an evaluation of the
amount of emergy associated with the productiowadtewater. On the basis of the analysis, it
was realized that the large amount of emergy thetewater contains are in proportion to the
amount of resources employed for wastewater tra#tared the extensive effects on surrounding
ecosystems of discharge of untreated wastewaterusé of local renewable natural resources in
Swedish municipal wastewater treatment systemseigligible compared with the use of
purchased inputs, processed largely with the sumdossil energy. A drastic shift of this order
would demand that extensive land areas surrourtdingan settlements be (indirectly or directly)
devoted to wastewater treatment. These areas dreaauessible today. The analysis also
indicated that resource requirements from the eognim the production of electricity by the
digestion of sewage sludge is about two timesdha tesource use for generation of the average
mix of electricity used in the town. As a resuftthe only reason to digest the sludge were to
produce electricity, it would be more resourceegdint to purchase the electricity on the Swedish
distribution net (Bjorklund et al., 2001)
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Appendix B
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Supplementary Results

Results of impact on EYR of building for recycled oncrete usage

Appendix
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Results of impact on EYR of building for recycled &uminium usage
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Results of impact on EYR of building for recycled tass usage
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Appendix C
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The simulation tool

Extract from Peuportier and Neumann, 20168% Work package 4 Adaptation of the material Deliveable D3:
Final version of Educational material, section 2.2Simulation Tools.

The simulation tool is presented here: COMFIE dgwtbby Ecole des Mines de Paris and
distributed by Izuba Energies (IZUBA). It is basedthe following steps constituting the thermal
calculation module:

- creation of a model for each thermal zone ofildng,

- calculation of the irradiation data (hourly saladiation on each surface),
- reduction of each zone model in order to redheecomputation time,

- coupling of all zone models, constituting a whiolelding model,

- simulation with a time step between 1/10 and drho

Input Data

The thermal calculation module is complemented hyirggerface, PEIADES, and a 2-3D
modeller ALCYONE, making the input and output maser friendly.

Geometry and main parameters

The general idea is to study a retrofit projecttstg from the existing building and comparing
renovation alternatives. In order to make the d#at easier, a user friendly interface has been
developed: ALCYONE (geometry) and PLEIADES (inputdaoutput). The geometry of the
building can be described using a plan as a baokgramage and re-drawing walls, windows
and doors. Re-drawing is needed because in ganeaal) CAD system, a line could be a wall or
a window or a door.

4 Alcyane M=
e Ldben P Alschae e

T BB ([T | e U BN,

I Dernees de convmucson 1 Pen | [ Copente s Pesactes o Conte | 80 0|

2z Miveau
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74 fioars ¢ i egrents

3D view, ALCYONE

2D plan imported or created using ALCYONE

% peuportier, B., Neumann, U., 2010. Training fon&eated Energy Efficient Social housing, Sectiomglligent
Energy-Europe Programme, Contract no : EIE/05/11D420021
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The walls, floor and roof composition can be ddstias well as the glazing type. In a first step,
the same composition is given for all external sjather compositions for all internal walls, all
floors and all ceilings, but this can be changed second step (e.g. the composition of the south
facade may be different compared to other wallge Wall compositions and glazing types can

be chosen in a library, and the user can defineifipeomponents by giving the list of materials
and thickness.

@ Thermal libray / PROJECT NAME : <Project Name> / PROJECT VARIANT : <Variant Name>
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The materials can also be chosen in a library 6hée by the user; the following characteristics
have to be provided: density, thermal conductigitg specific heat.

The properties of windows and doors are availabke library as well or can be input by the user:
heat loss coefficient U of the glass and framearsialctor g of the glass and proportion of glass.

Some solar protection can be added in a second(stepable shading like roller blinds or

shutters, vegetal shading with a monthly value @&rstransmission, architectural shading like
overhangs etc.).
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Other parameters

The description using ALCYONE can be refined e.yg.nodifying the composition of one or
several walls, the type of one or several windaWwsrmal bridges, adding shading devices on a
window etc.

A shading element can be defined near a window,amgverhang. A graph (cf. next picture)
shows the monthly values of solar radiation witadihg (yellow area) and without (green area).
This allows different geometries to be comparedoider to maximize winter gains and to
minimize summer gains. The shading effect can brilsited according to the season and the
hour of the day (animation, see the lower right pathe next picture).
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Climatic data can be chosen in a list of meteorickigocations, and files can be constituted by
the user including hourly values of external terapge, global and diffuse horizontal radiation
during one typical year.

The use of each zone (e.g. living room, bedroomgharacterized by different parameters that
can vary each day of the week and each hour hérenbstat set point, internal gains, number of
occupants, ventilation (e.g. to study passive ogoliusing night ventilation). Such a set of
parameters constitutes a scenario that can berchoselibrary (e.g. typical dwelling) or defined
by the user.
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3 Materils | 0 Etements | [} Composifions | %8 Builing finishes | G Albedos | By Shading plantation B Weskly scheduies ] Windows/Doers | B Equipment | ]
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% B % of oszulation —
e ?:f 5 15 15 15 15 15 15
-& o 15 15 15 15 15 15 15
” ' S —
B Standard Heating il Filling dialog 15 15 15
llaH alue Diays of the wesk e - o5
aH 13 3l W Monday 15 15 15
6 H L v Tuesday 15 15 15
e ntervals
7H W twWednesday 19 19 19
8H From [3 bt 1§k [ Thursday 19 19 19
9H W Friday 19 19 19
it Frem hto h |_jSaiwra) 19 19 19
11H [~ Sunday 19 19 19
12H
= ke[ 8w |k _ Gkl | 19 19 19
Uncheck al 19 19 19
14H :
Ehl 7 beb | 0K | % cence | 19 19 19
v | T T T T 19 19 19
16 H
7hl 19 19 19 18 19 19 19
C istics of the schedule = 19 19 19 19 19 19 19
Closs [Themosist SetPaine. =] || 18 H 19 19 19 19 19 19 19
Name Standerd Heating |19H 19 19 19 19 19 19 19
- |l20H
Addiional name | T 19 19 19 19 19 19 19
s [Refosa S 15 15 15 15 15 15 15
m 15 15 15 15 15 15 15
OH iH 15 15 15 15 15 15 - 15
) A [ Floiades-fe... |G plaquette A.. | 3@ Software d.. | S COMEE Bu.. [ Pleiades2.3 |  vittagesJPG.. | FR 6’ 15:25

Other parameters can be defined: e.g. optical ptiepeof surfaces, wind exposure, preheating of
ventilation air, equipment and control, internahti@ation between zones etc.

The simulation time step is usually one hour towate the heating demand and % h to evaluate
the cooling load or thermal comfort in summer and season.

Output

Heating load and energy saving

A simulation summary table gives the heating amalicg load, minimum, mean and maximum
temperature in each zone. Different renovation mresscan be compared. For instance, the
following graph shows the heating load of an apartnbuilding, expressed in kWhnin terms

of the insulation thickness in walls and other paeters (glazing type, ventilation).
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180
'i4._._. before renovation
160
\ single glazing
— /
= 140 /
[
:
= 120
= \\‘ double glazing
= .
© standard renovation
£ 100 H.—_._ / . A
2
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[ "\-..‘
2 80 @
glazed balcony,
moisture controlled ventilation — D
60 Y
REGEN LINK renovation
40 T T T T T T
0 2 4 6 8 10 12 14
insulation thickness (cm)

The heating load of the building before renovai®mround 170 kWh/fn Implementing 6 cm
insulation on the walls and replacing single glgzny double glazing reduces this load to around
100 kWh/nf (standard renovation). Adding 4 cm more insulataord using low emissivity
glazing leads to 80 kWh/rheating load, which can be further reduced thaoks glazed
balconies and moisture controlled ventilation ("Bed.ink renovation”).

Thermal comfort and passive cooling
Temperature profiles can be obtained by choosipgreod and zones to be displayed, see next
graph.
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=R = ] i
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§-02-00 160200 17200 180200 1302480 -0E0W 21-1200
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Histograms are convenient to assess globally teemtél comfort during a period: for each

temperature T, such a graph shows the number aEltwring which the zone temperature is T
+/- 0.5°C.

! Hsimgrerm bom Thimsdey £1 dune chirng 8 der
Hma A® Trchnest | |

No passive
" cooling

~_ Solar
protection

Night
ventilation

In the example graph above, the temperature rigesea30°C during around 2000 hours in a
year without any passive cooling measure. The duraif the overheating period can be seen
when solar protection is implemented (around 108@$above 30°C) and with night ventilation

(temperature always lower than 30°C).

Sensitivity studies

Some parametric variations can be launched, eapsifig a composition (e.g. external wall), a
material (e.g. insulation), giving the minimum tmess (e.g. 0 cm), maximum (e.g. 20) and step
(e.g. 1 cm), 20 simulations are launched and theltseecan be compared on a graph.
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i Launch almulabons e
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More information about the software and a free destration version can be downloaded from:
www.izuba.fr (IZUBA)
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Appendix D
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The Calculation of emergy indices without recycling

Local renewable sources (R) Note 1 + Note 2
= (619E +11+ 295E +10)
= 649E +11seJ

Local nonrenewable sources (N) Sum (Note 3 to Note 65)
= 70E +16seJ

Purchased resources and services (F) Sum (Note 66 to Note 70)
= (I96E +13+ 178E +11+ 128E +10
+ 219E + 09+ 182E +09)

= 198E +13seJ

Yield emergy flow (Y) =Local renewable sources + Local nonrenewable
sources + Purchased resources and services

= 649E +11+ 70E +16+ 198E +13
= 711E+16 seld

Economic Indices

Emergy Yield Ratio (EYR) = (Y/IF)
= 711E +16seJ+ 198E +13sed

= 3p9E+03

Emergy Loading Ratio (ELR) = (F+N)/R
= (198E +13+ 7,0E +16) + 6A9E +11
= 108E +05

Emergy Investment Ratio (EIR) = F/(N+R)
= 198E +13+ (70E+16+ 649E +11)
= 283E-04
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The Calculation of emergy indices for the recyclapgion:

30% (q) of bricks recycled:

Addittional emergy for recyclingd) =1,81E+12 seJ (computed from Buranakarn, 1998)

O, =0, +O, +O, (subscripts: 1-purchased inputs; 2-renewable in@dtsonrenewable inputs)

Initial emergy without recyclingd;): O = Oil + Oiz + Ois

Correction factory) can defined for different number of times of releyi.e.y1 (1% recycle):y2
(2" recycle etc):

y1l:q=0.30

y2: g+df = 0.39

v3: g+d+qf = 0.417
va: g+d+o*+q = 0.425

y5: q+d+o+o+q°=0.427

E Yield . EYRJ — (Oil,z,s +¢OC1,2,3)
mergy Yield ratio -
(Oi1 +¢Ool)

EYRlsw 3,5604E+03
EYRonc 3,5517E+03
EYR3r¢ 3,5491E+03
EYR4 3,5483E+03
EYRs 3,5481E+03

With similar basis as above,

30% (q) of plastic recycle®. = 4,52E+10 seJ (computed from Buranakarn, 1998)

EYRis 3,5853E+03
EYRonc 3,5839E+03
EYRs¢ 3,5835E+03
EYRuat 3,58340E+03
EYRsy 3,58336E+03
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30% (q) of concrete recycle@, = 6,56E+12 seJ (computed from Buranakarn, 1998)

EYRis
EYRch
EYRar
EYRaw
EYRst,

3,04E+03
2,91E+03
2,87E+03
2,86E+03
2,85E+03

Appendix
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Contribution a la théorie de I'’éMergie: application au recyclage
(Contribution to the emergy theory — application to recycling)

Résumé

Le développement continu d’outils pour mesurer le
développement durable a conduit a la théorie
éMergeétique. L’'éMergie d’'une ressource ou d’un produit
est définie en convertissant toutes les ressources
(matiéres premiéres) et les entrées d’énergie sous la
forme de leurs équivalents énergétiques solaires (solar
energy unit seJ), cf Odum (1996, 2000).

L'objectif principal de cette these est d'adapter la
méthode d'analyse éMergétique aux pratiques de
recyclage industriel.

La principale contribution scientifique de cette étude
peut étre résumée comme suit : contribution a la théorie
éMergétique en temps discret appliqguée au recyclage.
Sous certaines hypotheses, I'émergie d'un produit
recyclé peut étre exprimée sous la forme d'une série
géomeétrique. L'éMergétique d'un produit se détériorant,
il existe un prix éMergétique au recyclage et une
analogie avec I'énoncé de Carnot peut étre faite. En
conséquence, un nouveau «facteur» est introduit, ce
dernier peut étre inclus dans les tables d'évaluation
éMergétique, pour tenir compte des accroissements de
transformité d aux recyclages multiples.

Enfin, 'approche développée est appliquée avec succes

a l'utilisation de matériaux de recycle dans un batiment
basse énergie.

Mots clés
Emergie, recyclage, déchets, transformité, durabilité

LU= o
nam

POLE DE RECHERCHE ET D'ENSEIGNEMENT SUPERIEUR

Abstract

The continuous development of tools to measure
sustainability led to the eMergy theory. The Emergy of a
resource or product is defined by converting all resource
(raw materials) and energy inputs in the form of solar
energy equivalents (solar energy unit, seJ), cf Odum
(1996, 2000).

The main objective of this thesis is to adapt the method
of emergy evaluation to industrial recycling practices.

The principal scientific contribution from the study can
be summarized as : contribution to the eMergy theory in
discrete time applied to recycling. Under certain
assumptions, the emergy of a recycled product can be
expressed in the form of a geometric series. If the
emergy of a product deteriorates, there is a cost to the
emergy of recycling with similarities to the Carnot
principle. As a result, a ‘factor’ is introduced which could
be included on emergy evaluation tables to reflect
increases in transformity due to multiple recycling.

Finally, the developed approach is successfully applied

to the use of recycle materials in a Low Energy Building.

Key Words
Emergy, recycle, wastes, transformity, sustainability



	THESIS_Amponsah_NY_09_2011-2.pdf
	PageTitre
	Acknowledgements
	Table of contents
	Nomenclature
	 Personal References
	Extended Abstract in French
	Préliminaire
	1.0 Introduction
	2.0 Algèbre de l'éMergie : réflexion
	3.0 Notion de transformité : réflexion
	4.0 Etat de l'art : éMergie et recyclage
	5.0 Analyse émergétique pour un processus avec recyclage
	6.0 Etude de cas
	7.0 Discussion
	8.0 Conclusion et perspectives

	Introduction
	CHAPTER 1 : overview of environmental systems analysis tools
	1.1 Environmental systems analysis
	1.2 Environmental system asessment tools
	1.2.1 Exergy analysis
	1.2.2 Life cycle analysis (LCA)
	1.2.3 Ecological footprint analysis
	1.2.4 Energy analysis
	1.2.5 Emergy analysis

	1.3 Similarities and differences
	1.3.1 Similarities
	1.3.2 Differences

	1.4 Conclusion

	CHAPTER 2 : review of the emergy concept and recycling
	2.1 Introduction
	2.2 Problems with some methodological aspects of emergy
	2.3 New proposition for the first rule
	2.3.1 Drawback
	2.3.2 Proposal

	2.4 Transformity values and its current use
	2.5 Case study
	2.6 Emergy and recycling
	2.7 Conclusion

	CHAPTER 3 : effect of different time scales on emergy synthesis
	3.1 Analysis of feedback flows
	3.2 A case of recycling flows
	3.3 Case study - Recycle of some selected building materials
	3.4 Consistency of the concept
	3.5 Consequence of the concept
	3.6 Defining the emergy ratios of products
	3.7 Conclusions

	CHAPTER 4 : emergy and building materials recycle - A case study
	4.1 Introduction
	4.2 Low energy buildings
	4.3 Tools and indicators applied to the evaluation of buildings
	4.4 LCA-based environmental assessment and design tools
	4.5 Emergy evaluation applied to buildings
	4.6 Case study
	4.6.1 LCA applied to the evaluation of a 1-storey low energy buildings in France
	4.6.2 Emergy evaluation of a 1-storey low energy building in France

	4.7 Proposal of a model to evaluate materials reuse
	4.8 Impact of material recycle of reuse on the emergy of the building
	4.9 Impact on EYR and ELR
	4.10 Conclusion

	Conclusions and perspectives
	References
	Appendix A
	Appendix B
	Appendix C
	Appendix D

	4eme_de_couverture


