ONIES EP

(/\\\ Distr.

é’gg?;} Programme des GENERALE

W7 Nations Unies pour
e~ , . UNEP/OzL.Pro/ExCom/76/58
AR I’environnement 20 avril 2016

4,/" \\’ FRANCAIS

ENAL ORIGINAL : ANGLAIS
%

COMITE EXECUTIF
DU FONDS MULTILATERAL AUX FINS
D’APPLICATION DU PROTOCOLE DE MONTREAL
Soixante-seizieme réunion
Montréal, 9 - 13 mai 2016

CALCUL DES COUTS DIFFERENTIELS D’INVESTISSEMENT ET DES COUTS
DIFFERENTIELS D’EXPLOITATION DES SOLUTIONS DE REMPLACEMENT DANS LE
SECTEUR DES MOUSSES (DECISION 75/28)

Contexte

1. En présentant le document sur I’apercu des questions soulevées pendant I’examen de projet!
soumis a la 75° réunion, le Secrétariat a expliqué que pendant I’examen de quelques phases Il des PGEH,
il n"avait pas été possible de déterminer les colts différentiels d’exploitation (CDE) pour les formulations
a teneur réduite en hydrofluoro-oléfines (HFO)? dans le secteur des mousses. L’incertitude concernant les
codts résultait essentiellement de la quantité inconnue d’eau ajoutée aux HFO pour le gonflage, de la
modification de la formulation de polyol du fait de I’eau supplémentaire, de la quantité de diisocyanate
diphénylique de méthyléne (MDI) polymérique nécessaire pour la formulation, et du rapport agent de
gonflage plus polyol pour la quantité de MDI. De petits changements dans les hypothéses utilisées pour le
calcul des codts différentiels d’exploitation pouvaient avoir des conséquences importantes sur les codts. Il
a donc été proposé qu’un document sur le calcul des codts différentiels d’exploitation pour le secteur des
mousses soit préparé aux fins d’examen par le Comité exécutif.

2. Pendant la discussion, en session pléniére et dans un groupe informel mis en place, les membres
ont exprimé leurs inquiétudes quant au niveau suffisant de maturité de la technologie, a sa fréquence
d’application et au nombre suffisant de ses utilisateurs pour qu’une étude fournisse suffisamment
d’informations. Il était important de comprendre ou les formules en teneur réduites de HFO ajoutées
d’eau pourraient étre examinées ainsi que la source d’information qui serait utilisée. Le Secrétariat a
expliqué que la base du document proposé serait un examen de la littérature scientifique, avec les avis
d’expert d’un consultant technique indépendant, pour permettre au Secrétariat de se renseigner autant que
possible sur le calcul des colts différentiels d’exploitation pour des reconversions a des technologies a
teneur en HFO réduite, tout en améliorant sa compréhension des facteurs impliqués.

L UNEP/OzL .Pro/ExCom/75/27.
2 Les HFO sont utilisées avec un agent de gonflage, principalement de I’eau, afin de réduire le codt du systéme de
polyol.

Les documents de présession du Comité exécutif du Fonds multilatéral aux fins d’application du Protocole de
Montréal sont présentés sous réserve des décisions pouvant étre prises par le Comité exécutif apres leur publication.
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3. A I’issue de la discussion, le Comité exécutif a demandé au Secrétariat de préparer un document
aux fins d’examen a la 76° réunion sur le calcul des colts différentiels d’investissement et des codts
différentiels d’exploitation pour des solutions de remplacement dans le secteur des mousses, en vue
d’assurer la transparence et la cohérence d’une comparaison de la qualité des mousses fabriquées selon
différentes applications et la transparence des sources de renseignements, tenant compte des prix dans les
différentes régions et de la taille des entreprises (décision 75/28).

Termes de référence pour la préparation du document

4. En réponse a la décision 75/28, le Secrétariat a choisi un expert technique indépendant pour
préparer le document sur les codts différentiels d’investissement et codts différentiels d’exploitation en
relation aux reconversions dans le secteur des mousses pour passer a des substances de remplacement
sans HCFC, sur la base des termes de référence mises au point par le Secrétariat. Ce document devait
entre autre :

a) Décrire les équipements nécessaires a la production des applications de mousse de
polyuréthane avec HCFC-141b (c.-a-d. mousse isolante pour appareils, plaques,
panneaux continus et discontinus, spray, bloc, et mousse a peau intégrée), et identifier les
changements a apporter aux équipements et les colts afférents pour passer a des agents
de gonflage de remplacement (a savoir hydrocarbures, formiate de méthyle, méthylal ,
eau, HFC et HFO) ;

b) Identifier les formulations avec HCFC-141b caractéristiques utilisées pour les principales
applications de mousse de polyuréthane (PU) et les changements requis pour les
formulations (notamment agents tensio-actifs, catalyseurs, ignifuges, stabilisateurs et
autres additifs) lors de I’utilisation d’agents de gonflage de remplacement ;

C) Examiner les formulations lorsque d’autres agents de gonflage, principalement I’eau,
pourraient venir s’ajouter a I’agent de gonflage principal (par exemple les HFO), et les
effets sur les propriétés des mousses (par ex. isolation thermique, friabilité, stabilité
dimensionnelle, densité, résistance a la compression, propriétés en matiére de
vieillissement et de durcissement), et les codts potentiels ; et

d) Examiner la mesure dans laquelle les tests, les essais et la formation seront exigées dans
toutes les entreprises, et les codts s’y rapportant.

Examen par les pairs

5. Le document préparé par I’expert a fait I’objet d’une évaluation collégiale de la part de deux
spécialistes des mousses indépendants qui ont conclu que le document était complet, que les données
factuelles étaient correctes et qu’il était facile a comprendre pour une personne connaissant bien la
technologie du polyuréthane. Toutes les observations faites dans le cadre de I’évaluation des pairs ont été
prises en compte par I’expert dans la version finale du document.

Discussion lors de la réunion de la coordination inter-agences (IACM)®

6. Pendant la réunion de la coordination inter-agences, le Secrétariat a mis au courant les agences
bilatérales et d’exécution sur I’état actuel de la préparation du document et leur a expliqué que la décision
75/28 n’avait pas précisé le réle des agences d’exécution dans la préparation du document. Néanmoins, le
Secrétariat a apprécié d’entendre les points de vue des agences d’exécution et cherchera a faire circuler le

¥ La réunion de la coordination inter-agences s’est tenue & Montréal, du 1% au 2 mars 2016.
2
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document parmi les agences une fois qu’il est disponible, tout en notant que le calendrier actuel risque de
ne pas laisser suffisamment de temps au Secrétariat pour traiter les commentaires des agences.

7. Aprés la réunion de la coordination inter-agences, le Secrétariat a soumis aux agences
d’exécution la version finale du document de I’expert (qui avait intégré les observations faites par les
pairs).

Observations du Secrétariat

8. Le Secrétariat a noté que le document préparé par I’expert respectait les termes de référence mis
au point par ses soins. Tous les commentaires et observations faites par les deux pairs ayant effectué
I’évaluation avaient été prises en compte d’une maniére satisfaisante dans la version finale du document.

9. Les sujets principaux traités dans le document incluent le passage a des agents de gonflage de
remplacement qui ont fait leurs preuves, techniqguement ou commercialement, et qui pourraient donc étre
mis en ceuvre immédiatement. Les formulations types de mousses dans les principales applications de
mousse PU (c.-a-d. mousse isolante pour des appareils, plaques et panneaux (continus et discontinus))
sont incluses, ainsi que les codts différentiels connexes. Une attention spéciale s’est dégagée pour des
options ayant fait leurs preuves avec des HFO a faible potentiel de réchauffement de la planéte.

Conclusions du document

10. Les conclusions principales du document préparé par I’expert peuvent étre récapitulées comme
suit :

a) Chague agent de gonflage pour remplacer le HCFC-141b est doté de son propre ensemble
de propriétés physiques uniques. Les critéeres principaux pour choisir un agent de
gonflage incluent sa valeur K* (ou valeur lambda), la solubilité dans des polyols, et la
pression de la vapeur. Aucun agent de gonflage n’est un parfait produit d’adaptation aisée
pour remplacer le HCFC-141b. La mise au point d’une formule ainsi que des essais sont
donc nécessaires, méme dans le cadre des transitions les plus faciles ;

b) On observe des capacités isolantes plus élevées, démontrées par des valeurs K plus
faibles et de meilleurs résultats des tests énergétiques, en substituant des HFC au
HCFC-141b (4 pour cent d’amélioration). Les HFO révelent encore plus d’amélioration
au niveau des résultats (10 pour cent). Il peut exister des possibilités de réduire
I’épaisseur de la mousse tout en réalisant toujours les valeurs d’isolation désirées. La
réduction de codts différentiels d’exploitation qui en résulte devrait étre significative ;

C) Les substances de remplacement inflammables comme le cyclopentane et ses mélanges
(c.-a-d. I’iso-pentane et le n-pentane) sont des solutions ayant fait leurs preuves pour des
formulations de mousse utilisées pour les appareils, les panneaux, et les applications de
mousse a peau intégrée. Les formulations, les colts d’équipements et les pratiques de
mise en ceuvre en vue de procédés en toute sécurité sont bien connus et documentés ;

d) Les codts différentiels d’investissement pour la reconversion du HCFC-141b aux
pentanes sont élevés essentiellement du fait de leur inflammabilité. Les besoins
d’équipements et les codts sont restés constants au cours de ces 10 derniéres années. Les
colts différentiels d’exploitation sont minimaux pour la mousse gonflée au pentane du
fait que I’agent de gonflage tend a étre meilleur marché que le HCFC-141b et que la

* La valeur K est la mesure de la quantité de chaleur qui traverse un matériau (avec des unités exprimées W/mK).
Elle représente la conductivité thermique ou la capacité a conduire la chaleur du matériau. Habituellement, les
matériaux d'isolation ont une valeur K inferieure a un. Plus la valeur K est faible, meilleure est I'isolation.

3
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f)

9)

h)

quantité d’agent de gonflage nécessaire est relativement moindre que dans le cas du
HCFC-141b. En fait, des économies importantes peuvent étre réalisées au niveau des
colts différentiels d’exploitation ;

Les codts différentiels d’investissement sont minimaux pour les HFC et les HFO, excepté
dans quelques cas spéciaux. Le HFC-245fa et le HFO-1233zd tireraient avantage du
contrble de température des citernes ou barils de stockage des mélanges de polyols dans
les climats chauds (locaux isolés, maintenus a une température comprise entre 20 et
25°C, sont recommandés pour un traitement amélioré avec du HFC-245fa, et pour
prolonger la durée de la conservation des mélanges de HFO-1233zd). Des codts
différentiels d’exploitation sont occasionnés pour le passage aux HFC, car ces derniers
sont de 2,5 a 4 fois plus chers que le HCFC-141b. Cependant, des résultats équivalents ou
meilleurs a ceux du HCFC-141b peuvent étre obtenus (c.-a-d. des mousses a valeurs K
inférieures). Les colts différentiels d’exploitation sont importants en ce qui concerne les
mousses gonflées aux HFO, essentiellement du fait des codts accrus de I’agent de
gonflage. Cependant, ceux-ci peuvent étre sensiblement réduits, de la méme maniere que
les HFC, en les associant avec de I’eau pour le gonflage. Le gonflage avec de I’eau
ajoutée au mélange de polyol dans un rapport allant de 0,5 a 2,5 pour cent réduit les codts
différentiels d’exploitation de maniére significative, abaissant la quantité nécessaire de
HFC ou de HFO jusqu’a 50 pour cent. Au-dela de 2,5 pour cent d’eau, les propriétés et le
traitement déclinent rapidement. La quantité la plus élevée possible d’eau supplémentaire
avec le HFO-1233zd est de 2,0 pour cent du poids du mélange de polyol. Des quantités
d’eau plus élevées réduisent la durée de conservation a une durée inférieure aux 3 a 6
mois standard ;

Les codts différentiels d’investissement pour des mousses gonflées a 100 pour cent a
I’eau sont faibles, consistant principalement au renforcement du moule pour résister aux
pressions plus élevées qui sont générées et/ou le chauffage du moule et les adaptations a
apporter en matiére de refroidissement pour une meilleure adhérence et un meilleur
traitement de surface. Les codts différentiels d’exploitation pour les mousses gonflées a
100 pour cent a I’eau doivent tenir compte d’une augmentation possible de densité
(jusqu’a 10 pour cent) ;

Les colts différentiels d’investissement pour le formiate de méthyle sont minimaux selon
le fabricant en cas d’achat de prémélanges de polyol et d’agent de gonflage. Les codts
différentiels d’exploitation sont faibles et I’utilisation du formiate de méthyle semble en
augmentation (soit 400 tonnes métriques (tm) en 2009 a approximativement 2 000 000 tm
en 2013). Cette augmentation est due a son faible codt et aux résultats acceptables dans
des applications telles que les panneaux discontinus et continus, la mousse & peau
intégrée, les appareils ménagers, et les mousses a vaporiser. L’optimisation de la
formulation pour I’application prévue est critique avec cet agent de gonflage du fait de
son degré €elevé de solubilité dans des mélanges de polyol ;

Le méthylal est fortement inflammable mais peut &tre employé et traité a peu prés de la
méme fagon que les mousses gonflées a I’aide des hydrocarbures. Des co(ts différentiels
d’investissement équivalents s’appliqueront. Les propriétés des mousses sont acceptables
dans de nombreux cas (soit des valeurs K équivalentes au cyclopentane, mais pas aussi
basses que pour les HFC ou HFO) ; et
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i) De nombreux groupes étudient les mélanges pentane/HFC ou HFO pour parvenir a des
valeurs K inférieures a celles fournies par les mousses 100 pour cent a base de
cyclopentane. Les colts différentiels d’investissement sont équivalents aux reconversions
au pentane a 100 pour cent, et les colts différentiels d’exploitation augmenteront selon la
quantité de HFC/HFO exigée pour parvenir aux valeurs K souhaités.

Utilisation de I’eau comme agent de gonflage des mousses

11. L’une des questions essentielles du document se rapporte a I’utilisation de I’eau comme en tant
qu’agent de gonflage des mousses rigides de polyuréthane (PU). L’eau réagit avec I’isocyanate pour
produire du CO,, qui, a son tour, se trouve enfermé dans des cellules de mousse et produit ainsi un isolant
thermique. Comme avec tous les agents de gonflage, il y a des avantages et des inconvénients liés a ce
choix, qui sont récapitulés ci-dessous :

a) Puisque la valeur K du gaz CO? dépasse les valeurs des agents physiques de gonflage, la
valeur K de la mousse est en conséquence élevée® comparée aux formulations de mousse
a base d’hydrocarbures et de HFO. De plus, le CO? va quitter les cellules pour étre
remplacer par de I’air ;

b) L’eau est normalement incorporée aux systémes de mousses rigides PU a basse densité
gonflés & I’aide de HCFC-141b a un niveau de 1 a 2 pour cent du mélange de polyol.
Pour produire une mousse rigide gonflée a I’eau, il faut de I’eau supplémentaire (jusqu’a
4,5 pour cent). Cette quantité d’eau consommera approximativement 70 parts de MDI
polymérique. Le codt lié a ce MDI polymérique supplémentaire aura une implication sur
le codt du systeme de mousse PU ;

C) Puisque I’eau a un poids moléculaire faible, elle consomme une grande quantité
d’isocyanates. Lorsque I’application de la mousse se fait en utilisant des équipements a
proportion fixe (1/1 quantités en volume), ceci doit étre compensé en choisissant de
maniere appropriée les polyols ayant un indice d’hydroxyle plus faible et souvent en
incorporant des diluants non réactifs (par exemple, ignifuges ou plastifiants) ;

d) Les agents physiques de gonflage ont un effet de solvatation et leur remplacement par
I’eau entraine une viscosité accrue de mélange de polyols. Le choix de polyols de
substitution a viscosité réduite est un moyen de surmonter cet inconvénient. Il existe de
nombreux polyols de ce type ; et

e) Les mousses gonflées a I’eau peuvent entrainer un probléme de friabilité. Plusieurs
modifications chimiques peuvent étre introduites pour réduire la friabilité, notamment la
réduction de la densité de réticulation et I’incorporation de quantités plus élevées de blocs
d’oxyde d’éthyléne dans la chaine de polyuréthane. Un moyen d’améliorer I’adhérence
est de choisir des catalyseurs qui favorisent sélectivement le traitement de surface.

Densité de la mousse

12. L autre question principale du document de I’expert se rapporte au fait savoir si une augmentation
de la densité de la mousse est nécessaire lorsque 1’on passe du HCFC-141b a un agent de gonflage de
remplacement. Le seul agent de gonflage pour lequel une telle augmentation était nécessaire est la mousse
gonflée a I’eau a 100 pour cent. Cette densité accrue sert a compenser la stabilité dimensionnelle et la
résistance a la compression réduites. Les autres agents de gonflage examinés n’exigent pas une
augmentation de densité.

® Plus la valeur K est élevée, plus l'isolation fournie par la mousse est mauvaise.
5
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13. Il a été suggéré qu’une augmentation de densité est nécessaire lorsque I’on passe du HCFC-141b
au cyclopentane pour tenir compte de la pression inférieure des cellules de vapeur, qui peuvent en
conséquence réduire la stabilité dimensionnelle. Une augmentation de densité n’est pas nécessaire du fait
que la stabilité dimensionnelle peut étre prise en main par la formulation. En particulier, une formulation
avec une densité plus élevée de réticulation, par exemple au moyen de I’utilisation de polyols a faible
poids moléculaire/fonctionnalité élevée comme le glycérol et le saccharose, permet d’y parvenir.

Commentaires envoyés par les agences d’exécution

14. Au moment de la rédaction de ce texte, quelques observations ont été recues de la part des
agences d’exécution. Ces commentaires ont été pris en compte, en consultation avec I’expert, et sont
reflétés dans le rapport révisé contenu en annexe | au présent document.

Recommandation du Secrétariat
15. Le Comité exécutif pourrait envisager de :

a) Prendre note du document sur le calcul des codts différentiels d’investissement et des
colts différentiels d’exploitation des solutions de remplacement dans le secteur des
mousses (décision 75/28), contenu dans le document UNEP/OzL.Pro/ExCom/76/58 ; et

b) Demander au Secrétariat d’utiliser I’information technique fournie dans le document
UNEP/OzL.Pro/ExCom/76/58 lors de [I’évaluation des colts différentiels
d’investissement et des colts différentiels d’exploitation du passage du HCFC-141b a des
agents de gonflage de remplacement dans la fabrication de la mousse rigide de
polyuréthane.
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Blowing agent conversions from HCFC-141b to alternatives in Article 5 countries
Background

1. The Parties to the Montreal Protocol call for an accelerated phase-out of the use of HCFCs
(decision XIX/6). Priority was given to the phase-out of HCFCs with higher ODP values like
HCFC-141b, an ODS mostly used as a BA for the production of rigid polyurethane (PU) foam, and to a
lesser extent as a solvent. In support to this decision, extensive analysis on the incremental capital and
operating costs associated with the phase-out of HCFCs in the foam and refrigeration manufacturing
sectors' had been conducted thorough assessment of alternative BAs, in particular methyl formate?,
methy1a713 , hydrocarbon-based preblended polyols*, super critical CO,’, and HFO-1234z¢°, as well as other
reports.

2. The objective of this study is to provide technical support for efforts aiding the development and
implementation of HCFC phase-out management plans (HPMPs) in the rigid PU foam sector. The study
is written from a technical basis grounded in the decision-making process common to the foam sector,
based on commonly accepted rules, standards, practices, calculations, and commercial concerns. The
study has benefited from the above-mentioned technical documents prepared under the Multilateral Fund,
where information relevant to this study has been used and updated as required, as well as from several
other technical reports related to formulations with different BAs. These concerns guide the presentation
of material in this study.

3. The main topics addressed include the transition from HCFC-141b to alternative BA that have
proven to be successful, either technically or commercially, which can be implemented immediately, or in
very short order. Typical foam formulations by main application of interest (e.g., appliances,
discontinuous and continuous panels, spray, block and pipe) are presented, as are their associated
incremental costs. As an update from previous reports, special attention is focused on emerging, proven,
low global warming potential (GWP) HFO (hydrofluoroolefin) options as well as the use of water as a co-
BA.

Alternative BAs to HCFCs

4. The selection of alternative technology to CFC-11 as a foam BA® was driven by the need to have
a technology which would not only resemble CFC-based technology (virtual drop-in) but would also be

' Revised analysis of relevant cost considerations surrounding the financing of HCFC phase out

(UNEP/OzL.Pro/ExCom/55/47).

? Methyl formate as BA in the manufacture of polyurethane foam systems: An assessment for the application in
MLF projects, UNDP (UNEP/OzL.Pro/ExCom/62/9).

3 Methylal as BA in the manufacture of polyurethane foam systems: An assessment for the application in MLF
projects, UNDP (UNEP/OzL.Pro/ExCom/66/17).

* Low-cost options for the use of hydrocarbons in the manufacture of polyurethane foam: An assessment for the
application in MLF projects, UNDP (UNEP/OzL.Pro/ExCom/66/17).

Conversion demonstration from HCFC-141b-based to cyclopentane-based pre-blended polyol in the manufacture of
rigid polyurethane foam at Guangdong Wanhua Rongwei Polyurethane Co. Ltd, World Bank
(UNEP/OzL.Pro/ExCom/66/17).

> Supercritical CO, technology for polyurethane spray foam, Japan/UNDP (UNEP/OzL.Pro/ExCom/71/6/Add.1).

® HFO-1234ze as BA in the manufacture of extruded polystyrene foam boardstock: An assessment for application in
MLF projects (UNEP/OzL.Pro/ExCom/67/6).

7 The phase-out of HCFC-141b in rigid polyurethane insulating foams manufactured by small enterprises, World
Bank (June 2014).

¥ Blowing agents are gaseous, liquid or solid materials able to produce a foam structure. Physical BAs are those
when the cells are formed through a change in the physical state of a substance (e.g., expansion of a compressed gas,



locally available to ensure access to technical support from systems houses and/or systems distributers.
Depending on the products being manufactured, the production volume and the baseline equipment,
several alternative technologies were chosen by Article 5 countries. Specifically, methylene chloride and
liquid carbon dioxide technologies were selected for polyurethane flexible slabstock foam; water/carbon
dioxide technology for flexible molded polyurethane; hydrocarbons (butane) for polystyrene and
polyethylene foam and pentane (cyclo-, and/or iso-) for relatively large rigid and some integral skin foam
operations.

5. For a large number of foam enterprises manufacturing rigid polyurethane and integral skin
polyurethane foam enterprises, HCFC-141b met the needs of small- and medium-scale enterprises.
HCFC-141b-based systems were technically mature and commercially available. They also provided
relatively the most acceptable insulation value and energy efficiency, and the lowest investment and
operating costs vis-a-vis other options. No major changes in the auxiliary equipment/tooling in the
production programme, such as jig or mold redesign, were needed.

6. In light of the HCFC phase-out, Article 5 countries have or soon will phase-out their consumption
of HCFC-141b for manufacturing foam. As in the case of the phase-out of CFC-11, an alternative BA for
HCFC-141b is selected based on the maturity of the technology, its availability in the local market at
acceptable pricings, and the critical properties of the end product, including thermal conductivity,
dimensional stability and density.

7. Each BA candidate to replace HCFC-141b has its own unique inherent set of physical properties,
which play a major role in influencing cured foam properties. For example, solubility of the BA in polyol
blends is of extreme importance during processing.’ It is undesirable to have the BA separate from the
polyol blend in day tanks, storage vessels (tanks, drums), and hose lines in processing equipment. Once a
pre-blended polyol leaves a systems house it would be difficult to adequately remix the polyol blend at
the mix head if BA has migrated into the head space. Mixing at the dispensing mix head of standard
processing equipment (high or low pressure) should not be relied upon to “remix” separated chemicals.
This is best done in the day tank or pre-feed storage vessel (drum, tote). Formulations are developed in
every case to avoid separation of BA from the polyol blend before the mix head. Even 1 to 2% loss of BA
into a head space region can noticeably affect foam quality.

8. Another property, gas k factor (or lambda value),' is critical to the final insulating ability of the
foam. For example, pentanes show higher gas k factors than HFCs and HFOs. These differences are
apparent in the cured foam’s k factor, where pentane-blown foams show consistently higher k-factors.
Other factors like conduction, convection, and radiative parameters also contribute to a foam’s ultimate
thermal insulative capability. Improvement in these areas can be achieved through development of
formulations with the finest cell structure possible.

9. A BA’s ability to maintain an adequate cell gas pressure in the cured foam is critical. BAs that
condense into the liquid phase inside the cells of cured foam may experience shrinkage due to the reduced
gas pressure within the cell. This reduced pressure can cause weak cells to pull inward, rupturing the cell
struts, and thereby creating shrinkage.

or evaporation or dissolution of a liquid), while chemical BAs are those when the cells are formed by evolution of
gases as thermal decomposition or chemical reaction products of a material.

? The degree of foaming, cellular structure, and dimensional stability are all largely controlled by the solubility.

' The k factor is the measure of heat that passes through a material (with units of W/mK). It represents the
material’s thermal conductivity or ability to conduct heat. Usually, insulation materials have a k factor of less than
one. The lower the Kk factor, the better the insulation.



Potential alternative HCFC-141b BAs

10. Potential HCFC-141b replacements for the main applications of interest considered in this report
are listed below:

Pentane isomers (cylo-, iso-, and n-)

Water

Methyl formate (MF), and possibly blends with pentanes
Methylal

HFC-245fa and HFC-365/HFC-227 blend
HFO-1233zd and HFO-1336mmz
Blends: pentanes/HFC, pentanes/HFO, HFC or HFO/water

Pentane isomers

11. Pentanes as foam BAs have been proven commercially in both non-Article 5 and Article 5
countries. Pentanes are five-carbon hydrocarbons obtained during refining/cracking of oil. They are
physical BAs; have zero ODP and a relatively low GWP (maximum 25). The three main isomers of
pentane used as a BA are:

(a) Cyclopentane is a five-carbon closed ring structure. As a result of its “bulkiness”, it has
the lowest k factor value of the pentane isomers, which in turn provides the highest ability
to resist heat transfer through a cured foam, making it the best insulating gas of the
pentanes. It is also the most expensive isomer;

(b) n-pentane is a linear (straight-chain) five-carbon molecule. Not as “bulky” as
cyclopentane in structure, it has a higher (worse) k factor value and a lower boiling point
(36 °C); and

(©) iso-pentane is a branched five-carbon molecule, with the lowest boiling point (28 °C) of

the three pentane isomers, and with a k factor value (0.013 W/mK, @ 10° C) similar to
that of cyclopentane, making blends of the two isomers a good choice for thermal
properties. Blends of iso-pentane and cyclopentane show improved solubility in polyol
blends.

12. Currently, many appliance and panel manufacturing operations globally have adopted the use of
cyclopentane and blends of pentanes. Cyclopentane-blown foam in appliances and panels provides the
three most critical foam properties required: acceptable k factors, good dimensional stability, and
adhesion to liners or panels. When used in integral skin applications, after vaporization and expansion of
the foam, pentane formulations condense on the mold surfaces to help form “skins” on the surface of
molded parts. Pentane formulations, however, have demonstrated limitations on achievable thermal
properties due to their inherently higher gas k factors compared to HCFC-141b, HFCs, or HFOs.
Additionally, the solubility of pentanes in polyol blends are less than other options like MF, HFCs, and
HFOs, which makes them at times more difficult to process. Hydrocarbons cannot effectively be used in
the growing market of spray foam due to their flammability.

13. Hydrocarbons have been the preferred conversion technology for large foam producers, where the
safety requirements could be complied with and investments economically justified. Continuous
boardstock manufacturers have shown a tendency towards n- and iso-pentane isomers in recent years for
economic reasons. However, small-sized enterprises in non-Article 5 Parties have been unable to adopt



hydrocarbon technologies to any significant extent due to the investment need in new equipment.'' Many
SMEs that converted from HCFC-141 have selected HFC-based or HFO-based technologies despite the
higher system costs. Where insulation requirements are less stringent, greater use of CO, (water) has also
occurred.

14. Recent developments in equipment and technological processes appear to have made it possible
for the investment costs as well as safety concerns associated with the technology to be considerably
reduced. These developments would appear to make the conversion to hydrocarbon technology more
affordable and feasible for enterprises with low- to medium-level of HCFC consumption. Furthermore,
the role of systems houses in optimizing formulations for SMEs has been particularly important.

Water (water/CO,)

15. Water reacts with MDI'? to form CO,, which then becomes the BA. CO, blown foam can have
multiple inherent limitations in its cured state; higher densities (up to 10%) needed for dimensional
stability, poor adhesion due to surface friability (poor surface cure) when applied to surfaces which are
less than ambient temperatures (23 °C), poor flow in molds (discontinuous panels) resulting from high
internal exothermic heats that cause early crosslinking, high polyol blend viscosities, and poor k factors.

16. The insulating capability of water blown foams reaches a limiting threshold because of the
inherently low (compared with HCFC/HFC/HFO/MF) thermal insulating capabilities of the resultant BA
gas trapped inside the foam cells. This gas is CO,, initially, from the water/MDI reaction, but eventually
changes to a high percentage of “air” through outward migration of CO, and inward migration of
atmospheric nitrogen/oxygen. CO, has a GWP of 1.

17. Water is not a drop-in for HCFC-141b and requires extensive formulation optimization to create
acceptable foams. Limitations on achievable final foam properties prevent water from being the
unanimous choice for HCFC phase-out efforts.

18. Water-based systems became available in some Article 5 countries during the conversion from
CFC-11 in rigid integral skin foams, rigid foams with relatively less critical insulation applications such
as in-situ foams, surf boards, low density open-cell packaging foams, thermoware, and spray foam.

19. Water-based systems, particularly for rigid foams, are often more expensive than other
HCFC-141b alternative technologies since the technology is associated with reductions in insulation
value and lower cell stability. The problem is addressed by adding more material (up to 50 per cent) to
increase foam thickness, where feasible, with resulting increase in cost. Thus, the use of water-based
technology in pour-in-place for insulation applications, while in principle feasible, would require an
increase in thickness, which is not always practical or cost-effective. In addition, the addition of water
necessitates an increase in quantity of MDI in the formulation, which affects the operating costs.

20. Rigid integral skin foams have almost universally converted to all-water-based systems. In most
of these applications, skin formation is triggered through densification (mold pressure) rather than
condensation. Accordingly, subsequent coating may be required and densities can be increased. However,
since densities in this application are already relatively high, this is not a major issue. This is not the case
for flexible and semi-flexible integral skin foams. The related cost penalty arising from significantly
increased densities and the poor skin formation associated with water blown systems has made the use of

" TEAP Progress Report, May 2008.
12 MDI (diphenylmethane diisocyanate) is a versatile isocyanate that can be used to make flexible foams as well as
semi-rigid and rigid polyurethane plastics.



pentane, hexane and HFCs attractive for flexible and semi-flexible integral skin foams in non-Article 5
countries and has caused almost universal conversion to HCFC-141b in Article 5 countries.

Methyl formate

21. Methyl formate, marketed by Foam Supplies Inc. (FSI) as Ecomate, is gaining acceptance in
pour-in-place (mold filling) applications globally as time progresses. These applications include panels,
appliances and marine boat filling (floatation). It is also being used in limited spray applications. Methyl
formate is a physical BA; it has a zero ODP and relatively low GWP'"? similar to other hydrocarbons.

22. MF is a flammable liquid in its neat state, but it can safely be used in polyol blends or as a third
stream addition at the mix head. The lower flammability limit of these blends is well within safe use
guidelines. MF is more soluble in polyol blends than HCFC-141b, which leads to a great need for
formulation optimization.

23. Without sufficient optimization, issues that can occur with MF are excessive foam shrinkage
(>5%) and poor adhesion. MF can effectively be used with water as a co-BA, further reducing its already
relatively low cost compared to other BAs. K factors are acceptable. There are no significant regulatory
issues with the use of MF.

Methylal

24. Methylal (dimethoxymethane) is a flammable liquid with a relatively low boiling point that
belongs to the acetal family with good solubility in polyol blends. Methylal is miscible with all types of
polyols commonly used in PU foam applications. Methylal-based non-insulation foams, regardless of
application, match HCFC-141b foams while methylal-based thermal insulation foams match HCFC-141b
foams within a determined variation range in stability and density but carry a penalty in insulation value
of up to 10% (i.e., k factors are 10% higher (worse) than HCFC-141b)."* Due to its flammable nature, ICC
for equipment are approximately US $130,000 (only essential production equipment).

HFCs

25. HFCs have a higher insulating value (i.e., lower k factor) than other non-fluorinated foam
blowing alternatives at operating temperatures for applications such as walk-in coolers and cold storage
areas. To date, they have mainly been used where end-product fire performance is an issue with insurers
or where investment costs for hydrocarbon-based technology are prohibitive, mainly for SMEs.

26. The three main HFCs currently used in foam applications are HFC-134a, HFC-245fa and
HFC-365mfc (and its blend with HFC-227ea).

(a) HFC-245fa (marketed primarily by Honeywell as Enovate 3000) is currently available
across most, if not all, non-Article 5 countries. It is currently manufactured in the United
States and China. It has been used to replace HCFCs in most rigid foam applications,
including domestic refrigeration, spray foam, and metal faced sandwich panels. It has
excellent flow properties, good solubility in polyol, foam density reductions and reduced
panel waste due to ease of processing. In most cases it can be processed with the same

" The supplier’s claim of zero GWP is based on an evaluation from the U.S. Environmental Protection Agency
Significant New Alternatives Program (SNAP), which described the GWP of methyl formate as ‘likely to be
negligible.” However, no actual was carried out to support this. Indeed, there is no chemical reason why the value
should not be similar to that of other hydrocarbons.

4 UNDP, Methylal assessment, section 5.1 ICC, submitted to the 66" Executive Committee Meeting.



spray foam and pour in place dispensers used for HCFC-141b. HFC-245fa has zero ODP
and a GWP of 1,020. HFC-245fa is typically used as co-BA with CO,/water (from 0.5 to
2.5% of the polyol blend without reduction of critical properties) in order to gain from the
thermal performance, while limiting the cost impact. If properly optimized in a
formulation, water in the stated range provides a reduction in the HFC amount required,
ranging from 10 to 20 parts of the polyol blend down to 5 to 10 parts in some
formulations (i.e., about a 50% reduction in HFC). Some applications, such as
discontinuous panels, have even shown that increased amounts of water in the 3 to 6%
range result in acceptable foam when used with HFC-245fa. The amount of HFC-245fa
was reduced to 5 to 7 parts in the polyol blend. However, a decrease in K factor
(insulating capability) is noticed with these higher amounts of water, demonstrating well
the trade-off in properties when using water as a co-BA with HFCs. HFC-245fa poses
some technical challenges to formulators due to its low boiling point and its lower fire-
resistance properties relative to HCFC-141b. It currently has limited commercial
availability in Article 5 countries due to lack of demand. It has a high price, currently
costing over US $10/kg for bulk containers. Costs for HFC-245fa are expected to
decrease in the coming years due to patent expirations. However, increased costs in
certain regions may be observed due to marketing and supply issues.

(b) HFC-365mfc and its blend HFC-365mfc/HFC227ea (marketed almost exclusively by
Solvay Fluor as Solkane-365 and Solkane-365/227, respectively), is currently available in
most, if not all, non-Article 5 countries. HFC-365mfc-blown foams have a fine cell
structure with good insulation properties and good compressive strength. These foams are
good for insulation purposes, where a non-flammable liquid foaming agent with low
thermal conductivity is needed. However, HFC-365mfc has a lower blowing efficiency
than some other alternatives. For several applications, HFC-365mfc is blended with
HFC-227ea to overcome a minor flammability issue. It has also a high price in Article 5
countries, ranging from US $12.00 — 14.00 /kg. HFC-365mfc has zero ODP and GWP of
610. HFC-227¢a has a much higher GWP value (2,900), however, it is used in relatively
small proportions;

(©) HFC-134a has been used widely in Multilateral Fund projects as a refrigerant in
refrigeration projects. However, its use as a foam BA has been very minimal due to
processing difficulties, the fact that its pre-blends cannot be made available, and high
production costs owing to the need for on-site pre-mixer which would limit its
application by SMEs. Formulations with HFC-134a have been used to replace HCFCs in
the manufacture of extruded polystyrene boards in North America. HFC-134a has zero
ODP and GWP of 1,300.

HFOs

27. HFOs are now commercially available, and are sold in pure form to systems houses for making
polyol blends. Honeywell (Solstice LBA, bulk) and Arkema (Forane HFO-1233zd, limited quantities) are
the two HFO-1233zd suppliers. Chemours has announced the first production plant is scheduled to go
online by mid-2017 for HFO-1336mzz.

28. HFOs have proven to be effective alternatives for HCFC-141b in a growing number of
commercial foam applications (appliances, panels, spray), and represent the least climatically impactful
BA solution for foams that require K factors better than or equal to HCFC-141b. HFOs possess the least
impactful climatic properties (zero ODP, very low GWP, excellent foam k factors) for applications
requiring the highest level of energy saving (insulation) performance. HFOs, like HFCs, are more



expensive than HCFC-141b, and this must be taken into account for IOC calculations. Costs relative to
HCFC-141b are covered in the IOC section. Water is an effective co-BA with HFOs, decreasing the
overall cost of polyol blends. The effective limit for high-insulation capability formulations is 2.5% in
HFO-1336mzz, and 2.0% in HFO-1233zd. Water over 2% in HFO-1233zd can negatively affect polyol
blend stability through interactions with catalysts and the BA. Addition of water can reduce the required
HFO amounts by >50% in some cases. Although currently more expensive than HFCs, HFO costs are
expected to come down somewhat over time as application adoption accelerates.

29. There are no significant safety concerns or capital requirements when converting from
HCFC-141b. HFOs are a near drop-in for HFCs in insulating foams and have been used successfully in
enough commercial applications and plant trials to encourage major regulatory agencies in non-Article 5
countries to draft regulatory steps for the phase-out of HFCs for foam blowing (2017 — 2021)"°. However,
special catalyst packages (more than one catalyst) are required for HFO-1233zd polyol formulations to
achieve standard 3- 6 month polyol blend shelf lives.'® This results in a modest IOC impact detailed later
in this study.

30. HFO-1336mzz is also a good substitute for HCFC-141b. It is inherently stable and compatible
with standard foam catalysts. After initially announcing a 2016 production start, the manufacturer
(Chemours) has now targeted its commercial availability for mid-2017, when the first production plant is
scheduled to go online. It is also expected to be possibly more expensive than HFO-1233zd, necessitating
formulation optimization efforts to minimize cost (though not requiring special catalyst packages).

HFC or HFO blends with pentanes

31. Blends of pentanes and HFCs or HFOs are emerging as a solution to stricter energy standards. A
recent metal sandwich panel study showed that a HFC-365/n-pentane blend (30/70) gave a 9.4% lower
foam core density and a 4.3% reduction in Kk factor (i.e., a 4.3% improvement in insulation) in comparison
to the 100% n-pentane control. Appendix 3 includes the results of another panel study using different
blends of HFO-1233zd and cyclopentane; k factors are significantly reduced. Improved energy efficiency
standards are difficult if not impossible to achieve with cyclopentane alone, thus the drive for blends. This
might be of particular relevance in Article 5 countries that export their manufactured goods to non-AS5
countries where more stringent energy efficiency standards are prevalent, or if they have such standards
themselves. Blends consisting of cyclopentane/HFO-1233zd or HFC-245fa have been found to effectively
reduce foam k factors and improve processing characteristics, such as flow and density, over 100%
pentane blends. MF blends with pentanes have also been applied in the field with good results.

Water as a co-BA

32. As previously noted, the insulating capability of water-blown foams is limited by the thermal
insulating capability of the resultant BA gas trapped inside the foam cells. Water is, however, an excellent
co-BA for insulating foams in amounts from 0.5 to 2.5% added to the polyol blend, where its positive
impact on chemical costs are realized through an equivalent molar reduction (molecule for molecule) of
the other, more expensive BA used. Water has a very low molecular weight (18), so an addition of just
2% represents a high number of BA molecules. Correspondingly, it is then possible to reduce the other

"> For example, the United States Environmental Protection Agency’s (USEPA) draft ruling on this topic (June,
2014) will phase-out the use of HFCs in both domestic manufacturing and also imported products, an important
distinction from the past where imports were allowed. Canada has indicated (2015) a willingness to follow closely
USEPA and limit HFC uses. The European Union and Japan are similarly taking measures to limit HFC uses.

' HFO-1233zd may react with the strong amine catalysts currently used in HCFC-141b foam formulations. Use of
HFO-1233zd requires non-traditional catalyst packages consisting of less reactive amines and metal catalysts. It is
possible that newer technologies will negate this issue in future years.



BA (e.g., HFCs or HFOs) by a similar or equivalent number of moles (molecules). The impact on
reducing costs is always significant, sometimes reaching a >50% reduction in the more expensive BA.
The negative effects of water on properties are not obvious, or are acceptable when used in this manner.
As water reacts with MDI to produce the BA (in this case, CO,), the addition of water necessitates an
increase in the quantity of MDI in the formulation relative to a pure HFC or HFO-blown foam. This

additional MDI in turn also affects the operating costs.

33. The general characteristics for each BA family as HCFC-141b replacement options are described
in Table 1.
Table 1. HCFC-141b replacement BA characteristics
BA Advantages Disadvantages
HCFC-141b e Low cost High ODP
e High solubility, excellent processing High GWP
e Low k factor Subject to phase-out
e Non-flammable
e Standard processing equipment
Hydrocarbons | e No ODP or GWP concerns Flammable
(pentanes) e Low cost High capital conversion costs so only
e Acceptable solubility, processing applicable to higher volume usage
e Acceptable k factor Not suitable for spray
e Proven, mature technology Safety concern for SME hand mix
HFC-245fa; e Zero ODP High GWP (>800)
HFC-365/ e Good solubility, processing High cost
HFC-227 e Equivalent k factors to HCFC-141b
e Proven technology
e Non-flammable
Water e Zero ODP Some processing challenges due to higher
e Low GWP viscosity polyol blends
e Non-flammable High k factor (i.e., poor insulation)
e Ultra-low cost k factor decreases with time
e Excellent co-blowing option with HFCs, Poor adhesion without heated molds,
HFOs, and pentanes friability concerns
Density penalty ~ 10%
HFOs e Zero ODP High cost (> HFCs)
e Low GWP (<15) Slightly higher catalyst amounts (cost) with
e Good solubility, excellent processing HFO-1233zd
e Equivalent or lower k factors than HCFC-
141b
e Proven in some applications
e Non-flammable
Hydrocarbon/ | e Zero ODP IOC increase
HFC or HFO | ¢ Low GWP in hydrocarbon/HFO blends ICCs high due to pentane
blends e Reduced GWP in hydrocarbon/HFC blends
e Same equipment as hydrocarbon
e Lower Kk factors than hydrocarbon — helps
meet stricter energy standards
MF ¢ Not flammable in polyol blends Flammable as neat liquid
e Excellent solubility, good processing Requires rigorous formula optimization
e Acceptable k factors
o Acceptable foam properties
e Proven technology




BA Advantages Disadvantages
Methylal

Low cost e Flammable as neat liquid
Acceptable properties e Capital conversion costs
Medium k factors

Some applications tested

Incremental costs for phasing out HCFC consumption in the foam sector

Ranges of incremental operating costs

34, The levels of incremental operating costs for conversion from HCFCs to non-ODS-based
technologies depend mainly on the nature of the new formulations and the relative prices of chemicals
used in those formulations. In addition, the density of the foam can substantially affect operating costs. In
general, density is (inversely) related to yield per kilogram of the foam mixture. Enterprises generally
seek to lower their operating costs by maximizing the yield per kilogram while maintaining key foam
properties. Enterprises therefore seek to avoid increasing the density of foam when switching BAs. The
exception to this is for water-blown foam, where an increase in density (up to 10%) is needed. Enterprises
switching to the other BAs considered in this study would seek to use formulations that do not increase
the foam density.

35. Raw material prices for PU foams change constantly according to global economic conditions,
needs, and priorities. However, it is possible to pin down general ranges based on historical and current
data. Low oil prices seen since mid-2015 will result in stable, relatively low prices for oil-derived PU raw
materials such as MDI, polyols, and pentane BAs.

36. Fluorinated BAs (HFCs and HFOs) are not as dependent on oil prices and are expected to remain
at current pricing levels until demand, capacity, and intellectual property situations change. For example,
HFC-245fa prices should decline somewhat in 2016 and 2017 due to new producers taking advantage of
expired patents. However, there may small increases in the short-term due to commercial and marketing
choices. HFO-1233zd prices should remain steady in 2016 and 2017. Supply and manufacturing capacity
are not issues with HFO-1233zd. The story is different with HFO-1336mzz. To date, only research and
development quantities from a pilot plant have been available for use in trials. There may have been a
charge for some of this material, leading to a perception that it is currently available at a certain price. It is
not commercially available in 2016. The production plant was originally scheduled to ramp up in late
2016, but according to the manufacturer (Chemours) that now has been pushed back to mid-2017.
Regardless, HFO-1336mzz has shown that it has excellent foam blowing capabilities for when it becomes
available.

37. The proportions of main chemical ingredients in foam formulations, namely the BA, the polyol
and the isocyanate (or MDI) and their prices are the key determinants of the level of IOC. Prices of these
main chemical ingredients have varied widely among Article 5 countries and continue to do so as shown
in Table 2. This situation could result in substantial incremental operating costs for one enterprise but
savings for another enterprise for the same type and amount of foam produced, depending on the prices of
some or all of the ingredients, and the price differences before and after conversion. The use of relative
foam system prices instead of the prices of individual chemicals where enterprises use premixed systems
could help to mitigate some of the discrepancies in chemical prices.

Table 2. Price range of BAs in Article S regions

Prices (US $/kg)
Low High
HCFC-141b 2.40 6.00

Chemical
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. Prices (US $/kg)
Chemical Low High
Cyclopentane 2.00 3.50
HFC-245fa 11.00 12.00
HFC-365/HFC-227 12.00 14.00
Methyl formate 3.00 4.00
HFO-1233zd 12.00 17.00
HFO-1336mzz Unknown Unknown
38. Table 3 shows the relative prices of raw materials and time required to develop formulations and

achieve improvements on the properties of the foam in Article 5 regions.

Table 3. Relative formulation raw material costs and formulation development times in Article 5 regions

BA Catalyst Surfactant Relative” Relative” BA Polyols and/or
($tor)) ($tor)) BA cost molecular weight MDI($tor])

Pentanes - - 0.65 0.60 -
HFC-245fa - - 2.7 1.15 -
HFC-365/HFC-227 - - 3.1 1.26-1.4 -
Water - - - 0.15 1 *
HFO-1233zd 12-3% - 4 1.12 -

50% Reduced HFO-1233zd 12-3% - 4 0.56 T
HFO-1336mzz - - >4.00 1.40 -

50% Reduced HFO-1336mzz - - >4.00 0.70 1 o**
Methyl formate - - 0.8 0.51 -
Methylal - - 0.65 -

relative to HCFC-141b
*quantity of MDI increases relative to HCFC-141b blown foam given reaction with water. Increase depends on formulation,
desired density, and other factors.
**quantity of MDI increases given reaction with water. For every part water added, approximately 15 parts MDI is required.

39. I0Cs in general are non-existent, minimal, or even negative when switching from HCFC-141b to
pentanes and are low to moderate for methyl formate, methylal, and 100% water; possible density
increases for 100% water-blown foam need to be taken into account. A significant amount of
development work is currently being conducted on HFC or HFO blends with pentanes in larger AS
countries like China and India (see typical formulations section) to meet stricter energy standards in
appliances and certain panel applications. Such blends, of course, would add IOC to the foam
manufacturing operation, depending on the amount of HFC or HFO used. HCFC-141b transitions to
HFCs or HFOs incur significant incremental operating costs.

40. The size of the enterprise can affect costs substantially. Small and micro enterprises should
purchase pre-blended formulations from systems houses. Systems houses have the bulk purchasing power
to obtain the lowest prices for BAs, particularly HFCs and HFOs, within a given region. Costs of these
types of BAs can be extremely high if purchased in small quantities (5 — 50 kg cylinders) in A5 regions.

Costs for developing foam formulations

41. Each individual formulation within any foam sector has its own associated costs. Manufacturers
typically use multiple formulations in production to produce goods according to their product line
offerings. Individual formulators (chemists) in systems houses, or with large raw material/formulated
systems suppliers, typically work on 1 to 3 formulations per 6 month period. Formulators need to spend
considerable time optimizing a formulation when confronted with the need to develop new technologies
of a significant nature, i.e., a total BA change. Table 4 shows typical formulation development and foam
property improvement time frames.
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Table 4. Formulation development times and trial/training costs

Formulation time for Property improvement Trials, training, technical

BA chemist to change one after launch (months) support, materials, travel
formula (months) (US § per formulation)

Pentanes 3 3 10,000
Water 6 6-—12 10,000
MF 6 6 10,000
Methylal 6 3-6 10,000
HFC-245fa 3-6 3-6 10,000
HFC 365/227 3-6 3-6 10,000
HFO-1233zd 3-6 3-6 10,000
HFO-1336mzz 3-6 3-6 10,000

42. Experience with CFC-11 and HCFC-141b phase-out in the foam sector has demonstrated the
important role played by the chemicals suppliers and systems houses'” in tailoring the chemical systems'®
used to manufacture foam to meet the needs of local markets and conditions. These intermediaries are
capable of formulating foam systems to meet the specific needs of end-users.

Typical foam formulations in key applications

Appliances
43. Globally, most appliance manufacturers that have chosen alternatives to HCFC-141b use

formulations blown with cyclopentane and pentane blends. Adoption of hydrocarbon-blown foams has
occurred in Europe, Asia, Japan, and Article 5 countries. U.S. manufacturers have more often chosen
HFC-245fa to replace HCFC-141b. Typical formulations are listed in Table 5 below along with critical
foam properties; Table 5 shows a typical formulation where HCFC-141b is compared to HFO-1336mzz
in a joint study by the BA manufacturer, a major polyol blend supplier, and a well-known appliance
manufacturer. The results show improved k factors with the HFO over HCFC-141b. HCFC-141b and
HFO-1336mzz were used on an equivalent molar basis.

Table 5. Typical appliance polyol blend formulation

Foam index 1.2
Mold temperature 45-50"°C
Polyol (sucrose/glycerine polyether polyols) 100 pbw
Catalyst 3
Surfactant 2
Other additives 4.9
HCFC-141b 15-30
H,0 2-4
Table 5 (cont’d). Results using this formula for the study of resultant K factors

H,0O 3.8 1.7 3.8 1.7
HCFC-141b 16 30

HFO-1336mzz 23 42
k factor @ 24 "C (mW/mK) 21.1 21.1 20.3 20.3

17 Systems houses are chemical companies that are engaged in the business of bulk pre-blending of foam systems for
distribution and sale to foam manufacturers. The pre-blending obviates the need for investment in expensive
in-house premixing stations and bulk purchase of several chemical components that are blended in the system.

'8 Foam chemical systems are mixtures of chemical ingredients specially formulated and blended to meet specific
foam processing conditions and product quality.
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44, Table 6 shows foam k factor results from a study by a BA manufacturer and a major appliance
manufacturer using a commercial appliance formulation. The results show an expected highest k factor
(i.e., worst insulation) with cyclopentane, a HCFC-141b-equivalent k factor with HFC-245fa, and the
lowest k factor (i.e., best insulation) with HFO-1233zd. As detailed in Appendix 3, studies have shown
that blending cyclopentane with HFOs or HFCs improves the k factor (lower Kk factor and hence better
insulation) relative to pure cyclopentane and pentane blends. Such blends will help meet more stringent
energy requirements.

Table 6. Appliance foam K factors with different BAs

Blowing agent k factor @ 24 "C (mW/mK)
Cyclopentane 21.0
HCFC-141b 18.5
HCFC-245¢fa 18.5
HFO-1233zd 17.1
45. Critical foam properties for appliance foams:
(a) The k factor is ultimately most critical because lower values generally correlate with

(b)

(©)

results from energy tests on the appliance after manufacture. Energy saving requirements
are becoming more stringent in developed countries where many A5 country finished
goods are exported, as well as in the A5 countries themselves. HFCs and HFOs provide
lower foam K factors (better insulating properties) than cyclopentane.

Density is related to yield per kilogram of the foam mixture. Therefore, it is critical for
low operating costs that standard minimum fill densities are maintained.

Dimensional stability is critical for energy performance. If the foam shrinks it can pull
away from the inner liner leaving voids lacking insulating foam.

46. Formulations:

(a)

(b)

(c)

(d)

Although they generally improve processing characteristics (over cyclopentane) such as
flow, HFCs and HFOs exact a high cost penalty when used as a BA.

Cyclopentane offers the lowest cost choice when switching from HCFC-141b while still
providing acceptable foam properties. High capital costs on the front end exist, but
operating costs decrease due to the low cost of pentanes. Indeed, operating savings
(relative to HCFC-141b) are common. Cyclopentane is inherently limited by its gas k
factor with regards to improvements in current hydrocarbon-blown appliance energy test
results.

Cyclopentane/HFC blends produce foams with better insulation properties (i.e., may
provide an option for enterprises seeking to meet strict energy standards) but result in
increased operating costs and the use of a high-GWP BA.

Cyclopentane/HFO blends produce foams with excellent insulation properties (i.e., may
provide an option for enterprises seeking to achieve the best energy performance) and use
only low-GWP BAs, but at present would result in slightly higher operating costs than
cyclopentane/HFC blends.
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47. Incremental costs:

(a) HFCs and HFOs are > 4x (Table 3) more expensive than HCFC-141b. The difference in
the cost of the BA represents the only significant incremental operating cost when
switching from HCFC-141b. HFCs and HFOs behave similarly to HCFC-141b in block
and pipe foams.

(b) Hydrocarbon-blown foam equipment costs (for safety) are well known and documented.
The overall costs presented in Appendix I of UNEP/OzL.Pro/ExCom/55/47 continue to
reflect capital conversion costs (ranging from US $370,000-710,000 for retrofits and
US385,000-780,000 for replacement). Other reports (e.g., Jeffs and Quintero, 2014) have
corroborated those costs.

(c) HFC/cyclopentane blends require the same equipment and precautions as 100%
cyclopentane manufacturing.

(d) Trial costs are typically $10,000 per individual formulation (3 trials). These costs cover
travel, material, and technical support/training.

Panels (continuous and discontinuous)

48. Aside from BAs during mandated transitions away from HCFCs, panel formulations tend to
change the most with regards to the index (ratio of isocyanate to polyol reactive units, NCO/OH)).
Polyurethane (PU) formulations in both discontinuous and continuous panels, have indexes from 1.2 —
1.5. PIR formulations (polyisocyanurate — contain ring structures formed from excess isocyanate)
typically have indexes from 1.5 — 3.0. In a study by a major BA manufacturer, the resultant foam K factors
for a typical polyurethane panel formulation are shown in Table 7. The data is consistent with other PU
rigid foam applications in that the highest k factors come from cyclopentane, while HFC-245fa and HFO-
1233zd provide values close to those of HCFC-141b.

Table 7. Typical Discontinuous Panel Formulation Panel Trial (discontinuous)

Components php HFO-1233zd HFC-245fa Cyclopentane HCFC-141b
Polyether polyol 65
Polyester polyol 35
Catalyst 2
Surfactant 1.5
Flame retardant 22
Water 2
Blowing agent 233 24.0 12.5 21.0
pMDI (index ~ 1.2) 143.6
k factor @ 24°C (mW/mK) 20.2 20.9 223 19.7
49. Larger enterprises can use hydrocarbon blowing technology to produce panels. As seen in all

rigid insulating foam applications, blending hydrocarbons with HFCs and HFOs shows significant
improvement in K factors (see Appendix 3).

50.

(a)

Critical foam properties for panel foams:

end uses like walk-in coolers, etc.

k factor is the most critical property because lower Kk factors result in energy savings in

(1) As with appliances, cyclopentane-blown foams perform adequately with regards
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51.

52.

(b)

(©)

to energy, but possess limitations (cyclopentane gas K factor) with regards to
achieving future improvements in energy performance.

(ii) HFCs and HFOs provide lower k factors than cyclopentane.

Density is related to yield per kilogram of the foam mixture and therefore for low
operating costs it is critical that standard minimum fill densities are maintained.

Dimensional stability is critical for energy performance. If foam shrinks it can pull away
from the panel walls leaving voids lacking insulating foam and possible warping the
panel surface. Adhesion to panel walls is critical in the same vein.

Formulations:

(a)

(b)

(c)

(d)

(e)

The choice of BA when switching from HCFC-141b will depend on the enterprise size
and willingness to commit to the capital expenditures required for safe hydrocarbon foam
processing. High capital costs on the front-end exist, but operating savings are possible
due to the low cost of pentanes. Cyclopentane is inherently limited by its gas k factor
with regards to improvements in current hydrocarbon-blown appliance energy test
results.

HFCs and HFOs tend to lead to improved k factors but are more expensive than
cyclopentane. They generally process better (flow) than 100% cyclopentane blown
foams.

Cyclopentane/HFC and HFO blends result in improved k factors and therefore improved
energy efficiency performance. Cyclopentane/HFO blends are likely to be slightly more

expensive than cyclopentane/HFC blends but will likely result in lower k factors.

Methyl formate can be used for panels as a near-drop in for HCFC-141b. However, k
factors are not as low as those seen with HFCs or HFOs (see Appendix 3).

Methylal has been used in panel formulations (see Appendix 4).

Incremental costs:

(a)

(b)

(©)

HFCs and HFOs are 4 - 6x (Table 3) more expensive than cyclopentane and
cyclo/iso-pentane blends, and 2.7 — 4x more expensive than HCFC-141b. They represent
the only significant IOC. However, they do not need to be used neat but can instead be
used with hydrocarbons in polyol blends in the minimal concentration when required to
meet stricter energy standards.

Hydrocarbon-blown foam equipment costs (for safety) are well known. Hydrocarbon has
been the choice for major panel manufacturers, most of whom are quite large. Pentane
blends with HFCs and HFOs require no additional capital costs beyond what is normal
for pentanes, but costs can be expected for formulation trials and training.

Incremental capital costs for methyl formate are negligible other than trial costs if

pre-blended material is used. For blending on site of flammable methyl formate and
polyols, capital costs of approximately US $130,000 can be expected.
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(d) Trial costs for any alternative panel BA system are typically $10,000 per individual
formulation (3 trials). These costs cover travel, material, and technical support/training.
Spray foam
53. Spray foam has experienced perhaps the fastest commercial growth of any global foam market

sector since 2000. Spray foam is considered the ultimate building insulation because it is the only
insulation material that combines the highest K factor per unit area with an ability to create a monolithic
air seal around any substrate on which it is sprayed. The U.S. Department of Energy claims that stopping
air movement through the building envelope can reduce heating and cooling costs by 40% annually.
Buildings use more energy than any other application globally, and energy savings in this sector can
result in a significant decrease of CO, emissions associated with heating and cooling. Table 8 shows a
typical spray foam formula and the k factor of foam produced with that formula depending on the BA
used (HCFC-141, HFC-245fa, and HFO-1233zd). The study was conducted by a major BA manufacturer.

Table 8. Typical Spray Foam Formulation and k-factors

Components pbw
Mannich polyol’ 40
Polyester polyol 60
Silicone 2
Catalysts 25
Flame retardant 20
water 2
Index 130
BA 20%**
k-factor (mW/mK) HCFC-141b 19.5
k-factor (mW/mK) HFC-245fa 19.9
k-factor (mW/mK) HFO-1233zd 18.7

*Mannich polyols contribute to a fast, even cure in spray foams and are used universally.

*%5 . 6 for HFO-1233zd.
*** [ess in some formulas.

54. Critical foam properties for spray foams:

(a)

Dimensional stability is critical for energy performance of the building envelop. If foam
shrinks it can pull away from the framing or walls/roof decks, leaving gaps for air
infiltration and exfiltration.

(b) Density is related to yield per kilogram of the foam mixture and therefore to maintain the
lowest operating costs it is critical that standard minimum densities (32 Kg/m®) are
maintained. Foam densities > 38 kg/m’ begin to exhibit decreasing k factors.

(©) Low k factors are critical because having the lowest k factor value among insulation
choices, combined with spray foam’s inherent monolithic (continuous) air barrier
capability, justify its high cost in the market place.

(d) Adhesion to substrates is critical for the same reasons as dimensional stability, but most
problems arise from dirty or wet surfaces, not the foams.

55. Formulations
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56.

(a)

(b)

(©)

(d)

(e)

&

(2

HFC-245fa and HFC-365/227, co-blown with water, are the BAs frequently used for
spray foams in developed countries. They replaced HCFC-141b successfully.

HFO-1233zd is proven commercially in the United States, Canada and Europe.
HFO-1336mzz has performed well in research and development trials. Both types of
foams are normally co-blown with approximately 2% water.

Based on the success of HFOs, developed countries are in the process of developing
fairly rapid regulatory phase-out schedules for HFCs in spray foams.

HFOs provide the lowest k factor (i.e., foam with the best insulation), have zero ODP and
very low climate impact; however, they appear to be more expensive than HFCs.

HFO-1233zd cannot be used with many standard PU catalysts because of their strongly
basic nature. Strong reacting tertiary amine catalysts may cause interactions with the
carbon-carbon double bond of HFO-1233zd, leading to decay of polyol blend reactivity.
Shelf stability of the polyol blend is greatly compromised in this case. A combination of
slow reacting amines, sometimes in conjunction with metal catalysts (i.e., bismuth) has
proven effective in providing standard polyol blend shelf lives of 3 — 6 months in drums.

Water can be used as the sole BA for closed cell spray foams. However, the foams have
poor k factors relative to HFCs and HFOs (}30%), can exhibit excessive shrinkage, voids
between foam and substrate, and poor process when spraying in cold temperatures (below
5°0).

Methyl formate can be used in spray foams with acceptable results. Work continues in
this area.

Incremental costs:

(a)

(b)

(©)

(d)
(e)

®

HFCs and HFOs are 2.7 — 4x (Table 3) more expensive than HCFC-141b. They represent
the only significant IOCs when switching from HCFC-141b. HFCs and HFOs behave
similarly to 141b in spray foams and are fairly easy to transition.

HFOs are approximately 1.33x (Table 3) more expensive than HFCs, and are the only
10C in this type of transition.

Catalyst packages required for HFO-1233zd polyol blend stability typically utilize twice
the amount of standard catalysts in this sector and add 2 -3% to the cost of the polyol
blend.

Standard spraying equipment is used for all BA options.

For the best blend stability (shelf-life), it is recommended that polyol blends using
HFO0-1233zd not be exposed to high heat (> 30°C) for long periods of time during
shipment or storage. A temperature-controlled insulated room for polyol blend day tanks
or drums, along with similar shipping accommodations for drums is recommended for
hot climates (US $10,000-20,000 to insulate the room, US $5,000 for an HVAC to
maintain temperature).

Trial costs are typically $10,000 per individual formulation (3 trials). These costs cover
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Block, Pipe

travel, material, and technical support/training.

57. Block and pipe foams are rigid closed cell insulating foams designed to insulate irregular shapes.
Block foams are cut into pieces which form-fit around various items that need to be insulated. Pipe foams
are cut from blocks, injected between inner and outer pipes (pour-in-place), or applied to spinning pipes

in OEM settings. A typical formulation is shown in Table 9.

Table 9. Typical Rigid Foam Insulation Formula (Block, Pipe)
Component pbw
Polyol 65
Surfactant 2
Catalyst 3
Flame retardant 13
BA (HCFC-141b or HFC) 207
Water (co-blowing) 2"
Index 1.1 (MDI/polyol blend)

"May be less depending on desired density, water co-blowing %, need for structural properties.
"4-6 if 100% water-blown.

58. Critical

foam properties for block and pipe foams:

(a) The k factor is ultimately most critical

(b) Density is critical and needs to be 32—40 kg/m’

(©) Dimensional stability is critical for energy performance. If foam shrinks it can pull away
from the substrate leaving voids lacking insulating foam.

(d) Compressive strength can be an important property since some of these types of foams
are counted on to provide a measure of structural capability.

59. Formulations:

(a) Methyl formate, water, hydrocarbons, HFC-245fa and HFC-365/227, and HFO-1233zd
and HFO-1336mzz are all suitable as HCFC-141b replacements. The choice of BA
simply depends on the requirements of the application (k factors, density, etc.).

60. Incremental costs:

(a) HFCs and HFOs are 2.7 — 4x (Table 3) more expensive than 141b. They represent the
only significant IOCs when switching from HCFC-141b. HFCs and HFOs behave
similarly to HCFC-141b in block and pipe foams.

(b) Processing equipment upgrades and retrofits should not be required when switching from
HCFC-141b to any of the BAs above except hydrocarbon. HFC-245fa polyol blends may
require cooling in hot climates (US $10,000-20,000 to insulate a storage room and
US $5,000 for an HVAC unit to maintain temperature).

(©) Mold costs may be incurred with the different BAs. Retrofits to molds for heating and

cooling, or bracing for increased pressure (water blown,) cost between $5,000 - $25,000,
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depending on the size and complexity of the mold. In addition, mold bracing may be
needed (US $1,000-3,000).

(d) HCFC-141b to hydrocarbon would require capital investment as in all other cases for
safety. Costs are well documented.

(e) Trial costs are typically $10,000 per individual formulation (3 trials). These costs cover
travel, material, and technical support/training.

Integral-skin

61. Integral skin formulations vary significantly because of the wide variety of applications, such as
office furniture, handlebar grips, automobile steering wheels, etc. Because of this complexity, a “base”
formula will not be given in this report. In general, because of their higher densities, integral skin
formulations they require far less BA than the typical rigid insulating foam formulations listed above.

62. The critical property for integral skin is the quality, hardness (look and feel), and thickness
(durability) of the outer skin. Water, n-pentane, water/n-pentane, and methyl formate are typical
alternatives to HCFC-141b. Safety-related costs associated with a conversion to n-pentane are prohibitive
for small enterprises, but remain an option for medium to large enterprises. Methyl formate has shown
good results in this application. In addition, the following observations can be made:

(a) Skin quality rankings to date: n-pentane (excellent) > methyl formate (good) > water
(poor to acceptable).

(b) 10Cs are negligible.
(©) Mold costs may be incurred with the different BAs. Retrofits to molds for heating and
cooling, or bracing for increased pressure (water blown,) cost between $5,000 - $25,000,

depending on the size and complexity of the mold.

(d) Trial costs are typically $10,000 per individual formulation (3 trials). These costs cover
travel, material, and technical support/training.

Ranges of incremental capital costs

63. The magnitude of incremental capital costs (ICCs) in the foam sector will depend mainly on the
choice of technology. The ICC for conversion from HCFCs to non-ODS-based technologies depends on
the enterprise’s existing baseline equipment; the type of foam products being manufactured and the
volume of production; the alternative BA selected; and the location of the enterprise.

64. With the exception of hydrocarbons, ICCs are expected to be modest for enterprises that installed
new equipment to convert from CFC-11 to HCFC-141b. Related costs needed by these enterprises to
effectuate the conversion from HCFCs would mainly consist of technical assistance for training and the
trial of new chemical formulations. Costs related to conversion of HCFC-based enterprises to
hydrocarbon technology relate to the provision of new processing and safety equipment; however, the
capability of small enterprises to absorb the hydrocarbon-based technology is likely to be limited.

65. Conversion to pentane-based technologies for foam enterprises usually requires high pressure

dispensers suitable for use with hydrocarbon BAs, new polyol pre-mixers, hydrocarbon storage systems,
and safety equipment to handle flammable substances. However, recent developments in the pre-blended
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hydrocarbon-based technology and equipment design had the application of the technology more cost-
effective for medium-scale foam producing enterprises.

66. For the conversion from HCFCs to HFC, HFOs, water-based systems or methyl formate
technology no additional capital costs for replacing existing high pressure dispensers will be required by
all the rigid polyurethane and integral skin foam enterprises. Costs related to technology transfer, training,
trials and commissioning would be required to adapt the alternative technologies to local conditions.
Capital cost for retrofit or replacement of existing baseline equipment, as well as technology transfer,
training, trials and commissioning, might be required only for those enterprises that still process
HCFC-141b foam with low pressure dispensers.

67. As a general matter, the decision of whether to use a high- or a low-pressure dispenser depends
on factors other than selection of the BA. In particular, advantages of a low-pressure dispenser include:

(a) Lower up-front costs

(b) Ability to add 6 - 8 chemicals at the mix head

(©) Lower mix-head throughput (i.e., less "splatter")

(d) In general, better for thicker continuous panels because of this greater control

(e) However, low-pressure dispensers tend to have higher operating costs as lines must be
solvent-flushed after each foam pour.

68. In contrast, the advantages of a high-pressure dispenser include:
(a) Higher throughputs
(b) Faster cream times (reaction due to increased mixing energy)
(©) Higher upfront costs

(d) Lower operating costs (no solvent flushing as high-pressure dispensers are self-cleaning
via a clean-out plunger)

(e) Can only add 3 - 4 chemicals at the mix-head

€3] Can splatter due to higher throughputs
69. The dominant factors used by enterprises in deciding whether to use a low- or a high-pressure
dispenser are in bold, i.e., the factors that relate directly to cost: low-pressure dispensers are cheaper up-
front but result in higher operating costs, while high-pressure dispensers necessitate a higher upfront
capital investment but reduce operating costs. The choice of dispenser is also influenced by the needed

throughput, control of line speed, and other factors.

70. The use of water as a co-BA with HFOs and HFCs can result in a small increase in viscosity of
the polyol blend. Viscosity can be controlled, higher or lower, through;

(a) Polyol selection (formulation adjustments)

(b) Heats of processing (higher heat reduces viscosity, but then catalysis/rate of reaction
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must be adjusted lower)

71. Thus converting from HCFC-141b to reduced HFO or HFCs does not automatically require a
high-pressure dispenser.

72. Table 10 below provides a summary of the ICC ranges for various foam applications. These costs
are based on enterprises with only one foam dispenser and auxiliary equipment in the baseline, and with
HCFC-141b consumption of 5, 25 or 75 metric tonnes (mt) (or 0.6, 2.8 or 8.3 ODP tonnes) for
manufacturing rigid foams, or 10 or 30 mt (or 1.1 or 3.3 ODP tonnes) for manufacturing integral skin
foams. These levels of consumption represent typical small scale, medium scale and large scale
operations. The minimum cost in the range has been based on retrofitting all required equipment items,
while the maximum cost was based on the cost of replacing old equipment with new equipment, and
represent the absolute levels. Costs of technology transfer, training and trials, which are a component of
ICC, have been estimated on the amounts of chemicals needed to optimize foam formulations and are
included. It should be noted that an additional $15,000 — 20,000 (US $) may be required for HFO 1233zd
and HFC 245fa in very hot climates for cooling of BA/polyol blends during storage (cost not included in
Table 10).

Table 10. Summary of incremental capital cost ranges for various foam applications (US §)

Foam application HFC-245fa/HFC-365mfc/ Water-based systems Pentane

methyl formate/HFOs

Low | High Low | High Low | High

Panels and domestic and commercial refrigeration
Retrofit 30,000 60,000 375,000 710,000
Replacement 100,000 195,000 385,000 780,000
Pipe in pipe and thermoware (*)
Retrofit 30,000 60,000 25,000 55,000 375,000 710,000
Replacement 100,000 195,000 95,000 180,000 385,000 780,000
Spray foam (**)
Retrofit | 15,000 | 55,000 | 15,000 | 55,000 | |
Discontinuous block (box) foam (***)
Retrofit 15,000 55,000 15,000 40,000
Replacement 85,000 140,000 65,000 95,000
Integral skin foam
Retrofit | 40,000 | 70,000 | 75,000 | 125,000 | 265,000 | 405,000

(*) Water-based systems would have limited application in pipe in pipe while pentane would have limited applications in thermoware.
(**) The flammability of pentanes would make their on-site application unacceptable.
(***) Box foam operation would make the use of pentane risky.

73. The decision of whether to replace or retrofit equipment is based in part on the age of the baseline
equipment. Industry standards for the lifetime of equipment vary, including by the type of equipment. For
example, storage tanks can last 10-30 years, while the lifetime of transfer pumps often varies between
5-10 years, and the electronic control panels for over 5 years, if properly maintained and serviced, and
hoses are inspected and replaced if signs of wear or cracking are evident. The lifetime of mix heads
depends on many factors, including regular servicing, annual foam throughput and number of total foam
shots. Low pressure dispensers can last over 5 years and high pressure dispensers for a number of years, if
properly maintained and serviced. Irrespective of maintenance and servicing, dispensers over 15 years old
should be replaced rather than retrofitted.

Impact of lower Kk factors
74. As noted previously (see also Appendix 3), HFOs and HFCs give lower foam K factors than

cyclopentane. The k factor reduction is approximately 10%. Given this, equivalent k factors to
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hydrocarbon-blown foams can be obtained with HFCs or HFOs at equivalent foam densities in thinner
parts, e.g., in panels. Some applications (certain appliances, spray foam in specific building code areas,
and panels) can tolerate thinner parts/thicknesses and still meet industry thermal insulation standards. The
relationship between foam k factor and foam thickness is not always linear, depending on formulation,
processing, and sample preparation. For example, review of Engineering Service Test Reports (ESRs) for
HFC-245fa blown spray foam show that k factors at the two standard thicknesses, 25mm and 87.5mm, are
oftentimes different. In fact, manufacturer results are split; some are better at 3.5 inches than one inch,
and some are worse.

75. More work must be done in establishing k factor — thickness relationships. For example, in a
100mm (thick) x 3000mm panel, a reduction of thickness of 12.5 mm gives a 12.5% decrease in the
amount of foam required at equivalent densities to meet the same insulating performance. Savings can be
significant. A 12.5% reduction in the amount of polyol blend at, for example 4.0 $/kg, is a savings of
$0.5/kg. In this example, a 12.5% reduction in MDI would also be observed, contributing further to the
savings.

76. In general, it is likely that there will be a learning curve as newer BAs such as HFOs are
introduced and used in Article 5 countries. That learning curve will include formulation optimization for
different applications, which will tend to reduce costs because of optimization of density and k factors,
optimization for the particular application, or other factors. This was the experience with the transition
from CFC-11 to HCFC-141b. Initially, there were substantial concerns with the transition. With
experience, formulations were optimized and HCFC-141b gained broad acceptance as an effective BA. A
similar experience is expected with the newer BAs.
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Appendix 1: Blowing Agents and their Physical Properties

Manufacturer Trade Molecular | ODP | GWP k factor Boiling
name weight (mW/mK) point
(C)

HFC-141b 117 0.11 | 725 8.8 32
Cyclopentane 70 0 <25 11 49
n-pentane 72 0 <25 14 36
Iso-pentane 72 0 <25 13 28
HFC-245fa Honeywell Enovate 134 0 1,030 | 12.5 15.3
HFC-365 Solvay Solkane 148 0 794* | 10.6 40.2
CO, 44 0 1 16.8 @27°C -57°C
HFO-1233zd Honeywell Solstice 131 0 <15 10.6 @25°C 19

Arkema Forane
HFO-1336mzz Chemours Formacel | 164 0 <15 10.7 33
Methylal Lambiotte & 76 0 <15 14.5 @42°C 42

Cie
Methyl formate Foam Supplies | Ecomate 60 0 0 11 25°C 32

Inc.

*HFC 365 is always blended with 7% or 13% HFC 227 to make it non-flammable. HFC 227 has a GWP of 3,220.
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Appendix 2: Chemical Descriptions of BA Families

This section is a brief review of the chemical nature of the HCFC-141b-replacement BA families.
Physical properties of BAs are listed in the Appendix 1.

Hydrocarbons

Pentanes (n-pentane, iso-pentane, cyclopentane) are five-carbon hydrocarbons obtained during
refining/cracking of oil. They are physical BAs, meaning they “evaporate” as exothermic heat builds in
the isocyanate/polyol mixture, expanding said material. The three useful isomers of pentane are described
as follows:

o Cyclopentane is a 5-carbon closed ring structure. As a result of its “bulkiness”, it
has the lowest lambda value of this group, which in turn provides the highest
ability to resist heat transfer through a cured foam making it the best insulating
gas of the pentanes. It is also the most expensive isomer.

J n-pentane is a linear (straight chain) five-carbon molecule. Not as “bulky” as
cyclopentane in structure, it has a higher (worse) Lambda value and a lower
boiling point (36°C).

o iso-pentane is a branched 5-carbon molecule. Its boiling point (28°C) is the lowest

of the three main pentane isomers. In addition, its Lambda value (13 mW/mK, 10°
C) is close to that of cyclopentane, making blends of the two a good choice for
thermal properties. Blends of iso-pentane and cyclopentane show improved
solubility in polyol blends.

Pentane structures: cyclopentane, n-pentane, iso-pentane

H
i
Ha H—C—H
Hoe — WoF o -2 - O
CH> H-C—-C—-C—-Cc—-C—H H-C—C—C—C—-H
HaC — I | 1 1 I ] | 1
5. H H H H H H H H H
HFCs

HFC 245fa, and HFC 365/227 are well-tested replacements for 141b. They are physical BAs. HFC 245fa
is a carbon molecule with five fluorines. HFC 365 has 4 carbons and 5 fluorines. Both are linear in
structure. Their structures contain no potential reactive sites for UV-induced degradation to occur in the
atmosphere and therefore have GWPs > 800.

HFC structures

F F

245fa F F F 365mfc F
HFOs

HFOs are hydrofluoroolefins. Similar to HFCs, their structure is primarily carbons with attached
fluorines. “Olefin” means that their structure contains a carbon-carbon double bond, site for attack by UV
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radiation in the upper atmosphere, which leads to their short atmospheric lifetimes and low GWPs (< 15).
The chlorine-carbon double bond arrangement of 1233zd can lead to stability issues in polyol blends with
standard amine catalysts (strongly reactive). Effective solutions for this exist.

HFO structures

H CF, T
o= p oy
1233zd c! H 1336mzz

Water (CO,)

Water is a reactive BA. It reacts with isocyanate to form an amine (R-NH, ) and carbon dioxide. Carbon
dioxide becomes the BA. The amine goes on to react with isocyanate (R—N=C=0) to form a polyurea
rather than a urethane structure. This structural difference causes foam properties to differ at times from
foams blown with physical BAs. The water-MDI reaction is:

R-N=C=0 + H-O-H — R-NH, + CcO,

Carbon dioxide has a vapor pressure of approximately 50 bar@20°C and thus is a very powerful foam
expansion agent. An excess of isocyante must be added to the combined foaming mixture in order to react
with water to blow the foam. High exothermic heats from the water + isocyanate reaction make water
blown foams difficult to control during processing and foam cure. Water’s strong foam blowing
capabilities, however, make it an effective cost-reducing aid in HFC, HFO, and cyclopentane blown
formulations when used in the 0.5 — 2.5% by weight range in a polyol blends.

Methyl formate

Methyl formate (MF) is the methyl ester of formic acid. It is a physical BA. MF is highly soluble in
polyol blends, which is an advantage in processing pour-in-place foams (improving flow), but can lead to
issues like friability and poor dimensional stability if formulations are not rigorously optimized

|
H =

(@]
Methyl formate structure

Methylal

Methylal, or dimethoxy methane, is a colorless, volatile, flammable liquid with an odor resembling that of
chloroform. It is often used as a solvent in adhesives and perfumes. It has been investigated as an
alternative BA. It is a physical BA. Methylal is flammable, but it has been found that this can be
controlled through blending with polyols. At this stage, methylal appears to be a promising co-blowing
option in the future due to its ability to help solvate co-BAs into the polyol blend.

Methylal structure

/O O\
H? N\ “CH,
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Appendix 3: Summary of test results for different BAs for appliances, panels

Appliance studies

Table A3-1 shows foam K factor results from a study by a BA manufacturer and a major appliance
manufacturer using a commercial appliance formulation. The results show an expected highest k factor
(i.e., worst insulation) with cyclopentane, a HCFC-141b-equivalent k factor with HFC-245fa, and the
lowest k factor (i.e., best insulation) with HFO-1233zd.

Table A3-1. Appliance foam K factors with different BAs

Blowing agent k factor @ 24 "C (mW/mK)
Cyclopentane 21.0
HCFC-141b 18.5
HCFC-245fa 18.5
HFO-1233zd 17.1

Table A3-2 shows relative k factors produced with HFO blends with cyclopentane in a commercial
appliance formulation. The study was conducted by the BA manufacturer, a major polyol blend supplier,
and a well-known appliance OEM using standard hydrocarbon/foam processing equipment. The addition
of HFO reduced Kk factors, indicating that such blends will help meet more stringent energy requirements.

Table A3-2. k factors from a plant trial of HFO blends with cyclopentane

Blowing agent Relative k factor @240C Relative core density
(mW/mK)

Cyclo/isopentane 1.00 1.00

HFO-1336mzz/blend cyclo and isopentane 0.95 0.96

HFO-1336mzz 0.90 0.94

Table A3-3 shows data from a study by a major BA manufacturer using blends of cyclopentane and HFC-
245fa and 100% HFO-1233zd in a typical formulation for appliance door and cabinet foaming, where
each formulation was hand-mixed at 5,000 rpm then poured into a Brett mold. The lowest k factor (i.e.,

best insulation) was obtained by using 100% HFO-1233zd.

Table A3-3. Cyclopentane blends with HFC-245fa, HFO-1233zd

. Relative Kk factor @240C Relative core density
Blowing agent (mW/mK)
Cyclopentane (100%) 1.00 1.00
Cyclopentane/HFC-245fa (60/40) 0.92 1.05
HFO-1233zd (100%) 0.89 0.98

Panel studies

Table A3-4 shows results from a panel trial conducted by a BA manufacturer using HFO/cyclopentane
blends.

Table A3-4. Panel Trial Using 1233zd/Cyclopentane Blends

Blend: HFO-1233zd/cyclopentane K factor (mW/mK)
0/100 223
25/75 22.0
50/50 20.8
75/25 20.5
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Blend: HFO-1233zd/cyclopentane K factor (mW/mK)

100/0 20.3

Table A3-5 shows the utility of methyl formate in panel foam. k factors are higher than with HFCs or
HFOs, but the results are quite acceptable in some panel applications.

Table A3-5. MF 2014 panel trial India on HCFC-141b line (discontinuous)

BA k factor*@240C (mW/mK)

Methyl Formate 23.86
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