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EXECUTIVE SUMMARY

Hydro-Québec Distribution called upon the Interuniversity Research Centre for the Life
Cycle of Products, Processes and Services (CIRAIG) to conduct a comparative life cycle
assessment of the incandescent and compact fluorescent light bulbs used in Québec.

More specifically, the objectives of this project were to: 1) establish the environmental
profile of both types of light bulbs; 2) determine their hot spots; and 3) compare the two
options based on an analysis by scenario. The aim was to assist Hydro-Québec in
increasing its understanding of the impacts of the light bulbs’ life cycles and provide an
answer to the question of whether or not compact fluorescents should replace
incandescent bulbs.

This document is the final report on the project and was submitted after a critical review.
It includes a description of the study design used to conduct the comparative life cycle
assessment of the light bulbs, the inventory results and the assessment and
interpretation of the potential impacts.

A literature review first determined that there were few articles published on electric light
bulbs. Two studies were found, one by Pfeifer (1996) reported by Bio Intelligence
Service (2003) and one by Parsons (2006). Both recommend incandescent light bulbs by
a ratio of 4:5. However, further analysis of these articles demonstrated the need for
results that better reflected the Québec context, especially as it pertains to the grid mix,
which could have a potentially significant impact on the environmental performance of
the bulbs during use. In fact, neither study accounted for the crossed effect of the heat
released within the homes during lighting hours. According to the crossed effect
principle, these internal heat gains constitute either an additional load on the cooling
system or a reduced load on the heating system. This aspect seems important in the
Québec context considering that incandescent light bulbs generate more heat than
compact fluorescents.

The review that was carried out made it possible to draw up a preliminary overview of
the life cycles of the compact fluorescent and incandescent bulbs and define the
methodological framework on which the LCA was based. The assessment was:

1.  Adapted to the Québec context in terms of the representativeness of the data
(particularly as it pertains to electricity production);

2. Designed to take into account the crossed effect of the heat generated by the light
bulbs.

The function that was studied was lighting (providing between 500 and 900 lumens)
over a given period (10 000 hours). The effect of the secondary functions of the bulbs
(e.g., creating a pleasant atmosphere) was not take into account, with the exception of
the crossed effect of the heat generated during use, which was considered based on an
analysis by scenario, as described below.
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" The basic scenario does not take the heat generated during use into account as a
co-product (i.e., it does not consider the heat’s effect on the homes’ heating and
cooling systems). The environmental profile of this scenario is that of the life cycle
of the light bulbs, including their various functions (e.g., lighting and heating). It
therefore meets the project's two main objectives, which are to establish the
profiles of the life cycles of the bulbs and identify the hot spots and key
environmental parameters.

" The crossed effect scenario aims to meet the third objective of the project by
“crediting” the avoided impact of an equivalent amount heat production by a
heating system (or by adding the impact generated by an additional cooling
process) to the life cycle of the bulbs. The environmental profile is therefore that of
the main function of the light bulbs: lighting but not heating (secondary function). In
order to represent the typical Québec contexts, the crossed effect was developed
into various sub-scenarios.

It is also important to note that the end-of-life scenarios initially proposed were not
examined as part of this project. Please refer to sub-section 5.2.2.

The reference flows for this study are the number of light bulbs required to provide
between 500 and 900 lumens during 10 000 hours:

. System A: One 13- or 15-W compact-fluorescent bulb (service life: 10 000 hours);
" System B: 10 60-W incandescent bulbs (service life: 1 000 hours/bulb).

The system boundaries are the production, distribution, use, and end-of-life
management of both types of bulbs, including the production and transport of the
resources consumed and the transport and management of the waste generated.

The primary data was mostly collected from various light bulb manufacturers (whose
products are available in Québec) through electronic questionnaires and telephone
discussions. Information on the technical specifications and materials and an overview of
the manufacturing and distribution processes of the most widely-sold incandescent and
compact-fluorescent bulbs was requested. The data collected included information on
the products sold by major manufacturers in Québec (Philips, Globe and Sylvania,
especially).

Two hypotheses were formulated regarding the Chinese and Québec grid mixes,
energy consumption during bulb production, packaging and end-of-life light bulb waste
management and the distances and modes of transport engaged during the life cycles of
the bulbs. These hypotheses are detailed in section 4.2.

Finally, all of the production processes for the resources consumed and waste
management processes and all of the modes of transport engaged in the life cycles of
the bulbs were modeled based on available secondary data. Because most of the
systems’ elementary processes were included in ecoinvent (http://www.ecoinvent.ch/)
and to maximise the uniformity and coherence of the data used to model them,
preference was given to this LCl database and it was adapted whenever possible
(especially to better reflect the Québec and North American energy contexts).

Finally, the data collected was assessed based on the internationally-recognized life
cycle impact assessment (LCIA) method, IMPACT 2002+. The results obtained were
then compared with those generated using a Canadian method, LUCAS, which, in
essence, arrived at the same conclusions.
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The results show that the use phase dominates the life cycles of both types of bulbs,
followed by the production phase during which 6 to 30% of the potential damages of
the life cycle of the compact fluorescent bulb occur (this figure is only between 1 and 5%
in the case of the incandescent). Distribution and end of life are negligible in both cases.

The use phase (which represents between 69 and 96% of potential damages in the case
of the compact fluorescent bulb and between 93 and 99% in the case of the
incandescent) is driven by electricity consumption, which, depending on the damage
categories, is dominated by either electricity production (because of the small amounts
purchased and produced from coal and industrial gas) or transmission (copper
production and copper and chromium (VI) emissions seeping into the soil from the
infrastructure network).

In addition, a comparison of the environmental profiles obtained for both types of bulbs
would give preference to one or the other alternative based on the lighting conditions
defined by:

" The number of days in the year:

o] In the warm season (when homes are not heated but could be cooled);
o] In the cold season (when homes are heated).

. The daily number of lighting hours during each season.

The crossed effect of the heat generated by the light bulbs during these lit hours was
therefore considered in homes heated by electricity, gas or oil, since the crossed effect
of this heat on the cooling system was negligible. It is also important to note that wood
heating was not considered even though it accounts for 9% of heating in Québec. The
heat generated by the light bulb does not impact this type of system because it is not
controlled by a thermostat and, thus, there is no crossed effect.

The results therefore account for an annual use of one of the two types of light bulbs,
which means that the environmental credit for the avoided heating is only attributed to a
fraction (approximately 60%) of the 10 000 lighting hours considered per functional unit.
Crediting the avoided heating during 10 000 hours of use (and therefore considering light
bulb use during the cold season only) had a slight effect on the environmental profiles
obtained ,but the conclusions remain the same, especially when considering an annual
use of one or the other type of light bulb:

. The damages associated with the life cycle of the compact fluorescent bulb
represent, depending on the damage category, between 20 and 30% of those
associated with the incandescent (an average of 28%).

. Compact fluorescent lighting, rather than incandescent, therefore entails an overall
reduction in damages during the warm and neutral seasons and also during the
cold season in homes heated by electricity. In these homes, the credit is not
significant enough to offset the damages generated by the life cycle of the light
bulb (especially during the use phase) and the compact fluorescent remains the
best option.

" Though the potential advantage of the incandescent bulb over the compact
fluorescent was not highlighted in the case of a home heated by gas or oil, the
results are mostly in its favour:

o In homes heated with natural gas, incandescent bulbs are the best option
when considering climate change and resources damages. In addition,
though the damages to human health and ecosystem quality would give
preference to the compact fluorescent, the net gain associated with the use
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of this type of bulb is 5 times smaller than the net gain associated with the
use of incandescents for the climate change and resources categories;

o] Similarly, in oil-heated homes, the use of incandescent bulbs obtained, in 3
out of the 4 damages categories, a net gain that was 15 times higher than
the gain generated by the compact fluorescents in the ecosystem quality
damage category.

In this case, the credit manages to offset some of the damages generated by the
life cycles of the bulbs. More specifically, the credit is derived from the amount of
heat produced by an oil- or a natural gas-powered system and which is “avoided”
and replaced with heat from less harmful electricity (the electricity consumed by
the light bulbs when lit). Because this credit is greater in the case of the
incandescents, their use becomes more advantageous under certain
circumstances.

In fact, the profile of the average distribution of the types of heating in Québec is
similar to that of natural gas-heated homes, though it is slightly less favourable to the
incandescent. Based on these results, the province-wide use of compact fluorescent
bulbs (through public policy, for example) is therefore not ideal. As previously stated, the
use of incandescent bulbs could be advantageous during the cold season
(approximately 55% of the year) in natural gas- or oil-heated homes (23% of homes in
Québec). However, the compact fluorescent is a more appropriate choice when:

" There is no possible crossed effect — during the warmer or neutral season and
during the colder seasons for wood-heated homes (9% of homes) or insufficiently
insulated homes (whose set point is never reached); and when

" The environmental credit from the crossed effect does not offset the damages
caused by the life cycles of the light bulbs (i.e., during the cold season in homes
heated by electricity — 68% of homes).

In addition, the results of the uncertainty analysis that was carried out show that it is
unlikely that the conclusions would be reversed for all of the studied scenarios, except
for the distribution of the types of heating methods across Québec. In this case, it is in
fact difficult to identify which of the two options is most probably the better choice. This
confirms the earlier caveat regarding the widespread promotion of the use of compact
fluorescent bulbs within the Québec energy context.

Of course, these results have certain limitations. Other types or models of light bulbs on
the Canadian market could eventually be integrated into the study model so as to better
represent compact fluorescent technology and extend the conclusions to the Canadian
context. It is therefore important to avoid taking any of the conclusions out of their
original context.

The conclusions also have other limitations, especially those pertaining to the
applicability of the various hypotheses to the life cycles of the light bulbs used in Québec
in 2006, as well as to the completeness and validity of the inventory data and the impact
assessment methods that were used. Though it is very probable that these limitations
will impact very few of the conclusions of the analysis, refining the data, hypotheses
and/or models would reduce the uncertainty of the results, especially those for the hot
spots in the contribution and sensitivity analyses:

" The completeness (resources and emissions not taken into account) and the
validity of the data used to model the production and end-of-life phases.
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. The validity of the data used to model the use phase (especially the processes and
parameters in Table 5-2).

. The value of the coefficient of performance (COP) of the natural gas heating
systems for which the damages to human health could lead to a preference for the
compact fluorescent bulbs.

" The impact of the uncharacterized substances that could alter the conclusions for
the gas- and oil-heated homes.

" The possible consequences of giving preference to a certain type of light bulb
(given that this study does not assess the consequences of a significant market
penetration of compact fluorescent bulbs across the province, the conclusions only
provide some of the answers that should be considered in the decision-making
process).

To support an eventual decision, the assessment could be refined using a consequence-
based approach (consequential LCA). This type of method would quantify the
environmental performance gaps between the two types of bulbs based on the different
potential decisions that Hydro-Québec could make regarding the use of the electricity
generated by its network. The results of the sensitivity analysis showed that the use of
incandescent bulbs, even in the colder season in oil- and gas-heated homes, is probably
not an ideal solution in the North American energy context (i.e., in an open system in
which variations in consumption in a given region have a more or less direct impact on
consumption in another).

By way of indication, the following graphs present the results that were obtained based
on the average distribution of heating types in Québec homes in the provincial and North
American contexts. For each context and each damage category, there are three bars.
The first represents the compact fluorescent bulbs, the second the incandescents and
the third is the difference between the two types of bulbs. It is important to note that all of
the contributions are expressed in relative terms since they refer to the total obtained for
the baseline scenario of the incandescent and therefore corresponds to a value of 100%.
Also, the value of 100% differs for each energy context and damage category. For
example, for the climate change category, the value is equal to 21 kg CO, using the
Québec mixed grid but is equal to 424 kg CO, when using the North American mixed
grid.
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Figure 1: Damages of the crossed effect scenario based on the average
distribution of heating types in Québec in the Québec and North American energy
contexts

Assuming that each kWh saved could substitute for forms of energy that are more
polluting or less efficient than gas or oil (thermal energy in particular), it would seem best
to favour the widespread use of compact fluorescent bulbs so as to foster overall energy
efficiency.

Though the compact fluorescent bulbs, in most cases, cause fewer damages than the
incandescents throughout their life cycles, their production and end-of-life phases must
still be improved, especially as they pertain to the electronic components and mercury
they contain. The use of modular ballasts (which are not integrated and therefore
reusable) and the recovery/recycling of the light bulbs at the end of their life cycles seem
like suitable options. Only LCA results could quantify these potential improvements.

It is also important to note that the LCA results present the potential environmental
impacts and not the actual ones, nor do they express the individual risk associated with
an exposure following the accidental breakage of a compact fluorescent bulb in a closed
environment or the influence of certain more or less significant parameters from the
user's standpoint (e.g., interference with infrared devices, min-max functional
temperatures, use with a dimmer and harmonic distortion).

A synthesis of this study is included in Annex E of this report.
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1. INTRODUCTION

For many years, Hydro-Québec has been committed to energy efficiency. One of the
corporation’s strategies is to support the substitution of incandescent bulbs by compact
fluorescents, which are believed to be more ecological given that they consume up to
75% less energy to produce the same amount of light over a longer service life.

But this apparent environmental gain generated by the compact fluorescents does not
take into account the use phase of the product’s life cycle. The resources consumed and
the pollutants emitted during its production, distribution and end-of-life management
have, until today, not been considered by Hydro-Québec when determining whether or
not to promote one option over the other. This aspect appears all the more relevant
given that compact fluorescent bulbs contain mercury and should be considered
hazardous household waste. Also, it has often been stated that incandescents generate
more heat and therefore contribute to home heating, but, in keeping with the crossed
effect principle, the internal heat gains during lighting also constitute an additional load
on the cooling systems (or a reduction for the heating systems) (Parent 2007). This fact
seems potentially significant within the Québec context.

Hydro-Québec Distribution therefore engaged the services of the Interuniversity
Research Centre for the Life Cycle of Products, Processes and Services (CIRAIG) to
carry out a comparative life cycle assessment (LCA) of both types of bulbs in the
Québec context. LCA is a methodological tool that makes it possible to assess the
potential environmental impacts of a product or activity throughout its entire life cycle
based on internationally-recognized methods. It is a holistic approach that determines
the hot spots of a system and ensures that the implemented solutions do not simply
transfer the pollutant effects from one phase of the life cycle to another or from one
impact category to another.

The objectives of the study and the methodology used are detailed in chapter 3.
Chapters 4 and 5 describe the results of the subsequent phases of the LCA, in keeping
with International Organization for Standardization (ISO 14040 series) regulations.

The methodological framework presented in chapter 3 was established based in part on
a review of the available information on the focus of this study and is summarized in
chapter 2.

The LCA is detailed in Annex A, which includes a section in which the various LCA terms
are defined. An overview of the results of the study is included in Annex E.
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2. BIBLIOGRAPHICAL REVIEW

This chapter provides an overview of the compact fluorescent and incandescent bulbs
used in Québec and a review of the studies that have been conducted on the
environmental impacts of the life cycles of these two types of bulbs.

2.1 Overview of the electrical light bulbs used in Québec

According to the study by Marcon-DDM (2006), the most popular substitutive compact
fluorescent in Québec is the 13-15-watt (W) Energy Star certified twister bulb with
integrated ballast. Because it has a screw base (unlike the standard compact
fluorescents with a pin cap), the twister compact fluorescent is normally considered to be
equivalent to a 60 W incandescent bulb (in terms of the amount of light it provides).

As illustrated in Figure 2-1, the compact fluorescent market in Québec is dominated by
three large manufacturers: Sylvania, Philips and Globe (82%). These corporations also
manufacture incandescent light bulbs, though they may not necessarily be the most
important manufacturers (information unavailable).

Panasonic
Greenlite —

angther \
<4 \\
o/, OSRAM
SYLVANI
A 30
o/
Philip

<26
LA

Figure 2-1: Market shares (2005) based on SECOR Conseil figures
(Hydro-Québec Distribution, 2007)

In 2004, renovation centres were important compact fluorescent bulb retailers. For the
incandescents, the market was divided between superstores and renovation centres
(Figure 2-2).
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Figure 2-2 : Market shares of the two types of bulbs based on SECOR Conseil
figures

(Hydro-Québec Distribution, 2007)

Table 2-1 summarizes the information gathered by the CIRAIG in June 2007 from
various Montréal-area retailers. It presents the different types of 13- and 15-W compact
fluorescents and 60-W incandescents offered by the three largest manufacturers. The
bulbs listed are the most popular models, based on in-store quantities (the greater the
stock, the higher the consumer demand). The table also provides the provenance (place
of production) of each model and their respective specifications (lumens — amount of
light) and service life.

The most widely available bulbs were Soft White (compact fluorescents) and Standard
(incandescents). These two types are regarded as equivalent, especially in terms of the
“quality” of the light provided (quantified based on the temperature and colour rendering
index). Because the equivalence of each type of bulb to specific colours is not
standardized, there may be certain variations and inconsistencies and the comparisons
therefore had to be verified by the manufacturers during the data collection process.

Table 2-1 : Models available in Québec and produced by the three main

manufacturers
Amount of Service life
Retailer Manufacturer Model Type light Provenance
(hours)
(lumens)

Twister compact fluorescent with integrated ballast (13 or 15 W)

Home-Depot Philips Marft:‘gr\‘lvm'”' Day Light 950 10 000 China
Wal-Mart Philips Marft:‘gr\‘,vm'”' Soft White 860 10 000 China
Wal-Mart Globe Twister Mini= | soft white 800 10 000 China
Rona Le Globe Twister — 13W |  Soft White 800 10 000 China

Quincaillier

Rona Twister mini — . .
PEntrepot Globe 13 W Soft White 800 6 000 China
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Table 2-1 : Models available in Québec and produced by the three main

manufacturers
Amount of Service life
Retailer Manufacturer Model Type light (hours) Provenance
(lumens)

Rona Le . Twister mini — . .
Quincaillier Sylvania 13W Soft White 900 10 000 China
Rona . Twister mini — . .
PEntrepét Sylvania 13W Day Light Extra 850 8 000 China
Rona . Twister mini — . .
PEntrepét Sylvania 13W Soft White 900 10 000 China

60-W incandescent
Home-Depot Philips N/A Standard 820 1000 Indonesia
Home-Depot Philips N/A Day Light 680 1000 Mexico
Rona Le Globe N/A Standard 540 1000 China
Quincaillier
Wal-Mart Globe N/A Standard 600 1000 China
ona Sylvania N/A Standard 870 1000 U.SA.
I'Entrepdt
Rona Sylvania N/A Day Light 640 1000 USA
I'Entrep6t Y yH9 T
I,ER°”a R Sylvania N/A Clear 880 1000 USA.
ntrepot

2.2 Environmental studies on the life cycle of light bulbs

There are few bibliographical references on the life cycle of light bulbs. Two studies were
found: one by Pfeifer (1996) published by Bio Intelligence Service (2003) and another by
Parsons (2006). Both concluded that the compact fluorescents are a better choice than
the incandescents by a ratio of 4:5.

The Pfeifer study reports only a small amount of information, because it only examines
the use phase. In addition, it is not necessarily representative from a technological
standpoint because bulbs have evolved considerably since the study was published
some 10 years ago (e.g., energy efficiency and the size of the ballast have been
improved and the size of the bulbs themselves and the amount of mercury they contain
have been reduced).

The Parsons study considers all of the phases of the life cycle and is relatively
representative of the current technological context. The author concludes that compact
fluorescents constitute a significantly better choice from an environmental standpoint.
But the study was conducted within the Australian context, which differs from the
Québec context especially in the fact that our power system is a mixed grid (the author
based the findings on electricity generated from 100% coal when electricity in Québec is
over 90% hydroelectric). This element is even more significant when considering the fact
that electricity consumption in the use phase is, based on the results obtained to date,
the main contributor to the life cycle impacts of a light bulb.

Neither study considers:

" The heat that is generated during the use phase and which contributes to home
heating. Once again, this element is important in the Québec context given that
incandescents generate more heat that the compact fluorescents for the same
amount of light.
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. The possible recovery of the bulbs at the end of their service life.

Parsons corroborated the results of a study carried out by the United States EPA
(http://www.nema.org/lamprecycle/epafactsheet-cfl.pdf), but these findings are not
adapted to the Québec context. Both studies affirm the low impact of the mercury
contained in the compact fluorescent bulbs as compared to the impact of the coal
production necessary to generate electricity during the use phase of the bulbs.

The conclusions of these studies should therefore be verified through an LCA and:

1. Be adapted to the Québec context in terms of the representativeness of the data
(especially as it pertains to electricity production) and the life cycle impact
assessment models;

2. Consider the heat generated by the bulbs, the various compact fluorescent
recovery rates and the reuse of the materials and mercury at the end of the bulbs’
service life.

Table 2-2 provides an overview of the main parameters and conclusion of the two
studies.
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on these results, it is unlikely that the compact fluorescent would be the greatest
contributor to the damage categories.

This is also confirmed by the results of the calculations carried out on the subtraction of
system B (incandescent) from system A (compact fluorescent). According to these
calculations, when the impact calculated for system A is greater than that of system B,
the result of the iteration is positive. This result is negative if system B shows a greater
impact. It is therefore possible to know the probability that a system would have a
greater impact than another. The following figure graphically illustrates the result of this
type of analysis.

Figure 5-6: Probability of the occurrence of the result of the subtraction of the
systems (A - B) for the baseline scenario

For the baseline scenario, the uncertainty analysis makes it possible to conclude that
compact fluorescent lighting (and not incandescent) leads to a reduction in damages
(including all impact categories).

5.3.2 Crossed effect scenario

For the crossed effect scenario, the uncertainty intervals presented in the figures in
section Erreur ! Source du renvoi introuvable. show that the conclusions could be
reversed for certain damage categories.

5.3.2.1 Electricity-, gas- or oil-heated homes

As for the baseline scenario, the uncertainty intervals in Figure 5-2 (section Erreur !
Source du renvoi introuvable.) show that the conclusions could not be reversed for a
home heated with electricity. It is therefore improbable that a compact fluorescent would
be the greatest contributor to one or the other damage category for this scenario.

This is also confirmed by the results of the Monte Carlo simulation carried out on the
subtraction of the damage indicators of each of the systems (A — B). As demonstrated in
the following figure, the simulation conducted on the impact indicators shows that there
is a small probability of occurrence (less than 2%) for the result A=B in the
photochemical oxidation and land use categories.
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1p 'SI05 - Chauffage électrique sans climatisation’ (B),
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Figure 5-7: Probability of the occurrence of the result of the subtraction

of the

systems (A - B) for the crossed effect scenario (home heated by electricity)

For gas- and oil-heated homes (see Figure 5-3 and Figure 5-4 in section Erreur !
Source du renvoi introuvable.), the possible inversions all favour the incandescents,
increasing their potential advantage. According to the results of the Monte Carlo
simulation carried out on the subtraction of the damage indicators, the probability of the

occurrence of the A =B result for the categories that initially favoured the

compact

fluorescents remains at less than 20% for both types of heating. The Monte Carlo

simulation carried out on the impact indicators is presented in the figures below.
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Figure 5-8: Probability of the occurrence of the result of the subtraction of the
systems (A - B) for the crossed effect scenario (home heated by natural gas)
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Figure 5-9 : Probability of the occurrence of the result of the subtraction of the
systems (A - B) for the crossed effect scenario (homes heated with oil)
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5.3.2.2 Average distribution of heating systems in Québec

In the scenario that represents the average distribution of the types of heating in
Québec, the uncertainty intervals in Figure 5-5 (section Erreur! Source du renvoi
introuvable.) show that:

= The compact fluorescents are the best option when considering all of the damages
except climate change;

= The net gain from the incandescents in the climate change category can be
smaller than that of the compact fluorescent in other damage categories.

For this scenario, it is therefore difficult to determine which of the two options is best.
This is also confirmed by the Monte Carlo simulation results of the subtraction of the
damage indicators (as detailed in the following figure).

Damage assessment t

eeeeeee

Ecosystem Quality

Human Health-|

Ba<p BA>=B

Uncertainty analysis of 1 p'SFOS - Chauffage (répartition moyenne au
1p'SI08 - Chauffage (répartit QC) sans cl [(

ion moyenne au )
method: IMPACT 2002+ ballast ¥2.03 [ IMPACT 2002+, c nce interval: 95 %

Figure 5-10: Probability of the occurrence of the result of the subtraction of the
systems (A - B) for the crossed effect scenario (based on the average distribution
of heating systems in Québec)

5.4 Sensitivity analyses

As discussed in the previous section, several parameters used when modeling the
systems introduce a certain degree of uncertainty, especially in the choice of
hypotheses, in the generic data modules and in the impact (and damage) assessment
models used. The results are linked to these parameters and their uncertainty is
therefore transferred to the conclusions.

To test the robustness of certain parameters, sensitivity analyses were carried out and
the values of the uncertain parameters were replaced with different but probable values.
The range of variations that these results then take on demonstrates the importance of
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the modified parameters and the scope in which the most valid results are most probably
situated.

5.4.1 Choice of hypotheses

The hypotheses of the baseline scenario essentially involve the data that was initially
missing and later obtained (or not) through estimations and the value of certain technical
parameters of the light bulbs, especially their service life and the consumption of the
compact fluorescents (impacted by the power factor). The parameters of the crossed
effect scenario involve:

" Parameters pertaining to the number of hours of lighting per season;

" The fraction of the energy consumed by the bulbs that is ultimately emitted into the
ambient air (and avoids a load on the heating system);

. The fraction of the heat that is dissipated and which can be credited to the life
cycle of the bulbs; and

" The value of the coefficients of performance (COP) of the heating and cooling
systems (corresponding to the average values that are representative of these
systems in Québec).

As detailed in the previous section (5.3), a probability distribution was linked to several of
these hypotheses in order to take their uncertainty into account. In essence, the
parameters that are not covered in the uncertainty analysis, besides the missing data
that was not obtained from estimates, pertain to service life, the increased consumption
of the compact fluorescents given their low power factor, the value of the COP and the
fraction of the heat credited to the light bulbs.

The results of this sensitivity analysis carried out on the hypotheses are presented in the
following paragraphs.

5.4.1.1 Estimation of the missing data

The results are relatively insensitive to on-site energy consumption (types and amounts),
packaging and light bulb waste management and to the various transport distances
(resources to the production site, light bulbs to the shipping ports, light bulbs to the
retailers, light bulbs and waste to the waste management sites). Attributing a probable
value to these parameters, which were initially presumed to be of no effect, had little
impact on the environmental profiles of the two types of bulbs.

Sensitivity analyses were not carried out on the parameters that were not fulfilled by the
estimations (presumed to have no effect). They essentially pertain to the various
resources consumed and to the waste generated during the production and distribution
phases of the light bulbs and their transport from the retailers to the consumers’ homes.
However, these parameters could potentially have little effect on the results, with the
exception of those of the production phase (resource and waste that was not
considered). The completeness and validity of the data used to model this phase are, in
fact, quite uncertain and the contributions could therefore be increased.

5.4.1.2 Hypotheses on the technical parameters

As mentioned in paragraph 3.2.4.2, the low power factor of the compact fluorescent was
not taken into account, though it could increase energy consumption by between 5 and
7%. An increase in consumption of over 10% (17 W) does not impact the conclusions of
the LCA. The relative damage of the life cycle of the compact fluorescents is therefore
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only slightly greater (it represents between approximately 30 and 35% of that of the
incandescent).

In the same way, the 5 000-hour service life of the compact fluorescents (as compared
to 10 000) does not impact the conclusion, though it does reduce the gap of the
damages of both types of light bulbs.

5.4.1.3 COP selection

Given that the damages (and impacts) of the cooling systems are negligible as
compared to those of the life cycle of the light bulbs, the conclusions are normally
insensitive to the value of the COP of the cooling systems. The environmental profiles
based on COP between 1 and 10 confirm this hypothesis.

Regarding the heating systems (gas and oil), the average COP seem to be quite weak
as compared to the values currently found in the literature. An increase in the COP
entails a reduction in the credit attributed for the heating that is avoided and therefore an
increase in the damage of the two types of bulbs. The increases observed with a COP
equal to 1 do not impact the environmental profiles. Comparing the systems provides
conclusions that are similar to those previously obtained, with the exception of the
human health category for which the gap between the two types of bulbs is greater.
Therefore, in the case of a gas-heated home, this damage category would favour the
compact fluorescents whereas in the case of an oil-heated home, it would favour the
incandescent.

5.4.1.4 Attribution of the credit for the offset heating

The fact that home lighting would be entirely ensured by one type of bulb means that the
environmental credit for the offset heating is only attributed for a fraction (approximately
60%) of the 10 000 hours of light considered by the functional unit. But attributing a
credit for the heating that is offset during the 10 000 hours of use (and therefore
considering light bulb use in the cold season only) only slightly changes the
environmental profiles that are obtained in the following ways:

" For homes heated by electricity, the conclusions remain the same, though the gap
between the two types of bulbs is reduced (the damages of the compact
fluorescent represent between 35 and 85% of those of the incandescent);

" For homes heated with natural gas, the gap between the two types of bulbs varies
very little, with the exception of the human health category, which makes the
incandescent a better choice. Given that this damage category initially favoured
the compact fluorescent, this result would foster the use of incandescents during
the cold season in gas-heated homes.

" For homes heated with oil, the gap between the two types of light bulbs varies in a
way that is similar to that of homes heated with gas. In this case, however, the
relative contribution of the incandescent to the damages to human health is only
slightly smaller.

5.4.2 Choice of generic data

The assessment of the sensitivity of the results to the choice of generic data should help
prioritize the elements that are potentially more sensitive (i.e., whose data are of lesser
quality and/or whose contribution to the potential impact seems more important). As
indicated in Table 5-5, these elements are usually taken from the data modules used to
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quantify (besides the production phase whose completeness and validity are rather
uncertain) the use phase processes and parameters in Table 5-2.

The effect of the grid mix powering the light bulbs during their use phase was examined
as part of this study. On one hand, the purchase of electricity (from coal, especially) was
omitted from the Québec grid so as to assess the impact of importing within the network
(hypothesis: a closed system). On the other hand, to consider the fact that North
American grids are more or less inter-connected, the Québec grid was replaced with the
average North American grid mix (hypothesis: open system).

5.4.2.1 Effect of electricity imports on Québec’s power system

Omitting the purchase of non-hydroelectric power from the Québec grid mix changes the
relative contribution of the various electricity production and transmission systems but
does not change the overall conclusions on the best light bulb option. Electricity
consumption during the use phase remains the main contributor to the life cycle of both
types of bulbs.

5.4.2.2 Impact of the North American grid mix

Relying on the North American grid mix, which is mainly based on coal and natural gas,
clearly changes the conclusions. In this case, the credit attributed for the heat that the
gas and oil systems do not have to produce no longer offsets the baseline scenario
damages. The compact fluorescent therefore becomes the best option for all of the
scenarios, since its damage represents between 20 and 25% of that of the
incandescents (for all scenarios). Only some impact categories indicate that the
incandescent is the best option: ozone depletion (for gas and oil heating), photochemical
oxidation and aquatic eutrophication (for oil only). By way of indication, Figure 5-11
details the results for heating based on the average distribution across Québec.
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Figure 5-11: Damages of the crossed effect scenario based on the average
distribution of heating systems in Québec in the North American energy context

These results demonstrate the importance of considering the possible consequences of
promoting one type of bulb over another. The use of incandescent bulbs, even during the
cold season in homes heated with natural gas or oil, is not the solution for the North
American energy context (i.e., an open system in which the variations in consumption
per region effect consumption in another region). In other words, the energy
conservation associated with the substitution of incandescent bulbs by compact
fluorescents is also better when it can be used or exported to replace thermal energy
production (or, in general, energy that is less efficient than gas or oil systems).

5.4.3 Comparison of LCIA methods

As presented in sub-section 3.2.6, the LCIA was based on the IMPACT 2002+ method
and designed to verify the sensitivity of the results to the selected assessment method
(by comparing it to the results obtained using LUCAS).

Though IMPACT 2002+ is less adapted to the Canadian context than LUCAS, there are
no scientific inconsistencies for the impacts with global repercussions and whose
assessment models are the same, regardless of the place of emission or resource
extraction (global warming, ozone depletion, abiotic resource and water use). But
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because a given area’s environmental conditions have an effect on regional
(photochemical smog, eutrophication, acidification) and local (human toxicity, ecotoxicity,
land use) impacts, the characterization models used for these impacts must normally
take the characteristics of the receptor into account. Applying more than one LCIA
method therefore makes it possible to verify whether the variability of these receptor
areas and characterization models has a significant effect on the conclusions.

The indicator category results using LUCAS, depending on the scenarios, would favour
the same type of bulbs as IMPACT 2002+, but not for the carcinogenic effects categories
in the case of homes heated with oil, for which IMPACT 2002+ would recommend
incandescents (while LUCAS gives preference to the compact fluorescents).

5.5 Limitations of life cycle inventory analysis and assessment

The limitations of the inventory analysis are essentially brought about by the incomplete
and only somewhat valid inventory itself. Several processes initially included in the life
cycle of the bulbs had to be excluded or estimated during data collection, mainly due to a
lack of information. The inclusion of and/or increase in the representativeness of these
processes in the inventory would most certainly alter the results of the analysis but
probably not to the degree to which the conclusions would be reversed. The excluded
and estimated processes are basically the same for the two systems and/or pertain to
elements that seem to have little effect on the results (following the contribution and
sensitivity analyses). For reference, Table 5-5 presents the data quality indicators used
for the LCA. This assessment makes it possible to ascertain the reliability of the data in
light of its potential impact on the results obtained (in terms of their contributions to the
impacts). The criteria used to qualify the data are detailed in Table 5-6.

Table 5-5: Qualifying the data

Potential Data quality
Intermediate flux contribution
to the impact Quantity Process

1- Production

Materials

Body (glass) 3 2 3
Coating (phosphor) 3 2 4
Coating (silica) 3 2 4
Metal sheath (tinplate) 3 2 3
Connection pin (copper) 3 2 3
Electric contact (copper) 3 2 3
Soldering (with or without lead) 3 2 3
Lead (soldering) 3 2 n/a
Insulator (black glass) 3 2 4
Base (PVC or PBT) 3 2 3-4
Electronic ballast 5 2 3-4
Rod (glass) 3 2 3
Filament (tungsten) 3 2 3
Internal wiring (copper) 3 2 3
Glue (unknown) 3 2 5
Argon 3 2 4
Mercury 3 2 4
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Table 5-5: Qualifying the data

Intermediate flux

Potential
contribution
to the impact

Data quality

Quantity

Process

Nitrogen

3

Cardboard

3

N

Other resources (undetermined)

[¢;]

[¢;]

Energy

Transport — raw materials

Heat - oil and gas

Electricity

Transport — production waste

aAalwlw]|—

gl ||

AN |W|Ww

Waste and emissions

Production waste (undetermined)

[$,]

[$,]

2- Distribution

Energy

Transport (truck)

Transport (transoceanic)

Transport (train)

Transport (truck)

Energy consumption — handling and stocking

Alalalala

QN |=[=(N

AIN[IN|—=~|W

Waste (packaging)

Secondary and tertiary waste (if applicable)

3-Use

Energy

Transport (light bulbs to consumers)

Electricity

Transport — waste

Waste (packaging)

Cardboard (67% landfilled; 33% recycled)

4- End of life

Energy

Transport — waste

Waste (light bulbs)

Plastic bases (landfilled)

Other components (landfilled)

Emissions

Mercury (air)

1

4

n/a

Lead (water)

1

4

n/a

Note: The quality of the quantity data refers to the reliability of the amounts of inventoried materials and energy and
the transport distances and amount of waste based on their fates (primary intermediary flows). The quality of the
process data refers to the geographic and technological validity of the generic data modules that were selected
(intermediary and elementary secondary flows). Finally, the potential contribution to the impact refers to the potential
effect that the data will have on the results (given the results of the contribution and sensitivity analyses).

Table 5-6: Data qualification criteria

Points Qualification criteria — quantity data
1 Relatively reliable specific data or information that varied little from one manufacturer to
another
2 Rather uncertain specific data or information that varied from one manufacturer to another
3 Data estimated from other sources
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4 Data grossly estimated
5 Missing data
Points Qualification criteria — process data
1 Ground or generic data with good geographic and technological representativeness of the
selected process
2 Generic data partly adapted to the energy/technological context
3 Incomplete data (the process is only partially represented) or whose geographic and
technological representativeness is unknown
4 Data whose geographic and technological representativeness is inadequate / The data is
not easily accessible, another processes is used to approximate the figures (proxy)
5 Missing data
Points Qualification criteria — potential contribution to the impact
1 Potentially small or negligible contribution (does not impact the results)
3 Potential contribution
5 Significant potential contribution

The results presented in the previous sections (5.1 to 5.3) are based on the calculations
conducted using the models of the IMPACT 2002+ impact assessment method. The
damages (and impacts) that are assessed are only potential damages (and impacts)
since they are based on a model (and therefore a simplified version) of the real
environment. The results of the LCIA are relative expressions that do not predict the
effects on the final impacts for each category, the exceeded thresholds, safety margins
or risks. These results should therefore not constitute the only basis for any comparative
affirmations that are to be made public since additional information is required in order to
remedy certain limitations of the LCIA itself.

More importantly, the interpretation of the characterization results cannot be based only
on the results obtained (on the substances for which the database provides methods and
characterization factors that convert the inventoried elementary flows into impact
categories or damages). In fact, many elementary flows (357) could not be converted
into category indicator results because no characterisation factor was available. They
were not taken into account in the impact and damage assessment. Also, these
uncharacterized elementary flows are the same for both types of bulbs and the majority
tend to weaken with the use of compact fluorescents (over 90% for the baseline scenario
and electricity-heated homes; over 80% for gas-heated homes; over 65% for oil-heated
homes). Their impacts, which would be assessed if the characterization factors were
available, are therefore similar and would either support the results (in the case of the
baseline scenario and homes heated with electricity) or reverse them (in the case of
homes heated with oil or gas).
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6. CONCLUSION

This project aimed to establish the environmental profiles of the compact fluorescent and
incandescent bulbs used in Québec and determine their hot spots. It was also conducted
to identify the conditions under which one option is better than the other considering the
crossed effect of the heat emitted during the use phase of the bulbs, since these heat
gains in homes lead to lesser loads on the heating systems.

6.1 Environmental profiles of the compact fluorescent and incandescent bulbs

The results indicate that the use phase dominates the life cycles of both types of bulbs,
followed by the production phase, which is responsible for between 6 and 30% of the
damages potentially associated with the life cycle of the compact fluorescent and only 1
to 5% of the damages in the case of the incandescent. The distribution and end-of-life
phases are negligible in both cases.

Use, which represents between 69 and 93% of the potential damages in the case of the
compact fluorescent and between 93 and 99% in the case of the incandescent, is
dominated by electricity consumption. Depending on the damage categories, this
consumption is driven either by the production of electricity itself (especially because of
the small amounts purchased and produced from coal and industrial gas) or by its
transmission (copper production and the emissions of copper and chromium VI in to the
soil by the network infrastructure).

6.2 Conditions favouring one option over the other considering the crossed
effect of the heat

When considering the environmental benefit of the crossed effect of the heat released
during use, it is also necessary to consider the possible consequences, on a global
scale, of promoting one type of bulb over another. Replacing incandescents by compact
fluorescents would bring about savings of energy that could then be used for purposes
other than lighting. The uses that these energy savings will be put towards make it
possible to more appropriately determine the type of bulb that should be promoted.

...in the Québec energy context

If the saved energy is not used for other means (and therefore if it is possible to consider
that a surplus of water would not be run through the turbine), then using the Québec
energy grid mix as a basic hypothesis to assess the impact of electricity is warranted.
The comparison of the environmental profiles that are obtained for both types of bulbs
would then dictate the better choice according to the lighting conditions. The compact
fluorescent is proven to be a better choice than the incandescent when:

" There is no possible crossed effect — in the warm or neutral season (approximately
45% of the year) and in the cold season for wood-heated homes (9% of homes in
Québec) or in inadequately insulated homes (in which the set point of the
thermostat is never reached); and

Page 54 Comparative LCA of electric light bulbs April 2008



CIRAIG Pi33 — Final Report

" When the environmental credit brought about by the crossed effect does not offset
the damages associated with the life cycle of the bulbs (in the cold season for
homes heated with electricity — 68% of homes).

In this case, with the use of compact fluorescents, there is a decrease in all of the
damage indicators except for:

" The production phase (all of the indicators increase);
. Ecosystem quality in the end-of-life phase.

Therefore, though the compact fluorescent often generates fewer damages than the
incandescent throughout its life cycle, the production and end-of-life phases should be
enhanced, especially the electronic components and mercury that they contain. LCA
results could quantify the potential improvements linked to the different enhancement
options, including the use of modular ballasts (which are not integrated and therefore
reusable) and the recycling/recovery of light bulbs at the end of their life cycles.

Finally, the results also demonstrated that the use of incandescents could still be
advantageous in the cold season (approximately 55% of the year) in oil- or gas-heated
homes (23% of homes in Québec), especially considering climate change and resource
use. Though the potential advantage of the incandescent is not entirely clear for
ecosystem quality and human health damages, the large-scale promotion of the compact
fluorescents should still be avoided in the Québec energy context.

...in a more global energy context

If, however, the electricity surplus makes it possible to substitute a less efficient form of
energy for a gas- or oil-fired heating system (especially thermal energy), the compact
fluorescent is a better choice for all heating types. Based on the results of the sensitivity
analysis, the use of incandescents is 4 to 5 times more damageable that the use of
compact fluorescents in the North American energy context (in an open system in which
consumption variations in one region have a more or less direct impact on consumption
in another region). In this context, to enhance global energy efficiency, it is best to use
compact fluorescents.

This assessment should therefore be refined through a consequence-driven approach
(or consequential LCA). This would make it possible to quantify the gaps in
environmental performance of the two types of bulbs in the North American energy
context and take the various possible consequences that could eventually be linked to
energy savings in Québec into account.
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ANNEXE A : METHODOLOGIE D’ANALYSE DU CYCLE DE VIE (ACV)
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Le contenu de cette annexe est compris dans le fichier suivant :
« Pi33_Rptfin_2008-04-24_Annexe_A »
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ANNEXE B : METHODES D’EVALUATION DES IMPACTS DU CYCLE DE VIE
(EICV)
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Le contenu de cette annexe est compris dans les fichiers suivants :
« Pi33_Rptfin_2008-04-24_Annexe_B » et
« Pi33_Rptfin_2008-04-24_Annexe_B-2 »
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ANNEXE C: DONNEES, HYPOTHESES ET RESULTATS
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Le contenu de cette annexe est compris dans le fichier suivant :
« Pi33_Rptfin_2008-04-24_Annexe_C »
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ANNEXE D: RAPPORT DU COMITE DE REVUE CRITIQUE ET REPONSES DU
CIRAIG AU COMITE
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Le contenu de cette annexe est compris dans les fichiers suivants :
« Pi33_Rptfin_2008-04-24_Annexe_D-1 » et
« Pi33_Rptfin_2008-04-24_Annexe_D-2 »
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ANNEXE E: FICHE SYNTHESE DE L’ETUDE ACV
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Le contenu de cette annexe est compris dans le fichier suivant :
« Pi33_Rptfin_2008-04-24_Annexe_E »
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