These three questions will be examined in the next sections.
4.3 Model simulation

In this section, we introduce additional assumptions so that we can (a) simulate
how the markets in Section 4.2 operate from both private and social perspectives and (b)
illustrate how the product take-back requirement for the durable product (printer) may
enable the firm to lower its cost of producing the durable tying product through
remanufacturing and restore its profit while reducing environmental damage. Note that
our version of a remanufactured product consist of both virgin and remanufactured
components obtained from returned EOL printers used in the production of printers with
newly introduced model numbers. This latter version would make the most sense for a
firm employing tying.

Printers, like most information and communications technology (ICT), undergo
rapid obsolescence. But components and modules within a printer (such as print media
transport) rarely change. Typically, new features such as WI-FI capability are added to
printer models just as new features are added to other ICT devices over time (e.g.,
cellular phones becoming smart phones). Under these market conditions, a firm forced to
take-back unwanted durable printers, would best be served to reclaim the durable aspects
of the printer components that can be reused in a new printer model that is paired with a
new cartridge model.

In so doing, a firm is able to “lock-in"” a new set of customers to a tied
arrangement. Even though components from durable products may undergo several
remanufacturing cycles, we assume that components retrieved from an EOL printer

undergo just one remanufacturing cycle to maintain simplicity. Table 4.4 lists parameter
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definitions and values used for the numerical example. We use total energy consumption
to represent the environmental impact for activities used in Table 4.4 taken from Table 20
of a comprehensive study investigating imaging equipment in the European market [73].
The Stobbe report assumed an inkjet printer was used for 4 years with an annual output of
1,040 printed (A4) pages. Even though research suggests remanufacturing may
theoretically achieve 85-90% energy savings compared to virgin production, many
factors come into play in order to determine actual energy savings from remanufacturing
that may be achieved by a firm [74]. Hence, we will look at a range of environmental
savings from remanufacturing.

Table 4.4 Parameter values for numerical example

Activity Damage Firm Cost
Estimate (MJ)  Estimate ($)
Printer Production 1437 10
(Virgin)
Usage* 1614 2.50
Printer Recycling -275 5
Printer Disposal 344 N/A
Printer Remanufacturing various various

*environmental damage includes electricity, paper and five cartridges, and firm cost
reflects five cartridges with a cost of $0.50 each.

Following Figures 4.1 and 4.2, we assume the demand for printers is represented by
Pp=100-Qp and marginal revenue (MR) by Pp=100-2Qp, where P is the price of a
printer and Qp is the quantity of printers. We also assume the following demand and
marginal revenue functions for the cartridge market as shown in Table 4.5, where P¢ is

the price of a cartridge and Qc is the quantity of cartridges.
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Table 4.5 Cartridge demand and marginal revenue

Case Cartridge Demand Cartridge Marginal Revenue
Monopoly P. =50—%QC P, =5O—%QC
1|\-l)(/)i r']I'(\]'zli’ke-back Fe =140~ % Q o =140- % R

If Firm 1 is a monopolist serving the printer market and Firm 2 is a monopolist
serving the cartridge market, then each firm would set production such that marginal
revenue was equal to marginal cost (MR=MC). Firm 1 would produce 45 printers that
sell for $55 each, providing Firm 1 a profit of $2,025. Firm 2 would produce 148
cartridges that sell for $25.33, providing Firm 2 a profit of approximately $3,675,
assuming its cost to produce a cartridge is $0.50. If Firm 1 is able to use a requirements
tie-in strategy and drive Firm 2 out of the cartridge market, Firm 1 would make no profit
in the printer market and bring 90 printers to the market per period. Under tying, Qc
would be 450 cartridges ((90 printers)*(5 cartridges per printer)). Substituting 450
cartridges into the demand function for cartridges under tying, we get Pc = $70. So then
the total profit per period for Firm 1 under tying is (450)*($70)-(0.50)*(450) = $31,275.

Suppose the policymaker institutes a product take-back requirement in the printer
market that is implemented as the collective scheme. A collective product take-back
would divert discarded printers from the municipal waste stream and make the
manufacturer responsible for the cost of recycling discarded printers. If the cost of

recycling printers is equal to the social marginal cost less the private marginal cost (SMC-
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PMC), then the collective take-back requirement acts like a Pigouvian tax. In response to
the collective take-back requirement, Firm 1°s private marginal cost would become the
same as the social marginal cost, namely $15 in our example. Firm 1 would decrease its
production of printers from 90 to 85 printers per period, and the reduced level of printers
would shift the demand for cartridges inward per Table 4.5. Firm 1 would still earn zero
profit in the printer market, but now its profit in the cartridge market becomes
(425)*($34.62)-(0.50)*(425) = $14,501.

But now let’s consider if the product take-back requirement is implemented as an
individual scheme, enabling Firm 1 to extract value from returned printers discarded by
consumers. What cost savings from remanufacturing must be attained to enable Firm 1
to return to its previous profitability level prior to the durable product take-back
requirement? In order to answer this question, we refer to Table 4.6 that shows 10
periods of Firm 1°s activity when it can remanufacture its durable printers which last two
periods, one time as indicated in maximization problem Eq. (4.3). Setting revenue equal
to costs and solving for RC (per printer remanufacturing cost), we get RC=$2.5. Hence,
if Firm 1 is able to achieve a remanufacturing cost of $2.5 per printer, Firm 1 can restore
its profit level it had prior to the take-back requirement. Cost savings from
remanufacturing discarded printers allow the firm to cover the cost of recycling printers
that can no longer be remanufactured and ensure no printers are routed to the waste
stream. Prior to the product take-back mandate, unwanted printers were just routed to
the municipal waste stream since the product tying strategy of low durable pricing
discourage the development of a secondhand market for the durable products.

Essentially, the take-back requirement may benefit a firm that can reuse EOL product to
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lower production costs by more than product collection costs [6]. Table 4.7 summarizes

the economic welfare performance for each take-back scenario.

Table 4.6 Firm production under durable product take-back with remanufacturing

Period 1 2 3 4 5 6 7 8 9 10
Virgin 90 90 - - 90 90 - - 90 90
Returned - - 90 90 90 90 90 90 90 90
EOL - - - - 90 90 - - 90 90
Remanufactured - - 90 90 - 90 90 - -
Revenue ($) 900 900 900 900 900 900 900 900 900 900
Virgin 900 900 - - 900 900 - - 900 900
Production

Costs (3$)

Remanufacturing - - 90RC 90RC - - 90RC 90RC - -
Costs (3)

Recycling - - 450 450 900 900
Costs ()

Table 4.7 Economic welfare for each product take-back scenario

Scenario Market Profit Consumer Economic
Surplus Welfare
No Take-back Prmt(.ar _ $4,050 $51,075
Cartridge $31,275  $15,750
) Printer - $3,612.5
Collective Take-back _ i 32,007
Cartridge  $14,501 $13,893.25 $
Individual Take-back Printer - $4,050 $51.075

with Remanufacturing*  Cartridge $31,275  $15,750

*when cost to remanufacture is $2.5 per printer

However, as stated previously, remanufacturing often yields environmental
savings. In Chapter 2 we learned that remanufacturing of inkjet cartridges provided
environmental savings of 20% to 60% based on variability in spent cartridge travel
distance, spent cartridge quality and remanufacturer efficiency. Using the values listed in

Table 4.4, we can calculate environmental damage as shown in Table 4.8. The collective
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product take-back scheme has the desired effect of reducing environmental damage in
two ways. First, discarded EOL printers are diverted from the waste stream and get
recycled, providing an energy credit. Second, shifting landfill costs associated with EOL
printers to the printer manufacturer and requiring the printer firm to incur recycling costs
forces the printer firm to reduce the number of printers brought to the market, in turn
reducing consumption of ink cartridges. The individual product take-back scheme that
has the printer firm initiating environmentally desirable remanufacturing operations
enabled by the product take-back law, leads to a further reduction in environmental
damage than the collective scheme, when remanufacturing provides an environmental
savings (en-er) of 50% compared to virgin printer production. Environmental harm per
printer in the printer market is decreased due to the environmental benefits from

remanufacturing.

Table 4.8 Environmental damage for each product take-back scenario

Scenario Printer Cartridge Printer Total Damage
Production Consumption EOL Damage  per
(MJ) (MJ) (MJ) (MJ) Printer
(MJ)
No Printer
90*1437 90*1614 90*344 305,550 3395
Take-back
Collective . . «
Take-back 85*1437 85*1614 85*(-275) 235,960 2776

Individual (54*1437) +

* *(_

*when remanufacturing provides a 50% environmental savings using data from Table 4.4
Stobbe estimated that the average installed base for inkjet printers in the EU-25
countries was 105,614,549 units [73] in 2010. If the environmental damage of each

printer including usage is 3,395 MJ, then the calculated environmental damage is 8.57
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Mtoe (Million Tonnes of Oil Equivalent). According to the International Energy Agency

[75], the entire energy consumption for the EU-25 in 2009 was approximately 1200

Mtoe. Although energy consumption related to inkjet printers is only 0.7% of total

energy consumption, considering an inkjet printer represents just one of many products

consumed in EU-25 countries, this finding is far from trivial. If we extrapolate our

findings from our numerical example and consider the impacts of a take-back law

(individual versus collective) for the estimated 25,056,622 printer placements for 2010,

we would have the results shown in Table 4.9.

Table 4.9 Environmental damage calculations using printer placements in 2010 for EU-

25 for each product take-back scenario when remanufacturing provides a 50%
environmental savings compared to virgin printer production

Scenario  Printer Cartridge Printer EOL Total Damage
Production Consumption Treatment (MJ) Damage per
(MJ) (MJ) (MJ) Printer
(MJ)
No Printer 25,056,622*1437 25,056,622*1614  25,056,622*344 8.56x10" 3395
Take-back =3.6x10" =4.0x10" =8.62x10°
Collective 23,664,587*1437 23,664,587*1614 23,664,587*(-275) 6.57x10"° 2776
Take-back =3.4x10" =3.82x10"° = -6.51x10°
Individual 30,819,645* 30,819,645*1614 18,491,787*(-275) 8.01x10"  2598.8
Take-back [(0.6%1437) + =4.97x10" = -5.08x10°
(0.4*719)]
=3.54x10%

From Table 4.9, we can see the economic and environmental trade-offs are quite

different depending on which take-back scheme is implemented. In the collective

scheme, energy associated with printer production and use is reduced by 1.99 x10*° MJ,

but 1,392,035 printer placements that are desired by consumers do not occur because the
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producers reduce printer output as a consequence of absorbing EOL collection and
recycling costs. Whereas, in the individual take-back scheme with remanufacturing,
energy associated with printer production and use is reduced by 0.55x10"° MJ, while
servicing the same number of consumers as when there is not a take-back requirement.
The difference in the number of printer placements is easy to envision, but it may not be
so apparent for energy differences without a frame of reference. To bring some
perspective regarding energy, the United States Energy Information Administration [76]
estimated that the average annual electricity consumption for a U.S. residential utility
customer was 11,496 kWh (41,385.6 MJ) in 2010. Using this value, the collective take-
back scheme would save the energy consumed by 480,843 U.S. homes, and the
individual take-back scheme would save the energy consumed by 132,896 U.S. homes
annually.
4.4 Sensitivity analysis

The previous section was based on the assumption that remanufacturing provided
a 50% environmental savings compared to virgin production for the durable product
(printer). Although this assumption is within reason [39, 74], broadening this assumption
allows us to explore boundary conditions and determine if our general results still hold.
Specifically, increasing environmental savings from remanufacturing allows us to explore
how low SMC can become in the printer market.

From Table 4.4 we see that the majority of the environmental damage in our case
study comes from the durable production and disposal phases (1781 MJ) compared to the
use phase (1614 MJ) prior to a take-back requirement. However, under either durable

take-back scheme that ultimately requires discarded durable products be recycled, the use
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phase now becomes the dominant contributor of environment damage (1614 MJ vs. 1162
MJ). Using the formulas for environmental damage for each take-back scenario from
Table 4.3, and using a modest value for c, of $0.01, we can calculate social welfare for
each take scenario as shown in Table 4.10.

Table 4.10 Economic and environmental performance for each take-back scenario,

showing social welfare range based upon environmental savings from remanufacturing
under individual take-back

Scenario Economic Environmental Social

Welfare Damage Welfare
(Ce=$0.01)

No Take-back $51,075 $3,055 $48,020

Collective Take-back $32 007 $2 360 $29 647

Individual Take-back

with Remanufacturing $51 075 $2597 $48 478

Providing No ’ ’ ’

Environmental Savings

Individual Take-back

with Remanufacturing

Providing 50% $51,075 $2,339 $48,736

Environmental Savings

Individual Take-back

with Remanufacturing $51.075 $2 132 $48.943

Providing 90%
Environmental Savings

Notice that there is an increase in social welfare under individual take-back versus
the no take-back scenario even when remanufacturing provides no environmental
savings. This occurs because the durable product take-back law requires discarded
product be (eventually) routed to environmentally preferred EOL fates (e.g., recycling)
with lower environmental damage compared to disposal (e.g., landfill) as is the case

when no take-back law is in place.
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4.5 Conclusion and directions for future research

This paper examined the social welfare effects of an extended producer
responsibility (EPR) product take-back requirement for a durable product when a firm
uses a requirement tie-in sales strategy. We found that the economic and environmental
trade-offs were dependent upon whether the durable product take-back was implemented
with a collective scheme (promoting recycling of durables) or an individual scheme
(enabling each producer to determine how best to use returned EOL durables). For the
latter implementation, we specifically considered what would happen if the durable
producer implemented remanufacturing operations, often touted as being preferred over
recycling from an environmental perspective. We found that the collective scheme
reduced environmental damage, but also produced the lowest welfare of the alternatives.
The individual scheme with remanufacturing (assuming remanufacturing offered an
environmental benefit) resulted in reductions in environmental damage that varied based
upon environmental savings achieved from remanufacturing, while increasing welfare.
These findings are worth further exploration.

If policymakers intended for the product take-back law to reduce environmental
damage in the durable product market, then the collective take-back scheme gives this
result, but also reduces welfare from fewer durables (printers) brought to the market.
Whereas, if policymakers intended for the product take-back law to reduce environmental
damage on a per durable product (printer) basis, we see individual take-back can meet
this objective when the firm implements remanufacturing while welfare increases. Since
consumers realize benefit from using durables (printers), the consumer surplus gains are

predominantly seen in the tied consumables market. Of course, these findings assume
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that consumer demand remains unchanged and producers are not influenced by the
product take-back law other than the producer implementing remanufacturing operations
or incurring recycling costs. But, it seems unlikely that a firm forced to comply with a
collective take-back law would not respond to try to maintain or exploit an opportunity to
increase its profits. It is not possible to envision all these responses, and subsequent
reactions of competing firms and consumers. However, one such producer response may
be for the producer to raise the price of ink cartridges to try to recoup recycling costs
incurred in the printer market from collective take-back. Although this may result in
consumers printing less, let’s assume the printer producer is clever in disguising the price
increase of ink cartridges by launching a lower yield (and lower priced) ink cartridge. A
lower yield cartridge that effectively raises the price of ink, may lead to an increase in
environmental harm even if consumers respond as expected and purchase fewer ink
cartridges. How could this be? A reduction in ink per cartridge will result in an increase
in environmental impact on a printed page basis [77]. The net change to environmental
impact in the consumables market will increase if the per page impact contribution
exceeds the reduction in environmental impact from printing less. If consumers purchase
cartridges one at a time, lower yield ink cartridges may lead to more environmental harm
from an increase in driving trips to the store by consumers to purchase cartridges holding
printed output constant as demonstrated in Chapter 2.

It is clear that the introduction of a take-back law, regardless of whether it is
collective or individual, will result in changes to the system dynamics of the durable and
tied consumables markets when a requirements tie-in strategy is in place. What is

unclear is whether the resulting system spanning these two product markets will lead to a
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net gain or net loss to welfare and environmental impact metrics over the long run.  This
paper considered only the likely responses of reducing durable output by a producer in
the collective take-back scheme, and reuse of returned durable product by a producer
under the individual take-back scheme. Under these terms, we demonstrate that
individual take-back with the tying monopolist remanufacturing can restore economic
efficiency and provide environmental benefits, resulting in a net increase in social
welfare. Future work could use real world data to examine markets prior to any take-
back legislation with markets that use a collective scheme and markets with an individual
scheme to see how producer and consumer responses to take-back beyond those analyzed
here, have affected economic and environmental performance.

We presented a framework to include the cost of environmental damage in
calculating social welfare, but we did not delve into what the cost to the environment per
unit of energy should be. Further research could estimate this value for different products
and different circumstances. When the cost to the environment is low and environmental
savings from remanufacturing are low, then maybe the social planner would opt to
recommend a collective scheme. But for products where the cost to the environment is
relatively high and environmental savings from remanufacturing are high, the social

planner may pursue an individual take-back scheme.
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V. CONCLUSION

This dissertation emphasized the importance of using a product system structure
to describe the interaction dynamics amongst actors with a product market in order to
project the economic and environmental effects of an intervention anticipated to provide
environmental improvement. Specifically, in Chapter 2 we demonstrated that there are
opportunities to provide environmental improvement in how consumers go about
purchasing products without affecting the quantity or type of product purchased.
Information that results from scientific analysis is an intervention that maintains the
product system structure, without inducing government or producers to respond in a

manner that may undo environmental gains.

Chapter 3 explored the opportunity for government to fine tune the existing
intellectual property rights (IPR) system to encourage firms to reduce physical attributes
introduced in products to deter independent firms from remanufacturing the OM’s
product in exchange for more intellectual property right protection. In particular, we
show that it is possible for the firm to maintain profitability, while social welfare
increases from more remanufacturing. Chapter 4 examines the case where a new policy,
durable product take-back, can have a wide range of economic and environmental effects
across both durable and tied consumable markets. In the case study we examined, the
individual responsibility scheme enables the OMs to salvage value from durable printers
that they were not able to recover prior to the take-back requirement. We show that cost
savings and environmental savings that can be achieved from remanufacturing can enable
a firm using product tying to maintain profitability levels prior to the take-back

requirement, and improve social welfare. Social welfare gains occur from reductions in
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environmental damage in two ways, (1) remanufacturing reduces virgin production and
(2) the take-back law ensures EOL durable products are recycled versus landfilled when

there is not a take-back law.

This dissertation stressed the importance of ensuring modelers have an awareness
of the interaction dynamics amongst actors within a product system so that any
intervention attempt aimed at providing a desired effect (such as environmental
improvement) can be evaluated, while identifying possible unanticipated effects. A
general framework is proposed and demonstrated to provide guidance in this regard, but
there are many opportunities to improve the approach. The framework does not specify
how to determine and classify interactions amongst actors, nor does it identify which
interactions to include in the model and which to ignore. Similarly, the framework does
not specify which product markets to consider in a product system structure in order to
identify how an intervention in one product market may impact another product market.
These judgments are left to the modeler, and each decision should be justified from real-
world observations, market data and relevant literature. Future work could include
criteria in the proposed modeling framework to help modelers make these decisions.
Although the inclusion of both printer and cartridge markets proved to add complexity to
the analysis, the tie-in sales strategy in use dictated that both markets needed to be

included in our product system structure.
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Appendix: Previous LCA Literature for Print Cartridges

A LCA study of a Hewlett-Packard inkjet cartridge conducted by Pollock and
Coulon in 1996 provided an environmental impact baseline across five life cycle stages
identified as Print head Manufacturing, Final Assembly, Distribution, Use and End-Of-
Life (EOL)[12]. The functional unit chosen for the study was 100 monochrome single-
sided printed pages, which represented approximately 15% of the cartridge expected page
yield. The results of the study were used by Hewlett-Packard to prioritize and evaluate
alternatives the company could take to reduce the environmental impact of an inkjet
cartridge. Their baseline results indicated that 85% of the environmental impact of an
inkjet cartridge was associated with the Production stage for Global Warming Potential
(GWP) as seen in Table 2.1. The Production stage in the Pollock and Coulon study is the
sum of two life cycle stages; Print head Manufacturing representing 41% GWP impact
and the Final Assembly stage representing 44% GWP impact. The Distribution stage
contributed 13% GWP impact, followed by the EOL stage with 2% GWP impact, which
assumed the inkjet cartridge was routed to a landfill and incineration with some energy
recovery. Interestingly, the Use phase represented a negligible impact (0% GWP) since
Pollock and Coulon only considered the energy used by the printer in printing the
functional unit and did not include the impact of paper. Under these assumptions, “usage
impacts due to printing energy were found to be very small and are not shown in Fig. 3”
[12]. Actual values were not given for GWP by life cycle stage in the Pollock and
Coulon study, the percentages presented in Table 2.1 are extracted from Pollock and
Coulon’s Figure 3 [12]. Pollock and Coulon considered the impact of paper and

electricity consumed while the printer was idle over a one week period of time and
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compared the impacts to the baseline inkjet life cycle impact. They found the impact of
paper represented approximately 21.5 times the total inkjet baseline GWP impact and
printer electricity consumed over one week represented approximately 2.25 times the

total inkjet baseline GWP impact.

In a 2002 laser cartridge LCA, Berglind and Eriksson considered three new HP
C4127X cartridges versus one new HP C4127X cartridge with two remanufacturing
cycles[13]. Their study assumed the quality of a remanufactured cartridge was the same
as a new one, in both page yield and printed output quality. Paper used during a use
cycle was 10,000 A4 pages with 5% coverage for both a new cartridge use stage and a
remanufactured cartridge use stage. Their study presented comparative results with and
without paper, but did not break the results down by life cycle stages. Remanufacturing
outperformed new cartridges by approximately 13% in Global Warming Potential (GWP)
(93.1 kg CO2e for new vs. 82.1 kg CO2e remanufactured) considering paper impacts and
63% reduction (28.6 kg CO2e for new vs. 17.6 kg CO2e remanufactured) without
considering the impacts of paper. The environmental impact of paper was responsible for
41.5% of the energy consumed for three new cartridges and 50% of the energy consumed
for the remanufactured case. Table 2.1 reflects these impacts normalized to one life cycle
to be consistent with other studies. This study considered idle and standby energy
consumed by the printer over the estimated four month use stage within a cartridge life
cycle in Europe. Interestingly, the electricity required to print 10,000 pages for one
cartridge life cycle required less than 5% (4.9%) of the electricity consumed during the
use stage, indicating that idle and standby electricity consumed by the printer over the

expected cartridge use cycle duration is significant.
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Table A.1 Cartridge performance factors considered in determining use phase impacts in
First Environment Inc.[14] LCA study

HP C4096A Rem-Baseline Rem - Drill & Fill  Rem -Int'l Oper.
Observed Page Yield 2,960 2,741 2,283 2,428
Usable Pages 2,387 2,490 1,878 2,285
Unusable Pages 123 251 405 143

In 2004, First Environment issued a report of their findings of a comparative LCA
study where one HP C4096A (“96A”) cartridge was compared with three scenarios of an
HP 96A remanufactured cartridge [14]. The three scenarios considered were 1) a
baseline remanufacturing cycle assumed to be representative of the remanufacturing
industry in North America, 2) an international remanufactured cartridge with improved
quality and reliability than the baseline version, and 3) a “drill and fill” operation where
an empty OEM cartridge is just drilled in order to remove residual and waste toner in the
cartridge and then filled with replacement toner. The functional unit for this study was
100 “usable” single-sided monochrome pages printed even though the cartridge has a
rated yield of 5,000 pages. A usable page is defined as one which “may have a minor
flaw such as a speck or uneven graphic rendering but the average user would still use it in
a typical business document” or “has no apparent artefacts with the identifying rule of
thumb being that a user would put this page in his or her resume” as defined in a 2003

study conducted by Quality Logic [14, 78].

The introduction of the adjective “usable” in the functional unit definition is an
attempt to capture differences in performance across the cartridge scenarios considered.
The authors argue that in order to accomplish a fair comparison across each cartridge

scenario, the performance of a cartridge must be taken into account. In this study,
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performance is represented by two dimensions, quantity of pages printed and quality of
pages printed. Quantity of pages printed pertains to the number of pages printed (i.e.
page yield) and quality is a subjective measurement (i.e. usability) of each page printed.
However, the incorporation of these measures into the use stage affects paper usage, and
since paper is the largest contributor to life cycle environmental impact; these factors

strongly influence cartridge comparison results.

Page yield used in this study is based upon results reported in the 2003 Quality
Logic study, where page yield is determined by averaging the observed page yield for
each cartridge scenario [78]. Remanufactured cartridges will have different toner
properties than new OEM cartridges and variations in the amount of toner supplied by
each producer; both factors will affect the rated yield (i.e. the expected number of pages
printed at 5% toner coverage) of the cartridge. The average observed page yield measure
effectively captures higher yield opportunities from remanufactured cartridges as well as
cartridge reliability. Premature cartridge failure will reduce the number of pages printed
for the sample, and thus reduce the average observed pages printed. Table A.1
summarizes the average observed page yield, unusable pages and usable pages printed for
each cartridge scenario considered in the 2004 LCA comparison study [14]. In the 2003
Quality Logic performance study, some remanufactured cartridges prematurely failed

while none of the 50 new OEM cartridges prematurely failed.

The use stage GWP impact value by cartridge scenario from Table 1 correlates
with the number of unusable pages printed in Table A.1. That is, as the number of
unusable pages printed by cartridge type increases so does GWP impact associated with

the use stage of the cartridge life cycle. In this study, the results were highly sensitive to
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cartridge performance. Environmental impact savings attributed to remanufacturing
would be undercut by increased impacts during a remanufactured cartridge’s use stage if
the remanufactured cartridge prematurely failed, or had a large ratio of unusable to usable
pages printed compare with a new OEM cartridge. This study also just considered the
energy required by the printer to print 100 usable pages, whereas Berglind and Ericksson
(2002) considered idle and standby power of the printer over the typical four month
timeframe the cartridge was used which represented more than 95% of the electricity
consumed during the use stage. Another interesting result from this study pertains to the
environmental impact associated with EOL treatment. In the OEM case, the assumption
that the metals within the cartridge are recycled and the balance of the materials go to
waste-to-energy represent a 20% credit in environmental impact, whereas EOL
treatments for the three remanufactured versions provide a modest credit ranging from

1% to 8% of the life cycle.

In 2008, Four Elements Consulting, LLC issued a refreshed version of the 2004
study performed by First Environment, Inc., but used updated assumptions consistent
with the European cartridge market[14]. However, as opposed to considering three
different remanufactured cartridge alternatives, this study considered one baseline
remanufactured alternative, with sensitivity analysis on component replacement rate,
transportation distance, percentage of cartridges collected that are unsuitable for
remanufacturing, distribution distance, number of pages printed, and EOL treatment.
Similar to the 2004 study results, the use stage dominated the environmental impact, and
represented 90% of the environmental impact in GWP for an OEM cartridge and 96% of

the environmental impact in GWP for the remanufactured cartridge as seen in Table 1.
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The use phase for a remanufactured cartridge contributed 0.835 kg CO2 eq compared
with 0.72 kg CO2 eq for a new OEM cartridge. The reason for this difference is
attributed to the number of pages printed during the use cycle to achieve the functional
unit of 100 usable pages. The new OEM cartridge required 101 pages printed, while the

remanufactured cartridge required 117 pages printed to achieve 100 usable pages.

In 2011, Gutowski et al considered the energy savings that may be achieved from
remanufacturing for a variety of products, including laser cartridges [8]. In this article,
the authors used the 2008 Four Elements Consulting, LLC study as the primary basis for
their analysis, but made two assumptions in favor of remanufacturing. The two
assumptions were: 1) end-of-life (EOL) treatment for a remanufactured laser cartridge
was the same as EOL treatment for a new cartridge returned to the OEM after end-of-
first-life (EOFL), and 2) the remanufactured cartridge performed as a new OEM
cartridge. Gutowski et al determined that under these assumptions, a remanufactured

laser cartridge would provide a 6% energy savings compared to a new OEM cartridge.
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