C

Journal of
Carbon Research

Article

Calculating the Emissions Impacts of Waste
Electronics Recycling in Ontario, Canada
Calvin Lakhan
Ontario Center for Recycling Research, Brampton, ON L6S 2X5, Canada; lakh2440@mylaurier.ca;
Tel.: +416-523-5164
Academic Editor: Enrico Andreoli
Received: 3 February 2016; Accepted: 5 April 2016; Published: 11 April 2016

Abstract: This study highlights the economic and environmental challenges of recycling in Ontario,
specifically examining the effect of attempting to increase the emissions target for the province’s
Waste Electronics (WEEE) program. The findings from the cost model analysis found that Ontario’s
Electronic Stewardship program reduces overall carbon emissions by approximately 205 thousand
tonnes every year. This study also found that targeting specific materials for recovery could result in
a scenario where the province could improve emissions offsets while reducing material management
costs. Under our modeled scenario, as the tonnes of greenhouse gases (GHGs) avoided increases,
the system cost per tonne of GHG avoided initially declines. However, after avoiding 215 thousand
tonnes of GHGs (the optimal point), the system cost/tonne GHG avoided increases. To achieve an
emissions target in excess of 215 thousand tonnes, the province will have to have to start recycling
higher cost difficult to recycle materials (display monitors, computer peripherals, etc.).
Keywords: recycling; GHG; climate change; diversion; cost containment

1. Introduction
In 2015, the government of Ontario set a target of reducing greenhouse gas emissions by 15%
below 1990 levels by the year 2020, and 37% below 1990 levels by the year 2030. This is seen as being
part of a broader commitment at both the provincial and federal level to combat anthropogenic climate
change [1]. The federal government has even agreed to an ambitious 195 country commitment to limit
global warming to 2 degrees Celsius above pre-industrial levels. With a specific target in mind, the
question policy planners now face is how best to achieve the goal of reduced greenhouse gas (GHG)
emissions? To meet the 2030 target, Ontario’s emissions must decline by an average of 2.6% every year
for the next 15 years [1].
As a means to encourage these reductions, the province has highlighted the waste management
sector as being a primary driver of reduced carbon emissions through waste reduction, reuse and
recycling [2]. The greenhouse gas benefits of recycling materials such as packaging and waste
electronics represent a significant emissions sink that is key to understanding the positive contribution
that the waste management industry makes to climate change mitigation [2]. Recycling has become a
cornerstone of the province’s climate change strategy, and the mantra of the day has become “Increased
recycling leads to increased carbon offsets”. While it is difficult to dispute the veracity of this statement
(nor is it in the scope of this study to do so), are all recycling activities created equal? As a tangent to
this question, what are the economic implications of carbon reduction?
To date, the emphasis of the research has been on quantifying the emissions impacts of diversion
activity, but conspicuously absent from these discussions is what will it all cost. Using a systems based
cost model, this study examines how emissions impacts and recycling system costs change depending
on the types of material included in the waste electronics program. This study also models a scenario
that attempts to maximize emissions offsets at the lowest possible cost. As far as can be ascertained,
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this is the first study of its kind to explore the relationship between waste electronics recycling, GHG
abatement, and recycling system costs. Additionally, this study proposes a new metric by which to
evaluate the efficacy of recycling initiatives, $/tCO2 e: Dollars spent on recycling activity in order
to reduce one tonne of carbon. The underlying goal of this study is to examine whether an optimal
carbon reduction target exists for Ontario’s waste electronics recycling program.
Literature Review
The consideration of externalities (both economic and environmental) is critical when evaluating
the merits of recycling initiatives. Most of the literature in favor of recycling cite the benefits of reducing
the need to procure material from virgin sources [2] Recycling is seen as a potentially significant means
to reduce carbon emissions impacts, promote resource stewardship and conservation and encourage a
broader movement towards “sustainable living” [3]. However, participation in recycling initiatives
remains low. It is estimated that while more than 75% of post-consumer waste can be recycled, only
30% of it actually is [4]. Canada as a whole and Ontario in particular do a particularly poor job
with respect to recycling—the country ranks last in a list of OECD countries with respect to overall
waste diversion, while Ontario is among the worst performing provinces in the country (with overall
diversion rates of approximately 12%) [4]. This represents a significant opportunity for the nation’s
waste management sector—even incremental improvements in overall diversion levels will have
potentially significant impacts on various sustainability metrics (emissions impacts, etc.) This has
obvious environmental benefits, in that depending on the material being recovered, recycling can
reduce emissions output by a factor of 10x [5–7]). Increased recycling also reduces the quantities
of material being sent to landfills, reducing the strain on landfill capacity and the need to site new
landfills (which is becoming increasingly difficult in urban areas [8]. The authors of [9] even argue that
the cost of recycling decreases relative to disposal over time, as landfill costs will increase as available
capacity decreases.
As noted by [2], when materials are diverted from landfills for reuse or recycling, greenhouse gas
emissions are affected in three ways. First, as with organic waste, if the material is methagenic, landfill
methane emissions are eliminated, offset by a reduction in landfill carbon sequestration. Second,
the energy inputs used to manufacture certain materials from virgin materials are significantly greater
than those required from recycled material. As a result, recycling reduces total energy expenditure used
during manufacturing processes, reducing GHG emissions [2]. Finally, reduction in the need to procure
virgin wood by encouraging the recycling of printed paper and packaging subsequently resulting in
additional forest carbon sequestration (as virgin tree stocks are no longer being harvested) [2].
However, the total greenhouse emissions “embedded” in a final product (be it made from recycled
or virgin inputs) is highly variable and sensitive to the energy grid mix being used, distance to end
markets, collection characteristics of waste/recycling activity and logistics of material flows [10].
As such, credibly quantifying the emissions impacts of waste management (and by proxy, recycling)
activity has proven difficult. In a comparison of emissions credits for a range of household recyclables
in studies [11,12] differences in emissions GHG impacts of recycling ranged by as much as 400% percent.
While a significant percentage of these differences can be explained by differences in the energy grid
mix (as an example, Canadian industries tend to rely more heavily on hydroelectricity as opposed to
coal, and as a result, have lower GHG intensities from energy production), there is no one commonly
accepted methodology for quantifying GHG impacts [6]. With this in mind, despite these uncertainties,
it is commonly accepted that the upstream greenhouse gas benefits of recycling makes a significant
positive contribution to climate change mitigation [13].
Studies conducted by [4,11,14,15] also find that recycling activity contributes to job creation
(recycling creates 7x more jobs when compared to disposal), gross domestic product and value added
measures. Even when the jobs displaced from recycling activity are accounted for, recycling positively
impacts employment levels and the economy as a whole.

C 2016,
2, 11
C 2016,
2, 11

3 of
1010
3 of

from the
point
C 2016,
2, 11of collection—at processing plants that are sometimes located in other provinces,
3 of states
10
However,
the benefits of recycling—reduced emissions, job creation, etc., are generally accrued
by
andparties
even external
countries.
Tangent
to
this
point,
there
is
considerable
debate
as
to
whether
the
external
of the municipality [16]. The jobs created by recycling generally occur “downstream”
from
point of collection—at
processing
that are sometimes
in other
provinces,
states
benefits
ofthe
recycling
can be quantified
in plants
any
credible
way.
Thelocated
authors
of in
[17]
found
that the
from the
point of collection—at
processing
plants
that are
sometimes
located
other
provinces,
and
even
countries.
Tangent
to
this
point,
there
is
considerable
debate
as
to
whether
the
external
methodologies
used
to
estimate
job
creation,
emissions
savings,
etc.
vary
from
study
to
study,
states
and even countries. Tangent to this point, there is considerable debate as to whetherand
the it
benefits of recycling can be quantified in any credible way. The authors of [17] found that the
remains
unclear
as of
to recycling
whether can
these
numbers are
external
benefits
be
in accurate.
any credible
way.
of [17]
found and
that itthe
methodologies
used to estimate
jobquantified
creation, emissions
savings,
etc.The
varyauthors
from study
to study,
This
paper
does
not
attempt
to
offer
any
definitive
guidance
regarding
the
appropriateness
methodologies
used
job creation,
savings, etc. vary from study to study, and itof
remains unclear
as to
to estimate
whether these
numbersemissions
are accurate.
recycling
as
a sustainability
it are
quantifies
the
environmental
of the residential
remains
unclear
asdoes
to whether
theseInstead,
accurate.
This
paper
notstrategy.
attempt
tonumbers
offer any
definitive
guidance
regarding impacts
the appropriateness
of
recycling
program
for
packaging
waste
and
attempts
to
quantify
the
cost
of
doing
so.
This paper
does not attempt
to offer
anyitdefinitive
regarding
the appropriateness
recycling
as a sustainability
strategy.
Instead,
quantifies guidance
the environmental
impacts
of the residential of
recycling
as aprogram
sustainability
strategy.waste
Instead,
quantifies
the environmental
impacts
recycling
for packaging
and it
attempts
to quantify
the cost of doing
so.of the residential

2. Results
and
Discussion
recycling
program
for packaging waste and attempts to quantify the cost of doing so.
2. Results and Discussion
2.
Results
Discussion
Quantifying
theand
Emissions
Impacts of the Waste Electronics Program (Baseline Scenario vs. Modeled Scenario)
Quantifying the Emissions Impacts of the Waste Electronics Program (Baseline Scenario vs. Modeled Scenario)
Figures 1 the
and
2 belowImpacts
compares
emissions
costsScenario
of recycling
activity
for our
Quantifying
Emissions
of the the
Waste
Electronicsimpacts
Programand
(Baseline
vs. Modeled
Scenario)
Figures 1 and 2 below compares the emissions impacts and costs of recycling activity for our
baseline and
modeled scenarios. Table 1 summarizes how the recovery of materials have changed
Figuresand
1 and
2 below
compares
the1 emissions
costs of
activity
for our
baseline
modeled
scenarios.
Table
summarizesimpacts
how theand
recovery
of recycling
materials have
changed
under the modeled scenario.
baseline
modeledscenario.
scenarios. Table 1 summarizes how the recovery of materials have changed
under and
the modeled
under the modeled scenario.

Baseline
vs.vs.Modeled
Impacts
Baseline
ModeledEmissions
Emissions Impacts
90,00090,000
80,00080,000
70,00070,000
60,00060,000
50,00050,000
40,00040,000
30,000
30,00020,000
20,00010,000
10,000
0
0

Display Devices

Computers

Baseline
Modeled

82,029
82,029

52,322
63,262

Modeled

82,029

63,262

Baseline

82,029

Printers and

Computers

Display Devices

52,322

Baseline

Baseline

Big Printers/Copiers

Printers
and
Peripherals
Peripherals
65,935

Modeled

Big Printers/Copiers
3,308

65,935
66,401

3,308
3,712

66,401

3,712

Modeled

Figure1.1.Baseline
Baselinevs.
vs.Modeled
Modeled Scenario
Scenario (CO
Figure
(CO22e).
e).

Figure 1. Baseline vs. Modeled Scenario (CO2e).
$120,000,000

$120,000,000
$100,000,000
$80,000,000
$100,000,000
$60,000,000
$80,000,000
$40,000,000

$60,000,000

$20,000,000

$40,000,000

$0

Gross System
Cost

Collection

Consolidation

Processing

Transportatio
n

Contingency

$113,792,536

$21,899,577.

$2,673,938.9

$64,029,877.

$14,823,726.

$10,365,415.

Gross$110,903,199
System
Modeled

$21,343,519.

$2,606,044.1

$62,404,078.

Transportatio $10,102,224.
$14,447,333.

$20,000,000
Baseline

$0

Cost
Baseline

$113,792,536

Modeled $110,903,199

Collection

Consolidation

Processing

n

Contingency

$21,899,577.
$2,673,938.9
$64,029,877.
Figure
vs.
Scenario.
Figure2.2.Baseline
Baseline
vs. Modeled
Modeled
Scenario.

$14,823,726.

$10,365,415.

$21,343,519.

$14,447,333.

$10,102,224.

$2,606,044.1

$62,404,078.

Figure 2. Baseline vs. Modeled Scenario.

C 2016, 2, 11

4 of 10

Table 1. Change in material specific recovery between baseline and modeled scenario.
Change in Individual Material Tonnages
Display Devices
Computers
Printers and Peripherals
Big Printers/Copiers

´4013 T
2190 T
159 T
140 T

36,776
10,475
22,482
1285

The baseline scenario models the system “as is”, using the recovered tonnes as reported by
Ontario Electronic Stewardship. Conversely, the modeled scenario attempts to optimize the mix of
materials being recovered by the Waste Electronics program, specifically targeting materials with the
highest emissions impacts with the lowest material management costs (Expressed as materials with
lower $/TCO2 e values).
In the baseline scenario, total emissions credits attributable to recycling activity are 205 thousand
tonnes of CO2 e, with the greatest emissions savings coming from display devices, printers and
peripherals. Under the modeled “optimal” system, emissions offsets increase to 215 thousand tonnes,
with the greatest emissions savings increase observed in the personal and portable computer category.
Perhaps the most salient finding from the modeled results can be seen in Figure 2, where both
system costs and recycling rates have actually decreased despite experiencing an increase in emissions
offsets (net system costs decreased by approximately $2.9 million dollars). While this may seem like
a counter-intuitive result (lower recycling rates and higher emissions offsets), given that the model
has chosen to prioritize materials with the lowest costs and highest emissions credits, it is possible
to simultaneously drive both economic and environmental goals. The model (as shown in Table 1)
actually proposes focusing recycling efforts on computers and floor standing printers/copiers, as these
materials are (a) readily recyclable and (b) relative to other materials, and result in greater emissions
offsets when recycled.
This finding highlights that it is possible to decouple the link between recycling and emissions
offsets. If the goal of the recycling system on aggregate is to reduce GHG emissions, then recycling the
broadest range of materials may not be the most desirable or effective option.
3. Materials and Methods
3.1. Data Sources
For the purposes of this study, data for Ontario’s residential recycling system was obtained from
Ontario Electronic Stewardship and the Waste Diversion Ontario (WDO). Each year, the WDO requests
that Ontario Electronic report operational program information regarding performance of the program.
Data collected includes information on the quantities of material recovered, the types of material
recovered and the operating and capital costs associated with the management and collection of
waste electronics.
The information collected is used to calculate material specific fees by Ontario Electronic
Stewardship [18]. The fee allocation model allocates municipal recycling costs to individual materials
based on activity based costing principles and a distribution of common costs. These costs have to be
distributed to individual materials on the basis that a material specific net cost reflects the costs of end
of life material management for that material. Some of these cost drivers include:
(a) The weight and volume (density (m3)) of the material;
(b) The amount of labour it consumed;
(c) The amount of time it consumed for all activities (includes time spent collecting, transporting
and sorting each material);
(d) The amount of floor space and capital equipment it used;
(e) The number of compartments in the truck and/or the area (equipment, bunker, etc.) it occupied;
(f) The number of loads of material moved;
(g) The number of bales produced.
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In 2014, the net cost for managing the residential Waste Electronics program was approximately
$113 million dollars [19].
3.2. Description of Study Site
Ontario is Canada’s most populous province, situated between 41˝ 851 N and 51˝ 281 N and
W and 74˝ 741 W, with a total land mass of 1,076,395 km2 . Ontario remains at the forefront of
recycling initiatives and legislation, recognized as one of only three provinces in Canada to implement
an extended producer responsibility scheme (EPR) for household recyclables. Residential and
commercial waste diversion programs exist for MHSW (Material Hazardous or Special Waste), WEEE
(Waste Electrical and Electronics Equipment), automobile tires, and printed paper and packaging (Blue
Box) materials. Each of these programs exist under the oversight of Waste Diversion Ontario, (WDO),
and a non-crown corporation created under Ontario’s 2002 Waste Diversion Act [19]. The WDO was
established to develop, implement and manage waste diversion programs for stakeholders from both
private and public sectors [19]. Ontario Electronic Stewardship is the industry funding organization
for waste electrical and electronic equipment approved by the Minister under section 26 of the Ontario
Regulations Act [19].
Under provincial regulation O. Reg. 320/09 [20], waste electrical and electronic equipment”
means a device that is waste, that requires an electric current to operate and that is,
95˝ 481

(a) A household appliance, whether used inside or outside a home,
(b) Information technology equipment,
(c) Telecommunications equipment,
(d) Audio-visual equipment,
(e) A toy, leisure equipment or sports equipment,
(f) An electrical or electronic tool, but not including a large-scale stationary industrial tool,
(g) A navigational, measuring, monitoring, medical or control instrument.
3.3. Description of Waste Electronics Materials
Data used in this study pertains to materials found in the Ontario Electronics Stewardship waste
electronics program. The following material categories are “parent” categories, of which a range
of consumer electronics belong to. As an example, computer peripherals includes, mice, keyboard,
webcams, microphones, etc. These include:
‚
‚
‚
‚
‚
‚
‚
‚
‚
‚
‚
‚
‚
‚

Computer Monitors
Display Devices (18”–45”)
Desktop Computers
Portable Laptop Computers
Desktop and portable printing, copying machines
Telephones and telephone answering machines
Cellular Devices and Pagers
Computer Peripherals
Personal/Portable (CD Players, MP3 Players, etc.)
Home/Non Portable
Home Theatre in a Box
Aftermarket Vehicle Radio
Floor Standing Printing Devices
Floor Standing Copying Devices

Figures 3–5 compare the net cost of material management, emissions credits and $/tonne CO2
avoided for the full range of Waste Electronics materials. Net cost of material management is calculated
by taking the gross cost of material management and subtracting revenue from the sale of marketed
material (Equation (1): Gross Cost ´ Sales Revenue = Net Cost). Net cost is used in lieu of gross costs,
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To quantify the full effects of waste electronics materials on system and material specific costs,
To quantify the full effects of waste electronics materials on system and material specific costs,
a GHG cost model was developed to achieve the following: (a) calculate the total emissions impacts
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Users can set a WEEE system goal emissions target (currently set at 215,000 CO2 /e). The model
calculates the impact on Waste Electronics system costs and recycling rates (To achieve the goal
emissions target) by increasing diversion for the materials with the lowest net cost and highest
emissions credits.
Users can select the value of a proposed carbon credit and calculate the potential value of carbon
offsets for the WEEE program (by material type).

3.6. Key Model Assumptions
All cost and recovery data used in the cost model used the values as reported by Ontario Electronic
Stewardship and the WDO. All reasonable efforts were made to maintain data integrity by performing
as little data manipulation as possible. For example, if display devices were targeted for removal,
the model would take its reported net cost per tonne, multiply it by the number of tonnes reported
as recycled/diverted, and subtract that total from overall system costs. Data would need to be
recalculated with respect to the distribution of common costs. By removing a material from the
program, their share of overall common costs would need to be redistributed among the remaining
materials. This was a calculated figure, and was done on the basis of a material’s contribution to
overall waste electronics generation.
A potential limitation of this cost model is that it assumes a linear relationship between the
quantity of material recycled and cost of material management. The marginal cost of recycling may
actually increase as the quantity of recovered material increases (as additional investments in collection,
infrastructure, etc. are required to manage additional materials). However, given that there is no
information regarding existing system capacity, it is assumed that the recycling system is capable of
accommodating all of the material presently available for collection.
Readers are cautioned from using the model results prescriptively. Given the inherent uncertainties
in attempting to credibly quantify GHG emissions, the cost model should be seen as a “directional” tool.
It is designed to highlight that not all materials are created equal with respect to the environmental
and economic benefits of recycling activity.
4. Conclusions and Policy Implications
This study highlights the economic and environmental challenges of recycling in Ontario,
specifically examining the effect of attempting to increase the emissions target for the province’s
waste electronics program. The findings from the cost model analysis found that Ontario’s WEEE
program reduces overall carbon emissions by approximately 205 thousand tonnes every year. This
study also found that targeting specific materials for recovery could result in a scenario where the
province could improve emissions offsets while reducing material management costs. Under our
modeled scenario, as the tonnes of GHGs avoided increases, the system cost per tonne of GHG
decreases. This is achieved by focusing on readily recyclable and high emissions offsets material, i.e.,
desktop and portable computers (using the $/tCO2 e metric).
This study raises the question: At what point is it no longer economically feasible or desirable
to recover a resource? Many of Ontario’s policy planners and electronics producers have questioned
whether decreasing emissions justifies a potential increase in the cost of managing the recycling system.
These concerns have been echoed in jurisdictions across North America and Europe, as municipal
planners must weigh the benefits of recycling against rising material management costs [23].
As recycling system costs continue to increase, both municipalities and packaging producers have
questioned whether decreasing emissions justifies a potential increase in the cost of managing the
recycling system. These concerns have been echoed in jurisdictions across North America and Europe,
as municipal planners must weigh the social and environmental benefits of recycling against rising
material management costs. While the scenario modeled in this study reflects Ontario specific costs
and recycling data, the overarching message—namely that what is being recycled is more important
than how much is being recycled—can be transposed to other areas.
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While this paper is reluctant to offer recommendations regarding the appropriateness of recycling
as a means to reduce carbon emissions, policy planners need to be both adaptive and proactive in
designing a system that is capable of responding to Ontario’s changing environmental priorities.
The province has clearly signaled its intention to move towards a carbon cap and trade system and
has set a preliminary emissions target for the province at 15% below 1990 levels. While the waste
management sector is expected to play a critical role in helping Ontario achieve this target, we must
be recognize that offsetting additional carbon comes at a cost (incremental offsets over and above the
amount currently being offset by the WEEE program‘). The policy question is whether these additional
costs are worth the avoided emissions. Further to that point, if recycling is no long considered an
environmentally/economically preferable solution, what is considered a suitable alternative?
There is a need to address the long term tenability of recycling initiatives and the notion that
“more is better” with respect to waste diversion. While much of the current dialogue surrounding
waste management revolves around increasing recycling rates and reducing GHG impacts, one must
take a step back and ask whether a higher recycling rate should be the focal point of policy objectives.
Are there metrics beyond recycling rates and emissions impacts that need to be considered when
evaluating the long term sustainability of waste management systems?
While movements towards more sustainable waste management options should certainly be
promoted, we must recognize that the most sustainable system is not necessarily the one that
recycles the most material. Though recycling is a central component of developing sustainable waste
management systems, its adoption must be weighed against budgetary, social and environmental
considerations. The careful balancing act between continuous improvement in diversion, GHG
abatement and cost containment is a topic that requires increased academic attention.
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