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ABSTRACT

The purpose of this thesis is to quantify emissions that result from business activities.
This is done through the creation of a comprehensive and custom carbon emissions model.
Electronic Waste is a large contributor to global warming and greenhouse gas emissions.
Companies are becoming more aware of the issue of e-waste, and many have implemented takeback programs and closed – loop supply chains in addition to tracking their carbon emissions. By
partnering with a large telecommunications company, this paper works to explore a current
closed – loop supply chain and develop a tool to quantify emissions associated with their efforts.
It will discuss background information on global warming, electronic waste, and carbon emission
tracking. In addition, it will explain the process required to develop an effective model, and
discuss the results, limitations, next steps and assumptions utilized. The model is user-friendly,
comprehensive and has been given to Company A for implementation and further development.
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Chapter 1
Introduction & Methodology
The internet and smart phones have revolutionized our world and the way that we communicate.
Major technology companies are constantly launching new products with faster software and increased
memory. Consumers now have an average of twenty-eight electronic devices in their household, and
while the amount of electronics people have is increasing, the lifespan of electronic devices is growing
shorter due to new product creation, technology advancements, and consumer behaviors. (“Basic
Information about Electronics Stewardship”, 2017) As products release, consumers simply scrap their
working cell phones, tablets, and laptops in order to purchase the newest and fastest products on the
market. The growth rate of mobile devices alone is five times the growth rate of the global human
population. (Boren, 2014)
This leads to the ever-growing problem of waste from electrical and electronic equipment
(WEEE), which is referred to as e-waste. Electronics that are improperly disposed of find themselves
sitting in landfills around the globe, contributing to harmful effects on the population and the planet.
According to the United Nations, twenty to fifty metric tons of e-waste is generated each year. (Bhutta,
2011) The UN does not expect these numbers to slow at any point, and instead anticipates that global ewaste volumes will continue to grow by thirty-three percent in 2017 alone. (Button, 2016)
Currently, the United States produces more e-waste than any other country in the world.
Americans throw away 9.4 million tons of electronics annually, and only 12.5 percent of it is recycled
correctly. (Button, 2016) The majority of e-waste finds its way to landfills or toxic wastelands where
harmful heavy metals release into the atmosphere, ground, and water resources. E-waste that does not go
to a landfill is exported overseas into third world countries and impoverished communities. Members of
these communities often attempt to extract the precious metals, which can release harmful substances,
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such as lead, into the environment, increase carbon emissions in the atmosphere, and cause major health
issues among members of the community. (Bhutta, 2011)
These staggering facts have led to the creation of several national and worldwide organizations in
an effort to combat e-waste. About twenty-five states currently have their own laws regarding proper
disposal of electronic waste. The National Strategy for Electronics Stewardship (NSES) and the
Environmental Protection Agency (EPA) work to combat e-waste and encourage recycling and “green”
purchasing. NSES works to increase the safe handling of used electronics, improve U.S. exports in
developing countries, and create incentives for environmentally preferable electronics. The overarching
goal is to increase our recycling efforts while minimizing the waste in order to limit the exposure to
harmful e-waste. (EPA, 2017)
The Environmental Protection Agency (EPA) and the International E-Waste Management
Network work to identify “green” electronic products and build an environmentally safe waste
management system for electronic devices.
In addition to national organizations, companies are taking it upon themselves to be socially
responsible with e-waste. “Take back programs” and closed loop supply chains are increasing in
popularity, as companies attempt to reuse and recycle their materials. Not only does this benefit the
environment, but also is often coupled with financial incentives as well. Refer to Figure 1 for an example
of a closed loop supply chain. Many companies are beginning to track their carbon emissions to
understand how their waste is affecting the environment. The Carbon Disclosure Project (CDP) runs the
global disclosure system that allows companies, regions, cities, or states to measure their environmental
impact, and houses the largest and most comprehensive collection of self-reported environmental data in
the world. In the most recent report, which tracked 1,089 companies, twelve percent of global GHG
emissions were represented. The number of companies who have started self-reporting to the CDP has
grown steadily, indicating that tracking carbon emissions is extremely important, and provides
opportunities to significantly reduce carbon emissions that result from electronic waste. (CDP, 2016)

3

Figure 1: EPA Diagram of an E-waste Closed Loop Supply Chain

Tracking emissions, specifically for electronic waste, is imperative in order for a company to
reach their sustainability goals. This thesis will discuss the real-world implications of carbon emissions in
reverse logistics systems. In collaboration with a large telecommunications company, this thesis results in
a comprehensive carbon emissions model to calculate current emissions expelled annually for the
telecommunication company’s electronic set top box devices. This will provide a baseline for their
current electronic reverse logistics set up and offer recommendations to improve their methods for
electronic waste disposal.
The remainder of this thesis will provide background information on global warming to preface
the importance of establishing well developed reverse logistics programs to minimize the emissions
released into the environment. It will also discuss the process used to develop the carbon emissions
model, the results obtained from the completion of the model, and areas that the telecommunications
company should focus on improving in the future.
Research in this thesis stems mainly from government sources including databases and online
content from the EPA, CDP, and GHG Protocol. The GHG Protocol provides the most commonly used
accounting standards for greenhouse gases. 92 percent of Fortune 500 companies use the GHG Protocol

4
when reporting carbon emissions due to the user friendly and comprehensive standardized frameworks,
online trainings and tools. (GHG Protocol, 2018) In addition, specific company information was obtained
through a corporate contact. The analysis and nature of this thesis results in both quantitative and
qualitative insights for electronic waste disposal and greenhouse gas emissions. In an effort to keep
proprietary company information private, the company worked with and all individuals associated with
this thesis will remain anonymous.
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Chapter 2
Company Background
The telecommunications company is a large wireless phone service in the U.S., serving over 146
million customers. In addition, they have more than 18 million customers who utilize their voice
connections, providing customers with local telephone service, internet, and digital television. (Hoovers,
2017)
A portion of their business is in the television and internet segment. This thesis will refer to this
portion of their business as Company A in an effort to protect their privacy. Company A serves mainly
the East Coast. Each house served by Company A has an Optical Network Terminal, used to convert a
digital fiber optic signal into an analog signal, a router for internet, and two to four set top boxes that
receive a signal from the optical network terminal in order to receive television channels. Figures 2 & 3
demonstrate examples of a set top box and optimal network terminal.

Figure 2: Set Top Box
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Figure 3: Optimal Network Terminal

Upon the initial meeting, Company A indicated that this project would focus on e-waste relating
to their set top boxes. They have a well-established reverse logistics program for their electronic
equipment; however, have no quantitative data on the environmental impact of their operation. After
much discussion, it was concluded that the most beneficial project scope would be to calculate the current
carbon emissions for the set top box reverse logistics program. After identifying the carbon emissions, the
analysis would look at the cost of the program, to complete a cost/benefit analysis on the e-waste
recycling program in place and their current carbon footprint.
Company A indicated that the key areas for the carbon model would be reverse haul
transportation and warehousing, as items returned by the customer are transported back to the distribution
center and a clean and screen facility for cleaning, redistribution, and recycling. The model will serve as
the base year for carbon emissions and used to set benchmarks and identify areas for improvement
moving forward.

7
Background on Global Warming
Carbon emissions and greenhouse gases have been prominent topics since the early 1950’s.
Physicist Gilbert N. Plass first theorized that an increase in CO2 consumption would increase radiation,
and ultimately raise the average global temperature by 1.1 degrees Celsius every century. While his
theories have not been confirmed, they did prove to other scientists that climate change could be a serious
problem in the future and identified carbon dioxide as a major contributor to climate change. As more
scientists began to reach similar findings on the amount of CO2 in the atmosphere, the public became
aware of the impact that greenhouse gases have on the environment. It was announced that the increase in
CO2 in the atmosphere by the year 2000 could have measurable changes on climate change.
(history.aip.org, 2017).
In 1970, after recognizing that climate change could be a real concern in the future, the U.S.
National Oceanic and Atmospheric Administration was founded, which works to predict and understand
changes in the climate and weather. (“Our Mission and Vision | National Oceanic and Atmospheric

Administration”, 2017) A decade later, it came to light that methane and nitrous oxide were also
contributing greenhouse gases. The United States Government and the EPA began to encourage
establishing an international organization for greenhouse gases. As a result, The World Meteorological
Organization and the United Nations Environmental Program created the IPCC (Intergovernmental Panel
on Climate Change) in 1988. Its primary purpose is to produce and distribute reports on human induced
climate change and to identify ways to slow and ultimately eradicate global warming. (Oslo, 2017)
Eventually, this led to the Kyoto Protocol, which became the standard for Carbon Emission
Reporting. The Kyoto Protocol is an international agreement, with the goal of setting GHG reduction
targets around the world. Originally created from the UN Framework Convention on Climate Change
(UNFCCC) at the Earth Summit in 1992, The Kyoto treaty included 191 nations ratifying the agreement
when it was finalized in 1997 (Rough Guide to Climate Change, 2011). This treaty required signing
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nations to cut their annual emissions by an average of 5.2 percent by 2012. In 2001, the United States
dropped out of the agreement, and as of 2014, the U.S. was identified as one of the largest contributors to
greenhouse gases. In 2015, a new agreement, the Paris Agreement, replaced the Kyoto Protocol in order
to limit planet warming to below two degrees.

Green House Gases and the GHG Protocol
Greenhouse gases are the largest contributor to global warming and climate change since the
twentieth century. From 1990 to 2010, emissions increased by thirty-five percent, mainly due to human
activities such as transportation and electricity. The EPA reports that carbon dioxide is the biggest
contributor to global warming, accounting for over seventy-five percent of the greenhouse gases in the
atmosphere, and the amount emitted into the atmosphere is steadily increasing. (Climate Change
Indicators: Global Greenhouse Gas Emissions”, 2016) As the greenhouse gases increase in the
environment, a change occurs in the Earth’s energy balance, and this causes a warming effect over time.
Each Greenhouse Gas is associated with a global warming potential, which compares the
warming effect of different gases on a common scale. The global warming potential (GWP) identifies
how much energy one ton of a gas will absorb over one hundred years in relation to carbon dioxide.
Having GWPs makes it easy to quantify total emissions released into the atmosphere and identify
emission reduction opportunities. Table 1 below provides further detail on the main greenhouse gases and
their respective global warming potential. (“Climate Change Indicators: Greenhouse Gases”, 2017)

9
Table 1: EPA Major Long-Lived Greenhouse Gases and Their Characteristics

Average
lifetime in
the
atmosphere

100-year
global
warming
potential

Carbon
dioxide

Emitted primarily through the burning
of fossil fuels (oil, natural gas, and coal), solid
waste, and trees and wood products. Changes
in land use also play a role. Deforestation and
soil degradation add carbon dioxide to the
atmosphere, while forest regrowth takes it out
of the atmosphere.

see below*

1

Methane

Emitted during the production and
transport of oil and natural gas as well as coal.
Methane emissions also result from livestock
and agricultural practices and from the
anaerobic decay of organic waste in municipal
solid waste landfills.

12.4 years**

28–36

Nitrous
oxide

Emitted during agricultural and
industrial activities, as well as during
combustion of fossil fuels and solid waste.

121 years**

265–298

Fluorinated
gases

A group of gases that contain fluorine, including
hydrofluorocarbons, perfluorocarbons, and
sulfur hexafluoride, among other chemicals.
These gases are emitted from a variety of
industrial processes and commercial and
household uses and do not occur naturally.
Sometimes used as substitutes for ozonedepleting substances such as
chlorofluorocarbons (CFCs).

A few weeks
to thousands
of years

Varies (the
highest is
sulfur
hexfluoride at
23,500

Greenhouse
gas

How it's produced
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As GWP’s were recognized and the U.S. and nations around the globe began taking strides to
reduce greenhouse gases, a protocol was developed to help calculate carbon emissions. The Greenhouse
Gas Protocol (GHG Protocol) identifies a standardized framework to both measure and combat
greenhouse gases. It provides guidelines for companies on how they can correctly measure emissions
from electricity, in their value chains, and in their daily consumption. They have calculation tools directly
in line with the Paris Agreement to make sure countries, cities, and businesses alike are all working
towards reducing climate change. The corporate standard that they have established covers the seven
main greenhouse gases that the Kyoto Protocol uses. These include CO2, methane, nitrous oxide, HFCs,
and PCFs. (“About Us: GHG Protocol”, 2018) This thesis will use the greenhouse gas protocol to
determine emissions specifically for CO2, methane, and nitrous oxide, the three largest contributing
GHGs.
There are two different approaches to develop carbon emissions models. The first is an equity
share approach, which calculates a company’s emissions from operations based on the portion of equity
that they have in the production. The second is the control approach, which has companies reporting on
one hundred percent of GHG emissions for all operations that it is completely responsible for. If the
company does not have control over something, it does not include it in its GHG reporting. The GHG
Protocol document provides guidelines to users through all stages of the GHG accounting and reporting.
It leads the user through calculating the base year, setting boundaries, and recalculating for subsequent
years. (Ranganathan, et al. 2015)

Setting Operational Boundaries
In this thesis, the control approach is utilized, accounting for one hundred percent of emissions that
Company A has financial and operational control over. Once the approach has been determined, the next
step in creating a carbon emissions model is to identify boundaries for the calculations. GHG emissions
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are classified as either direct or indirect emissions. They are broken down into various classification
levels, known as different scopes. Three scopes exist, each covering different subsets of GHG emissions.
The first scope is for direct GHG emissions, resulting from the production process, company vehicles, or
any actions that are directly owned or controlled by the company. Scope two is for indirect electricity
emissions. This is used to account for energy that is purchased and consumed by the company. Scope two
emissions occur directly at the plant where electricity is being generated. The third and final scope is for
any other indirect emissions not already reported. The excerpt below discusses the main emissions found
from scope three.
“Scope 3 is an optional reporting category that allows for the treatment of all other indirect emissions.
Scope 3 emissions are a consequence of the activities of the company but occur from sources not owned
or controlled by the company. Some examples of scope 3 activities are extraction and production of
purchased materials; transportation of purchased fuels; and use of sold products and services.”
(Ranganathan, et al. 2015)
Scopes one and two are required for reporting purposes, while scope three is optional. All three scopes
offer a comprehensive structure for identifying, calculating, and reporting emissions from the main
GHGs. Chapter four of the GHG Protocol provides in - depth explanations and examples of each of the
three scopes to allow companies to correctly identify and account for the appropriate emissions. In order
to avoid double counting, each scope is broken down into extremely specific activities. Figure 4 provides
an example of the types of activities found in each scope.
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Figure 4: GHG Protocol Scope Emissions

Identifying Emissions Factors

After setting operational boundaries, identifying which scope each portion of the business
falls within, and deciding whether to use the equity share or control approach, the correct
emission factors need to be assigned. These can be obtained through the EPA, who releases the
appropriate emissions factors annually for different fuel, vehicle, and energy types. The
emissions factors estimate the amount of emissions released from air pollution and usually
consist of long-term averages. Different emission factors exist for each greenhouse gas and are
used in calculations.
Once each GHG is identified, an emissions factor has been assigned, and the GHG
emissions are identified, each scope must be multiplied by its global warming potential (GWP).
The greenhouse gases are added together for the carbon dioxide equivalent (CO2e), which is the
standard measurement for carbon footprint.
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Chapter 3
Carbon Emissions Model Development
Company A requested a custom carbon emissions model be developed. This allows for
customization and usability. The model can be continually referenced, updated, and refined
across all product lines. The calculations and methodology included in the GHG Protocol led to
the development of this carbon model.
The model focuses solely on the reverse logistics operations in Company A’s facility.
Specifically, it identifies quantities and accounts for all activities that generate emissions, from
the time a set top box leaves a customer’s home, until the set top box arrives at the distribution
center, is refurbished, and returned back into the product life cycle.
The first step is to create process maps of the current operation. This is completed in
order to ensure that every step of the process is accounted for. There are currently three different
routes that can be used to have a customer’s unit returned. Emissions stem primarily from fuel
and transportation (scope 1 emissions) and purchased electricity (scope 2 emissions). Scope 1
emissions occur from owned and operated Company A vehicles, 3PL companies, and customers’
personal vehicles.
The model consists of separate tabs with individual calculations; one tab for each set top
box return option, one for scope two purchased electricity GHG calculations, and one for the
transportation that occurs to move all set top boxes from the distribution center to the clean and
screen facility. For all segments, each individual greenhouse gas emission is calculated, then
multiplied by their respective GWPs (1, 28, 265) and finally, consolidated into one carbon
dioxide equivalent (CO2e).
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The EPA offers a document to identify emission factors by vehicle and fuel type, which
is seen in Table 2 below. A heavy reliance was placed on this document in order to correctly
quantify emissions for the different modes of transportation utilized. Company A uses solely
over the road transportation for their reverse logistics program. Medium and heavy – duty trucks
are the primary vehicles used, however light – duty trucks and passenger cars are also used.
Emission factors differ depending on the vehicle used and whether weight needs to be accounted
for. If weight is negligible, vehicle-miles is the correct unit of measurement. However, if full
truck loads are used, weight is an important factor for the calculations. In these instances, tonmiles are the correct units, and different emission factors are assigned.
Table 2: EPA Product Transport Emission Factors

Option One: Technician picks up set top boxes

The most expensive and least frequently used option to return a set top box is to have a
company technician make house calls to perform a complete disconnect. This process can be
seen in Figure 5. The set top boxes are returned to the local garage warehouse center that the
technician works out of. From there, boxes are shipped in partial truckloads to transportation
hubs. They are then transported to the distribution center located in Pennsylvania. This option is
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used eleven percent of the time for STB returns, which totals to 265,000 set top boxes annually
via technician pickup.

Figure 5: Technician Performs In-Home Disconnect

To calculate GHG emissions for this portion, the model separates each leg of the trip
based on the vehicle used and the distance traveled. To estimate the distance technicians must
travel to reach customers and return to their garage work centers, a reliance on assumptions and
guidance from Company A is required. The vans carry an average of three set top boxes at a time
and are not full truck loads. Shipment weight for this portion of the model is negligible. After
estimating distances and identifying vehicle emission types, three calculations are run to
calculate CO2, CH4, and N2O emissions based on a light-duty truck using motor gasoline. The
equation below offers a sample for the methodology used for these calculations.
𝐿𝑒𝑔 1 𝐶𝑂2 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠
= (𝑆ℎ𝑖𝑝𝑚𝑒𝑛𝑡 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 × 𝐶𝑂2 𝑉𝑎𝑛 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝐹𝑎𝑐𝑡𝑜𝑟 )
× 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑇𝑒𝑐ℎ𝑛𝑖𝑐𝑖𝑎𝑛𝑠 × 𝑑𝑎𝑦𝑠 𝑤𝑜𝑟𝑘𝑒𝑑 𝑝𝑒𝑟 𝑦𝑒𝑎𝑟
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The set top boxes are sent from a GWC to the closest transportation hub. VBA coding
automates calculations for all distances between garage work centers (GWCs) and transportation
hubs. Technicians are currently placed at one hundred and seventy different locations across the
east coast. The VBA code efficiently identifies the latitude and longitude of all GWCs by
connecting to Google API services. Google API is an application-programming interface that
allows users to integrate Google Services with other operations. In this model, Google API
enables the code in excel to effectively launch Google Maps, run the addresses, and retrieve the
latitude and longitude of a specific address. If any additional GWCs are added to their network,
Company A can easily inject the new address into the model, and the latitude and longitude field
will quickly be populated. The code used is found in Appendix A. Once the latitude and
longitudes have been retrieved, the Haversine formula1 is used to quickly and effectively gauge
the distance between a GWC and all of the transportation hubs. The Haversine formula is a
navigation equation that calculates the shortest distance over the earth’s surface between two
different locations. Once distances are calculated, it shows which transportation hub each GWC
ships to.
After identifying the closest transportation hub for each GWC, a similar methodology
using the vehicle type, distance, and emissions factor is followed to calculate emissions. In
instances where weight is not negligible, calculations are refined to account for the weight of the
shipment.

1

Distance = ACOS(COS(RADIANS(90-LAT1)) *COS(RADIANS(90-LAT2)) +SIN(RADIANS(90LAT1)) *SIN(RADIANS(90-LAT2)) *COS(RADIANS(Long1-Long2))) *3958.76
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A standard tractor trailer holds fifty-two pallets. Each pallet has seventy-two set top
boxes, resulting in 3,744 STBs per truck. A reference table included in the carbon emissions
model allows one to choose the model of the set top box that is being transported. There are
thirteen different models of set top boxes that can be placed in customer homes. The weights
range from less than one pound to eight pounds. For mixed shipments, an average weight of 5.86
pounds is used. These models can be seen in Table 3.
𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 = (𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑡𝑟𝑎𝑣𝑒𝑙𝑒𝑑 × 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 𝑓𝑎𝑐𝑡𝑜𝑟 × (𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑆𝑇𝐵
× 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑆𝑇𝐵𝑠 𝑝𝑒𝑟 𝑡𝑟𝑢𝑐𝑘)
Table 3: Set Top Box Weights

After STBs arrive at the transportation hubs, they are shipped in full truckloads to the
distribution center in Pennsylvania. Three tractor trailers per day travel to/from each
transportation hub to the DC. Since the STBs are returned via backhaul, only a portion of the
emissions is allocated to reverse logistics.
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Once all N2O, CO2, and CH4 is accounted for in Option One, all emissions are
multiplied by their respective global warming potentials (GWPs) and converted into metric tons.
All emissions are then added together to quantify the CO2e metric tons released into the
atmosphere for the Option One.

Option Two: 3PL Service with UPS and Fedex

The second option is to have the customer ship set top boxes back via FedEx or UPS.
This process can be seen in Figure 6. Company A ships an empty cardboard disconnect kit out to
customers that opt for this option. The customer will pack up their units and ship them back to
Company A’s distribution center. The emissions that result from utilizing a 3PL fall within scope
one emissions. 3PL’s are utilized forty-seven percent of the time for Company A’s return system.
This results in 1.13 million set top boxes being sent back to Company A annually via a 3PL.

Figure 6: STBs Returned Via 3PL
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Calculating emissions for this option relies heavily on stated assumptions. Distances
between customers’ houses on the East Coast and the final destination in Pennsylvania are
systematically estimated and accounted for in the model. The different regions where customers
are located, and the miles from these regions back to the PA distribution facility are calculated.
On average, the mean distance traveled back to Company A’s Distribution center is 199 miles.
The average UPS tractor trailer is estimated to have a 65,000-pound weight capacity.
Calculations are run for the shipment of empty cardboard disconnect kits to the customer’s home
as well as the return shipment of both the cardboard kit and set top box. It is estimated that the
closest UPS/Fedex terminal network is fifty miles from the shipping origin. In addition, the
marginal mileage added for a UPS driver to deliver one package is determined to be one mile.
Once these assumptions are stated, calculations can be completed. Six different
calculations are performed; three for the empty disconnect kit, and three for the full disconnect
kit and set top box. Emissions are totaled for the distance between the DC to the 3PL terminal
network, the terminal network to the customer region, and finally, the last marginal mile that the
UPS driver will travel. An example of the calculations completed is shown below.
𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠
𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑝𝑎𝑐𝑘𝑎𝑔𝑒
= 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 𝐹𝑎𝑐𝑡𝑜𝑟 𝑥 𝐴𝑣𝑔 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑡𝑟𝑎𝑣𝑒𝑙𝑙𝑒𝑑 𝑥 (
)
𝑤𝑒𝑖𝑔ℎ𝑡 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑜𝑓 3𝑃𝐿 𝑡𝑟𝑢𝑐𝑘

The marginal mile was included to determine the environmental effect added by
travelling to one additional customer for drop-off / pickup. For this calculation, all emissions
from the 3PL are dedicated to the set top box. The calculation for the marginal mile can be seen
below.
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𝑀𝑎𝑟𝑔𝑖𝑛𝑎𝑙 𝑚𝑖𝑙𝑒 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 = 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 𝐹𝑎𝑐𝑡𝑜𝑟 × 1 𝑚𝑎𝑟𝑔𝑖𝑛𝑎𝑙 𝑚𝑖𝑙𝑒

After completing the six calculations for each greenhouse gas (CO2, CH4, N2O), each is
converted to metric tons and multiplied by their respective GWP (1, 28, 265). They are then
summed to provide the total emissions released for this option.

Option Three: Company A Store to DC

The third and final option to return set top boxes is to have the customer drive to one of
the ninety-five Company A brick and mortar stores with drop-off capabilities. This process can
be seen in Figure 7. Set top boxes are returned daily via backhaul on near empty tractor trailers
through Company A’s regional distribution network. Forty-seven percent of the time, customers
opt to return their set top boxes via this option. One million units are delivered to brick and
mortar stores each year.

Figure 7: STBs Returned to Store
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Each portion of Option Three is calculated separately due to the different vehicles
utilized for transportation. A process similar to Option One was used for these calculations. A
dropdown menu offers flexibility to choose the correct vehicle for each leg of the journey. Once
a vehicle type is chosen, the correct emission factors auto populate. It is estimated that the
average customer will make a dedicated trip to deliver the set top box, and that a drop off
location will be within fifteen miles of their home. Weight was considered negligible for the
customer’s drive and for the daily near-empty backhauls traveling from the brick and mortar
facilities to the transportation hubs. Refer to the equation below for a sample of the calculations
performed for this route. After each emission has been accounted for, it is converted from
pounds to metric tons, multiplied by its GWP and then accumulated into one standard CO2e
total.
𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 = (𝑆ℎ𝑖𝑝𝑚𝑒𝑛𝑡 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 × 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝐹𝑎𝑐𝑡𝑜𝑟 𝑏𝑦 𝑉𝑒ℎ𝑖𝑐𝑙𝑒
× 𝑊𝑒𝑖𝑔ℎ𝑡 (𝑢𝑛𝑙𝑒𝑠𝑠 𝑛𝑒𝑔𝑙𝑖𝑔𝑖𝑏𝑙𝑒))

Distribution Center to Clean & Screen Facility
An average of 2.4 million units are returned across all options each year. They eventually
travel from the distribution center to the clean and screen facility. Round trip, the distance
between these two locations is 76.55 miles. The clean and screen facility tests each unit to ensure
its operability, then cleans, polishes, and buffs them. They are then sent back to the distribution
facility for reuse.
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A tab in the model was dedicated to this route since every single item returned will travel
between the two locations. It was determined that 644 tractor trailers would be used each year for
this route (

2.4 𝑚𝑖𝑙𝑙𝑖𝑜𝑛 𝑆𝑇𝐵𝑠
3744 𝑆𝑇𝐵𝑠 𝑝𝑒𝑟 𝑡𝑟𝑢𝑐𝑘

). Using a mixed shipment weight of 5.86 pounds per STB, the

weight of the shipment per tractor trailer is determined to be 10.9717 tons. This calculation can
be seen in Table 4.
Table 4: Shipment Weight Calculations

Once the weight and the distance are identified, it is possible to calculate emissions for
CH4, N2O, and CO2. The calculations performed are as followed:
𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛 = (76.55 𝑚𝑖𝑙𝑒𝑠 × 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 × 10.97 𝑡𝑜𝑛𝑠) × 644 𝑡𝑟𝑖𝑝𝑠

The calculations are run for each GHG separately before being multiplied by their GWP and
summed into one total CO2e emission.

Electricity Calculations
For the warehousing and electricity model, Company A was able to provide square
footage, average utility bill costs, and an estimate of the percentage of utilities allocated for set
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top box activity. From these estimates, the kilowatt hours per year were calculated. The average
price per kilowatt hour for a Pennsylvania warehouse is nine cents. This was multiplied by the
kilowatt hours per year to have an accurate representation of how much the average utility bill is.
The eGRID summary tables are referenced in order to locate the sub region that
Company A falls under and assign the proper energy emission factors. These emission factors
are assigned by the Environmental Protection Agency. Pennsylvania, where all of the distribution
centers and clean and screen facilities are located was identified on the map shown in Figure 8. It
falls within sub region “RFCE”. Table 5 shows the emission factors for each eGRID sub region.
As shown, the RFCE region has emissions factors of 858.56 lbs. CO2 / MWH, .02644 lbs. CH4 /
MWH, and .01449 lbs. N2O / MWH.

Figure 8: Electricity eGRID Sub Regions
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Table 5: Emission Factors by Sub Region

Since the emission factor units are in megawatt hours instead of kilowatt hours,
appropriate conversions needed to be completed. One kilowatt hour is equivalent to .001
megawatt hours, resulting in 622 MWH per year allocated to the clean and screen process. With
the MWH estimated and the emission factors assigned, emission calculations are performed.
Sample calculations are shown below.
𝐶𝑂2 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 = 622

𝑀𝑊𝐻
𝑙𝑏𝑠. 𝐶𝑂2
× 868.56
𝑌𝑒𝑎𝑟
𝑀𝑊𝐻

𝐶𝐻4 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 = 622

𝑀𝑊𝐻
𝑙𝑏𝑠. 𝐶𝐻4
× .02644
𝑌𝑒𝑎𝑟
𝑀𝑊𝐻

𝑁20 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 = 622

𝑀𝑊𝐻
𝑌𝑒𝑎𝑟

× .01149

𝑙𝑏𝑠. 𝑁2𝑂
𝑀𝑊𝐻
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This resulted in the number of pounds of CO2, N2O, and CH4 emitted during the year in
the distribution and clean and screen facilities. Pounds were then converted to metric tons for
consistency. After this conversion, each GHG emission was multiplied by its correct GWP (1,
28, or 265). They were then added together to obtain the total CO2e emitted annually.
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Chapter 4
Results
The creation of this model allows for employees to quickly and easily understand the
environmental impact of their current reverse logistics program. Company A requested a
comprehensive model that would be flexible enough to accept changes to the inputs. This was
completed successfully, and changes to the inputs have been tested with no repercussions. Any
additional facilities or locations that they begin to conduct business can quickly be added to the
model. The VBA code written will retrieve the coordinates and estimated distance to the
distribution facilities.
Upon completion, it was determined that the current reverse logistics program produces
5,968.61 metric tons of carbon dioxide equivalent emissions. This encompasses all CO2, CH4,
and N2O emissions. Option One produced 742.72 metric tons of CO2e for the year. Option Two
produced 1,129.7 metric tons of CO2e. Option Three resulted in 3,773.19 metric tons of annual
CO2e. The route from the distribution center to the clean and screen facility emitted 79.19 metric
tons. Finally, the electricity consumed at the distribution center and clean and screen facility
resulted in 243.81 metric tons of emissions. The breakdown for all of the routes can be seen in
Figure 9.
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Total CO2e by Route (METRIC TONS)
DC Electricity
Option 3
Option 2
Option 1
DC to C&S
-

500.00 1,000.00 1,500.00 2,000.00 2,500.00 3,000.00 3,500.00 4,000.00

CO2e (Metric Tons)

Figure 9: Route Specific Total CO2e

The ultimate goal for Company A is to determine which of the three options is the most
environmentally friendly. Some options are more heavily utilized than others, so for consistency,
it is important to determine the emissions released per set top box. This allows Company A to
correctly and accurately state which route is responsible for the most carbon emissions. Please
refer to Table 6 to see emissions per set top box.
Table 6: Emissions produced per STB

As shown in the table above, Option Three; customers driving to a drop-off location,
results in the highest emissions released per set top box returned. .004 metric tons of greenhouse
gases are released for every set top box returned. Option One; technicians driving out to
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customers to perform a full disconnect, produces the second highest volume of emissions per set
top box. Each set top box releases .003 metric tons of greenhouse gases during this route.
After identifying Option 3 as the largest contributor to GHGs, each portion of the journey
was graphed, to identify the main contributor. This graph can be seen in Figure 10. It is evident
that the largest amount of GHGs stems primarily from customers driving an estimated thirty
miles round trip to a customer drop-off center. Currently, ninety-five percent of the 3,773.19
metric tons of emissions is expelled through customer travel.

Emissions Released (Metric Tons)
Transportation Hub to Alburtis

.09%

Drop - off to Transportation hub

4%

Customer to Drop-off

95%

-

500.00 1,000.001,500.002,000.002,500.003,000.003,500.004,000.00

CO2e (Metric Tons)
Figure 10: Emissions Released from Option 3

The model includes a summary page to easily access the totals for each route, as well as
detailed graphs similar to those referenced above. It has been delivered to Company A in
addition to the assumptions, limitations, and next steps that are outlined in this document.
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Chapter 5
Discussion
The model created relies heavily on guidance from employee contacts at Company A. In
addition, for both the warehousing and transportation models, calculated assumptions are
utilized. The transportation models (Option One, Option Two, Option 3, and DC to C&S
Transportation) have a higher concentration of assumptions due to the complex nature of the
models.
For the transportation models, an average of 200,780 set top boxes returned per month
was assumed to be constant for all months. Company A indicated that the average household has
two to four set top boxes. For consistency, all calculations in this model assume that a household
has three set top boxes. Set top boxes are assumed to be shipped to the nearest transportation
hub. It is also expected that ten percent of all round-trip emissions should be allocated to the
reverse logistics backhaul portion of the journey.
For the journey between the distribution center and clean and screen facility, it is
assumed that 644 tractor trailers are required annually. This is presumed based on the average
number of set top boxes returned and the number of pallets that are able to fit in a full truck load.
In the transportation model for Option One, it is assumed that all Company A technicians
drive light-duty trucks that run on engine gasoline. Based off guidance provided by Company A,
it is expected that a customer will live less than one hour from the closest GWC. Due to these
proximities, it is estimated that the technicians will optimize their route to minimize distance,
and likely travel forty-five miles round trip to serve an average of three customers per day.
Workers are assumed to work 260 days per year; five days a week for fifty-two weeks.
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Every other mode of transportation used in Option One is based off of a Class 8 Tractor
Trailer (Medium/Heavy duty tractor trailers) running on diesel fuel. For certain portions of the
model, tractor trailers are assumed to be less than truckload. In less than truckload shipments, it
was determined by Company A that weight is negligible. In the instances where weight is not
negligible and set top boxes are shipped full truckload, shipment weight is calculated by
assuming an average of 5.86 pounds per STB.
Between the customer’s home and the distribution center, a package will stop at a 3PL
terminal network. Due to lack of information, it is estimated that the nearest 3PL terminal
network is fifty miles away from a customer’s home, and that a 3PL medium/heavy– duty
vehicle will have a weight capacity of 65,000 pounds. When a package is delivered or picked up
from an individuals’ home, there is marginal mileage associated with making a dedicated trip.
For purposes of this analysis, one mile is assumed to be the additional marginal unit.
For Option Three, passenger cars are presumed to be the vehicles used by customers for
dedicated trips to return set top boxes to the nearest drop-off center. The average round trip
distance to a drop-off center is assumed to be thirty miles. The number of customers that utilize
this option was determined due to the statement that the average household has three STBs. If
1.01 million boxes are returned via Option Three annually, then 337,308 customers drive to
Company A drop-off locations each year.
The electricity model also requires some assumptions for completion. Only electricity
from the distribution center and clean and screen facility are considered in calculations. It is
assumed that seven percent of energy consumption is attributed to set top boxes at the
distribution center. Similarly, thirty percent of energy consumption at the clean and screen
facility is credited to set top boxes.
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Limitations
Due to assumptions and lack of data, this model does have limitations. By focusing
specifically on the reverse logistics route, it does not capture any data on emissions from
manufacturing, outbound transportation, or distribution processes. In addition, some data for the
reverse logistics portion was inaccessible. For the transportation models, many exact locations,
including customer addresses, the 3PL terminal networks, and distances between warehouses,
could not be provided. Relying solely on assumptions for these distances provide a good estimate
for the emissions released, however they are not entirely precise.
Distances between the GWC and the Transportation hub were found via the Haversine
Formula. This formula determines the great-circle distance between points on a sphere. It utilizes
their longitude and latitude to identify the shortest “as the crow flies” distance. This provides
usable distances, however does not account for roadways. As a result, many of the distances used
in the model are estimates, and therefore not completely accurate.
For the electricity model, there was not much visibility at the clean and screen facility. As
a result, estimates needed to be made for the utility bill. This, too, limited the accuracy of the
model.
After the clean and screen process is complete, set top boxes that cannot return back into
the distribution cycle are sold to third parties and melted down for parts. Company A did not
have any information pertaining to this process or to the number of STBs that are usually sold to
third parties. This model does not encompass any of the emissions released due to the breakdown
and melting of set top box devices.
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Next Steps
After model completion and validation, it was delivered to Company A for
implementation. Company A will continue to refine the model for increased accuracy. This
model will serve as the base year for their reverse logistics carbon emissions tracking. In the
future, they can efficiently and effectively update the model to reflect any changes that occur.
Company A’s original goal for this model was to determine how environmentally
efficient their current reverse logistics program is. They had implemented this system to
minimize e-waste. However, Company A had not taken any steps to determine if the program
reduces carbon emissions in addition to limiting the e-waste that makes its way to landfills. The
implementation of this model into their everyday practices will allow greater visibility and
increase their CSR efforts.
In order to continue updating the model in the future, Company A will need to designate
an employee who will be responsible for continuous data collection and updating. Some of the
assumptions, such as vehicle types, distances between locations, and utility bills, should be
identified for increased accuracy.
The model also shows Company A routes that they can refine. A designated technician
driving to customers’ homes is not only resulting in over 700 tons of carbon emissions annually,
but also costs $150-$200 per set top box for Company A. Focusing on areas that are both
environmentally unfriendly and expensive will provide ample opportunities for potential cost
savings.
While this current model is a great place to start, it is not fully comprehensive for all of
their business needs. It accounts for the main greenhouse gases; methane, nitrous oxide, and
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carbon dioxide. However, this model does not quantify emissions for the other main GHG.
These include chlorofluorocarbon, hydrofluorocarbon, sulfur hexafluoride, and nitrogen
trifluoride. A more comprehensive model could be developed to contain these greenhouse gases
as well.
In addition, this model focuses only on the reverse logistics components. A potential next
step is to continue to develop this model so that it encompasses the manufacturing and
distribution process for set top boxes. Eventually, similar processes can be implemented across
all lines of business, referencing the GHG Protocol for development.
A final step in this process would be to begin contributing to the CDP. As mentioned
earlier, the CDP offers a platform for companies, cities, and regions to report and manage their
environmental impacts. Ultimately, this will help Company A manage environmental risk in their
business and identify areas for improvement.
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Appendix A
VBA Google API Code
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Appendix B
Emission Factors
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