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LIFE-CYCLE ASSESSMENT OF
PLENUM SPACE COMMUNICATION CABLE

Life-cycle assessment (LCA) can be used to evaluate the environmental effects of a product,
process, or activity. An LCA is a comprehensive method for evaluating the full life cycle of the
product system from materials acquisition to manufacturing, use, and final disposition. The
following report presents the four major components of an LCA study as described in the
International Organization for Standardization (ISO) 14040/44:

Chapter 1: Goal definition and scoping;

Chapter 2: Life-cycle inventory (LCI),

Chapter 3: Life-cycle impact assessment (LCIA), and

Chapter 4: Interpretation of results.

1. GOAL DEFINITION AND SCOPING

1.1. Scope

This chapter includes the purpose and background of the project, descriptions of the
product systems evaluated, and the boundaries used in this study. It incorporates the elements of
scoping as it is recommended in the LCA process (ISO 14040/44, 2006; Curran, 1996; Fava et al.,
1991).

1.2. Background

The U.S. Environmental Protection Agency’s (EPA) Design for the Environment Program
(DfE) and the Toxic Use Reduction Institute (TURI) evaluated the life-cycle impacts of standard
and alternative wire and cable resin formulations in selected cable types. The goal of the
DfE/TURI Wire and Cable Project (WCP) is to evaluate wire and cable formulations for
communication cables (riser- and plenum-rated) and low-voltage power cables from a life-cycle
perspective in order to understand their environmental impacts. These analyses are intended to
allow industry to make informed, balanced decisions based on fire safety, electrical performance, and
environmental impact.

Cable primarily consists of three basic components: (1) the conductor (copper wire), (2)
insulation resin (and compounded additives, if applicable), and (3) jacketing resin with compounded
additives. The focus of the DfE/TURI WCP evaluation is on the insulation and jacketing resin
systems and excludes the copper conductor material of Category 6, plenum-rated communication
cable (CMP), riser-rated communication cable (CMR), and non-metallic sheathed low-voltage
building power cables (NM-B).
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1.3. Objective

The Society of Plastics Industry, Inc. (SPI) is expanding upon the current DfE/TURI
WCP to evaluate functionally equivalent alternative solutions for data communication cables in
plenum spaces. SPI project partners, include DuPont, Inc., Daikin Industries, Ltd., Dyneon, L.L.C.
and Solvay Solexis, Inc.

Plenum space is generally referred to as the space between the structural ceiling and dropped
ceiling, or the horizontal space where the environmental air is returned. Communication network
cables in the United States must meet stringent National Fire Protection Association and National
Electrical Code® fire performance requirements. Communication, or network, cables installed in
vertical shafts (“riser” spaces) are referred to as “CMR” cables and are highly flame retardant. Due
to the movement of air in the horizontal plenum space, communications cables installed in this area
(“CMP” cables) are subject to more stringent requirements for fire retardancy and low smoke
generation than CMR cables. Category 6 cables are rated for channel performance up to 200 MHz
and the Category 6 standard has specifications for network protocols (e.g., Ethernet) that require
more stringent specifications for crosstalk and system noise that lower rated cables (e.g., Category 5
or Category 3). Category 6 CMP cables are designed to be placed directly in plenum spaces.
However, non-plenum rated cable (e.g., CMR cable) placed in steel conduit or electric metal tubing
(EMT) in the plenum space also provides a functional equivalent to the CMP cable. That is,
transmission properties and fire performance specifications are equivalent. The conduit may
provide extraneous mechanical protection around the CMR cable; however, both cable systems
provide roughly equivalent functionality since mechanical protection is already achieved by the
cables being in the protected plenum space.

Although the use of steel conduit for plenum cable installation of non-plenum cable is
currently not the most prevalent practice, it has been described as an "environmentally-sound"
choice given the reusability and recyclability of the steel (Steel Conduit Committee, 2007). In
addition, CMR cable in conduit, which could be used in place of the CMP cable in the plenum
space, does not contain perfluoropolymers (PFPs) found in CMP. Although MFA (copolymer of
tetrafluoroethylene and perfluoromethylvinylether) is also a type of PFP, fluorinated ethylene
propylene (FEP) is presently the most common type of PFP used. This project scientifically
evaluates the complete life-cycle impacts of functionally equivalent cable installation alternatives
(FEP cable versus a polyethylene-insulated [PE] cable in metal conduit) to quantify the differences
between these alternatives so that so that electrical engineers and/or cabling contractors can make
environmentally informed decisions. Table 1-1 presents the alternatives that were considered in the
analysis.
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Table 1-1. Alternative cable applications in plenum spaces

ConstructionCable Type a Cable
Specifications b Conductor Insulation Jacketing

Conduit &
Supports

Category 6,
CMP

UL-444, Article
800 NEC, TIA-
568-B.2, ICEA
S-80-576, NFPA
90a

Copper Copolymer of
tetrafluoroethylene (TFE)
and hexafluoropropylene
(FEP or fluorinated
ethylene propylene) c

PVC,
Pb-free
stabilized

Galvanized
steel
supports

Category 6,
CMR in steel
conduit/Electric
Metal Tubing
(EMT)

UL-444, Article
334 NEC, TIA-
568-B.2, ICEA
S-80-576

Copper Polyethylene (PE) PVC,
Pb-free
stabilized

EMT and
supports

a Telecommunications Industry Association/Electronics Industry Association (TIA/EIA) (specifies data
transmission performance category)
b Underwriters Laboratories (UL); NEC=National Electrical Code® (NEC), addresses flammability performance;
Insulated Cable Engineers Association (ICEA), specifies physical, mechanical performance of
insulation/jacket/finished product.
c Note that although MFA (Copolymer of tetrafluoroethylene and perfluoromethylvinylether) is also a type of
PFP, FEP is the most common type of PFP used. Accordingly, the analysis is based only on available FEP data.

These alternatives were chosen to (1) compare a FEP-insulated CMP cable to a PE-insulated
CMR cable encased in a metal conduit in plenum space, and (2) identify the major processes
contributing to environmental impacts, based on the available data. Accordingly, these analyses go
beyond the scope of the DfE/TURI WCP project.

The following sections provide additional background information on previous research
related to wire and cable life-cycle assessments, market trends in the wire and cable industry, an
overview of the need for this project, and the target audience.

1.4. Previous Research

Substantial research has been conducted on several key areas related to the SPI project,
including: (1) life-cycle impacts of copper used in cable wire, and (2) life-cycle impacts of polyvinyl
chloride (PVC) (Williams et al, 2000). In addition, studies have addressed potential environmental
and health concerns related to key components of the cable products being analyzed in this study
(i.e., FEPs, PVC, PE, steel, copper, and zinc). Prior to the initiation of this project, no study had
evaluated and compared the life-cycle impacts of CMP cables to the equivalently functioning CMR
cables in steel conduit. A recent paper by DuPont (Krieger et al., 2007), however, has compared
CMR in conduit to CMP cables for plenum space applications. Applicable results are described
under the appropriate sections below. The following section provides a summary of existing
research on materials of interest to the SPI project, as well as their applicability to this project. In
addition, a brief description of the Apendoorn Declaration is provided.



Plenum Space Communication Cable LCA October 30, 2009

4

1.4.1. Copper

While various life-cycle assessments have been conducted on the impacts of copper
production, literature specifically addressing life cycle impacts of copper wire is limited.1 Williams et
al. (2000) studied the life-cycle impacts of cable wire using the Chain Management of Materials and
Products (CHAMP) methodology. This method, based on LCA, compared the environmental
impacts and options for recovery and recycling of Category 5 cables. The study found that the
copper conductor is the main contributor to the environmental impact of the systems studied. In
addition, in 2005, the Office of Solid Waste at the U.S. EPA completed a streamlined life-cycle
assessment of the greenhouse gas emission factors associated with copper wire.2 The report
compared emissions factors for four waste management practices applied to copper wire (source
reduction, recycling, combustion, and landfilling) and found that source reduction had the greatest
greenhouse gas benefit.

The European Copper Institute also published findings of a cradle-to-gate life-cycle
assessment of a one square millimeter section (one millimeter in length) of copper wire and reported
primary energy consumption (0.405 MJ/m), global warming potential (27.638 g CO2 equivalent/m),
acidification potential (0.201 g SO2 equivalent/m), eutrophication potential (0.05 g PO4
equivalent/m), ozone depletion potential (3.90 e-06 g R11 equivalent/m), and photochemical ozone
creation potential (0.0014 g ethene equivalent/m).3 In the Krieger et al. paper, copper wire was
found to be the largest single contributor to most environmental impact categories for CMR and
CMP cables (Krieger et al., 2007).

1.4.2. PVCs

Polyvinyl chloride (PVC) is the base resin used as jacketing in CMR cable. Vinyl is
inherently flame retardant, durable, tough, and relatively heat resistant, thus making it a suitable
material for wire and cable insulation and jacketing (Vinyl Inst., 2003). However, vinyl chloride, the
monomer that is polymerized to form PVC, is classified by the EPA (2003) as a Class A, human
carcinogen. Acute exposure to vinyl chloride is linked to vascular disturbances and central nervous
system effects, including dizziness, drowsiness, and headaches (ATSDR, 2003b). Although worker
exposure to the monomer have been reduced, there is a need to further evaluate PVC’s life-cycle
impacts in wire and cable applications because of the potential for dioxin and hydrogen chloride
formation when PVC is heated above 250oC (e.g., incineration or accidental fires). Hydrogen
chloride is a corrosive, highly toxic gas that can cause skin burns and severe respiratory damage.
Dioxin has received significant attention because of its carcinogenicity.

Although significant research on PVC and its life-cycle impacts have been studied, very little
of this work has focused on the use of PVC in wire and cable applications. The European Union
recently completed a study presenting an overview of the publicly available information on PVC
LCAs. Although the study found that detailed information for the PVC life cycle from raw material
extraction to PVC production exists, it found that a potentially relevant gap exists for the wire and
cable compounding, use, and end-of-life (EOL) phases. In addition, the Williams et al. (2000) study

1 For an example of a life cycle assessment of copper production see Robert U. Ayres, Leslie W. Ayres, and Ingrid Rade,
The Life Cycle of Copper, its Co-Products, and By-products, Mining, Minerals, and Sustainable Development, International
Institute for Environment and Development and World Business Council for Sustainable Development, 2002.
2 U.S. EPA, Office of Solid Waste, Streamlined Life-Cycle Greenhouse Gas Emissions Factors for Copper Wire, June 2005.
3 European Copper Institute, Life Cycle Assessment Data, Copper Wire, June 2005, available from http://www.kupfer-
institut.de/lifecycle/.
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compared Category 5 cables sheathed with PVC (assumed to be 100 percent pure) versus a low
smoke and flame (LSF) composition [50-67 percent aluminum trihydrate, 30-35 percent ethylene
vinyl acetate (EVA), one percent antioxidant]. When comparing the polymer sheaths, PVC was
found to have slightly higher first-use environmental impacts, but it is slightly cheaper and has
greater potential for recycling than the LSF composition. This study, however, only evaluated cable
formulations that meet European Category 5 standards; it did not evaluate the cable formulations
that are required to meet the stricter U.S. standards for flame retardancy in plenum applications.4 In
addition, it is important to note that PVC jacketing used in both CMR and CMP cable is not
typically 100 percent pure and contains about 50 percent plasticizers, flame retardants, metal
stabilizers, etc. Finally, while information is available for the production of low-density
polyethylene, no studies detailing its life cycle in wire and cable have been performed.

1.4.3. Fluoropolymer

Although life-cycle information for FEP is not publicly available, studies on fluoropolymers
are prevalent. Fluoropolymers (polymers with atoms of fluorine) are used to insulate individual
conductors (such as copper wire) and are used for jacketing of multiple wires in a cable. Four
fluoropolymers used for wire and cable insulation and jacketing are fluorinated ethylene-propylene
(FEP), polytetrafluoroethylene (PTFE), polyvinylidene fluoride (PVDF), and MFA.5

Perfluorooctanoic acid (PFOA) is a common polymerization aid in the production of FEP.
PFOA is a fully fluorinated organic chemical produced synthetically or possibly through the
degradation or metabolism of other fluorochemical products (FR, 2003). While PFOA is used to
manufacture some FEPs, it has not been detected in finished FEP products such as CMP cable.6
Occupational exposure to PFOA, however, remains a concern as PFOA is present in low levels in
the blood of the general U.S. population and in the environment, and is persistent in the human
body and in the environment.7 PFOA has been found to cause developmental and other adverse
effects in laboratory animals at doses higher than levels observed in the general U.S. population and
occupational workers (Butenhoff et al., 2004). EPA released a preliminary risk assessment of
potential developmental toxicity effects of PFOA in April 2003 and a draft risk assessment in
January 2005. While the draft risk assessment suggested that PFOA might be carcinogenic in male
rats, EPA identified uncertainty in the document and the need for further research.8

Furthermore, while EPA has data on PFOA serum levels in workers and the general public,
the pathways of human and environmental exposure to PFOA and the concentrations of PFOA in
the environment are currently unknown. As such, EPA has not yet determined whether PFOA
poses an unreasonable risk to the public. Through its data gathering agreements with industry and
other stakeholders, EPA continues to assess the potential risks posed by PFOA in order to

4 Note that the Williams et al (2000) study assumed the PVC was pure, however, CMR and CMP cables typically contain
more than 50 percent plasticizers, flame retardants, metal stabilizers and other additives.
5 SolvaySolexis, Hyflon PFA and MFA (http://www.solvaysolexis.com/products/bybrand/brand/0,,16043-2-0,00.htm).
6 U.S. EPA, Office of the Administrator, Science Advisory Board, Memorandum, U.S. EPA Science Advisory Board
Perfluorooctanoic Acid Risk Assessment (PFOA) Review Panel, January 13, 2005, available at
http://www.epa.gov/science1/pdf/pfoa_determination_memo_final.pdf.
7 U.S. EPA, Office of Pollution Prevention and Toxics, Risk Assessment Division, Draft Risk Assessment of Potential
Human Health Effects Associated with Exposure to Perfluorooctanoic Acid and Its Salts”, January 4, 2005.
8 Specifically, EPA stated in the 2005 draft risk assessment of PFOA that “PFOA may be best described as ‘suggestive
evidence of carcinogenicity, but not sufficient to assess human carcinogenic potential’ under the draft 1999 EPA
Guidelines for Carcinogen Risk Assessment.”
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determine risk management steps that may be appropriate.9 In addition, EPA has implemented a
product stewardship program to eliminate PFOA from facility emissions and product content by
2015.10

1.4.4. Polyethylene

Life-cycle assessments of polyethylene (PE) or of its specific polymers [i.e., high-density
polyethylene (HDPE), low-density polyethylene (LDPE), or liner low-density polyethylene
(LLDPE)] are limited. Polyethylene, similar to most plastics, is derived from hydrocarbon
feedstocks, such as crude oil and natural gas. Polymers of PE are used in a variety of applications,
including cable insulation, packaging material, tubing, commercial products, etc. The lifetime of
these products may range from up to 2 years to 30 years, depending on the type of application and
type of polymer used.11

End-of-life waste from HDPE and LDPE cable insulation and sheathing is typically sorted
into polymer types and conductor materials and re-blended with pigments and additives for reuse.
LDPE cable sheathing and insulation is treated chemically or with radiation to improve its abrasion
resistance, which eliminates its ability to be mechanically recycled. This type of treated PE can only
be used for energy generation or in the feedstock recycling process.12 However any LCA
comparison of HDPE and other PE types would not be relevant to this study as the cable
alternatives only use HDPE. Therefore, any differences in LCI impacts from the PE are based on
differences in volume of PE in each cable type.

1.4.5. Steel

LCAs associated with steel focus primarily on steel production and its uses in construction
(e.g., buildings, bridges, reinforced beams); however, LCA data on steel conduit is not readily
available. In 1996, the International Iron and Steel Institute (IISI) initiated an LCA-based data
collection project entitled the IISI Worldwide Life Cycle Inventory Study for Steel Products, which
collected LCI data and developed a methodology for evaluating the data.13 IISI’s methodology and
LCI data are standard for conducting life-cycle assessments of steel products, and include steel

9 For example, in 2006 EPA and eight major companies created the 2010/15 PFOA Stewardship Program, committing
them to reduce facility emissions and product content of PFOA and related chemicals by 95 percent by 2010 and to aim
to eliminate PFOA emissions and product content by 2015. Companies participating in the Stewardship Program are
3M/Dyneon, Arkema, Inc., AGC Chemicals/Asahi Glass, Ciba Specialty Chemicals, Clariant Corporation, Daikin, E.I.
DuPont de Nemours and Company, and Solvay Solexis.
10 2010/15 PFOA Stewardship Program, U.S. EPA, October 2006 (http://epa.gov/oppt/pfoa/pubs/pfoaguidance.pdf).
11 United Nations Environment Programme, Technical Guidelines for the Identification and Environmentally Sound Management of
Plastic Wastes and for Their Disposal. Conference of the Parties to the Basel Convention on the Control of Transboundary
Movements of Hazardous Wastes and Their Disposal, Sixth Meeting. 23 August 2002.
http://www.basel.int/meetings/cop/cop6/cop6_21e.pdf
12 United Nations Environment Programme, Technical Guidelines for the Identification and Environmentally Sound Management of
Plastic Wastes and for Their Disposal. Conference of the Parties to the Basel Convention on the Control of Transboundary
Movements of Hazardous Wastes and Their Disposal, Sixth Meeting. 23 August 2002.
http://www.basel.int/meetings/cop/cop6/cop6_21e.pdf.
13 IISI focused on the following steel products in its data collection effort: plate, pipe, hot-rolled coil, pickled hot rolled
coil, cold-rolled coil, finished cold rolled coil, electrogalvanized coil, hot dip galvanized coil, tin plate coil, tin-free coil,
organic coated coil, cold formed sections, section rolling, rebar, and engineering steel. For additional information, see
the International Iron and Steel Institute at http://www.worldsteel.org/?action=storypages&id=110.
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recycling at the end of product life.14 While various steel products may be preferable from an
environmental standpoint where they reduce the weight of the product (high-strength steel),
lengthen product lifetime (corrosion-resistant steel), or are recycled, LCAs of steel used in large-scale
construction showed it to have greater environmental impact than other construction materials such
as concrete. For example, a study of steel in concrete bridge design, conducted using the IISI
methodology, found that engineered cementitious composite links were more environmentally
favorable than steel expansion joints.15 Another LCA comparing steel- and concrete-framed
buildings found that steel frame with concrete slab buildings were more energy intensive than a cast-
in-place concrete frame, and produced more CO2 and SOX, but less NOX.16 An LCA comparing
elements of an office building (i.e. materials, construction, use and maintenance) found that
steel/cast iron were the most significant contributors to climate change, acidification, smog, and
heavy metals.17 Recycling steel, however, can reduce energy use and CO2 emissions.18

1.4.6. Zinc

Zinc is used for coating the steel conduit as well as a lead stabilizer in cable. Many life cycle
assessments have been conducted on zinc production, and on nickel-zinc and silver-zinc batteries,
but not on zinc specifically in the context of cable and steel conduit. Zinc production varies
according to the mining process used to extract the material. Lead and zinc frequently occur
together, and are mined either as individual metal concentrates or combined bulk concentrates.
Individual zinc concentrates are processed using the electrolytic process, whereas bulk concentrates
of zinc and lead must be produced and separated using the imperial smelting process (ISP). Given
that the economic benefits of producing individual concentrates of each mineral are greater than
producing bulk concentrates, approximately ninety percent of all zinc is produced as individual
concentrate using the electrolytic process. However, an LCA of these two production processes
found that zinc produced by the electrolytic process generally has a greater environmental impact
than zinc produced by the ISP.19 Table 1-2 summarizes the results of this LCA study for all
environmental impact categories included in the analysis.

14 Broadbent, Clare. Steel and IPP European steel industry initiative: promoting sustainable development through eco-design, European
Confederation of Iron and Steel Industries (EUROFER), Brussels http://www.mech.kuleuven.be/lce2006/180.pdf.
15 Keoleian, Gregory, Alissa Kendall, Jonathan Dettling, Vanessa Smith, Richard Chandler, Michael Lepech, and Victor
Li, Life Cycle Modeling of Concrete Bridge Design: Comparison of Engineered Cementitious Composite Link Slabs and Conventional Steel
Expansion Joints, Journal of Infrastructure Systems (March 2005): 51-60.
16 Guggemos, Angela Acree, and Arpad Horvath, Comparison of Environmental Effects of Steel- and Concrete-Framed Buildings,
Journal of Infrastructure Systems (June 2005): 93-101.
17Junnila, Seppo, and Arpad Horvath, Life-Cycle Environmental Effects of an Office Building, Journal of Infrastructure Systems
(December 2003): 157-166.
18 For an example of a life cycle assessment of steel production see L.G. Brimacombe, N.R.B. Coleman, and C.V.
Honess, The Sustainability of Steel and the Value in Recycling, Corus Research, Development and Technology,
http://www.vito.be/erscp2005/documents/papers/PAPER089.PDF.
19Norgate, T.E. and W J Rankin, “An Environmental Assessment of Lead and Zinc Production Processes”, Green
Conference Proceedings of the Australasian Instituted of Mining and Metallurgy, 2002.
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NFPA 262 Standard Method of Test for Flame Travel and Smoke of Wires and Cables for Use in Air-Handling
Spaces. Testing and performance criteria CMR cables are much less demanding than those for CMP
cables.

Although conduit has been tested as non-combustible under extreme temperatures reaching
2,000oF, conduit manufacturers cannot verify the condition of the insulation of the conductors
within the conduit when subjected to that temperature.20 There is also an effort currently underway
to further raise the standards for fire safety, requiring cables installed in concealed spaces to be
“limited combustible” (LC). LC cables would be required to have higher flame retardancy and less
smoke production than CMP cables. Fluoropolymer compounds would be one of the few jacketing
materials currently available that would meet LC performance requirements. For the latest revision
of the NEC in 2005, the decision was made not to include the LC designation. The scope of this
project does not include LC cables, however, this could be considered another alternative for future
study.

1.6. Need for the Project and Target Audience

Currently global and local environmental concerns related to energy consumption, global
warming, and the production, use and disposal of synthetic material, including halogen-containing
material, are prevalent. The wire and cable industry manufactures a wide range of products that
support a multitude of applications. Many wire and cable compositions contain materials that
impart electrical insulation and fire performance properties but that have been identified as materials
of potential environmental concern. Further, resources required to extract and manufacture other
materials (e.g., steel conduit) must be considered when evaluating environmental impacts of
alternatives. Alternatives that pose fewer environmental impacts are of interest to many wire and
cable companies and their customers, if performance and cost requirements can be met. Because of
the large quantity of wire and cable put into commerce every year, choosing environmentally
preferable materials could have a broad impact on public health and the environment. It is
important to note, however, that the LCA does not consider cost or other economic factors that
may be considered when selecting alternative cable products. In addition, the study does not
consider criteria beyond those described in the product system (see Section 1.7).

As noted previously, this project generates information on the environmental impacts of
functionally equivalent cable installations of FEP insulated (and non-lead stabilized PVC-jacketed)
cable versus a PE-insulated (and non-lead stabilized PVC-jacketed) cable in metal conduit in plenum
space in order to help building owners, architects, and HVAC engineers make environmentally
sound product and material choices. We believe that developing and providing sound
environmental data using a life-cycle assessment approach will assist those and the targeted audience
to pursue environmentally preferable alternatives.

Identification of impacts from the life-cycle of the wires and cables can encourage industry
to implement pollution prevention options, such as development and demonstration projects, and
technical assistance and training. Industry can use the tools and data in this study to evaluate the
health, environmental, and energy implications of the technologies. With this evaluation, the U.S.
wire and cable industry may be more prepared to meet the demands of extended product
responsibility that are growing in popularity in the global marketplace, to help guide public policy

20 Steel Tube Institute, Steel Conduit Products (http://www.steelconduit.org/Q_A.htm#9).
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towards informed solutions that are environmentally preferable based on scientific study, and to be
better able to meet the competitive challenges of the world market. In addition, the inventory data,
results, and model in this study will provide a baseline LCA upon which other alternative cable
formulations can potentially be evaluated. This will allow for more expedited LCA studies, which
are growing in popularity by industry and may be demanded by original equipment manufacturers or
international organizations.

We expect that the information in this study should help building tenants and electrical
engineers select and install cable systems in the plenum space that (a) meet the safety and
transmission performance requirements of the end-use application, (b) pose fewer risks to
occupational and public health, and (c) have the least impact on the environment. Accordingly, in
addition to the target audience, installers, demolition companies, cable manufacturers, conduit
manufacturers, and organizations developing green building standards will also likely have an interest
in the findings of the study.21

1.7. Product System

1.7.1. Functional Unit

In a LCA, product systems are evaluated on a functionally equivalent basis. The functional
unit normalizes data based on equivalent use to provide a reference for relating process inputs and
outputs to the inventory and impact assessment across alternatives. The product systems being
evaluated in this project are cable constructions with FEP-insulated cable and PE-insulated cable in
metal conduit.

The functional unit for each cable type includes the cable wire and conduit used in a linear
length of cable (one kilometer)22, which would be used to transmit a signal that meets certain UL
performance requirements and fire safety specifications for the product types listed in Table 1-1.
Most telecommunications network cables in plenum space are expected to achieve a minimum
service life of 10 to 15 years; therefore, both systems are assumed to have the same service life.

Based on a typical installation for office buildings, we estimated a total material mass of
approximately 78 kg per kilometer of the installed CMP cable system and 167 kg per kilometer of
the installed CMR cable system. Table 1-3 provides a breakdown of the mass of each component of
the cable types we are assessing.

21 Note that currently the Leadership in Energy and Environmental Design (LEED) standards do not include
mechanical, electrical and plumbing standards.
22 To calculate industry-wide impacts, the functional unit can be multiplied by the total volume of cable. For example,
the U.S. market for CMP cable is ~1.8 million km/year (Socolof et al., 2008).
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Table 1-3. Alternative Cable Applications in Plenum Spaces a

CMP Cable b CMR in Steel Conduit b

Components
Mass

(lbs/ft)
Mass

(kg/km)
Percent
Total

Mass
(lbs/ft)

Mass
(kg/km)

Percent
Total

Copper 0.014 21 28% 0.015 22 13%
Resin 0.010 15 19% 0.0096 14 9%
Flame Retardant/plasticizer 0.0035 5.3 7% 0.0033 4.9 3%
Filler 0.00060 0.89 1% 0.00053 0.78 0%
Separator 0.00043 0.64 1% 0.00029 0.44 0%
Stabilizer 0.00017 0.25 0% 0.00053 0.79 0%
Other 0.00030 0.45 1% 0.00030 0.44 0%

Cable Construction 0.029 44 56% 0.030 44 26%
Basket Tray 0.010 15 20% NA NA NA
Support Materials 0.013 19 24% 0.015 22 13%
Conduit and
Wireway/Raceway c NA NA NA 0.067 100 60%

TOTAL d 0.052 78 100% 0.11 167 100%
Sources/Notes:
a Information on cable systems obtained from an office building designer.
b Mass of cable wire includes copper, plastics, additives, etc.
c Based on a typical office building installation. Wireway/raceway is essentially an enclosed channel of metal that
forms a pathway for holding cables.
d Some figures may not sum to total due to rounding.

1.7.2. Cable Systems

The most prevalent communications cable construction used in the plenum is the 4 pair
unshielded twisted pair (UTP) design, and that construction is what is evaluated in this study. As
illustrated in Figure 1-1, this cable normally consists of pairs of insulated conductors, separated by a
cross-web, all encased in a jacket. The cross-web allows enough separation between the twisted
pairs in a cable to reduce signal crosstalk and thereby improve performance.

Figure 1-1. Magnified view of cable wire and components
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Both cable alternatives we are assessing for the SPI project are generally manufactured
according to the following key manufacturing stages:

1. Drawing of copper conductor. Copper is a common material used as conductor in wire
and cable production. Companies that mine and produce copper typically form the copper
into copper rods, which are then shipped to wire drawing companies that manufacture
copper wire from the rods. To ensure performance standards the copper used for
conductors is high purity – consisting of 99.99 percent copper content. Accordingly,
recycled copper is not typically used to manufacture wire.

2. Extrusion process to insulate wire. Once the wire is drawn, it is coated with various
insulating compounds, such as plastic or rubber-like polymers. This insulation separates the
wires, electrically and physically, within the cable.

3. Extrusion process to make cross-web. Category 6 data communications cable typically
includes a central cross-web to improve electrical crosstalk performance of the construction.

4. Twinning and stranding of wires and cabling. Eight insulated conductors are twisted
into pairs and combined with the cross-web into a complex helical strand (see Figure 1-1).

5. Jacketing. The insulated, twisted, and stranded wires are then jacketed via a third extrusion
process with a plastic material.

6. Certification & packaging. Once the cable is constructed it undergoes cable certification
and is packaged for the end-user.

7. Distribution of product. Once these processes are complete, the cable manufacturers send
the cable to electrical distributors for installation in buildings.

Additional stages are required for the steel conduit, and other steel products. Under this
alternative, steel is manufactured and formed into metal conduit using the following process:

1. Production of pig iron in blast furnace. First, the blast furnace is charged with the basic
components of steel (iron ore, limestone, and coke). Coke, a product of coal, is specifically
used for steel production. As hot air is blown into the furnace, the materials are gradually
reduced to pig iron.

2. Production of steel from pig iron. The pig iron is sent to a basic oxide furnace, which is
used for the final refinement of the pig iron into steel. This stage typically uses scrap steel as
an additional input. In addition, chemicals and alloy elements are added to develop a steel
with the desired properties.

3. Pouring of steel into slabs. Once the steel is produced the molten metal is poured into
molds and then cooled using a continuous casting process, which produces large slabs or
ingots.23

4. Rolling of steel slabs. The slabs are then hot rolled into long sheets and then pickled in
baths. Because hot rolling cannot reduce the thickness of the slab as required for tubing,
subsequent cold rolling is undertaken.24

23 Geschwindener, et al., Load and Resistance Factor Design of Steel Structures, Prentice-Hall, Inc., 1994, pages 91 to
94.
24 See US Steel, Sheet Products (www.ussteel.com/corp/sheet).
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5. Production of steel products. Steel conduit manufacturers typically purchase the rolled
steel in various thicknesses and shapes (such as coils) from steel manufactures, and cut it to
various widths to achieve various tube diameters.25 The cut steel is then rolled and welded
using welding methods such as electric resistance welding, and cut to the industry standard
length of 10 feet (see Figure 1-2). Finally, zinc or other corrosion-resistant coating is applied
to the external surface of the tube using such methods as acid baths and an electro-zinc
plating process. Epoxy paint is also applied to the internal surface of the tube to prevent
rusting.

6. Distribution of product. Once these processes are complete, the steel conduit
manufacturer sends the conduit to electrical distributors. The electrical distributors then sell
the conduit to contractors who run wire/cable through the conduit and install the conduit in
buildings.

Figure 1-2. Cable wire in steel conduit.

Steel conduit is manufactured to industry standards, such as the American National Standard
for Electrical Rigid Steel Conduit (ERSC), ANSI C80.1-2005, which establishes uniform dimensions
and standard construction requirements for Electrical Rigid Steel Conduit, Steel Electrical Metallic
Tubing, Electrical Intermediate Metal Conduit, and Electrical Aluminum Rigid Conduit raceway
products and associated components.26 According to this standard, finished conduit is produced in
nominal 10 foot lengths, threaded on each end with one coupling attached, and has an exterior
surface coating composed of a corrosion protectant, such as metallic zinc. 27 These standards specify

25 The industry representative we spoke with said that his company purchased flat rolled steel rolled into a coil weighing
20,000 to 40,000 pounds for pipe and tube manufacturing. This coil arrives with a 60-inch width, which the company
then cuts into two-inch wide pieces.
26 American National Standards Institute, Inc. American National Standard for Electrical Rigid Steel Conduit (ERSC), ANSI
C80.1-2005, August 18, 2005, Table of Contents and brief description available at
http://www.nema.org/stds/complimentary-docs/upload/C80_1.pdf.
27 According to ANSI C80.1-2005, standards incorporated by reference in the text are: ANSI/ASME B1.20.1, Pipe
Threads, General Purpose (Inch); ASTM A 239-95 (1999), Standard Practice for Locating the Thinnest Spot in a Zinc (Galvanized)
Coating on Iron or Steel Articles; ASTM B 499-96, Standard Test Method for Measurement of Coating Thicknesses by the Magnetic
Method: Nonmagnetic Coatings on Magnetic Basis Metals; and UL 6, Electrical Rigid Metal Conduit – Steel. While not incorporated
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1.7.3. Baseline and Alternatives

As presented in Table 1-1, project partners are primarily interested in comparing (1) an FEP-
insulated CMP cable to (2) a PE-insulated CMR cable encased in a metal conduit in the plenum
space.

1.8. Assessment Boundaries

1.8.1. Life-Cycle Assessment (LCA)

The LCA methodology is consistent with the DfE/TURI WCP. LCAs evaluate the life-
cycle environmental impacts from each of the following major life-cycle stages:

1. Raw materials extraction/acquisition
2. Materials processing
3. Product manufacture
4. Product use; and
5. Final disposition/EOL

Figure 1-3 briefly illustrates each of these stages for a wire and cable product system. The
inputs (e.g., resources and energy) and outputs (e.g., product and waste) within each life-cycle stage,
as well as the interaction between each stage (e.g., transportation) are evaluated to determine the
environmental impacts.

As defined by ISO 14040: Environmental Management—Lifecycle Assessment—Principles
and Framework, the four major components of an LCA are (1) goal and scope, (2) inventory analysis
(LCI), (3) impact assessment (LCIA), and (4) interpretation of results. Chapter 1 addresses the goals
and scope phase, Chapters 2 and 3 are the inventory analysis and impact assessment, respectively;
however, much of the life-cycle interpretation will be left to the wire and cable industry. The life-
cycle inventory and impact assessment strategies are briefly described below.

The LCI involves the quantification of raw material and fuel inputs, and solid, liquid, and
gaseous emissions and effluents. The approach to the LCA in this study involves defining product
materials, developing a bill of materials (BOM) of the products, and collecting inventory data for
each process within each life-cycle stage. Additional details of the LCI data gathering activities are
provided in Section 1.9.

The life-cycle impact assessment (LCIA) involves the translation of the environmental
burdens identified in the LCI into environmental impacts. LCIA is typically a quantitative process
involving characterization of burdens and assessment of their effects on human and ecological
health, as well as other effects, such as smog formation and global warming potential. It is
important to note, however, that the LCIA is not equivalent to a risk assessment due to its lack of
spatial and temporal information. Further details of the LCIA impact categories are presented in
Section 1.8.5. This project uses an LCIA methodology that is being used in the DfE/TURI WCP,
and was used in two preceding EPA LCAs (Geibig and Socolof, 2005; Socolof et al., 2001).

Interpretation is the phase of LCA in which the findings from the inventory analyses and the
impact assessment are combined together, consistent with the defined goal and scope, in order to
reach conclusions and make recommendations.
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INPUTS LIFE-CYCLE STAGES OUTPUTS

RAW MATERIALS EXTRACTION/ACQUISITION
Activities related to the acquisition of natural resources, including mining

non-renewable material, harvesting biomass.
TRANSPORTATION

To processing facility.
MATERIALS PROCESSING

Processing natural resources by reaction, separation, purification, and
alteration steps in preparation for the manufacturing stage.

TRANSPORTATION
To product manufacture facility.

Materials PRODUCT MANUFACTURE
Processing materials to compound and extrude wire and cable.

Wastes

Resources TRANSPORTATION
To installation site

Energy PRODUCT USE
Use of wire and cable in buildings and telecommunication applications.

Products

TRANSPORTATION
To disposition facility or landfill

FINAL DISPOSITION
At the end of its useful life, the wire and cables are retired individually or as
part of other equipment or products. Often wire and cable are left in the

plenum space when new cables are pulled. Accordingly, recovery of the wires
may, however, not be undertaken until a major renovation or demolition of
the building. If reuse and recycle of the wire and cable is feasible, the cable

can be transported to an appropriate facility where the conductor is separated
from the insulation for materials recovery. Materials that are not recoverable
are transported to appropriate facilities and treated (if required or necessary)

and/or disposed of.
Steel conduit may also be recovered at the end of its useful life and

transported to a recycling facility or disposed.
Product System Boundary

Figure 1-3. Life-cycle stages of wire and cable alternatives

1.8.2. Life-Cycle Stages and Unit Processes

In a comprehensive cradle-to-grave analysis, the product system includes five life-cycle
stages: (1) raw materials extraction/acquisition; (2) materials processing; (3) product manufacture; (4)
product use, maintenance, and repair; and (5) final disposition/EOL. Also included are the activities
that are required to affect movement between the stages (e.g., transportation). The first two stages
(materials extraction and materials processing) will be represented as one “upstream” life-cycle stage
throughout the LCA.

For each of the cable alternatives analyzed (see Table 1-1), we collected inventory data for
each life-cycle stage. The major processes within the life cycles of the wire and cables modeled in
this study are depicted in Figure 1-4. Each of these unit processes has a separate inventory of inputs
and outputs. As noted previously, unlike the DfE/TURI WCP project, the entire cable construction
is evaluated, including the copper conductor. Therefore the upstream, raw material extraction and
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however, focuses on the use of these cables for telecommunications in the United States. The EOL
stage also focuses on cables that reach this stage in the United States.

This study addresses impacts from cables that were manufactured from 2005 to 2007.
Installation and use of the cables would occur shortly thereafter; however, EOL disposition would
occur after the 10 to 15 year service life for CMP and CMR cables and conduit in plenum space.
Given the lack of temporal specificity in an LCA, EOL impacts are assumed to be based on current
EOL technologies and conditions, despite the potential changes that might occur during the
product’s service life. Thus, we assume that any parameters that may change with time (e.g., landfill
space availability, recycling rates, recycling technologies), will be similar to current conditions and
will remain constant throughout the lifespan of the product system. Note that with a longer product
lifespan, there is greater inherent uncertainty in this assumption.
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Figure 1-4. Wire and cable life-cycle conceptual model
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1.9. Data Collection Scope

This section describes the data categories evaluated in the SPI LCA project, the decision
rules used to determine which materials might be eliminated from consideration, and data collection
methods. It also describes procedures for allocating inputs and outputs from a process to the
product of interest (i.e., a cable) when the process is used in the manufacture, recycle, or disposal of
more than one product type at the same facility. Finally, it describes the data management and
analysis software used for the project and methods for maintaining overall data quality and critical
review.

The study incorporated inventory data collected through the DfE/TURI WCP project. In
addition, it integrated additional data provided by some SPI project partners, including DuPont,
Inc., and Daikin Industries, Ltd.

1.9.1. Data Categories

Table 1-4 describes the data categories for which inventory data were collected, including
material inputs, energy inputs, natural resource inputs, emission outputs, and product outputs. In
general, inventory data are normalized to either (1) the mass of an input or output per functional
unit (in the case of material and resource inputs and emission or material outputs), or (2) energy
input (e.g., megajoules, MJ) per functional unit (in the case of energy inputs). As discussed in
Section 1.7.1, the functional unit is a unit length of cable and associated hardware for a given service
life.

Data that reflect production for one year of continuous processes were scaled to one
functional unit. Thus, excessive material or energy associated with startups, shutdowns, and
changeovers are assumed to be distributed over time. Consequently, any environmental and
exposure modeling associated with the impact assessment reflects continuous emissions such that
equilibrium concentrations may be assumed. If the reporting year is given as less than one year for
any inventory item, the analysis is adjusted as appropriate to the functional unit. Data were also
collected on the final disposition of emissions outputs, such as whether outputs are recycled, treated,
and/or disposed. This information helps determine which impacts are calculated for a particular
inventory item.
Table 1-4. LCI data categories

Data Category Description
Material inputs (kg per functional unit)
Primary materials Actual materials that make up the final product for a particular process.
Ancillary (process)
materials

Materials that are used in the processing of a product for a particular process.

Energy inputs (MJ per functional unit)
Process energy Energy consumed by any process in the life-cycle.
Precombustion energy The energy expended to extract, process, refine, and deliver a usable fuel for combustion.
Transportation energy Energy consumed in the transportation of the materials or products in the life-cycle.
Natural resource inputs (kg per functional unit)
Non-renewable
resources

Materials extracted from the ground that are non-renewable, or stock, resources (e.g., coal).

Renewable resources
(e.g., water)

Water or other renewable, or flow, resources (e.g., limestone) are included in the analysis.
Renewable resource data values are presented in mass of water consumed for a particular
process.
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Data Category Description
Emissions outputs (kg per functional unit)
Air Mass of a product or material that is considered a pollutant within each life-cycle stage. Air

outputs represent actual gaseous or particulate releases to the environment from a point or
diffuse source, after passing through emission control devices, if applicable.

Water Mass of a product or material that is considered a pollutant within each life-cycle stage.
Water outputs represent actual discharges to either surface or groundwater from point or
diffuse sources, after passing through any water treatment devices.

Solid wastes Mass of a product or material that is deposited in a landfill or deep well. Could include
hazardous, non-hazardous, and radioactive wastes. Represents actual disposal of either
solids or liquids that are deposited either before or after treatment (e.g., incineration,
composting), recovery, or recycling processes.

Products (kg of material or number of components per functional unit)
Primary products Material or component outputs from a process that are received as input by a subsequent

unit process within the product life cycle.
Co-products Material outputs from a process that can be used, either with or without further processing,

that are not used as part of the final functional unit product.

1.9.2. Decision Rules

Given the enormous amount of data involved in inventorying all of the input and output
flows for a product system, LCA practitioners typically employ decision rules to make the data
collection manageable and representative of the product system and its impacts.

In this project, decision rules are used to determine which upstream processes to include. In
considering upstream materials, a combination of several factors, including availability of existing
data and manufacturers’ willingness to participate, are considered. Decision rules are also used to
determine whether material flows are excluded from a particular process. This was determined after
inventory data were collected for each process in the product systems.

The decision rule process begins by assessing the materials used in the processes within the
life cycle of the cables for the following attributes:

1. The mass contribution of each material. With a greater mass of materials and resources
consumed, there is a greater potential for a material to have a significant environmental
impact.

2. Materials that are of known or suspected environmental significance (e.g., toxic). Consideration of
materials or components that are known to or are suspected to exhibit an environmental
hazard are included to the extent feasible.

3. Materials that are known or suspected to have a large energy contribution to the systems energy
requirements. As many environmental impacts can be associated with energy
consumption, priorities are given to including materials or processes that are known to
or suspected to consume large amounts of energy.

4. Materials that are physically or functionally unique to one alternative over another. The physical or
functional uniqueness of a material or component could be identified by chemical
makeup or by size.
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Materials that are greater than one percent of the total mass of material required to
manufacture the cable wire and steel conduit product are considered for inclusion in the scope.
Materials between one percent and five percent by mass are considered, but subject to inclusion
based on other decision rules or data availability. All materials greater than 5 percent by weight are
included. Materials of known or suspected environmental or energy significance are also included,
regardless of their mass contribution. Materials that are physically or functionally unique to a cable
product alternative over the baseline construction are considered if it would have been otherwise
eliminated based on the mass cutoff. Products that meet the mass threshold, but for which LCI data
is not available, are noted in the limitations.

1.9.3. Data Collection and Data Sources

Data were collected from both primary and secondary sources. Primary data were directly
accessible, plant-specific, measured, modeled, or estimated data generated for the particular project
at hand. Secondary data were from literature sources, LCI databases, or other LCAs, but may not be
specific to the product of interest. Table 1-5 lists the types of data (primary or secondary) expected
for each life-cycle stage in the SPI LCI. If both primary and secondary data were lacking, various
assumptions and modeling served as defaults.

Table 1-5. Data Types by Life-Cycle Stage

Life-cycle stage Data types Scope
Upstream (materials
extraction and processing)

Secondary data; primary FEP
data. Greater emphasis

Product manufacturing Primary data or secondary data
for industry averages. Greater emphasis

Installation/Use Secondary data for industry
averages. Limited

Final disposition
(recycling and/or disposal) Primary and secondary data.

Greater emphasis (include
value and in-kind use of
recycled materials)

Packaging, transportation,
distribution

Primary data for transport
mode and distance; secondary
data for vehicle-specific
inventories.

Less emphasis; packaging
and distribution not
included.

1.9.4. Allocation Procedures

An allocation procedure is required when a process within a system shares a common
management structure or where multiple products or co-products are produced. In the SPI LCI,
allocation procedures may be required when processes or services associated with the functional unit
are used in more than one product line at the same facility. Inputs and outputs are allocated among
the product lines to avoid overestimating the environmental burdens associated with the product
under evaluation.

The International Organization for Standardization (ISO 14040/44, 2006) recommends that
whenever possible, allocation should be avoided or minimized. This may be achieved by sub-
dividing the unit process into two or more sub-processes, some of which can be excluded from the
system under study. For example, if a manufacturer produces only one type of cable, no allocation
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2. LIFE-CYCLE INVENTORY ANALYSIS

The process of quantifying the inputs (e.g., materials, utilities) and outputs (e.g., emissions,
wastes) of a product system is the life-cycle inventory (LCI) phase of a life-cycle assessment (LCA).
A product system is made up of the multiple processes that help produce, use, or dispose of the
product. Each process has an inventory that consists of input and output flows for that process,
and an LCI of a product system consists of several inventories for processes throughout the life
cycle of the product. This chapter presents the data collection methodology for each life-cycle stage,
in Sections 2.1 through 2.5, followed by the LCI results in Section 2.6. Many of the data used for
the DfE/TURI WCP are also used in this project. Further details on the DfE/TURI WCP
inventory are provided in Socolof et al. (2008) and differences from the two studies are highlighted
below as applicable.

2.1. Upstream Materials Extraction & Processing Life-Cycle Stages

This section addresses the LCIs related to two major life-cycle stages—materials extraction
and materials processing (ME&P)—which together will be referred to as the life-cycle stages that are
“upstream” of the product manufacturing (i.e., compounding , extruding, and conduit production)
stage.

The purpose of this section is to present the approach used to obtain process-specific
inventory data, from primary and secondary sources, related to extraction and processing of the
materials needed to produce wire and cable conductors, insulation, and jacketing compounds, and to
produce steel conduit. With the exception of the copper conductor and steel conduit, the LCI for
this SPI project relies on data collected for the DFE/TURI WCP project. Numerous materials and
upstream processes are used to produce wire and cable insulation and jacketing compounds.
Therefore, decision rules were used to limit which materials to include in the scope of the LCA.
Existing data from secondary sources were used where available. For inventories related to materials
extraction and materials processing, various databases with input and output LCI data exist for
materials commonly used in the wire and cable industry (i.e., PVC, HDPE, and certain fillers) and
for materials used in the production of steel conduit. However, data do not exist for most of the
flame retardants, heat stabilizers, plasticizers, and other resins (e.g., FEP) used in the insulation and
jacketing compounds. Because of the lack of available secondary LCI data, the primary data were
sought for these materials.

This section of the report first identifies materials considered for inclusion in the ME&P
life-cycle stage. The remainder of the section presents the WCP methodology for collecting
upstream data, including data sources, and the limitations to using the upstream data.

2.1.1. Materials selection

This section describes the decision process for including materials in the upstream LCI data.
The first step in collecting upstream data was to identify those materials that are used in producing
the cables and the steel conduit, both primary materials and ancillary materials (i.e., fuels and process
materials), and to develop a bill of materials for both cable options.







Plenum Space Communication Cable LCA October 30, 2009

30

Primary LCI data for FEP manufacturing were collected under the DfE/TURI WCP project
and are used in the current study. FEP is synthesized from hexafluoropropylene (HFP) and
tetrafluoroethylene (TFE) via emulsion polymerization. A 68:32 molar percent HFP:TFE vapor
mixture is fed to a heated reactor containing a surfactant, a perfluoropolyether, and deionized water.
A free radical initiator solution starts the polymerization, and additional HFP, TFE, and initiator
solution are added as the polymerization proceeds. LCI data included in the WCP cover the
synthesis of FEP from fluorspar, sulfuric acid, methane, and chlorine. Figure 2-1 shows the steps in
the synthesis of TFE, HFP, and FEP (Ring et al., 2002):

HFP Synthesis: (CF3CF = CF2):
TFE --> HFP (pyrolysis)

HFP Synthesis: (CF3CF = CF2):
TFE --> HFP (pyrolysis)

TFE synthesis (C2F4):
2CHClF2 --> CF2 --> C2F4 + 2HCl (pyrolysis)

TFE synthesis (C2F4):
2CHClF2 --> CF2 --> C2F4 + 2HCl (pyrolysis)

Synthesis of FEP:
HFP + TFE --> FEP

Synthesis of FEP:
HFP + TFE --> FEP

Chlorodifluoromethane preparation (CHClF2):
CHCl3 + 2HF --> CHClF2 + HCl (SbF3 catalyst)

Chlorodifluoromethane preparation (CHClF2):
CHCl3 + 2HF --> CHClF2 + HCl (SbF3 catalyst)

HF preparation:
CaF2 (fluorspar) + H2SO4 --> 2HF + CaSO4

HF preparation:
CaF2 (fluorspar) + H2SO4 --> 2HF + CaSO4

Chloroform preparation (CHCl3):
CH4 + 3Cl2 --> CHCl3 + 3HCl

Chloroform preparation (CHCl3):
CH4 + 3Cl2 --> CHCl3 + 3HCl

Figure 2-1. Fluorinated Ethylene-Propylene Synthesis
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This study included upstream production of major materials in the cables (e.g., FEP) as
defined by decision rules described earlier; however, it did not include in its scope upstream
production of major materials used to produce the upstream materials (e.g., production of fluorspar,
which is used in FEP production, is not included as an upstream process; however, these materials
are included in the cable inventories and any impacts associated with those flows are included).

Polypropylene and polyethylene are two resins used in the CMR separators (crosswebs) that
meet the mass cutoff decision rules. Secondary data for HDPE described above is used, as well as
secondary data available in GaBi 4 for polypropylene. The polypropylene data within GaBi was
secondary LCI data derived from the Eco Inventories of the European Polymer Industry
(PlasticsEurope). The GaBi 4 documentation does not note the sample size, location, and total mass
output of the representative plants.

2.1.2.2. Plasticizer manufacturing

The wire and cable industry incorporates plasticizers into PVC in order to make it flexible
and workable. The wire and cable industry uses many different plasticizers; most commonly
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phthalate esters and trimellitates. The wire and cable industry uses many different phthalate esters in
PVC compounds. The DfE/TURI WCP project was unable to collect primary data for plasticizer
manufacturing; therefore, secondary LCI data from Ecobilan for the production of the three major
phthalate esters—dioctylphthalate or di-2-ethylhexyl phthalate (DOP or DEHP), diisononyl
phthalate (DINP), and diisodecyl phthalate (DIDP)—were used as a surrogates in this study
(Ecobilan, 2001).

Phthalate esters are manufactured by reacting phthalic anhydride (PA) with two moles of
oxo alcohols to produce the ester (Kattas et al., 2000; Ecobilan, 2001). The length and nature of the
oxo alcohols (C1 to C13) used to make the esters affects their properties. DEHP is produced from
2-ethylhexanol, DINP is produced from isononyl alcohol, and DIDP is produced from isodecyl
alcohol (Ecobilan, 2001). The Ecobilan study collected primary data for the production of DEHP,
DINP, and DIDP; and the main intermediates: phthalate anhydride (PAN), C8 and C9 olefins,
synthesis gas, n-butyraldehyde, 2-ethylhexanol, isononyl alcohol, and isodecyl alcohol.

Since the Ecobilan data are general to three major phthalate esters, they are used to represent
all the phthalate plasticizers in this project. This approach was chosen over excluding upstream data
for the plasticizers, which are greater than 2 percent of the total mass for both CMR and CMP
cables.

Trimellitate esters are used as plasticizers in wire and cable compounds in conjunction with
phthalate esters. The DfE/TURI WCP project was unsuccessful in its attempts to collect primary
data for the manufacture of trimellitate esters, and no sources of secondary data were identified;
therefore, this LCA does not include an LCI dataset for the manufacture of trimellitate esters.
Trimellitate plasticizers represent approximately 5 percent of the total CMR cable mass.

2.1.2.3. Flame-retardant manufacturing

Flame retardants are added to PVC in order to slow the spread of fire, reduce the amount of
heat and smoke emitted during a fire, and cause a fire to self-extinguish. Aluminum trihydrate
(ATH, aluminum hydroxide) is the most commonly used flame retardant in U.S. wire and cable,
comprising 73 percent of the market in 1998 (TURI, 2002). Antimony trioxide/oxide (ATO),
ammonium octamolybdate, and brominated phthalates are also used as flame retardants in the cables
that the DfE/TURI WCP evaluated and that the SPI project is also evaluating.

The DfE/TURI WCP project was unsuccessful in its attempts to collect primary data for the
manufacture of these four flame retardants. Although secondary LCI data were available for ATH
production, no secondary data were available for ATO, ammonium octamolybdate, or brominated
phthalates. Accordingly, these flame retardants were not included in the LCA. However, ATH
represents the majority (by weight) of all flame retardants used in the CMR and CMP alternatives
this study is evaluating.

A secondary data set for the production of ATH was used in this study, from the SP
Swedish National Testing and Research Institute (Andersson et al., 2005). ATH is a heat-absorbing
flame retardant that removes heat by using it to evaporate water from its structure (Kattas et al.,
2000). It is typically used in flexible PVC formulations in the 20 to 50 phr (parts per hundred parts
resin) range (Kroushl, 2004). ATH is typically manufactured from the mineral bauxite, which
contains 40-60 percent alumina, silica (silicon oxide), iron oxide, and titanium dioxide. In the Bayer
process for alumina production, the alumina is dissolved in hot sodium hydroxide solution, and the
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iron oxide and other oxides are removed as insoluble “red mud.” The solution is then purified, and
aluminum trihydrate is precipitated by cooling the purified solution and seeding with aluminum
trihydrate crystals (Beck, 2001).

Antimony trioxide (ATO) is a flame retardant synergist that acts to enhance the flame
retarding properties of bromine- or chlorine-based flame retardants (Kattas et al., 2000). It is used in
PVC-based compounds in the 2 to 3 phr range (Kroushl, 2004). ATO is produced from stibnite
ores (antimony trisulfide) or as a by-product of lead smelting and production (IARC, 1989). The
manufacture of ATO involves a sublimation reaction of antimony metal with oxygen. Commercial
ATO generally contains a maximum up to 0.25 percent of lead and up to 0.1 percent of arsenic
contaminants on a weight basis (EFRA, 2006). In cables (in this study) that use ATO, the ATO is
less than 3 percent by mass of a length of cable.

2.1.2.4. Fillers

The primary fillers used in the manufacture of wire and cable are limestone (CaCO3) and
calcined clay. The inventory for the production of both minerals was obtained from secondary data
contained within GaBi. The inventory for limestone was based on studies from 1995, 1997, and
1999 documented in German. The source of the inventory for calcined clay, or kaolin, was from
1995 data.

2.1.2.5. Steel

Steel is a metal that can be recycled without loss of physical properties, and recycled steel
comprises a significant proportion of many steel products, therefore the use of system boundary
expansion techniques in conducting LCAs is well supported.31 The manufacture of steel used to
produce cable conduit and supports generally proceeds through the blast oxygen furnace (BOF) route.
This route typically uses a proportion of steel scrap in conjunction with mined and processed pig iron
to produce finished steel. System boundary expansion techniques were applied in this analysis using a
methodology developed by the International Iron and Steel Institute (IISI, 2005). Following the IISI
methodology, the recycling efficiency of a steel product system is used to determine the burden of
BOF steel used in steel conduit production.

The IISI steel recycling methodology uses the recycling efficiency of the overall steel market to
credit the system with offsetting the mining of more iron, or production of primary steel, in
downstream steel uses. For instance, if a production system for a steel product uses 1 kg of steel in the
finished product and at the EOL recycles enough steel scrap to produce 0.7 kg of recycled steel, it
follows that other production systems that use steel could use this recycled steel, and would not be
required to produce 0.7 kg of primary (or virgin) steel. The original system is therefore ascribed a
burden equivalent to 0.3 kg of primary steel and 0.7 kg of secondary, or recycled, steel. This
methodology models the recyclability of steel and how secondary steel would then be incorporated
into steel product as recycled content.

31 System boundary expansion techniques incorporate the effect of downstream use of co-products/by-products beyond
the generally assumed boundaries of a specific product system into the burden attributed to that system. Because
recycled metals are assumed to be used downstream by systems outside of the W&C systems modeled in this study, the
W&C systems can be credited with avoided burden of primary metal production in these downstream recipient systems.
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The LCI of steel used in the production of wire and cable conduit and support structures for
CMR and CMP communications cables is more formally calculated using the following equation:

LCI of steel including EOL = Xpr – RR*Y*(Xpr – Xre)

Where,

Xpr = The LCI of the product made with 100% primary steel

Xre = The LCI of the product made with 100% secondary (recycled steel)

RR = The proportion of used steel gathered for recycling

Y = The recycling process metallic yield (i.e., the ratio of the yield of recycled metal to the
scrap input)

The IISI methodology results in a burden ascribed to steel that is equivalent to 13.6 percent of
the steel being primary and 86.4 percent of the steel being secondary.

Because the production of steel does not usually proceed through a 100 percent primary steel
process, the analysis developed a steel process using existing steel production process inventories. The
BOF steel production process used in these models, which assumes 0.212 kg of steel scrap for every
kilogram of steel produced, was modified by removing the burden of the scrap steel (assumed
equivalent to the burden of recycling the scrap). Secondary, or recycled, steel burden was assumed to
be equivalent to the electric arc furnace (EAF) process, which is the most widely used steel recycling
method.

The BOF and EAF inventories used to model steel manufacture are from Ecoinvent data,
which are derived from European industrial data, because no equally comprehensive data was found
for US domestic steel production.

2.1.2.6. Copper Conductor

The manufacture of copper for use as the cable conductor was modeled using the same system
boundary expansion technique used in the IISI steel recycling model, because the high purity copper
used in communications cable is typically recycled to other applications given its high demand. The
recovery rate (RR) and the metallic yield (Y) for copper production in this system are 0.95 and 0.763,
respectively, resulting in 27.5 percent of the burden attributed to primary copper and 72.5 percent of
the burden to secondary copper production, or recycling. The upstream manufacture of copper also
requires the forming of copper sheets into rods prior to wire drawing and extrusion.

Upstream copper production is modeled as the result of two consecutive processes, both
drawn from the European Ecoinvent database: the production of high-purity copper sheets, and the
production of copper rods or coils from these sheets. These processes were added upstream to cable
extrusion. The copper used to produce the rods was modeled as >97 percent virgin copper and <3
percent prompt (pre-consumer, within-plant) scrap.
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The purpose of this section is to present the approach for obtaining process-specific inventory
data related to the manufacturing stage (i.e., compounding, crossweb manufacturing, and extruding) of
two cable types: Category 6 CMP-rated telecommunications cable, and Category 6 CMR-rated
telecommunications cable in steel conduit. LCI inputs for the manufacturing stage of the SPI project
include primary materials used in the insulation and jacketing compounds and in the cable extrusion
process, ancillary materials used to manufacture the compounds and extrude the cables, and energy
and other resources consumed in the manufacturing of the compounds and extrusion of the cables,
including copper conductor wire drawing. LCI inputs also include materials used in the manufacture
of steel conduit. LCI process output flows include primary products; co-products; and releases to air,
water, and land.

2.2.1. Data collection

Primary data for cable compounding and extruding were collected through site visits or
through the distribution of data collection forms during the DFE/TURI WCP project for all of the
processes associated with the cable manufacturing life-cycle stage (details provided in Socolof et al.,
2008). Secondary data were used to model copper manufacturing. For steel conduit and support
structure manufacturing, the analysis relies on one company’s estimates on the steel required to model
the installation materials for the functional unit. Data collected from all processes were scaled to
represent the mass of the material required per functional unit, which for the SPI project is one
kilometer (3,281 feet) of cable. Process data collected based on volume were converted to mass using
the product’s density. In cases where data collected covered the processing of more than one type of
compound or cable (e.g., monthly energy consumption for a process producing multiple compounds
or cable types), data were allocated to the various compound or cable types based on the mass of
product produced. Other data were allocated to the compounds or cables using appropriate
conversions, where applicable. Multiple data sets collected for a single process were aggregated before
being used for analyses in the study. Data were aggregated to generate a single value for each
inventory item, to represent an industry average and to protect the confidentiality of individual data
points.

2.2.2. Telecommunications cables

The SPI project is evaluating two types of telecommunications cables: Category 6 riser-rated
cable (CMR) in steel conduit and Category 6 plenum-rated cable (CMP). These cables consist of four
pairs of insulated copper conductors that are separated by a crossweb and encased in a plastic jacket.
Primary data for the manufacturing life-cycle stage were collected from compounders, crossweb
manufacturers, and extruders through a series of facility site visits and through the distribution of data
collection forms. Although these processes vary slightly by manufacturer and cable type, the overall
process for manufacturing telecom cables follows a similar series of process steps. For a detailed
diagram of the modeled cable manufacturing process, see Figure 2-2 in Socolof et al., 2008, which
displays a flow diagram for both CMR and CMP cable manufacturing.

Compounding, a preliminary step in the manufacturing stage, involves the blending of the base
jacketing resin (PVC) with various additives in order to impart desired characteristics (e.g., flame
retardancy, flexibility) in the resin. Within the wire and cable industry, compounding is conducted
either by custom compounders or by the cable manufacturers themselves. Crosswebs, which typically
consist of only the base insulation resin (i.e., HDPE or FEP), are manufactured by extrusion. Cable
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manufacturing is a multi-step process that involves extruding insulation onto the conductors, twinning
two insulated conductors to form a pair, bunching or stranding multiple twisted pairs (cabling),
extruding a jacket over the bunched pairs, and packaging the cable for sale.

Primary data were collected for the three processes—compounding, crossweb manufacturing,
and extruding—that comprise the manufacturing life-cycle stage for telecom cables. The following
subsections describe these processes and the associated data collected for them.

2.2.2.1. Compounding

PVC, which is used as a jacketing for CMR and CMP cables, is given its desired properties
(e.g., flexibility, resistance to thermal degradation, flame retardancy) by compounding the base PVC
resin with a variety of additives—plasticizers, heat stabilizers, and flame retardants—at an elevated
temperature. Although each individual PVC compounder uses its own proprietary mix of additives,
they all employ a similar PVC compounding process.

PVC compounds are prepared in a batch process using blenders that allow precise temperature
control. The compounding process involves high-intensity blending of resin and additives to form a
dry blend powder, which is then compounded using compounding equipment, such as a Farrell
Continuous Mixer (FCM), a Buss Kneader, or twin screw and other machines. The compounded
mixture is then pelletized. The pellets are spherical or cylindrical, with diameters averaging 1 to 5 mm
(Barry and Orroth, 2000).

Electricity is the main energy source used in the compounding process; it is used to power the
blenders and roll mills. The compounding process also uses fuel oil or natural gas to produce steam,
which provides heat to the blenders.

Primary data for manufacturing the CMR and CMP jacketing compounds were collected
directly from the compounders participating in the DfE/TURI WCP project.

2.2.2.2. Crossweb manufacturing

The Category 6-rated CMR and CMP unshielded twisted pair (UTP) telecom cables of interest
to this study contain a crossweb or pair separator. Crosswebs provide physical and electrical
separation of the twisted conductor pairs, which improves the cable’s crosstalk performance.
(Crosstalk is the unwanted interference signal that comes from coupling between one conductor pair
and another; see d’Allmen, 2000.) Although the specific design of the crossweb varies by
manufacturer, the material used in the crossweb is typically chosen so that it mimics the insulation
material used in the cable as closely as possible. The crosswebs used in the cables of interest to this
study generally consist of virgin or postindustrial recycled PE (for CMR cables) or FEP (for CMP
cables). Postindustrial sources of FRPE and FEP include resin that does not meet specification, and
bleeder scrap (i.e., the plastic that cable manufacturers generate during the start-up of their extrusion
lines). Postconsumer cable scrap (i.e., plastic collected from cable chopping operations) is currently
not usable as a feedstock for crosswebs because the plastic contains an unacceptable level of copper
fines.

Crosswebs are manufactured by a basic extrusion process. The extruder line consists of a
hopper to hold the resin, a screw extruder, a cooling bath, a puller (to pull the crossweb through the
process), and a reel for winding the final product. Electricity, which is used to heat the extruder, is the
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main energy source used during the crossweb manufacturing process. FEP-based crosswebs require
more energy to extrude than PE-based crosswebs because FEP has a higher melting temperature than
PE; therefore, a higher temperature is required in the extruder.

Primary data for CMR and CMP crossweb manufacturing were collected directly by one
crossweb manufacturer participating in the DfE/TURI WCP project.

2.2.2.3. Cable manufacturing

Cable manufacturing is a multistep process. The conductor material (e.g., copper wire) is first
drawn to the specified diameter. The bare wire is then transferred to the wire coating line, where
electrical insulation material (HDPE for CMR cables, FEP for CMP cables) is extruded onto the
conductor using a single-screw extruder. The wire coating line typically consists of an unwinding roll
for the wire followed by a tension controlled input capstan, possibly a wire straightener, and a wire
preheater, which improves the adhesion of the plastic to the conductor. The wire proceeds from the
preheater to the extruder’s crosshead die, where the melted plastic insulation is applied. Processing
temperatures in the die average 400° F (204° C) for HDPE and 650 to 700° F (343 – 371° C) for FEP.
The coated wire continues through a water bath and/or air cooling system, spark tester, gauge
controller, tension output capstan, and tension controller, and is then wound onto a bobbin or reel.
Output rates for extruding the wire insulation average approximately 550 m/minute (1,800 ft/min) for
FEP and 1,500 m/min (5,000 ft/min) for HDPE (Tyler, 2007).

After the insulation has been applied, two conductors are twisted together (paired) in a process
called twinning. The number of twists per foot is precisely controlled during the twinning process, and
each of the four pairs is twisted differently (i.e., different number of twists per foot) in order to limit
crosstalk between pairs in the final cable. Twinning lines use two motors: one to feed insulated wire
to the process and one to take up the twisted conductor pairs. The next step is cabling, in which four
of the twisted pairs are bunched or stranded together with a crossweb separating the twisted pairs. A
jacket, which protects the conductors from mechanical damage and provides fire retardancy, is then
extruded over the core using a process similar to the one used to apply the wire insulation. Any
markings are printed onto the cable jacketing during this step. Jacketing proceeds at an average speed
of 400 to 500 feet per minute (120-150 m/min); temperatures in the die average 320 to 350° F (160 –
177° C). Both the CMR and CMP cables use compounded PVC for the jacketing. The final cable
product is tested for adherence to electrical parameters and then packaged into customer-desired
lengths.

The primary wastes from the cable manufacturing process (excluding waste from the copper
drawing process) are scrap cable, and insulation and jacketing resins. Any insulation or jacketing that is
bled from the extruding lines during start-up or shut-down is collected and recycled to the process.
Preconsumer PVC waste is relatively easy for PVC compounders and cable extruders to recycle and
reuse as an equivalent for virgin PVC, because the composition is known. Scrap cable from the
process is sent to cable chopping operations for recycling (see Section 2.4). Two datasets were
received for both lead-free CMR and CMP cable manufacturing.

2.2.2.4. Steel conduit and support manufacturing

The production of the steel conduit and supports for the CMR and CMP cable requires a
number of steps beyond the upstream steel manufacture. The steel must be hot-rolled, and, in the
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case of steel that will be used in the conduit, conduit/power poles, and other cast parts, must also be
cold-rolled. Steel used in conduit, conduit/power poles, basket tray, and other cast parts must
additionally be cast, zinc-coated, and welded. No other burden aside from transportation is assigned
to the conduit and support structure manufacture (See Section 2.5).

The CMR cable in conduit is modeled as having 100.4 kg of steel for the conduit and
raceway, and 22.3 kg of steel for other support materials. The total steel used in a kilometer of CMR
cable is therefore 122.7 kg in this analysis.

The CMP cable is modeled as having no steel conduit, 15.2 kg of steel for the basket tray, and
18.9 kg of steel for the other support materials. The total steel used in a kilometer of CMP cable is
therefore 34 kg in this analysis.

2.2.3. Limitations and Uncertainties

Limitations and uncertainties related to the manufacturing stage data collection process include
the fact that companies were self-selected, which could lead to selection bias (i.e., those companies that
are more advanced in terms of environmental protection might be more willing to supply data than
those that are less progressive). Companies providing data also may have a vested interest in the
project outcome, which could result in biased data being provided. Where possible, multiple sets of
data were obtained for this project to develop life-cycle processes. Additional limitations to the
manufacturing stage inventory are related to the data themselves. Specific data with the greatest
uncertainty include the utility data for multiple processes that were scaled to the specific process or
processes of interest to the SPI project.

2.3. Use Life-Cycle Stage

The use stage encompasses installation, use, maintenance, repair, and reuse of the two cable
installation alternatives. During these activities any input flows such as materials, fuels, and electricity
are assumed to be similar for each alternative within a cable type, except that more steel is installed as
conduit for the CMR in conduit alternative. However, exposure concerns resulting from the steel
conduit installation are not anticipated. Further, no direct outputs would be anticipated. While
installers could be exposed to dust recirculated within an existing installation site from aging cable
insulation and jacketing, these exposures are expected to be minimal, and if they are associated with
the outer jacketing of the cables, they are of similar construction (compounded PVC) and neither
contain lead. The use stage has not been included in the SPI project because differences in inputs and
outputs, and potential exposures are anticipated to be minimal Potential exposure to workers
removing cables is discussed in Section 2.4, although the SPI project does not quantify such exposures.
Because this life-cycle stage is excluded, care must be taken not to interpret results as the full life-cycle
of an individual alternative, but rather as a comparison of differences among alternatives. Further
detail on the installation of cables is provided in the DfE/TURI LCA (Socolof et al., 2008).

2.4. End-Of-Life (EOL)

The major EOL dispositions for cables that are removed from the structure in which they
were installed include recycling, incineration, and landfilling. The EOL dispositions for the steel
support materials include recycling, landfilling, and possibly incineration, though, in this study, we
assume that all non-recycled steel is sent to a construction and demolition (C&D) landfill. In addition
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to the EOL dispositions that would occur when a cable is physically removed, a fire could cause a
cable to reach the end of its life. Reuse is considered part of the use stage, and as such is not discussed
here. Also, while post-industrial cable scrap generated by manufacturers could follow the same
dispositions as EOL cables, only post-consumer waste is included under the EOL discussion. Post-
industrial recycling occurring within a manufacturing facility is captured in the manufacturing life-cycle
stage. The following sub-sections examine the EOL options for CMR and CMP communications
cables and their steel supports. They describe each disposition and estimated probability distribution
at the EOL.

2.4.1. Recycling

Recycling of copper cables is motivated by the high value of copper. Wire and cable recycling
for copper recovery is currently estimated at 95 percent (Bartley, 2006). We assume that this includes
the proportion that is sent overseas, and that the estimate recognizes that a proportion of what is sent
for recycling is sometimes first re-used. However, we still assume that the ultimate disposition (after it
is reused) is to recycle the cables for the copper content. Provided the value of copper continues to
remain high, we expect recycling to continue to be prevalent at the time when the cables produced
now reach their EOL (e.g., 10 or 15 years for communications cables).

The first step of recycling is to separate the conductor from the insulation and jacketing. The
copper is then sent to a copper smelter for reprocessing. The remaining resins are either disposed of
or also reprocessed. The cables sent for recycling could either undergo wire chopping, wire stripping,
or burning to separate the copper from the plastic material. Data is limited, however, on the
distribution of recovered cable amount associated with these separation options. However, the UNEP
Basel Convention has restricted the shipment of plastic insulated cables for uncontrolled burning
(Basel Convention, 1992). To model the EOL LCI, the analysis relied on primary data for cable
chopping. For the analysis in this study, we assumed 100 percent of the recovered cable undergoes
chopping, given the lack of LCI data on the other separation options.

Once the copper and plastics fraction are separated, the copper is sent to a copper smelter and
the plastics fraction is either recycled or disposed. The percent of chopped resin that is recycled is
very uncertain. A European Commission study completed in 2000 (Plinke, 2000) provides an upper
estimate that 20 percent of resin in cables sent for recycling is sent to thermoplastic recycling.32 We
assumed an arbitrary midpoint of 10 percent of the resins going to thermoplastic recycling, leaving the
remainder of the chopped resin assumed to be incinerated or landfilled (percentage split described
below). Note, however, that thermosplastic recycling is an open-loop recycling process that is not
within the project scope and therefore not included as a modeled process. This percentage is only
used to estimate percent ultimately going to landfill or incineration.

EOL cables that are not recycled are landfilled or incinerated. Given the limited data on the
distribution of EOL cable, our analysis assumes that the plastics content disposed follows the same

32 Note that this estimate is from a historical point in time and other factors such as different recycling rates, international
shipping of wires and cables, and the introduction of new technologies since the study was done could affect the accuracy of
this bounding estimate. Any conclusions regarding recycling rates should be understood in the context of probable future
progress in the area of recovery technology (e.g., Vinyl2010, 2006). The recycling rate parameter was varied in an
uncertainty analysis in the DfE/TURI project and in only one of the 14 impact categories evaluated (i.e., landfill space
use) was it a major contributor to the overall uncertainty in the results.
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distribution as U.S. municipal solid waste (MSW) to landfills (81 percent) and incinerators (19 percent)
(U.S. EPA, 2005). Accordingly, we estimate that after chopping for recovery of copper, of the
estimated 90 percent of plastics disposed (i.e., not sent for thermoplastic recycling), 17 percent would
be incinerated and 73 percent would be sent to a MSW landfill.

To model the EOL LCI, the analysis relied on secondary data (Simonson et al., 2001) to
identify the emissions and inventory flows for steel and copper recycling, landfilling, incineration, and
structure fires. See the DfE/TURI report for description of fire assumptions, landfilling assumptions,
and incineration assumptions for the LCI data (Socolof et al., 2008).

Recycling of the steel supports is also motivated by high demand, which consequently gives
recycled steel value. Steel recycling is part of a partial closed-loop recycling model, where a percentage
of recycled steel is assumed to be used in the steel parts for the conduit and supports. Closed-loop
recycling is within the scoping boundaries of the study, but is modeled under the upstream life-cycle
stage as the production of secondary steel, which constitutes the recycled content of the steel product
used in the cable installation systems. Similarly, secondary copper is modeled as an upstream process.

2.4.2. Waste-to-energy (WTE) Incineration

Incineration with energy recovery is a viable option for treating the polymer fraction of EOL
cables because of the high energy content that is liberated upon combustion of polymers.
Polyethylene has a heat of combustion of 46 MJ/kg and generates only water and carbon dioxide upon
combustion at temperatures typical of WTE incineration (1,000°C). PVC, which has a heat of
combustion of 18 MJ/kg, consists of carbon, hydrogen, and chlorine, and generates hydrochloric acid
upon combustion. The PVC and PE fractions are typically separated prior to incineration because the
hydrochloric acid formed by burning PVC requires special measures (Hagström et al., 2006). FEP, on
the other hand, generates very little energy, as its heat of combustion is 5.1 MJ/kg (Plastech, 2007).
Although FEP does not burn easily, it emits hydrogen fluoride, a highly toxic gas (Wilson, 2004).
Comparatively, the heat of combustion for automotive gasoline is about 44 MJ/kg (DOE, 1997).

EOL cables that are not recycled are landfilled or incinerated. As stated above, given the
limited data on the distribution of EOL cable, our analysis assumes that the plastics content disposed
follows the same distribution as U.S. MSW to landfills (81 percent) and incinerators (19 percent) (U.S.
EPA, 2005). Accordingly, we estimate that approximately 1 percent of EOL cables not recovered is
incinerated (i.e., 19 percent of the 5 percent not recovered for recycling). After chopping for recovery
of copper, an additional 17 percent would be incinerated (i.e., 19 percent of the estimated 90 percent
of plastics not sent for thermoplastic recycling).

To model the EOL LCI, the analysis relied on secondary data (Simonson et al., 2001) to
identify the emissions and inventory flows for steel and copper recycling, landfilling, incineration, and
structure fires. See the DfE/TURI report for further descriptions of fire assumptions, landfilling
assumptions, and incineration assumptions for the LCI data (Socolof et al., 2008).

2.4.3. Landfilling

PVC encases both the CMR and CMP cables analyzed in this study. According to Scheirs
(2003), landfilling is the predominant means for disposing of PVC waste throughout the world.
Specific estimates of cables landfilled are not available. Thus, as described above, EOL cables that are
not recycled are landfilled or incinerated. We assume that the plastics content disposed follows the
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same distribution as U.S. MSW to landfills (81 percent) and incinerators (19 percent) (U.S. EPA, 2005).
Accordingly, we estimate that approximately 4 percent of EOL cables are disposed of in a C&D
landfill (i.e., 81 percent of the 5 percent of non-recovered cables). After chopping for recovery of
copper, 73 percent of cable plastics would be sent to a MSW landfill (i.e., 81 percent of the estimated
90 percent of plastics not sent for thermoplastic recycling). As stated, the landfilling LCI relied on
secondary data (Simonson et al. 2001) to identify the emissions and inventory flows.

2.4.4. Fire Scenario

A building fire could cause a cable to reach the end of its life prematurely. CMR and CMP
cables are primarily installed in commercial and educational buildings. A conservative upper-bound
estimate for the annual frequency of fires in buildings is about 1.1 percent for those buildings that have
CMR and CMP. Appendix B of the DfE/TURI LCA provides the methodology for making these
assumptions, which used National Fire Protection Association Data and U.S. census data (Socolof et
al., 2008).

There was not, however, sufficient quantitative information regarding the percent of cable
burned in a fire to empirically determine a central estimate. Thus, we applied a default estimate: 10
percent of the cables contained in a building where a fire has occurred are assumed to have been
consumed in the fire (based on best professional judgment, which considered the fact that cable fires
occur but are expected to occur at relatively low frequencies). The default estimate recognizes that fire
protection methods would skew actual burn percentages toward the lower end. Although CMR and
CMP cables might normally have different burn rates, because the CMR is in the conduit, we assume
similar burn rates for both alternatives. Based on the above considerations, the point estimate
calculations conducted in this LCA used a value of 0.11 percent of CMR and CMP cables that reach
the EOL stage through fires. The inventory for cables burned in structure fires relied on secondary
data (Simonson et al. 2001) to identify the emissions and inventory flows.33 See the DfE/TURI report
for description of fire assumptions for the LCI data (Socolof et al., 2008).

2.4.5. Limitations and Uncertainties

Assumptions about the disposition percentages may not truly represent the actual dispositions.
For example, our analysis currently assumes that the dispositions of the EOL cables (after any fires)
for all three cable types will be the same once the cable is removed. However, it is likely that each
cable has different percentages of the plastic component that are recovered. In addition, estimates of
the distribution between landfilling and incineration were based on processing MSW rather than
specifically on processing cable.

Furthermore, the analysis does not give credit for open loop recycling of mixed plastics into
other non-recyclable material/products. That is, this analysis does not account for environmental
savings from the recycled content of materials/products created from the recycled plastics from the
cables. In addition, although the recovery of FEP follows more of a closed-loop process, the LCA
only accounts for this in the data received by crossweb manufacturers whose data incorporated
recycled FEP in their process estimates.

With respect to the LCI data for the analysis, as noted above, our analysis primarily relied on
secondary data from the Simonson et al. (2001) study. Although this study was useful in providing

33 Note that toxicity impacts from smoke that would be generated in an infrequent fire is not considered in this LCA.
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estimates of emission outputs for PVC for the EOL disposition options, it did not include data to
account for the other material in the cable wire we assessed (e.g., FEP, PE, plasticizers, resins).
Therefore, differences in the outputs for each cable type were primarily based on the amount of PVC
per unit length for each cable type.

2.5. Transportation

Transportation impacts for steel conduit and supports are considered for two transport
segments: (i) from the manufacturing site to installation site, and (ii) from the installation site to the
EOL site. Transportation impacts are not included for the cable components because they are
assumed to be identical between the two cable alternatives. Although information on the location of
manufacturing facilities relative to installation sites, and installation sites relative to EOL sites is not
available, the analysis assumes an average distance of 500 miles for both transportation segments.34

Preliminary research also suggests that the average distance where it is economical to transport
("economic distance") cable scrap to cable recyclers (one type of EOL site) is about 600 to 900 miles.
The distance ranges based on the size of cable scrap supplier, relationship with cable recyclers, and
transport costs (e.g., gas). However, some cable scrap and recovered cable are sent overseas to
markets such as China, where demand for raw materials is high. 35

Transportation of steel conduit and supports to the installation site was modeled using the
most suitable transportation process. The analysis assumes a flatbed semi-trailer truck with a 26-ton
payload capacity, the type of truck most commonly used to transport conduit according to one
transportation company. The truck is assumed to be at 85 percent utilization (22.1 ton payload), which
is the default value in the process used. The maximum load of conduit possible for this class of truck
is 24 tons, making the 22.1 ton assumption a conservative one. The transportation process uses built-
in parameters that relate the diesel fuel efficiency of the vehicle to the weight of its payload. Outputs
reflect the resulting tailpipe emissions.

Transportation of used steel from the installation site to a recycling facility was added to the
EOL stage. Assumptions used are the same as in the transportation of steel to the installation site.

2.6. LCI Summary

The LCIs of each cable alternative are the combinations of the upstream, manufacturing, and
EOL data described in the preceding sections. Presented below are figures showing all the processes
modeled for each cable alternative, followed by the total inventories. The total input and output mass
inventory data are summarized by general categories of flows (e.g., emissions to air, emissions to
water). When possible, given proprietary restrictions, more detailed breakdowns of the inventory are
also provided, such as the top contributing processes to the total inventory, and the top contributing
inventory flows associated with the modeled life cycle of each cable alternative.

34 This distance could be varied in an uncertainty analysis to determine the impact on results of a lower or higher
assumed transportation distance from manufacture to installation. For example, the distance could likely vary from 50
to 1,700 miles (the upper bound of this range represents half of the longest distance across the United States (i.e.,
Washington State to Florida State, or 3,400 miles). This assumes that, on average, U.S. companies would travel at most
halfway across the country.
35 Discussion with a cable recycler on April 10, 2007, who wishes to remain anonymous.
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This section presents only the mass flows. Energy inputs are presented in Chapter 3 under the
energy impact category (Section 3.2.2). For the remaining impact categories included in the SPI
analyses, the mass inventory data are then used as the basis of the other impact assessment calculations
in Chapter 3.

2.6.1. Inputs

This section presents the results of an analysis of inventory inputs from the life-cycle of one
kilometer of CMP cable with steel supports, and one kilometer of CMR cable contained in steel
conduit with steel supports. Figure 2-2 compares the total mass inputs of both life cycle systems.
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Figure 2-3 presents a breakdown of the top contributing material input flows, or those that
comprise at least 0.5 percent of the total input mass. Figure 2-4 examines the top contributing energy
resource flows that comprise at least 0.1 percent of the total input mass. Similarly, Figure 2-5 looks at
the top contributing non-energy material resource flows that comprise at least 0.1 percent of the total
input mass. Water, air, and inert rock have been excluded from this figure.
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Figure 2-3. Top contributing input flows (>0.5% by mass)
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Figure 2-4. Top contributing energy resource input flows (>0.1% by mass)
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Figure 2-6 presents a breakdown of the top contributing input processes, or those that
comprise at least 5 percent of the total input mass. Note that the steel-primary production process
includes primary steel production and formation of the steel into the cable installation support
materials.
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2.6.2. Outputs

This section presents the results of an analysis of inventory outputs from the life-cycle of one
kilometer of CMP cable with steel supports, and one kilometer of CMR cable contained in steel
conduit with steel supports. Figure 2-7 compares the total mass outputs of both life cycle systems.
Note that the mass inventories of both product life cycles lack system-wide mass balance of inputs to
outputs. The material flow that contributes most to this imbalance is water. The metal production
and processing steps require large volumes of input water; however the processes used to model these
steps do not provide adequate mass balance, often yielding wastewater volumes approximately two
orders of magnitude smaller than the input volumes. Because the only major contributor to the
system imbalance is water, it is not expected to skew results in other impact categories.
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Figure 2-8 compares the wastewater production over the life cycles of the two products.
Figure 2-9 presents a breakdown of the top contributing material output flows aside from wastewater,
or those that comprise at least 0.5 percent of the total input mass. Finally, Figure 2-10 provides a
comparison of the top contributing output processes that generate at least 3 percent of the total output
mass.
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3. LCIA Results

The mandatory elements of an LCIA, as outlined in ISO 14040/44 and incorporated into this
study, include selection of impact categories, classification of the inventory into appropriate impact
categories, and characterization (i.e., calculation of category indicator results). The LCIA results are
relative expressions and do not predict impacts in category endpoints, or in the exceeding of
thresholds, safety margins, or risks.

This LCIA presents comparative impacts of alternative cable constructions for 19 impact
categories. Of these 19 impact categories, 14 categories use the same method as used in the
DfE/TURI WCP project (Socolof et al., 2008). Of these 14 impact categories, three are direct loading
measures of the inventory (non-renewable resource use, energy use, and particulate matter impacts);
one converts the inventory mass of waste to be landfilled into the volume of landfill space used
(landfill space use – note this excludes materials such as mining overburden and tailings, which are not
deposited into landfills, yet do occupy land space); five use equivalency factors to calculate impact
from relevant inventory flows (global warming, stratospheric ozone depletion, photochemical smog,
air acidification, and water eutrophication); and five use hazard values to assign relative toxicity scores
for materials. Of the five toxicity categories, four address human health concerns: public cancer,
public non-cancer, occupational cancer, and occupational non-cancer. One toxicity category addresses
aquatic ecotoxicity. Further information on any of these 14 impact categories can be found in the
DfE/TURI WCP project report (Socolof et al., 2008). In impact modeling, individual outputs may
have impacts calculated in more than one category. For example, sulfur dioxide air emissions impact
air acidification and human toxicity.

In addition to the 14 impact categories listed above, the LCIA presents five toxicity categories
developed within the US EPA’s Tool for the Reduction and Assessment of Chemical and Other
Environmental Impacts (TRACI): human health non-cancer and cancer toxicity in both air and water,
and aquatic ecotoxicity. Further information on impact categories developed within the TRACI
framework can be found in Bare et al., (2003) and via the U.S. EPA website (U.S. EPA 2008).
However, we recognize the existence of the Apeldoorn Declaration concerning how ecotoxicity
impacts are modeled for non-ferrous metals in this analysis. The results from all 19 impact categories
are presented below.

3.1. Non-Renewable Resource Impacts

Natural resources are materials found in nature, which do not require manufacturing. Non-
renewable natural resources (stock) are typically abiotic materials, such as mineral ore or fossil fuels.
Consumption impacts from non-renewable resources (NRRs) are calculated using direct consumption
values, such as material mass, from the inventory. NRR impact scores are based on the amount of
material inputs, such as non-renewable fuels. Figures 3-1 and 3-2 show the major flow and process
contributors of each cable type.
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Figure 3-2 reveals that the greater impact of CMR cable in conduit is driven by production of
steel and steel components. The difference between alternatives is partially offset by greater non-
renewable resource use for the generation of electricity for the CMP alternative. This greater use of
non-renewable resources is attributable primarily to fluoropolymer production in the CMP cable.

Accounting for the data collection limitations in the inventory and the characterization
method, we have assigned a “medium” data quality measure for the NRR impact category results.

3.2. Energy Use

Energy consumption, calculated from fuel and electricity flows and from associated upstream
processes including the electric grid, is used as an indicator of potential environmental impacts from
the entire energy generation cycle. Energy use impact scores are reported as net calorific energy (low
heat values), based on both fuel and electricity flows. The impact category indicator is the sum of
electrical energy inputs and fuel energy inputs. Fuel inputs are converted from mass to energy units
using the fuel’s heat value and density. The emissions (outputs) from energy production are
classified into other impact categories, depending on the disposition and chemical properties of the
outputs. Figures 3-3 and 3-4 show the major flow and process contributors of each cable type.
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Figure 3-3 shows the CMR in conduit alternative has a greater energy use burden than the
CMP alternative, and Figure 3-4 reveals that primary production of steel and steel components drives
the difference between alternatives.

It should be noted that within processes, the model accounts for energy generation and use in
two distinct ways depending on the source of the underlying data. In processes derived from
secondary data, upstream energy generation is embedded in the inventory. For example, the
generation of electricity needed to power PVC resin production, a process derived from secondary
data, is included in the overall PVC production inventory. As a result, the coal, crude oil, and uranium
used to generate electricity are accounted for as inputs in the PVC resin production process, and not as
inputs in the upstream energy production process. In processes derived from primary data, upstream
energy generation is not imbedded in inventory, and so must be accounted for separately. For
example, cable extrusion, a process derived from primary data, does not include energy generation in
the inventory. As a result, materials used to generate energy are accounted for in the U.S. power grid
and natural gas production processes, and not in the cable extrusion process. Because of this
distinction between primary and secondary data-derived processes, the U.S. power grid and natural gas
production processes listed in Figure 3-4 only account for energy generation used to power processes
for which primary data were collected. These processes include PVC compounding, cross-web
manufacturing, cable extrusion, cable chopping and thermoplastic recycling.

It should also be noted that for the energy use impact category, the model aggregates material
flows (Figure 3-3), but does not aggregate processes (Figure 3-4). Aggregation refers to the net
resource use attributable to a process within a product’s life cycle. For example, the generation of
electricity requires input of energetic materials, such as coal and natural gas, and produces an output in
the form of electricity to the grid. If one were to examine the electricity generation process by itself
(disaggregated), the total energy requirements for the process would be equal to the sum of process
inputs (gross energy use). If, however, one were to analyze the electricity generation process as an
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aggregated part of a product’s life cycle, the total energy requirement would be equal to the amount of
energy used to generate the electricity minus the electrical energy output. Since outputs from upstream
processes can become inputs for downstream processes, aggregated values are typically more useful
measures from a systems standpoint. However, due to the nature of the underlying datasets, it is more
appropriate in our analysis to model energy use as disaggregated processes.

Accounting for the data collection limitations in the inventory and the characterization
method, we have assigned a “medium” data quality measure for the energy use impact category results.

3.3. Landfill space

Landfill impacts are based on the volume of space consumed by solid, hazardous, and
radioactive waste flows that are deposited in landfills. Solid waste landfill use pertains to the use of
suitable and designated landfill space in facilities that accept municipal waste or construction debris.
Hazardous waste landfill use pertains to the use of suitable and designated landfill space in facilities
that accept hazardous waste, as designated and regulated under the Resource Conservation and
Recovery Act (RCRA). Radioactive waste landfill use pertains to the use of suitable and designated
landfill space in facilities that accept radioactive waste. For non-U.S. activities, in which waste does
not fall into one of the three U.S. categories above, equivalent waste categories are considered for this
impact category. The only radioactive waste outputs in this LCIA are from nuclear fuel used to
produce electricity. Impact characterization is based on the volume of waste, determined from the
inventory mass amount of waste and material density of each specific waste type. Figures 3-5 and 3-6
show the major flow and process contributors of each cable type.
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Figure 3-6. Landfill space use – top contributing processes (>5% of total impact)

The CMR in conduit alternative has greater impacts than the CMP alternative due to the
greater amount of PVC waste landfilled after cable chopping. This difference is due to a higher level
of PVC mass per functional unit in CMR cable than in CMP cable. Accounting for the inventory and
the characterization method, we have assigned a “medium” data quality measure for the landfill space
use impact category results.

3.4. Global warming

The build up of carbon dioxide (CO2) and other greenhouse gases in the atmosphere may
generate a “greenhouse effect” of rising temperature and climate change. Global warming potential
(GWP) refers to a chemical’s ability to trap Earth’s heat relative to CO2. GWP scores are calculated
using the mass of a global warming gas released to air, modified by a GWP equivalency factor. The
GWP equivalency factor is an estimate of a chemical's atmospheric lifetime and radiative forcing
compared to the reference chemical CO2; therefore, GWPs are in units of CO2 equivalents. GWPs
have been published for known global warming chemicals within differing time horizons; the LCIA
method employed in this analysis uses GWPs with effects in the 100-year time horizon. Figures 3-7
and 3-8 show the major flow and process contributors of each cable type.
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Carbon dioxide emissions drive the overall impact for both alternatives and is the primary
reason that the CMR in conduit alternative has a greater potential global warming impact than the
CMP alternative. Fluoropolymer production and U.S. power grid electricity production are higher for
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the CMP alternative than the CMR in conduit alternative, but the impact from production of steel and
steel components for the CMR in conduit alternative is great enough to overwhelm these differences.
Accounting for the inventory and the characterization method, we have assigned a “medium” data
quality measure for the global warming impact category results.

3.5. Ozone depletion

The stratospheric ozone layer filters out harmful ultraviolet radiation from the sun. Chemicals
such as chlorofluorocarbons, if released to the atmosphere, may result in ozone-depleting chemical
reactions. A chemical’s ozone depletion potential (ODP) is a measure of the change in the ozone
column36 in the equilibrium state of a substance compared to the reference chemical
chlorofluorocarbon-11 (CFC-11, or trichlorofluoromethane, also denoted as R-11) (Heijungs et al.,
1992; CAAA, 1990). The ODP impact scores are based on the amount of a chemical released to air,
multiplied by the ODP for that chemical.37 Figures 3-9 and 3-10 show the major flow and process
contributors of each cable type.
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Figure 3-9. Ozone depletion potential – top contributing flows (>1% of total impact)

36 The thickness of the ozone layer is typically described as the total amount of ozone in a “column”
overhead.
37 Controls on air emissions were not considered unless the process documentation and data
described them explicitly.
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Figure 3-10. Ozone depletion potential – top contributing processes (>5% of total impact)

The CMP alternative has a greater overall impact mainly due to emissions from the production
of an industrial precursor to the fluoropolymer resin, chloroform. Accounting for the inventory and
the characterization method, we have assigned a “low” data quality measure for the stratospheric
ozone depletion impact category results. The low rating is due to the absence of upstream data on
brominated phthalates (used in CMR and CMP cable jacketing) and the generally high ozone depletion
potentials of brominated compounds.

3.6. Photochemical smog

Photochemical oxidants are produced in the atmosphere when sunlight reacts with
hydrocarbons and nitrogen oxides. At high concentrations, photochemical oxidants may cause or
aggravate human health problems, plant toxicity, and deterioration of certain materials. Photochemical
oxidant creation potential (POCP) refers to the release of chemicals that contribute to this effect, and
is based on simulated trajectories of tropospheric ozone production both with and without volatile
organic carbons (VOCs) present. The POCP is a measure of a specific chemical compared to the
reference chemical ethene (Heijungs et al., 1992). Impact scores are based on the amount of a
chemical released to the air and the equivalency factor for that chemical. Figures 3-11 and 3-12 show
the major flow and process contributors of each cable type.
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Figure 3-11. Photochemical smog – top contributing flows (>1% of total impact)
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Figure 3-12. Photochemical smog – top contributing processes (>5% of total impact)

Sulfur dioxide is the greatest contributor to smog impacts for both alternatives. However, the
CMR in conduit alternative has a greater overall impact due mainly to a greater use of carbon dioxide
and nitrogen oxides, and higher production of steel and steel components. Accounting for the
inventory and the characterization method, we have assigned a “medium” data quality measure for the
photochemical smog impact category results.
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3.7. Acidification

Acidification impacts refer to the release of chemicals that may contribute to the formation of
acid precipitation. Impact characterization is based on the amount of a chemical released to air,
multiplied by the acidification potential (AP) equivalency factor for that chemical. The AP equivalency
factor is the number of hydrogen ions that can theoretically be formed per mass unit of the pollutant
being released relative to sulfur dioxide (SO2) (Heijungs et al., 1992; Hauschild and Wenzel, 1997).
Figures 3-13 and 3-14 show the major flow and process contributors of each cable type.
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Figure 3-13. Air Acidification – top contributing flows (>1% of total impact)

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

CMR in conduit CMP

Cable Type

kg
S

O
2

-e
qu

iv
/k

m
ca

b
le

Other

Fluoropolymer production

Steel (secondary) production

Copper rod production

Copper (secondary) production

US: Power grid mix

Copper (primary) production

Steel (primary) and steel
component production
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Figure 3-13 shows sulfur dioxide is the largest single contributor for each alternative.
However, as figures 3-13 and 3-14 show, use of ammonia and production of steel and steel
components drives the difference between the two alternatives. Accounting for the inventory and the
characterization method, we have assigned a “medium” data quality measure for the acidification
impact category results.

3.8. Particulate matter

Air particulate matter impacts refer to the release and build up of particulate matter, primarily
from combustion processes. Impact scores are based on releases to air of particulate matter with
average aerodynamic diameter less than 10 micrometers (PM10), the size of particulate matter that is
most damaging to the respiratory system. Impact characterization is based on the inventory amount of
particulates released to air. Figures 3-15 and 3-16 show the major flow and process contributors of
each cable type.
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Figure 3-16. Particulate matter – top contributing processes (>5% of total impact)

Similar to the non-renewable resource use, energy use, global warming, smog formation, and
acidification impacts, differences in particulate matter impacts for each alternative are largely driven by
the production of steel and steel components. Accounting for the inventory and the characterization
method, we have assigned a “medium” data quality measure for the acidification impact category
results.

3.9. Eutrophication

Eutrophication (nutrient enrichment) impacts to water are based on the identity and
concentrations of eutrophication chemicals released to surface water after treatment. Eutrophication
equivalency factors have been developed assuming nitrogen (N) and phosphorus (P) are the two major
limiting nutrients. Therefore, the partial equivalencies are based on the ratio of N to P in the average
composition of algae (C106H263O110N16P) compared to the reference compound phosphate (PO4

3-)
(Heijungs et al., 1992; Lindfors et al., 1995). If the wastewater stream is first sent to a publicly-owned
treatment works (POTW), treatment is considered a separate process, and the impact score is based on
releases from the POTW to surface waters. Impact characterization is based on eutrophication
potentials (EP) and the inventory amount of a chemical per functional unit of cable in a wastewater
stream released to surface water after any treatment, if applicable. Figures 3-17 and 3-18 show the
major flow and process contributors of each cable type.
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Figure 3-17. Eutrophication – top contributing flows (>1% of total impact)
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Figure 3-18. Eutrophication – top contributing flows (>5% of total impact)

The CMR in conduit alternative has a greater overall impact primarily due to greater
production of steel and steel components. Top flows for both alternatives are similar (e.g., BOD,
COD); however, in the CMR in conduit alternative, each flow contributes a larger amount, which
accounts for the overall difference between alternatives. Accounting for the inventory and the
characterization method, we have assigned a “medium” data quality measure for the water
eutrophication impact category results.

3.10. Toxicity Categories - DfE Method

Human health impacts are defined in the context of LCA as relative measures of potential
adverse health effects to humans (toxicity). This LCA includes chronic (repeated dose) effects for
non-carcinogenic and carcinogenic endpoints among both workers and the public.
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Human and ecological toxicity impact scores are calculated based on a chemical scoring
method modified from CHEMS-1, which is found in Swanson et al. (1997). Chemical-specific
inventory data are required to calculate impact scores. Any chemical that is assumed to be potentially
toxic is given a toxicity impact score. This involves collecting toxicity data and generating a toxicity
value. This toxicity value is then divided by the geometric mean of the toxicity values of several
chemicals. The result is a relative toxicity score called a “hazard value” (HV) (see Socolof et al., 2008).
If toxicity data are unavailable for a chemical, a mean default toxicity score is given, rendering an HV
equal to one. The HV is then multiplied by the inventory amount to calculate the impact indicator
score. Occupational impact scores are based on inventory inputs; public impact scores are based on
inventory outputs.

The non-carcinogen HV is based on either no-observed-adverse-effect levels (NOAELs) or
lowest-observed-adverse-effect levels (LOAELs). The non-carcinogen HV is the greater of the oral
and inhalation HV. The cancer HV uses cancer slope factors38 or cancer weight of evidence (WOE)
classifications assigned by EPA or the International Agency for Research on Cancer (IARC)39. If both
oral and inhalation slope factors exist, the slope factor representing the larger hazard is chosen. If no
slope factor is available, WOE classifications are used to give the chemical either a mean default HV or
a HV of zero, depending on the classification. For example, a Class B1 WOE (“probable human
carcinogen”) is given a HV equal to one and a Class E WOE (“non-carcinogenic or probably not
carcinogenic”) is given a HV equal to zero (see Socolof et al., 2008 for further explanation).

Chronic human health effects are potential effects occurring from repeated exposure to toxic
agents over a relatively long period of time (i.e., years). These effects could include carcinogenicity,
neurotoxicity, immunotoxicity, behavioral effects, sensitization, radiation effects, and chronic effects to
other specific organs or body systems (e.g., blood, cardiovascular, respiratory, kidney or liver effects).
Impact categories for chronic health effects are divided into cancer and non-cancer effects for both
worker and public impacts.

Chronic occupational health effects use the identity and amounts of materials and constituents
that are process inputs. The inputs represent potential exposures. It could be assumed that a worker
would continue to work at a facility and incur exposures over time. However, the inventory is based
on manufacturing one unit length of cable and does not truly represent chronic exposure; therefore,
the chronic health effects impact score is a ranking of the potential of a chemical to cause chronic
effects, not a prediction of actual effects. Also, the robustness of this impact category is limited
because model inputs are dependent on the boundaries of the various datasets, and data is not
available concerning synthesis of chemical intermediates that are consumed in subsequent reactions.

For chronic public health effects, the impact scores are surrogates for potential health effects
to residents living near a facility (or location) from long-term repeated exposure to toxic or
carcinogenic agents. Impact scores are calculated for both cancer and non-cancer effects, and are
based on the identity and amount of toxic chemical outputs with dispositions to air, soil and water.40

38 “Cancer slope factor” is a term adopted by EPA to identify the cancer risk associated with a unit dose of a carcinogen.
It is the slope of the curve representing the relationship between dose and cancer risk. Using a linearized multistage
model, it is the upper 95 percent confidence limit of the slope (upper-bound estimate of risk), expressed as risk per
mg/kg-day or risk (mg/kg-day) – 1.
39 WOE is a descriptor to describe a substances potential to cause cancer in humans and the conditions under which the
carcinogenic effects may be expressed.
40 Disposition to soil includes direct, uncontained releases to soil as could occur from unregulated disposal. It does not
include solid or hazardous waste disposal in a regulated landfill. Disposition to water, however, could include
groundwater if a landfill model shows releases to groundwater, for example.
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Inventory items do not represent long-term exposure, instead impacts are relative toxicity weightings
of the inventory flows.

Impact scores for the public use inventory outputs (e.g., emissions to air) are surrogates for
exposure. This basic screening level scoring does not incorporate the fate and transport of chemicals.
The public human health impact results presented in this section include two impact categories: public
non-cancer impacts and public cancer impacts. More details on the aquatic ecological toxicity impact
category are provided below in Section 3.10.5.

It is important to note that potential human health and ecotoxicity impacts, under the DfE
method and TRACI method (discussed in Section 3.11) are uncertain given that LCA provide
potential emissions without spatial allocation and exposure information. This uncertainty should be
considered when reviewing the results of the LCIA for these impact categories.

3.10.1. Potential Occupational non-cancer

The occupational non-cancer results are driven by lead inputs (Figure 3-19). Unlike the
previously presented categories, the CMP alternative has greater burden for this impact category.
Counter-intuitively, the CMP alternative’s greater overall impact is primarily due to the production of
steel and steel components (Figure 3-20). This is a result of different processes used to manufacture
the various steel components included in our model. Specifically, lead used in the steel wire drawing
process, which is used to produce wire basket trays for the CMP alternative is used in significantly
greater quantities than lead in other steel production processes. This causes the CMP impacts to be
much greater than the CMR in conduit impacts. Because lead has a high hazard value, and there is the
large discrepancy in lead inputs between the two alternatives, the CMP results show greater burden.

Accounting for the inventory and characterization method and data, the occupational chronic
non-cancer toxicity impact category is given a “medium” data quality measure.
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Figure 3-19. Potential occupational non-cancer – top contributing flows (>1% of total impact)
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Figure 3-20. Potential occupational non-cancer – top contributing processes (>1% of total impact)

3.10.2. Potential Occupational cancer

Figures 3-21 and 3-22 show that jacket compounding, transportation, and to a lesser extent
primary steel production account for the majority of the difference between the two alternatives, and
that non-phthalate plasticizer and diesel fuel are the greatest contributing flows. Transportation
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impacts are based on where there are major differences in transport across the alternatives. In this
analysis, transport of steel components is the focus of the transportation analysis. More steel is used in
the CMR in conduit alternative compared to the CMP, thus it is logical that impacts driven by
transport might be greater for the CMR in conduit alternative.
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Figure 3-21. Potential occupational cancer – top contributing flows (>1% of total impact)
Note: All top flows in this figure were given default hazard values, because carcinogenicity data were unavailable.
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Accounting for the inventory and characterization method and data, occupational cancer
toxicity is given a “medium to low” rating, because most inventory flows contributing to potential
cancer toxicity did not have cancer toxicity data, and were thus based on default hazard values.

3.10.3. Potential public non-cancer

Figures 3-23 and 3-24 show the CMR in conduit alternative has a greater potential burden on
public non-cancer toxicity impacts than the CMP alternative. This difference is mostly driven by
higher levels of lead emissions and greater production of steel and steel components associated with
the CMR in conduit alternative. The difference between alternatives is partially offset by processes
and flows associated with the CMP alternative, including fluoropolymer production and electricity
generation from the U.S. power grid associated with FEP manufacturing, jacket compounding, cable
extrusion, EOL cable chopping, and EOL thermoplastics recycling. Notably, combining the three
copper processes presented in Figure 3-24 makes production of copper and copper rods the largest
contributor to both alternatives. Accounting for the inventory and characterization method and data,
the potential public chronic non-cancer toxicity impact category is given a “medium” data quality
measure.
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Figure 3-23. Potential public non-cancer – top contributing flows (>1% of total impact)
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Figure 3-24. Potential public non-cancer – top contributing processes (>5% of total impact)

3.10.4. Potential public cancer

Figures 3-25 and 3-26 show that the CMR in conduit alternative has a greater burden on
potential public cancer toxicity impacts than the CMP alternative. This difference is driven by flows
and processes associated with the CMR in conduit alternative, including higher levels of carbon
monoxide and nitrogen oxide emissions41 and greater production of steel and steel components.

41 Note that carbon monoxide and nitrogen oxide are assumed to be potential carcinogens and are accordingly given
default hazard values as no carcinogenicity classification (slope factor or WOE) has been made by EPA or IARC.
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Note: All top flows in this figure were given default hazard values, because carcinogenicity data were unavailable.
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Accounting for the inventory and characterization method and data, potential public cancer
toxicity is given a “medium to low” rating, because most inventory flows contributing to potential
cancer toxicity did not have cancer toxicity data, and were thus based on default hazard values.

3.10.5. Aquatic ecotoxicity

Ecotoxicity refers to effects of chemical emissions (outputs) on non-human organisms.
Impact categories could include both aquatic and terrestrial ecotoxicity impacts. This LCA does not
include terrestrial ecotoxicity because the method for calculating terrestrial toxicity is identical to the
method for calculating chronic, non-cancer public toxicity impacts, which is already included in this
LCA. Because the relative ranking approach of the LCIA toxicity method does not modify the toxicity
data for different species or for fate and transport, both human and terrestrial LCIA impacts are the
same; therefore, only aquatic toxicity, which uses a different method, is presented here.

Toxicity measures for fish are used to represent potential adverse effects to organisms living in
the aquatic environment. Impact scores are based on the identity and amount of toxic chemical
emissions to surface water. Impact characterization is based on CHEMS-1 acute and chronic HVs for
fish (Swanson et al., 1997) combined with the inventory output amount. Both acute and chronic
impacts comprise the aquatic ecotoxicity term. The HVs for acute toxicity are based on LC50 (the
lethal concentration to 50 percent of the exposed fish population) data, and the HVs for chronic
toxicity are based on NOEL (no-observed-effect level) or NOEC (no-observed-effect concentration)
data. Most of the data are from toxicity tests in fathead minnows (Pimephales promelas) (Swanson et al.,
1997).
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Figure 3-28. Potential aquatic ecotoxicity – top contributing processes (>5% of total impact)

Figures 3-27 and 3-28 reveal that the CMR in conduit alternative has a greater potential burden
on aquatic ecotoxicity impacts than the CMP alternative. This difference is primarily driven by higher
cadmium emissions and greater production of steel and steel components for the CMR in conduit
alternative. Accounting for the inventory and the characterization method, we have assigned a
“medium” data quality measure for the aquatic ecotoxicity impact category results.

We recognize the existence of the Apeldoorn Declaration concerning how ecotoxicity impacts
are modeled for non-ferrous metals;42 however, the screening method applied here does not attempt to
model fate and transport and simply identifies potential toxicity of outputs. This method in no way
attempts to provide an equivalent analysis to risk assessment and is only used to identify potential toxic
differences among alternatives and the potential need for more detailed analysis. Thus, the
methodology used in this report has not been modified to address concerns in the Apeldoorn
Declaration.

3.11. TRACI Toxicity Categories

EPA’s Office of Research and Development developed TRACI, the Tool for the Reduction
and Assessment of Chemical and Other Environmental Impacts, to support impact assessment within
the life-cycle assessment framework. TRACI methods are specific to the United States for human
cancer and non-cancer impacts. Assumptions used in TRACI for the human cancer and non-cancer
categories are largely based on those used in the U.S. EPA Risk Assessment Guidance for Superfund

42 In April 2004 a group of LCA experts conveyed in Apeldoorn, Netherlands to discuss the limitations of current LCIA
methods for non-ferrous metals (e.g., zinc and copper). The resulting “Apeldoorn Declaration” concluded that current
ecotoxicity LCIA methods likely produce incorrect results on the impact of metals given that these LCIA methods are
still in development and do not currently account for all metal-specific properties and processes (Apeldoorn, 2004).
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and EPA’s Exposure Factors Handbook. More information on TRACI and the calculation of its
toxicity metrics can be accessed on the EPA website (U.S. EPA, 2008).

Analysis of the LCA data using TRACI air and water non-cancer toxicity, air and water cancer
toxicity, and aquatic ecotoxicity categories was carried out to provide an alternative suite of toxicity
measures to those used in the DfE/TURI WCP project. As is noted in Section 3.10, potential human
health and ecotoxicity impacts under both the DfE method and TRACI method (discussed in Section
3.10) are uncertain given that LCA provide potential emissions without spatial allocation and exposure
information. This uncertainty should be considered when reviewing the results of the LCIA for these
impact categories.

The TRACI human cancer and non-cancer impacts use CalTOX, a multimedia fate and
multiple exposure pathway model, to estimate the dose per unit release rate of a chemical. Each
dose/unit release rate is then divided by an acceptable daily intake for noncarcinogens in the case of
non-cancer impacts or is multiplied by a carcinogenic risk potency factor in the case of cancer impacts
to derive the estimated human toxicity potential (HTP). The HTP for each chemical is compared to a
baseline value of toluene for non-carcinogens and benzene for carcinogens to compare the relative
non-cancer and cancer potential impact of chemical releases.

The TRACI aquatic ecotoxocity category uses ecological toxicity potential (ETP) to describe
the potential ecological harm of a chemical quantity released into an aquatic environment. The ETP is
a toxicity-weighted concentration-to-source ratio that relates the chemical under evaluation to a
chemical that has already been well characterized. The ETP has two components: (1) a generic
concentration-to-source ratio for pollutant emissions; and (2) an impact-to-concentration ratio (ICR).
The ICR is estimated as the ecosystem’s predicted no-effects concentration (PNEC), which is the
environmental concentration anticipated to cause no acute or chronic effects on ecosystems. 2,4-
Dichlorophenoxyacetic acid is used as the reference substance for comparability of toxicity of chemical
releases.

Figures 3-29 to 3-38 break down the major flow and process contributors for the non-cancer
(air), non-cancer (water), cancer (air), cancer (water) toxicity impacts, and ecotoxicity impacts,
respectively.
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Figure 3-29. TRACI human health non-cancer (air) – top contributing flows (>1% of total impact)
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Figure 3-30. TRACI human health non-cancer (air) – top contributing processes (>5% of total
impact)
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Figure 3-31. TRACI human health non-cancer (water) – top contributing flows (>1% of total
impact)
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Figure 3-32. TRACI human health non-cancer (water) – top contributing processes (>5% of total
impact)



Plenum Space Communication Cable LCA October 30, 2009

75

0

1

2

3

4

5

6

CMR in conduit CMP
Cable Type

kg
b

en
ze

n
e-

eq
u

iv
./k

m
ca

b
le Other

Chromium (unspecified)
(to air)

Lead (to air)

Polychlorinated dibenzo-
p-dioxins (to air)

Arsenic (to air)

Figure 3-33. TRACI human health cancer (air) – top contributing flows (>1% of total impact)
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Figure 3-34. TRACI human health cancer (air) – top contributing processes (>5% of total impact)
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Figure 3-35. TRACI cancer, water – top contributing flows (>1% of total impact)
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Figure 3-36. TRACI human health cancer, water – top contributing processes (>5% of total
impact)
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Figure 3-37. TRACI aquatic ecotoxicity – top contributing flows (>1% of total impact)
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Figure 3-38. TRACI aquatic ecotoxicity – top contributing processes (>5% of total impact)

TRACI methods for the non-cancer (air) and non-cancer (water) categories are comparable to
the DfE method for the public non-cancer category, which incorporates both air and water releases
into one impact result. All of these DfE and TRACI method results showed the CMR in conduit
alternative has a greater potential burden than the CMP alternative. The top contributing flows within
an alternative differ across the two methods, but the flow that is responsible for the difference
between the alternatives is sometimes similar. For example, the public non-cancer impacts from the
DfE method are dominated by SO2 emissions, whereas the TRACI method results are dominated by
lead emissions (Figures 3-29 and 3-31). The DfE HV for SO2 is based on LOAEL data; however the
TRACI method does not have an HTP for SO2. Nonetheless, the differences observed between
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alternatives for the public non-cancer impacts are caused mostly by the greater amount of lead outputs
in the CMR conduit alternative (Figure 3-23), which is also true for the TRACI categories (Figures 3-
29 and 3-31).

The largest methodological differences between the DfE and TRACI approaches are that: 1)
DfE does not account for fate and transport factors, and 2) DfE has hazard values for an infinite
number of chemicals (since a potentially toxic chemical with no data is still included with a default HV
equal to one). The TRACI method includes fate factors, but is limited to chemicals for which HTPs
have been developed.

3.12. Parameter and Sensitivity Analyses

LCIA indicator results, presented above, depend in part on assumptions about certain
parameters, such as copper and steel recovery rates. While these assumptions are informed by industry
practices they may not fully reflect actual practices. In some cases, uncertainty in parameter
assumptions may not greatly affect LCIA indicator results, while in other cases uncertainty in
parameter assumptions may have a large effect on results. Two complimentary analyses were
conducted to assess the effect of uncertainties in parameter assumptions on LCIA indicator results: 1)
a parameter analysis, and 2) a sensitivity analysis. The parameter analysis determines the extent to
which uncertainties in specific parameter assumptions, when taken together, effect LCIA indicator
results. The sensitivity analysis determines the relative impact of uncertainties in each parameter
assumption (e.g., copper recovery, steel recovery, etc.) on LCIA indicator results. As stated above,
only conduit and cable in the return air plenum (horizontal space) was included in this study. Conduit
and cable in the riser (vertical space) was not included.

It is important to note that these analyses are not full uncertainty analyses, and do not
incorporate uncertainties inherent in the LCIA impact categories. Therefore, the parameter and
sensitivity analyses cannot be used to determine the statistical significance of any differences in LCIA
impacts between cable systems. However, the parameter and sensitivity analyses can be used to gauge
the effect of uncertainties in parameter assumptions on results. While uncertainty in parameters not
chosen for the analysis, such as vehicle size, may effect results, the chosen parameters are thought to
be the most uncertain and most likely to effect results.

3.12.1. Parameter Analysis

3.12.1.1. Methodology

Monte Carlo statistical methods were applied to examine the effect of uncertainties in
parameter assumptions on LCIA indicator results. The Monte Carlo method generates a distribution
of results based on specified distributions, which represent the probable values for each parameter. By
iteratively choosing a random value from the distribution for each defined parameter, the Monte Carlo
analysis generates a distribution of outcomes that represents the effect of uncertainties in parameter
assumptions on results. This Monte Carlo function is built into the GaBi4 software package.

To generate a distribution of LCIA indicator results, 5,000 iterations were run. The GaBi4
software package describes the resulting distribution of results by the mean, median, and various
percentile ranges around the mean. To determine the effect of uncertainties in parameter assumptions
on the LCIA results, the 10th and 90th percentile values were used to find the 80 percent confidence
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Table 3-1: Parameter Distributions
Parameter Distribution type Base scenario1 SD Max / Min
Copper recovery Gaussian2 95% 5%3 80% / 100%3

Steel recovery Gaussian2 95% 5% 80% / 100%
EOL to landfill Gaussian2 81% 27% 0% / 100%
EOL to incinerator Correlated4 19% N/A 0% / 100%
Truck capacity Uniform 85% N/A5 50% / 92%
Truck distance Uniform 500 miles N/A5 50 / 1000 miles
1 The base scenario represents the current best parameter estimate. For Gaussian distributions, it
represents the mean (point with highest probability of occurrence) of the distribution. For uniform
distributions it has no special significance; it is the point estimate of the base scenario.
2 The standard deviations for the Gaussian distributions were calculated so that 49.9% of the probability
density would like between the mean and the limit (max or min) furthest from the mean. This is
equivalent to 3 standard deviations.
3 Previously, it was suggested that copper recovery be represented by a Gaussian distribution with a mean
of 95%, SD of 1.7%, and bounded by 90% and 100%. However, the peer review panel suggested that the
steel recovery might potentially be higher than that of copper due to ease of recycling. Accordingly, the
same rate of recovery was estimated for both materials.
4 The proportion of cable scrap (both stripped of copper and not) that upon EOL goes to incineration is
represented as a function of the proportion going to landfill, such that:

EOL to incinerator = 100% - EOL to landfill.
Thus, the distribution for EOL to incinerator, including standard deviation, is defined by the distribution
for EOL to landfill.
5 Uniform distributions do not have standard deviations; all values within the distribution’s bounds are
equally likely to occur.

3.12.1.2. Parameter Analysis Results

As noted previously, the parameter analysis was conducted under two scenarios. The first
scenario assumed that the lifespan of the steel conduit is equal to the CMR communications cable it is
carrying, while the second scenario assumed the lifespan of the steel conduit was twice that of the
communications cable.

As presented in Table 3-2, under scenario 1, the 80 percentile confidence intervals for CMR
cable in conduit and CMP cable only overlap in one category: landfill space use. This shows that for
all but one impact category, it is possible that assumptions in the parameters shown in Table 3-1 do
not substantially affect results. However, this conclusion could change if uncertainties in LCIA
indicator results were incorporated into the analysis, as would be done in a full uncertainty analysis.
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Table 3-2. Scenario 1 Parameter Analysis Results (lifespan of steel conduit=lifespan of
cable)

CMR in conduit CMP

Quantity/Evaluation Mean 10th

Percentile
90th

Percentile Mean 10th

Percentile
90th

Percentile

Overlapping
Intervals

Energy 8000 7800 8100 5200 5100 5200 N
Acidification 4.7 4.6 4.8 2.9 2.9 3.0 N
Global warming 390 380 410 310 310 320 N
Landfill space 1.4E-02 1.0E-02 1.8E-02 1.1E-02 8.2E-03 1.4E-02 Y
Ozone depletion 2.3E-05 2.3E-05 2.3E-05 1.0E-03 1.0E-03 1.0E-03 N
Photochemical smog 0.22 0.21 0.22 0.15 0.15 0.15 N
Eutrophication 0.11 0.11 0.11 0.048 0.047 0.048 N
Particulate Matter 0.77 0.75 0.79 0.41 0.40 0.40 N
Non-renewable resources 500 490 510 360 360 360 N
Potential occupational
chronic non-cancer 2400 2400 2500 4500 4500 4500 N

Potential occupational
cancer 8.0 5.4 11 3.6 2.9 4.3 N

Potential public chronic
non-cancer 1700 1700 1700 1500 1400 1500 N

Potential public cancer 4.9 4.7 5.1 2.1 2.1 2.2 N
Aquatic toxicity 35 35 36 12 12 13 N
TRACI ecotoxicity, water 940 920 950 330 320 330 N
TRACI cancer, air 5.8 5.6 6.0 5.0 4.8 5.2 N
TRACI cancer, water 1.0 1.0 1.0 0.31 0.31 0.32 N
TRACI non-cancer, air 13000 13000 13000 9000 8900 9100 N
TRACI non-cancer, water 24000 24000 24000 7400 7400 7500 N

In the second scenario, in which the lifespan of steel conduit was twice as long as the lifespan
of wire and cable, the 80 percentile confidence intervals for CMR cable in conduit and CMP cable
overlap in two categories: landfill space use, and potential public chronic non-cancer (see Table 3-3).
This shows that for all but two impact categories, it is possible that assumptions in the parameters
shown in Table 3-1 do not substantially effect results. However, this conclusion could change if
uncertainties in LCIA indicator results were incorporated into the analysis, as would be done in a full
uncertainty analysis.
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Table 3-3. Scenario 2 Parameter Analysis Results (lifespan of steel conduit=twice lifespan of
cable)

CMR in conduit CMP

Quantity/Evaluation Mean 10
Percentile

90
Percentile Mean 10

Percentile
90

Percentile
Overlapping

Intervals
Energy 6300 6200 6400 4800 4800 4800 N
Acidification 3.5 3.4 3.5 2.7 2.6 2.7 N
Global warming 310 310 320 290 290 300 N
Landfill space 1.4E-02 1.0E-02 1.8E-02 1.1E-02 8.2E-03 1.4E-02 Y
Ozone depletion 1.8E-05 1.8E-05 1.8E-05 1.0E-03 1.0E-03 1.0E-03 N
Photochemical smog 0.17 0.16 0.17 0.14 0.14 0.14 N
Eutrophication 7.0E-02 7.0E-02 7.1E-02 3.9E-02 3.9E-02 4.0E-02 N
Particulate Matter 0.58 0.56 0.60 0.37 0.35 0.39 N
Non-renewable resources 390 380 390 330 330 340 N
Potential occupational
chronic non-cancer 2000 1900 2000 2600 2600 2600 N

Potential occupational
cancer 6.6 4.7 8.5 3.3 2.7 3.8 N

Potential public
chronic non-cancer 1400 1400 1400 1400 1400 1400 Y

Potential public cancer 3.4 3.3 3.5 1.8 1.7 1.8 N
Aquatic toxicity 22 22 22 9.0 8.7 9.3 N
TRACI ecotoxicity, water 680 670 690 280 280 280 N
TRACI cancer, air 5.3 5.1 5.5 4.9 4.7 5.1 N
TRACI cancer, water 0.66 0.65 0.68 0.24 0.24 0.24 N
TRACI non-cancer, air 11000 11000 11000 8500 8400 8600 N
TRACI non-cancer,
water 15000 15000 15000 5500 5500 5500 N

3.12.1.3. Impact of Steel Conduit Lifespan

By doubling the lifespan, there was very little change in the results (only one additional impact
category had overlapping intervals). Given the uncertainty in the lifespan of steel, the parameter
results from scenario 1 and scenario 2 were used to estimate the point at which the lifespan of steel
conduit causes the 80 percent confidence intervals to overlap. To conduct this analysis, first, the
difference between the closest edges of the confidence intervals for the two cable systems under
scenarios 1 and 2 was calculated. For example, for energy impacts under scenario 1, the difference
between the 10th percentile for CMR cable in conduit (7,800) and the 90th percentile for CMP cable
(5,200) is 2,600. A similar estimate was performed for scenario 2. A linear relationship was then
assumed between the lifespan of steel conduit and the distance between confidence intervals, which
allowed the calculation of the approximate point at which the confidence intervals begin to overlap.
Abbreviated parameter analyses conducted at the calculated steel lifespans showed that while the
relationship is not perfectly linear for all impact categories, the calculated lifespans are all reliable
estimates.

Table 3-4 shows the approximate lifespan of steel conduit that causes confidence intervals to
overlap for each impact category. In some cases, confidence intervals never overlap regardless of the
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lifespan of steel conduit. In such cases, the steel lifespan can be infinite and confidence intervals will
still not overlap, as designated in Table 3-4.

It is unclear how frequently offices tend to be refurbished and old cable removed. It has been
suggested that refurbishments occur approximately every 15 years. Table 3-4 shows both steel lifespan
relative to cable lifespan, and actual steel lifespan if cable were replace every 15 years.

Table 3-4. Approximate Lifespan of Steel that Causes 80 Percentile Confidence Intervals to
Overlap

Quantity/Evaluation
Steel Lifespan

relative to cable

Steel Lifespan when
lifespan of cable is

15 years
(years)

Energy Infinite Infinite
Acidification >6.6 >98
Global warming >2.6 >39
Landfill space Infinite Infinite
Ozone depletion <0.0075 <0.11
Photochemical smog >6.8 >100
Eutrophication Infinite Infinite
Particulate Matter Infinite Infinite
Non-renewable resources >5.2 >78
Potential occupational chronic non-cancer >3.3 >50
Potential occupational cancer Infinite Infinite
Potential public chronic non-cancer >1.9 >29
Potential public cancer Infinite Infinite
Aquatic toxicity Infinite Infinite
TRACI ecotoxicity, water Infinite Infinite
TRACI cancer, air >2.6 >40
TRACI cancer, water Infinite Infinite
TRACI non-cancer, air Infinite Infinite
TRACI non-cancer, water Infinite Infinite

3.12.2. Sensitivity Analysis

3.12.2.1. Methodology

To assess the relative effect of uncertainties in each parameter assumption on results, Monte
Carlo analyses were run one parameter at a time. To do this, one parameter was treated as uncertain
while setting all other parameters at their baseline assumptions. This is as opposed to the parameter
analysis described above, in which all parameters in Table 3-1 were varied simultaneously. These one-
by-one Monte Carlo analyses generated 80 percent confidence intervals for LCIA indicators. The
ranges of the 80 percent confidence intervals were then divided by the mean LCIA indicator results
and compared against each other. For example, the Monte Carlo analysis for CMR cable in conduit
under scenario 1, varying only transportation distance, gave the following results for energy impacts
(Table 3-5):


