ON THE WEB AT HTTP://FIESTA.BREN.UCSB.EDU/~CABLE/ SPRING 2009

Faculty Advisor:
Client:




Life Cycle Assessment (LCA) of overhead and undergund primary
power distribution systems in Southern California

(Manuscript prepared for Environmental Science & Technology)

1. Summary

High electrical power demand has spurred discussiotrade-offs between overhead and
underground power distribution systems. Many regjion the United States, European
Union, and Australia are considering revising pcotofor new power distribution
installations and/or converting existing infrasttue to underground modeStudies
generally concur that underground distribution isctm more costly to install, but may
improve reliability and decrease maintenance co&scently, a few comparative
environmental assessments of overhead and undedyroable production have been
conducted. However, current literature lacks a fuVestigation of the life cycle
environmental impacts of both distribution methodsgcluding all infrastructure
components. This project thus examines the diffexerbetween the potential
environmental impacts of overhead and undergroumdapy power distribution systems.
It is based on a full Life Cycle Assessment (LC#jich has been conducted using LCA
software GaBi 4.3, drawing from a wide range ofadsburces. The analysis synthesizes
detailed information on the use phase, includingtaltation, maintenance, and
decommissioning of cable and associated infrastrattcomponents. The study is also
specific to Southern California Edison, one of thegest electric utility suppliers in the
United States. The results cover a wide range wir@mmental concerns, such as climate
change, photochemical smog, acidification, andcioxi

2. Introduction

This analysis uses Life Cycle Assessment (LCA) o@diogy to assess and compare
potential environmental impacts of overhead andetgrdund primary power distribution

systems in Southern California. The results suppedision-makers in managing the
expansion or conversion of the electrical grid.

Projections affirm that the supply and demand sideelectricity service will face
imbalance without procurement of additional resear@and efficient use of current
resources [1-4]. The policy debate is fueled fromerbead systems creating a potential
hazard for vehicle collisions, visual obstructiamd increased damage in fires [5-7]. The
California Public Utilities Commission’s Rule 20gwdes undergrounding conversion
funds from ratepayer fees and gives priority togested, civic, and scenic areas [8].
Likewise, other areas within the United States (UBg European Union (EU), and
Australia are recommending mandates for installmgv underground systems and
converting existing overhead infrastructure forthetc and safety purposes [5-7].

Many factors contribute to the tradeoff between rbgad and underground power
distribution. The most widely discussed factorditerature are: aesthetics, safety, cost,
and reliability. Underground systems are concedlads increasing nearby property values



and preserving local aesthetics. Also, undergraystiems reduce the possibility for live-
wire contacts and vehicle accidents from collisiomgh utility poles [9]. Although
installation of underground distribution presentsubstantial initial investment, costing
four to twenty times more than overhead systemsay improve reliability and decrease
maintenance costs [6, 7, 10]. While undergroundesys may improve reliability due to
fewer outages, the time required to repair an @utagnt is considerably longer than for
overhead systems [5-7, 10]. Thus, the topic ohbdity is very contentious and depends
significantly on the location of the electrical guect system. The above factors have been
extensively discussed in literature, but very fetudges focus on the environmental
impacts of electrical distribution systems. A fewCA studies have examined the
environmental impact of different components of plogver grid infrastructure [11-14]. No
LCA has investigated the entire infrastructure,wadl as the cables, for overhead and
underground primary power distribution for the splepose of analyzing and comparing
potential environmental impacts.

SCE delivers power to 13 million people in a 50,G@Ware-mile service area, which is
considered one of the most rapidly developing aie#ise US [15]. SCE’s load-growth for
2008-2017 is estimated at 2.22 percent per yeds (begawatts per year) system-wide
[16]. This growth will require 564 new distributianrcuits of various length, or roughly
56 circuits per year [16]. Focusing on SCE’s sexrvacea, this study chose to evaluate
cables and infrastructure associated with primamyegy distribution.

An advantage of choosing the distribution system tfis study, as compared to a
transmission system, is that it is located in dgngmpulated areas and comprises
approximately ninety percent of SCE’s electricaheli length [16]. Long distance
transmission lines are often through rural and sgwr populated areas, whereas
distribution lines deliver power amongst neighbarti®, towns, and in urban centers. It is
this urban and suburban area of power delivery a/tiee majority of stakeholders assess
the choice between overhead and underground sysiEmss study provides a basis for
more informed decision-making in electricity griipning and management by adding a
new dimension to the discussion, namely environalemipacts of each system drawn
from a full comparative LCA.

3. Methods and Data

Electric power transmission and distribution systemenerate a wide variety of
environmental impacts at all stages of their lifecles. Life cycle assessment (LCA)
methodology is therefore ideally suited to quanéihd compare the overall environmental
impacts of different power distribution systems. rielspecifically, the cradle-to-grave
environmental impacts of overhead and undergroumdapy power distribution systems

in Southern California are quantified through LGA contrast to other studies, which only
assess cable production and end-of-life manageidntl2, 14], the reported research
aims at quantifying the environmental impacts framtire power distribution lines

throughout their life cycles. The research is bas@d CA methodology and terminology
as described in ISO 14040/44 (2006) [17].



3.1 Scope and System Boundaries

Scope and boundaries of this study are influengea \ariety of assessment and modeling
choices. First, the study focuses on primary MV eowistribution. Primary distribution
comprises 87% of SCE’s total electrical line lengiid its planning and management
involve many stakeholders [18]. Thus, focusing ampry distribution addresses much of
the debate on alternative power delivery methoésofd, a line length of one mile was
selected as the unit of analysis in order to capalirsignificant infrastructural components
required by each power delivery system. Third, datathe analysis was compiled in
collaboration with  SCE and their upstream supplyaichand downstream waste
management companies. The resulting inventory misdélus specific to SCE, which has
fairly comprehensive environmental programs andtpes in place, and to some extent
also to the specifics of its service area. Invesing overhead and underground primary
power distribution services, as provided by SCHnpgares these systems under Southern
Californian conditions and in a relatively eco-ei#nt setting. Finally, the study focuses
only on those materials and processes that areinseslv SCE installations. For instance,
many utility poles were previously treated withagete, a coal-tar derivative, and are still
in use as part of existing infrastructure. Howev&CE has shifted to using
pentachlorophenol (PCP) treated poles and thug,immacts from PCP treated poles were
analyzed in this study. In summary, the scope efawerhead and underground life cycle
inventory models is one mile of MV distribution éirand reflects the specifics and details
of new SCE installations.

To provide functional equivalence between the swdiistribution systems and help to
select their system boundaries, the following fiorl unit was defined: The distribution
of MV power over a distance of one mile and foruaation of one year. The resulting
reference flows include cables and infrastruct@@hponents to provide the functional
unit. The specific overhead and underground cabexe selected based on their high-
purchase volume and comparable capacity for powhkvety. For the chosen cables in a
MV distribution system, an overhead electrical witaequires four cables (three phases
and one neutral); while an underground circuit nexguonly three cables, each includes a
copper concentric neutral. The supporting infragtmal components were chosen to
match the selected cables. The components andgsexeequired to model each power
delivery method from cradle to grave are listed able 1.

Environmental impacts associated with the physacal human capital (i.e. the production
and maintenance of buildings and vehicles, labad associated resources) were not
included in the model. It is not viable to allocated differentiate these capital impacts
between overhead and underground systems. Moretbermpacts would not affect the

results of the comparison significantly and thheytwere assumed to be negligible.

In summary, the study’s scope and system boundaiesure a comparable and
representative functional unit that covers the &ifele environmental impacts of typical,
MV power delivery systems in Southern California.



Table 1. LCA System Boundaries
Materials Required for the Installation of one Circ

uit Mile (circuit mile)

Infrastructure Component Material Mass (in kg/cmile)
OVERHEAD

Cable (4cables) Aluminum , 3,020

Steel, galvanized 474
Cable Reels (1.85 reels) Steel, galvanized 336
Utility Poles (25) Wood 9,071
Crossarms (30) Pentachlorophenol (PCP) 266
Insulators Polyethylene (PE) 91
Steel castings Steel, galvanized 420

UNDERGROUND

Aluminum 6734
Cable (3 cables) Copper 2278

Polyethylene (PE) 7408
Cable Reels (3.96 reels) Steel, galvanized 2278
Vaults (5.2) and Duct (1) Concrete 1,096,593
Steel Rebar for Vaults Steel 15,910
Conduits (6) Polyvinyl chloride (PVC) 66,986

Included Processes

Overhead Product System Underground Product System
Production »  Production of all components listed above
. Pole hole digging . Tren_ch excavation
. o « Placing vaults
Installation « Aerial lifting :
. Cable pulling « Concrete mix & pour
« Cable pulling
. e Tree trimming « Vault water pumping
Maintenance «  Scheduled maintenance « Scheduled maintenance
+ Pole pulling » Cable pulling
Decommissioning « Cable pulling « Excavation
«  Aerial lifting « Concrete crushing
. » Cable recycling
End of Life . gzg:iéﬁggdmg » Reelreuse
Management . Pole assembly landfill « Vault & duct landfill
y - Conduit landfil
Transportation « All transportation steps within and between listed processes




3.2 Reference Flows

Comparing overhead and underground power distohusiystems is complicated by the
fact that different system components have veryfegifit theoretical lifetimes.
Additionally, external events affect the lifetimesthe components. Cable segments, in
particular, often have to be replaced before tleagh the end of their theoretical lifetimes.

Table 2 illustrates how the reference flow massedHe baseline scenario are calculated
from the material requirements of installing onecait mile from Table 1. The reference
flow masses denote the amount of materials neezl@dowide the functional unit, i.e. to
distribute MV power over a distance of one mile,daduration of one year.

Table 2. Functional Unit Mass to Reference Flow Mas s Conversion (Baseline Scenario)

kg per

Reference Elows Calculation of Reference Flow Mass circuit
(Varied Parameters in Bold Italic) mile per

yr
OVERHEAD
FUMASS,,, casie ( . )
I\/l'A‘SSOH CABLE +{FU MASSOH CABLE FRACT’ONOH CABLE REPLACED 1007
T'M EPLANNING HORIZON
MASS FU MASS
Off CABLE REEL IR 4 (FU MASS oy cane recr *FRACTION oy case nepiacen ) 9.70

TIME PLANNING HORIZON

[FU MASS 6. = [FU MASS . sppieo * FRACTION pepyeacuen )| = TIME pore e

MASS
OH POLE POLE CAPACITY 186.7

FUMASS;cp ppprien * FRACTION pep y pacuen

MASSPCP TO SOIL TIMEo,e e 0.00
MASS|NUSLAT0R FU MASS suiator = TIMEpqe 1ire 1.81
MASSgreer castines FU MASSee; castines
8.39
TIME g€ e
UNDERGROUND

FU MASS 6 casie (
+

MASS G casLe FU MASS ; cap e * FRACTION yg capie repLacep ) 858.3

Tl MEUG CABLE LIFE

MASSUG CABLE REEL FU MASS UG CABLE REEL
T’MEUG CABLE LIFE

+ (FU MASS (G chpie reer * FRACTION yg capie repLacen ) 119.06

FU MASS CONCRETE

MASS oncrete TIME ,urrastruc Ture Lire 8900
INFRASTRUC TURE CAPACITY

FU MASSPVC CONDUl/
MASS.c conourr TIME roastrucrure Lire 535.9
INFRASTRUCTURE CAPACITY




Overhead cable is usually replaced in sections-Agtlheequal to the distance between two
utility poles (~69 meters). The rate of cable sectigplacements depends on frequency of
failure events. Statistically, an entire circuitlenof cable may be replaced in pieces in as
little as 26 years. The entire circuit mile of dvead cable can be replaced well before the
designed cable lifetime. Therefore, the environmleritmpacts of production and
installation of initial mile of cable are distrilagt over the time the power line is in use.
The planning horizon parameter was introduced tinlomodel to reflect this time period.
Overhead cable reference flow mass is the sumeofuhctional unit cable mass divided
over the planning horizon plus the cable mass ceplger year. The same approach was
used in calculating reference flow masses for camepts associated with overhead cables
(i.e., overhead reels, and diesel requirementsirfstallation and decommissioning of
cable).

In contrast, failure frequency is lower in the urgteund system and thus, the
underground cable often reaches its designedniéetiThe reference flow mass for the
underground cable is the sum of the functional wable mass divided over the
underground cable lifetime, plus the cable maskcep per year. The same approach was
used in calculating reference flow masses for carepts associated with underground
cables (i.e., underground reels, and diesel rements for installation and
decommissioning of cable).

These overhead MV line components are replaced whin the utility pole is replaced.
Thus, the reference flow mass for each componeheisunctional unit mass divided over
the lifetime of the utility pole. Likewise, impaciof PCP leaching into soil should be
distributed over the use time of the utility pole.

These infrastructural components can support nfaae bne power circuit. For example,

underground MV distribution systems in the SCE w®wervarea are designed to

accommodate up to six circuits. Likewise, overhg@ades often carry more than one

circuit. Therefore, when calculating the referefloev masses for these components, not
only their lifetimes but also their capacity mustibcorporated. Functional unit masses of
these components are divided by their respectietinies and by system capacity. The
same approach was used in calculating refereneerflasses for components, associated
with poles, concrete and conduits: Installatiom @alecommissioning requirements for

these components were divided by their lifetime @@k capacity.

Maintenance includes material and energy requirésnér driving and idling during:
cable section replacements, routine inspectionsbath systems, tree trimming for
overhead lines, and vault water pumping for underrgd lines. Reference flow
calculations for maintenance associated with caeletion replacements are discussed
above. The remaining functional unit masses aststiaith maintenance of both systems
are already in annual terms and thus, their reeréows have the same values.



3.3 Parameterization

Several aspects in each power distribution systeansabject to significant uncertainty
(Table 3). For each of these uncertainties parasetere introduced in the inventory
model in order to conduct sensitivity analysis ardmine the resulting range of results.

The cable lifetimes are ranges from literature igilect various designed lifetimes for MV
power cables [19]. The designed lifetime of the argdound cable is shorter than the
overhead cable. This disparity mainly occurs beeatlse plastic insulation of the
underground is susceptible to degradation over timeater treeing’. There are no certain
values in the literature for rates of pentachloei (PCP) leaching from utility poles.
Thus, varying the leaching amount from zero to buedred percent captures all
possibilities of contaminant release, including gae’s end-of-life waste management.
For both overhead and underground systems, cabigelieg rates are associated with
some uncertainty. The uncertainty is heightenedesiime sorted cables are shipped to
China for materials recovery and reprocessing.figlk recycling value is an international
rate whereas, the low value is estimated from nadterarket values to account for the
uncertainty of material recovery rates and repraiogsyields overseas [12,20]. While the
lifetime of the overhead infrastructure (i.e., weadutility poles) is fairly well known, that
of the underground system infrastructure is not ©ldest underground power delivery
infrastructures have been in place for about 1G0syand have yet to be decommissioned
[21]. Underground infrastructure materials (coneresteel, and PVC) are extremely
durable and long-lasting but not infinite. For thesasons, the underground infrastructure
lifetime is assumed to be 125 years with a 20%dstath deviation. Another uncertain
factor is cable failure frequencies due to extemants. The overhead lines are more
exposed to forces of wind, fire, ice, and humamraxtion than underground lines and
thus, their failure frequency is higher. The basehailure frequencies for each system are
based on literature values for which a 30% standi@ndation was selected for each to
account for variation in external influences [1Bgcause of the high failure frequency of
the overhead cable, the entire circuit mile isofteplaced before the cable has reached its
designed lifetime. Therefore, the aforementionethiping horizon was introduced into the
model. Given the U.S. average of 90 failure eveyds 100 circuit miles for overhead
distribution systems, an entire circuit mile of atwill be replaced in an 26 years. Thus,
this value was chosen as the more conservativéceastimate the environmental impacts
from the production and installation of the initralle of cable. Using a planning horizon
beyond 100 years, results in impact values thatinedoo small to compare.



Table 3.

Parameter

Parameterized Factors for Cable Product Sy
Baseline
Scenario

Value

Range

stems

Source

OVERHEAD (OH)
Cable Lifetime 40 30-50 Years 19
Infrastructure Capacity 1 1,2, 4 Number of Circuits 21
PCP Leaching to Soil 0 0-1 Fraction PCP Mass Leach- |
ing to Soil
Recycll_ng Rate (Including 0.94 +0.02 Fraction OH Cable Mass 12, 20
Collection and Recovery) Recovered
Failure Frequency 09 | 063-1.17 | alure eventsicircuit 19
mile/year
Planning Horizon 63.035 | 26.07-100 | 'earsoverwhichimpacts |
examined
UNDERGROUND (UG)
Cable Lifetime 30 20 - 40 Years 19
Infrastructure Capacity 1 1,4,6 Number of Circuits 21
Recycll_ng Rate (Including 0.84 +0.13 Fraction UG Cable Mass 12, 20
Collection and Recovery) Recovered
Infrastructure Lifetime 125 100 -150 | Years 21
Failure Frequency 01 | 007-0.13 | Falure eventsicircuit 19
mile/year

3.4 Life Cycle Inventory

The life cycle inventory models of OH and UG MV pawdistribution are specific to
SCE’s situation to the extent possible. Inventoatadwas therefore gathered in close
collaboration with SCE and their primary suppliargl contractors. SCE -specific data was
collected using the following methods: site visitg)-site measurements, and personal
communications. Sites visited include the cablepBaps manufacturing facilities, SCE
service centers, SCE warehouses, and the waste gerarat facilities of SCE’s
contractors. These methods facilitated measurensaitulation, or robust estimation of
SCE-specific values for production, installationaintenance, decommissioning, and
waste management processes. The processes for wiloiclufficient SCE-specific
inventory data could be collected were modeled gugrocess inventories from LCA
databases, including GaBi v4.3 and ECOINVENT vasd literature sources. Figures 1
and 2 show material and process flow diagrams eftébo products systems. The color
coding of processes indicates their data origin.
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Figure 1. Overhead System Flow Diagram
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In the production phase, cable production was nsatl@corporating the most specific
data. The data needed for material and energy resgants of rod production, wire

drawing and stranding, and cable extrusion werepieoch in close collaboration with

SCE’s primary cable supplier. These primary dataewsubsequently modeled by the
practitioners in the software and includes aluminand copper rod production, wire
drawing, stranding and testing, and cable extrusidre remaining processes of cable
production, namely material inputs to the cabledpation, were modeled using industry
averages from the GaBi v4.3 and the Ecoinvent v2.0.

The use phase of each product system, includingaliason, maintenance, and
decommissioning, was modeled almost entirely wigttadcalculated from information
obtained during communication with SCE specialidise bulk of use-phase processes
consist of using diesel-fueled utility vehiclesvémtory for installation, maintenance, and
decommissioning processes included both distancesend by utility vehicles and
stationary engine use for activities such as hydsuand auxiliary work, digging, and

pumping.

Installation, maintenance, and decommissioning aifheproduct system were modeled
based on typical requirements as reported by SQie. diesel fuel consumption from
driving and stationary use during these activitiess calculated given average vehicle
types, distances, and project durations for SCH. tRe overhead system, installation
processes include digging holes for poles, sefpolgs, and stringing the cable; which
requires a digger, a cable dolly, an aerial butiketand a cable puller. These same types
of vehicles are required to decommission the sysfeminstall the underground system
the following activities are typically required: gdjing the trench, placing vaults and
conduits, mixing and pouring concrete, filling themaining space with backfill, and
pulling the cable. The vehicle types needed foséhectivities are a trencher, a dump truck,
a crane, a cable dolly, a cable puller, and a @eamixer vehicle. Decommissioning for
underground requires the same vehicle types exbaptthe concrete mixer is replaced
with a machine to crush concrete. Modeling of nenance accounts for impacts from
transportation, replacement of the cable sectimestd the failure events, tree trimming for
the overhead system and pumping vault water otiteofinderground infrastructure.

Cables decommissioned from the Southern CalifoEdson service area are sorted and
baled by SCE’s waste management contractor. Theslmale then shipped to China for
recycling. Data required for cable sorting, packggiand chopping processes in the EOL
phase were gathered in close collaboration with 'SCBble waste management facility
and recycling rates were parameterized in the magialy a range of possible values.

Due to the potentially high impact of transportatjgrocesses on the comparison results,
specific attention was paid to modeling transp@tatTransport of materials was modeled
using data specific to each trip including: payleagacity and utilization ratio of the vehi-

cle; distance traveled and distance percentagewn,tout of town, and on the highway;

proportion of sulfur in diesel fuel; and vehicle isgion standards. For example, the travel
path between specific SCE supply chain facilitiesl he SCE warehouses and service
centers to which the materials are delivered wdsragned using Google maps. These
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maps were used to ascertain the distance betwegityfaddresses as well as the distance
percentages in town, out of town, and on the highv&pecific distances were not avail-

able for steel and concrete raw materials in tleelpetion of pre-cast underground vaults.
In these cases, local production distances andnadeas were assumed to be within 100
kilometers and travel conditions similar to tho$¢he service area.

For an accurate representation of the energy ugatvéouthern California, energy inputs
required for the use phase were specific to the 8ty power profile. Energy inputs
required for the Production and EOL phases usedsaalkrage profile mix except for
cable recycling which occurs in China and thus,suaeerage China profile mix. The
comparison in energy mix profiles used between neadphases as well as the California
mix are illustrated in Figure 3 [22-25].

Figure 3. Energy Portfolio Comparison
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Allocation: Allocation is avoided in this model by using seguential system expansion,

or the ‘avoided burden method’. This method assuim&iswhen a product is recycled, the
primary processing of each of the constituent niteis displaced. In this sense, primary
production may be seen as a process that geneetgdable materials. However, the

environmental impacts of end-of-life processing.(itransportation, disassembly, sorting,
and secondary processing of constituent matemaés¥till accounted for in the overall life

cycle assessment of the product. Product reustheiravoided burden method, displaces
the entire production process and thus, avoidefats associated environmental burdens.
Again however, the environmental impacts of collegand/or treating the re-used product
are accounted for in the overall life cycle assesdgm

In the overhead and underground distribution prodystems, approximately 80% of the

steel cable reels are reused. Reel reuse is edldut subtracting the appropriate fraction
of burdens from those of the entire reel producpoocess. The steel from the portion of
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reels lost from the product system is assumed toebgcled. Reel loss is reflected by
subtracting the appropriate fraction of burdeny &rdm those of primary steel production.

Though both the overhead and underground cableseayeled, the recycling rates are

uncertain. A range of values was considered towatdor this uncertainty. The high value

of the recycling rate is an international rate gdots 95 percent by the Bureau of
International Recycling [12]. This high rate is fe@ire and cable products in general and is
appropriate for distribution cable materials if yhare efficiently collected and do not

change their inherent properties through the réoggrocess.

The fact that the cables are recycled in Chinanis ®ason to consider a lower recycling
rate. China’s recycling infrastructure has a sigaiit potential for material loss and/or
changes in material properties (i.e., downcyclioginpared to recycling infrastructures in
developed countries. Another aspect to consideth#&, while overhead cables are
comprised solely of metals, underground cablesamonboth metals and high density
polyethylene and thus, recovery is more complexe @atdded material complexity of the
underground cable increases the likelihood for madtéoss and downgrading through its
recycling process. A devaluation factor was caleddor each cable product to reflect the
possibility of lower recycling rates for the cabldsis factor accounts for the possible
limitations in recycling the product as a whole fmdn the further use of the resulting
secondary material(s). Because prices are assuwnisest describe the value of a material
over the whole material cascade, a preferred metihaidtermine devaluation is by using
long-term price averages of primary and secondaayerals [26]. Devaluation factors
were first calculated for each material in the eaptoduct using long-term price ratios.
This method is the same as calculating the Reciitjatndex (RI) for a material as
proposed by Villalba, et al. [20]. These mateRalvalues were then used to estimate the
Rl of each cable product. The resulting productwRis then used as a conservative
recycling rate for each cable product. Thus, tive Value of recycling rate for overhead
cable is 91.19 percent and 72.75 percent for tidergnound cable (Table 4).

Table 4. Calculation of Low Range Recycling Rate fo  r Cables

Average Value in $/kg for Raw Materials (as cited i n 20)
Steel | Aluminum | Copper | High Density Polyethylene
Secondary Material (Vsy) 0.29 1.45 1.67 0.93
Primary Material (Vpy) 0.29 1.59 1.77 11
Product Recycling Rate (RR) Based on Raw Materials’  Recycling Indices (RISs)
Recycling Index (RI=Vey/Vew) | 1 | 09119 | 0.9435 | 0.8454
Low Range RR for OH Cable = Rl gieel * RI a1uminum = 0.9119
Low Range RR for UG Cable = RI aiyminum * Rl copper * Rl pppe = 0.7275

3.5 Assumptions & Limitations

A few assumptions were made in the model invenitoigrder to simplify the comparative

analysis. First, the system boundaries for thigystdid not include the transformers
required for both product systems. Transformerslevtye required at the same locations
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whether the power delivery system is overhead aertground and would perform the
same voltage conversions. However, there are sdffexetices in the design between
underground and overhead transformers, which wetramalyzed in this study.

Second, components encompassing the functionalwmi¢ estimated for one mile of

straight circuit with no topographical barriers amu obstacles for installation (e.g., roads,
hard rocks, hills, corners, etc.). In many cases]agical, terrain, and land use conditions
will affect the quantity of infrastructural compaorne needed and energy required for
installation, which may significantly change thdative impact of the two systems. For
example, assuming no obstacles implies that theengnound system does not require
landscaping or surface re-pavement after instahati

Third, the truck transportation process inventonese based on EU, rather than US,
diesel fuel emission standards. While the curre@trelgulation fomew diesel vehicles is
comparable to EU Euro 5 emission standards, dietetles currently in use in the US are
older and the majority of vehicles are below th@ndard. Therefore, it was estimated that
the EU Euro 4 diesel fuel emission standards isrthst suitable, conservative assumption
for our analysis [27, 28].

Fourth and fifth, land-use issues (e.g. right-ofywkand use change) and the effect of
electric magnetic fields (EMFs) were not considdrethis study. Both of these topics are
quite controversial and there are many competiagnd about the possible harm caused
by them [9, 29-31]. While the potential harm frofMEs is still an open question, EMF
concentrations around primary power distributiamed are mainly defined by distances
from the power lines, design of the lines, and dh®unt of current the line is carrying
[32]. Installed underground circuits are closerthie ground’s surface whereas overhead
lines are farther above. Thus, using undergrouimdgry power delivery systems result in
higher EMF exposure for power consumers and thergépublic.

Additionally, due to the complexity of the issubiststudy did not include the comparison
of power losses between the two cable systems. iPmgs is related to the cable’s
impedance. Impedance in alternating currents \ifidica the voltage drop along the length
of the circuit. Impedance is a function of seveaitors including: cable separation,
conductor size, neutral/shield resistance, andipitx to other cables and ground wires
[19].

Finally, the SCE cable supply chain already minesizmaterial waste in the cable
production process and SCE’s recycling programsvecnearly all of the materials within
the utility’s sphere of control. This level of instay efficiency in the studied supply chain
should be considered when comparing opportunitiesther utilities supply chains and
systems.

3.6 Impact Assessment

Impact categories, developed by the Center for idenmental Studies (CML) at Leiden

University in the Netherlands, were selected basmedheir relevance to the project goal
and scope (Table 5). The CML database offers adoraage of factors to chose from, has
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the most current information (revised in Deceml@37), and uses a mature methodology.

Table 5. Selected Impact Categories and Impact Resu  Its

OH Life Cycle | UG Life Cycle
Impact Indicator Unit Impacts (per Impacts (per
year per mile) year per mile)
ADP Abiotic Depletion [kg Sh-Equiv.] 7.00 63.65
AP Acidification Potential [kg SO2-Equiv.] 4.01 32.66
EP Eutrophication Potential [kg Phosphate-Equiv.] 241 3.73
FAETP | Freshwater Aquatic Ecotoxicity Pot. [kg DCB-Equiv.] 83.57 527.07
GWP Global Warming Potential (100 years) | [kg CO2-Equiv.] 1402.39 7680.95
HTP Human Toxicity Potential [kg DCB-Equiv.] 248.87 1376.11
POCP | Photochem. Ozone Creation Potential | [kg Ethene-Equiv.] 0.44 3.65
TETP Terrestric Ecotoxicity Potential [kg DCB-Equiv.] 5.73 29.15

4. Results & Discussion

4.1 Technical Analysis

Hotspot Analysis: The hotspot analysis represents the processesdhaitbute the largest
amount of environmental impacts, 25% or greatethef total overall impacts, to the
respective system. Negative and positive environateimpacts were analyzed and
modeled for each system. The positive environmantghcts, resulting from reuse and
recycling, are represented by negative bars irgtag shaded area of the subsequent two
figures.

Hotspot Analysis—Underground System:Cable production is the process contributing
the most negative environmental impacts in the rgrdend system across all eight
indicators (Figure 5). Within cable production,istthe cradle-to-gate process of liquid
aluminum production that is responsible for thearigj of impacts, especially in FAETP.
The “aluminium, primary, liquid at plant” processventory in the Ecoinvent database
includes the electrolysis step of aluminum produrcti This step is the most energy
consuming of aluminum production. As of 2008, eieity use at an aluminum
electrolysis plant is approximately 15.6 kWh/kg uid aluminum, as compared to
electricity use for primary copper production, whis 0.55 kWh/kg copper [33]. The
mining and resource extraction processes of crad@gte aluminum production also
contribute significantly to ADP and FAETP impacts.

The dominant positive environmental impacts anebaited to cable recycling, which takes
place in China. Also, the second largest contribtdopositive environmental impacts is
steel reel reuse and recycling. The steel reelsised to transport the cables to and from
SCE and are subsequently either sent back to thaisuor recycled. The steel reels are
sent back to the supplier approximately eighty @etrof the time, while the remaining
twenty percent are recycled.
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Figure 5. Underground Hotspot Analysis, Contributin g 2 25% of Net Impacts
*Main credits shown in grey
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Hotspot Analysis—Overhead Systemin the overhead system, production of the cable
again dominates all eight environmental impactaatbrs (Figure 6). The overhead cable
modeled is comprised of mostly aluminum. Thus,“#teminium, primary, liquid at plant”
process is responsible for 60-99 percent of theastgofrom cable production across all
indicators. The amount of aluminum required for tiverhead cable is less than half that
of underground, as seen in Table 1. This lower rni@téntensity is the reason the
associated impacts in the overhead system aredamn of magnitude smaller than in the
underground system. Even though aluminum cableyatazh is a dominant contributor to
all indicators, the methods employed by SCE’s nzaipplier of cable are very efficient.
The primary aluminum is produced adjacent to thenaum rod plant; therefore, the
aluminum can be kept molten up to the rod rollitags. As a result, less natural gas is
required in this facility relative to the amountmdtural gas needed for an ordinary metal
refinery. In other words, ingot is not purchased eatmelted as can be the case for refined
metal products.
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The use phase also contributes significantly toim@iacts in the overhead system in five
out of eight impact indicators (Figure 6). The pbase for the overhead system involves a
significant amount of driving large utility truck® and from installation sites for the
purpose of installing cables and infrastructuréesitiled line maintenance, tree trimming,
and decommissioning of cables and infrastructuotloWwing decommissioning, there is
subsequent transport of cables and infrastructurent-of-life processing facilities. Not
only was the transportation of these utility truckedeled, but also the fuel consumption
based on truck idling times (i.e., the use of trecigines and auxiliary power), which
power equipment to install the infrastructure.

The processes that dominate the positive envirotah@npacts for the overhead system
are the same as the underground system: cabldingcgiad steel reel reuse and recycling.
However, there is an additional dominant processvigng positive environmental
impacts, Tree Trimming Credits(Figure 6). Tree trimming credits represent theet
trimmings cut down during scheduled overhead lirentenance. SCE incinerates these
tree trimmings to generate heat and electricity ihahen utilized within the SCE service
area, and thus, is credited to the use phase.

Figure 6. Overhead Hotspot Analysis, Contributing 2 25% of Net Impacts
*Main credits shown in grey
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Overall Comparison: The comparison results show that the undergrourstesy has
higher environmental impact potential than the bead system in all categories in
virtually all scenarios (Figure 7). The baselinersrio values shown in Table 2 were
modeled, resulting in the average environmentalaichpesults depicted in the blue and
orange bars in Figure 7. This difference is prilgadue to the higher material intensity of
underground cables. Within the production phase, rain processes contributing to
environmental impacts are those of cable productiois important to note that there is
limited flexibility in material selection for cableroduction due to their physical property
requirements and associated economic issues. @lapower delivery systems
underground requires additional cable materialsistlyi when enclosed in tight
configuration within the PVC conduits and concrdtests, heat from the cable does not
easily dissipate as it does in open air. Tempegainicrease in the underground cable
would not only pose the risk of melting the plastisulation layer(s), but would also
decrease the conductive properties of the cablenBare a safe and efficient temperature
range for the underground system, the electricaleati density must be decreased. This
decrease is achieved by using conductors with langess-sectional areas. In other words,
a larger mass of aluminum conductor is neededh®underground cable to have the same
power delivery capacity as the smaller and bareahweterhead cable. Also, the conductor
must be protected from mechanical damage and tbgsires insulating material (i.e., high
density polyethylene in this study). In brief, highaterial intensity of the underground
cable is driven by physical conditions, so it iguitable that delivering primary power
underground places higher pressures on the enveonm

The Monte Carlo analysis accounts for uncertaintiethe parameterized factors for each
system. In order to visualize the results of thenMoCarlo analysis, impact indicator
values are normalized using overall environmemadis for the United States according to
the latest normalization factors developed by th&L.GFigure 7). In Figure 7, the error

bars indicate the highest and lowest potential otgpan all modeled scenarios. As
described in Table 2, the factors included in tbenarios are: underground infrastructure
lifetime, overhead planning horizon, PCP leachingnf the overhead treated wooden
utility poles, cable lifetimes, cable recyclingeat and cable failure frequency for each
system. As can be seen in Figure 7, potential enmental impacts of the underground
primary distribution system are considerably higfar all impact indicators. However,

Monte Carlo analysis suggests that there are twmaatindicators in which the overhead
system may potentially have higher environmentgaaots than the underground system.

For the overhead system, the Terrestric Ecotoxiéytential (TETP) impacts are
significantly increased if 100 percent of the PCébd treatment chemical leaches into the
soil from the utility pole. The fate and transpoftPCP leaching from wooden utility poles
is not well understood and highly dependent on sk [34]. It is important to note,
however, that 100 percent leaching is a consemastimate and, according to literature,
somewhat unlikely [35, 36]. Accounting for 100 pamt PCP leaching brings the impacts
of the overhead system in the TETP category interlap with the TETP range for the
underground system. When a majority of the PCPhlesinto the soil, the TETP impact
for the overhead system is higher than the TETPaghpn the underground baseline
scenario. However, the underground ‘worst-case aa@nstill has higher environmental
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impacts in all indicators.

Impact values between the two systems are relgtolebe in the Eutrophication Potential
(EP) indicator and the range of numbers within esydtem is narrow. For the baseline
scenario, the underground system has higher implaatsthe overhead system. However,
there is some overlap as the ‘worst-case scen#oiothe overhead system has higher
impact than the ‘best-case’ scenario for the unoerd.

Figure 7. Overhead vs. Underground: Overall Compari  son and Monte Carlo Analysis
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Sensitivity Analysis: A sensitivity analysis was conducted for the mogeling each
parameter individually. The overhead system implastsen most significantly with a
decrease in the annual cable replacement masddilere frequency). This system’s
sensitivity to the failure frequency suggests thahagement practices to reduce the
number of failure events per circuit mile are thestreffective way to reduce the overall
environmental impacts of overhead distribution syst. Additionally, for the overhead
system, all impact indicator values increase sigaiitly as the planning horizon shortens.
This difference however is not linear — the chaimgenvironmental impacts goes down as
planning horizon goes up. For the underground systeany of the impact indicator
values are affected most significantly by the céifd¢ime: a longer cable lifetime
significantly decreases many of the impact indicatdues. All of the impact indicator
values are also sensitive to an increase in cabl@/ery rates. This sensitivity is especially
pronounced in Freshwater Aquatic Ecotoxicity PotdEAETP) and Abiotic Depletion
Potential (ADP) indicators. The best and worst ¢casevery rates can reduce or increase,
respectively, the overall impact values by 30-40@%s interesting to note that Global
Warming Potential (GWP) and Photochemical Ozonatire Potential (POCP) are the
impact indicator values that are most sensitivehi@anges in the life of the underground
infrastructure. Because concrete production hadively high greenhouse gas emissions
and smog production potential, a longer lifetimehaf largely concrete underground
infrastructure significantly decreases the annu&lFzand POCP of the underground
distribution system.

Impacts by Phases:Analyzing environmental impacts by phases shows timia EOL
phase contributes the least to net impacts. Cradgsciated with recycling cable materials
in the EOL phases are attributed to primary praducfi.e., the production phase). Even
with these credits attributed, the net productiorpacts contribute the largest share to
overall environmental impacts in both systems (Fed).

Figure 8. Environmental Impacts Comparison by Phases
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4.2 Recommendations

Firstly, the larger environmental impacts assodiatgth delivering power underground
should be considered when deciding the mode of inénastructure for primary power
distribution.

Secondly, because the largest environmental impaicisach system come from their
production and end-of-life phases, SCE and othectetal utilities must look to Green

Supply Chain Management (GSCM) in order to redugerall impacts. The hotspot and

sensitivity analyses show that reducing the amafirdable required per unit of service
provided, is the most effective way to reduce therall environmental impacts throughout
the supply chain. In the overhead system, this beagichieved by reducing the frequency
of cable failure events. In the underground systiess material is required if the cable
lifetime can be extended.

Overhead Cable Failure Reduction

Successful failure reduction programs depend omtiaatity and quality of data about
what drives cable failures. Thus, improving theadadllection for failure events should be
a management priority. A number of management jpechave been developed to
decrease failure rates in power distribution syste@ommon programs include: increased
inspections and monitoring; tree trimming optimiaat infrared feeder inspection; cable
replacement optimization; and increased lightnirggrtion. Reports indicate that by
using a combination of these management praciitggpvements in System Average
Interruption Frequency Index (SAIFI) can range frono 47.4 percent [37]. SAIFI reflects
the total number of power system interruptionsepehdently of whether they are caused
by cable failure or by a failure of another compunéssuming management practices are
able to achieve a 30 percent reduction in cableriairequency, overall impacts of the
overhead system would be reduced by an average péi@ent across environmental
indicators.

Underground Cable Lifetime Expansion

The dominant driver of failure in MV undergroundtss is mechanical abuse of the
insulation system resulting in breach of the insafawall [19]. Even minor damage of the
insulation can result in the exposure of the cotmlumetal and subsequent cable failure. A
few techniques have been developed to addresm#tbanical abuse. These techniques
use liquids with high insulation properties to ‘helae damaged insulation. In one of the
techniques, the liquid insulator is added as theca produced [38]. The liquid layer is
places between two layers of solid cross-linkeg@iblylene. When the outer insulation
layer is damaged, the cable self-repairs with #ldige layer. Another method is to treat
the cables on site during their use [39]. The loglaoular weight silicone is injected into
the cable around the conductor strands and bett@athsulation. The silicone then
diffuses into the insulation layer and gels throagieaction with moisture in the dielectric,
thereby replacing water trees with gelled silicoB®th techniques claim significant
extensions in cable lifetime [38, 39]. Statistidata on the failure rates recorded for these
techniques are still in the collection stage. i$ tiechnology is capable of doubling
underground cable lifetime, overall impacts of uiggeund power delivery can be reduced
significantly. For example, the Freshwater Aqu&iotoxicity Potential (FAETP) and the
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Human Toxicity Potential (HTP)—both in kg DCB eqaients—could both be reduced by
about 25 percent. This improvement would also redhe Global Warming Potential
(GWP) by over ten percent. This estimation, howedlees not include the impacts from
production of the liquid insulation layer for thiest method, or the silicon injection
solution and pressure applied for the cable treatmmethod. The estimation also does not
include transportation processes or the effedh@$é materials on the cable’s end-of life
phase for either of the techniques.

Use Phase Vehicle Fleet

Within the utility’'s corporate boundaries, impaete dominated by diesel fuel production
for, and fuel emissions during, the installatiorgimbenance, and decommissioning of the
cable systems, especially for overhead systemss,Timanagement and logistics of the
service vehicle fleet should be a major considenaitn reducing the overall environmental
impacts of the use phase in both overhead and grulerd systems.

4.3 Further Research

This model provides an opportunity to test différecenarios associated with management
solutions. Some of these scenarios would requimitiadal process inventories. For
example, in order to assess potential improvemantshicle fleet management, additional
inventories for hybrid electric vehicles, flexikigel vehicles, and biofuels would be
necessary. Next, environmental impacts resultioghfphysical and human capital were
assumed to be negligible and were excluded fromatiedysis because they would not
significantly affect the comparative study resukmwever, including these impacts into
the model using Hybrid LCA methodology could morecwrately capture overall
environmental impacts of either system
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