Journal of Transportation Technologies, 2013, 3, 149-161

o5 Scientific
doi:10.4236/jtts.2013.32015 Published Online April 2013 (http://www.scirp.org/journal/jtts)

#3% Research

Life Cycle Assessment of Creosote-Treated WWooden
Railroad Crossties in the US with Comparisons to
Concrete and Plastic Composite Railroad Crossties

Christopher A. Bolin*, Stephen T. Smith?
1AquAeTer, Inc., Division of Sustainability, Centennial, USA
2AquAeTer, Inc., Division of Sustainability, Helena, USA
Email: cbolin@aquaeter.com, stephentsmith@wildblue.net

Received March 9, 2013; revised April 11, 2013; accepted April 17,2013

Copyright © 2013 Christopher A. Bolin, Stephen T. Smith. This is an open access article distributed under the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

ABSTRACT

Creosote-treated wooden railroad crossties have been used for more than a century to support steel rails and to transfer
load from the rails to the underlying ballast while keeping the rails at the correct gauge. As transportation engineers
look for improved service life and environmental performance in railway systems, alternatives to the creosote-treated
wooden crosstie are being considered. This paper compares the cradle-to-grave environmental life cycle assessment
(LCA) results of creosote-treated wooden railroad crossties with the primary alternative products: concrete and plastic
composite (P/C) crossties. This LCA includes a life cycle inventory (LCI) to catalogue the input and output data from
crosstie manufacture, service life, and disposition, and a life cycle impact assessment (LCIA) to evaluate greenhouse
gas (GHG) emissions, fossil fuel and water use, and emissions with the potential to cause acidification, smog, ecotoxic-
ity, and eutrophication. Comparisons of the products are made at a functional unit of 1.61 kilometers (1.0 mile) of rail-
road track per year. This LCA finds that the manufacture, use, and disposition of creosote-treated wooden railroad
crossties offers lower fossil fuel and water use and lesser environmental impacts than competing products manufactured
of concrete and P/C.

Keywords: Creosote; Environmental Impact; Railroad Crossties; Life Cycle Assessment (LCA); Concrete; Plastic
Composite

1. Introduction the backbone of this system for more than 150 years, a
system that, in the US, has an estimated 273,700 track
kilometers (170,000 miles) [6].

While non-durable wood products are susceptible to
degradation when left untreated [7], wood preservative
treatments can extend the useful life of a wood product
by 20 to 40 times that of untreated wood [8] when used
in weather-exposed or wet environments subject to
microbial or insect attack.Wood preservation with coal-
tar creosote became commercially viable when a patent
was taken out by John Bethell in 1838 [9]. Creosote
“empty cell treatment” was introduced by Rueping in
1902 and refined in 1907 to a process in which a large

Railroads are a critical transportation element of the US
economy, distributing large quantities of material goods
and oftentimes in a more efficient manner than road-
based transportation [1]. This transportation efficiency is
often measured by the equipment moving goods [2-4],
but to understand the burdens associated with various
modes of transportation, one must consider the system as
a whole, including not only the equipment moving the
goods, but the surface the equipment moves upon. The
structural components that make up the railway line in-
clude the rail, rail tie-plate, crossties, supportive ballast,

and subgrade [5]. Railroad crossties are the base mem-
bers, to which steel rails are attached to transfer load
from the rails to the underlying ballast. The ties also pro-
vide the critical function of keeping the rails at the cor-
rect gauge and alignment. Wooden crossties have been

Copyright © 2013 SciRes.

cylinder is filled with compressed air, creosote is pumped
in while maintaining air pressure, injection occurs under
pressure,preservative is pumped out, and then a vacuum
is applied at the end of the process so that air contained
in wood cells will expel excess preservative. Lowry
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introduced in 1906 a quick vacuum at the end of the
pressure process [9]. Today, most ties are treated with
creosote using the empty cell Rueping process. Coal tar
creosote treated wood products have a long history of
proven performance in transportation systems [10].

Consumer and regulatory agency concern about envi-
ronmental impacts resulting from the manufacture, use,
and disposal of infrastructure products, such as coal-tar
creosote treated crossties, understandably has resulted in
increased scrutiny during selection of transportation con-
struction products. Products such as creosote-treated
wooden crossties are, in some cases, being replaced with
concrete and plastic composite (P/C) crossties for various
reasons, but at least partially based on perception rather
than scientific or quantitative consideration of these con-
cerns.

2. Goal and Scope

The goal of this study is to provide a comprehensive;
scientifically-based; and fair, accurate, and quantifiable
understanding of environmental burdens associated with
the manufacture, use, and disposition of creosote-treated
wooden crossties using primary data collected at US
treating plants and secondary data from other sources.

The scope of this study includes investigation of cra-
dle-to-grave life cycle environmental impacts for creo-
sote-treated wooden railroad crossties in US Class 1
railroads using life cycle assessment (LCA) methodolo-
gies. The results of the creosote-treated crosstie LCA are
compared to LCA findings for alternative products: con-
crete and P/C crossties. LCA is the preferred method for
evaluating the environmental impacts of a product from
cradle to grave, and determining the environmental bene-
fits one product might offer over its alternative [11].

The LCA methodologies used in this study are consis-
tent with the principles and guidance provided by the
International Organization for Standardization (ISO) in
standards ISO 14040 [12] and 14044 [13]. The study
includes the four phases of an LCA: 1) Goal and scope
definition; 2) Inventory analysis; 3) Impact assessment;
and 4) Interpretation. The environmental impacts of
creosote-treated, concrete, and P/C railroad ties are as-
sessed throughout their life cycles, from the extraction of
the raw materials through processing, transport, primary
service life, reuse, and recycling or disposal of the prod-
uct.

Crosstie alternatives are produced by many different
manufacturers using differing materials and manufactur-
ing processes. Therefore, a “typical product” has been
estimated for both concrete and P/C crossties. The con-
crete and P/C typical products have approximately the
same dimensions as, and generally are used as direct al-
ternatives to, creosote-treated railroad ties. However,
concrete ties have a different spacing requirement and
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cannot be interspersed with other types of ties. The LCAs
for concrete and P/C ties do not include independent
manufacturing inventory data (primary data). Conse-
quently, a general comparison of LCIA impact indicators
is done to understand how the creosote-treated crosstie
and alternative product life cycles compare. Additional
alternative product data collection and analysis are
needed to fully detail the comparability of specific alter-
native products.

3. Life Cycle Inventory Analysis

The Railway Tie Association [14] estimates that North
American railroads purchased 20,394,000 new wood ties
in 2007. The creosote-treating industry reports that ap-
proximately 314 million liters (82.9 million gallons) or
345 million kilograms (760 million pounds) of creosote
were used in the US in 2007 to treat 2.86 million cubic
meters (101 million cubic feet) of wood, of which ap-
proximately 71% was produced for railroad applications,
most of which was for creosote-treated crossties [15].

Primary data and information for the life cycle inven-
tory (LCI) are obtained from US treaters of wooden rail-
road ties using creosote preservative. Secondary data are
obtained from the scientific literature and from the US
Life Cycle Inventory Database maintained by the Na-
tional Renewable Energy Laboratory (NREL). LCI in-
puts and outputs for the creosote-treated wood tie are
quantified per 28.3 cubic meters (1000 cubic feet (Mcf)).
The cubic foot (cf) unit is a standard unit of measure for
the US tie industry and is equivalent to 0.028 cubic me-
ters (m’). Inventory data are converted to a functional
unit of per 1.61 kilometers (1.0 mile) of Class 1 railroad
per year of use, allowing assessment of the impacts of tie
spacing and service life. The cradle-to-grave life cycle
stages considered in this LCI are illustrated in Figure 1.

This life cycle assessment allocates manufacturing in-
puts on both volumetric and mass basis and outputs on a
mass basis. In most cases life cycle process modules
were downloaded from NREL. The NREL modules in-
clude allocations needed to determine applicable inputs
and outputs associated with material acquisition and
manufacturing processes. At disposition, some of the
product leaves the system as thermal energy and is allo-
cated as a credit to the use of fossil fuel.

3.1. Creosote-Treated Railroad Tie Inventory

This study builds on existing research for forest re-
sources and adds the treating, service use, and disposition
stages of creosote-treated wood railroad ties. Previous
studies, such as research conducted by the Consortium
for Research on Renewable Industrial Materials (COR-
RIM), have investigated the environmental impacts of
wood products. CORRIM’s efforts build on a report is-
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Figure 1. Life cycle stages of railroad ties.

sued under the auspices of the National Academy of
Science regarding the energy consumption of renewable
materials during production processes [16]. CORRIM’s
recent efforts [17-19], have focused on an expanded list
of environmental aspects necessary to bring wood prod-
ucts to market.

The main source of forest products LCI data used in
this study is Oneil et al. [19]. Data include forestry prac-
tices applicable to hardwood products from the Northeast
and North/Central U.S from the forest (cradle) to the mill
(gate). Hardwood trees naturally regenerate and fertilizer
usually is not applied, thus, the environmentally relevant
inputs are limited to the fuel required to cut, trim, load,
and transport logs to mills. Bergman and Bowe [20]
completed a gate-to-gate LCI of hardwood lumber mill-
ing process inputs and outputs that is adapted in the in-
ventory of this LCA to represent hardwood railroad tie
production. Inputs and outputs include electricity and
fuel requirements, transportation, water use, and particu-
late emissions. The data from Oneil et al. and Bergman
and Bowe are allocated by volume for a “typical” tie
measuring18 cm (7-in) high by 23 cm (9-in) wide by 2.6
m (8.5-ft) long.

Twenty-two (22) creosote treating plants in the U.S.
provided primary data responses to a questionnaire co-
vering operations in 2007. The total volume of creosote-
treated ties reported in the surveys is approximately 2.0
million cubic meters (71,000 Mcf) of product, including
approximately 1.7 million cubic meters (60,000 Mcf) of
hardwood crossties. Vlosky [15] estimates US industry
total creosote railroad tie treatment in 2007 at appro-
ximately 2.0 million cubic meters (71,000 Mcf). Gauntt
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[14] estimates that 20,394,000 new wood ties were
purchased by North American railroads in 2007, or be-
tween 1.9 to 2.1 million cubic meters (67,000 to 75,000
Mcf) at an average volume of 0.093 to 0.11 cubic meters
(3.3 to 3.7 cubic feet) per tie. Both estimates support the
representation that all, or nearly all, creosote treatment in
the US provided input to the primary data used in this
study.

The LCI for creosote production considers both coke
oven and tar distillation processes. Creosote preservative
is produced to meet AWPA standards P1/P13 [21], P2
[22], or P3 [23]. Standard P2 creosote generally is used
for crossties. A weighted average of creosote types from
the survey data is used as the reference preservative for
this LCA. The treaters surveyed as part of this LCA
report a weighted average of creosote preservative use of
94% creosote (both P1/P13 and P2) and 6% petroleum
oil.

AWPA [24]specifies creosote retention of 112 kg/m’
(7.0 pounds per cubic foot (pcf)) or refusal for oak and
hickory crossties. Retention is based on gauge measure-
ment, meaning that retention is the total weight of creo-
sote injected divided by the total volume of wood treated.
The average creosote use rate, as reported in surveys, is
approximately 88 kg/m® (5.5 pcf). The difference is con-
sistent with the AWPA specifications because a large
percentage of the total volume of wooden ties accepts
less than specified amounts of preservative (“refusal”).
Therefore, survey data are used in this study.

Outputs in the form of solid waste, waste water dis-
charges, chemical releases from process equipment and
stored product are primary data. Releases of creosote to
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air are reported under the Toxic Release Inventory (TRI)
reporting program and include releases from the process
equipment, such as tank vents and treating cylinders.
Evaporative losses from the finished ties are estimated at
0.12 kg/m® (7.5 pounds/Mcf) for the first 120 days fol-
lowing treatment [25]. Treatment process releases of
creosote, used in the LCI, are summarized in Table 1.

Creosote-treated railroad ties are installed at 49.5 cm
(19.5 inch) spacing, center-to-center, or at a frequency of
3249 ties per 1.61 km (1.0 mile). Service life is a func-
tion of quality and species of wood, quality and type of
treatment, laying condition, use intensity, and environ-
mental factors. Based on studies of US railways by Za-
rembski [26] and contact with industry sources, a 35-year
average service life is assumed in this LCI for creosote-
treated railroad ties, an estimate greater than the 15-year
estimate in Japan [27], the 20 to 30-year estimate in Aus-
tralia [28], and the 24 to 30-year estimate in Switzer-
land [29]. Extended service life by dual treatment with
borate and creosote also is addressed through sensitivity
analysis. Maintenance applications of preservative to an
installed tie, such as ones containing borate, are consid-
ered rare and are not included in this LCA. The amount
of steel, including tie plates, spikes, and rail anchors, is
calculated and inventoried in the LCA. The system
boundary does not include supportive ballast except for
concrete tie products that require additional ballast mate-
rial for stability. Only the ballast that is required in addi-
tion to that normally used for wood and P/C ties is con-
sidered.

Studies done by Becker et al. [30], Brooks [31],
Burkhardt et al. [32], Chakraborty [33], Gallego et al.
[34], Geimer [35], Gevao and Jones [36], and Kohler and
Kunniger [37] have investigated the releases of “creo-
sote” over time and the release mechanism (i.e., releases
by volatilization or leaching).The term “creosote” de-
scribes the liquid used to treat wood ties, but is imprecise
when applied to environmental releases to air, soil, or
water. None of the creosote release studies provide indi-
vidual chemical constituent information necessary as
inputs in this LCI for determining impact indicators; thus,
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release estimates were developed for this study. The mo-
lecular weights and mass fractions of the numerous che-
mical components of AWPA Standard P2 creosote are
provided by Sparacino [38] and are used to estimate frac-
tional amounts of chemical components released from
ties at treatment and during time in service.

Creosote constituents are released in proportion to
their pure vapor pressures (VPs) and initial concentra-
tions. Constituent VPs range from approximately 4 kilo-
pascal (KPa) to approximately 2 x 10° KPa (6 x 10
pounds-force per square inch absolute (psia) to 3 x 107
psia). Creosote constituents are sorted into four groups
by VP (high, medium-high, medium, and low). For each
group, assumptions are made regarding the amount of
each constituent released and the fraction of the release
emitted into the air, as shown in Table 2. These creosote
loss factors are multiplied times the constituent mass in
creosote and calculated as the amount released. The re-
lease times the air fraction value is the amount released
to the air. Total releases of creosote are estimated to av-
erage approximately 1% per year with releases to air at
approximately 0.1% per year of initial treatment mass.

According to the Railway Tie Association, appro-
ximately 17.1 million wood ties are removed from active
and inactive track in the US per year. Following removal,
the ties 1) are recycled to other treated wood uses, such as
landscape materials (39%); 2) are beneficially used for
energy recovery (56%); or 3) are disposed as waste in
landfills (5%).

Table 1. Treating process outputs from creosote-treater sur-
veys.

Source Amount (kg/m®)
Creosote contained in storm water runoff 0.00019
Creosote discharged to treatment works 0.00038
Creosote releases (drips) to ground 0.000045
Creosote component emissions to air 0.038
Hazardous waste disposed 0.64
Other waste disposed 3.7

Table 2. Release of creosote constituents by vapor pressure.

Assumption for constituents Assumed loss/yr  Fraction to air ~ Fraction to ground Mas_s loss Mass IQSS to air
fraction/yr fraction/yr
For each constituent with a VP of Xe-1 2.0% 30% 70% 0.0019% 0.00057%
For each constituent with a VP of Xe-2 1.5% 15% 85% 0.0037% 0.00056%
For each constituent with a VP of Xe-3 1.0% 5.0% 95% 0.0024% 0.00013%
For each constituent with a VP of Xe-4+ 0.50% 0% 100% 0.0014% 0%
Total measured mass fraction 0.86 Sum: 0.0094% 0.0013%
% of total measured: 1.1% 0.15%
Projected release for 35 years 33% 4.4%
Release as fraction of initial treatment 38% 5.1%
Copyright © 2013 SciRes. JTTs
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Removed ties beneficially used as a fuel are modeled as
fuel in a steam-electric power plant and the energy value
is calculated assuming 20% moisture and considering the
carbon content of the remaining wood, creosote, and
carrier petroleum oil. Electricity production is based on
50% thermal efficiency. The amount of electricity pro-
duced from the tie fuel is entered as an electricity credit.
All wood carbon emitted is inventoried as biogenic carbon
dioxide. All creosote and petroleum oil preservative
carbon emitted is inventoried as fossil carbon dioxide.
Emissions from energy recovery are inventoried and as-
sumed to occur with the use of advanced particulate
controls. Credits, from recycling wood ties to energy fol-
lowing use, result in some LCI inputs being less than zero,
and thus are environmentally beneficial when summed for
the whole product life cycle, as shown in Table 3.

In contrast to an LCA done to evaluate GHG emissions
from concrete and treated wood sleepers (crossties) by
Crawford [28], this LCA accounts for anthropogenic
GHG and biogenic GHG as neutral related to global
warming. Crawford assumed all wood mass from the
forestry product, not used as ties, was burned as waste and
that at the end of service life, wood ties fully decayed. The
carbon dioxide released from forestry product and ties
was counted as a GHG, the same as fossil carbon dioxide,
with no accounting for carbon uptake by tree growth and
the assumption that no beneficial energy was produced
either from forestry biomass or from used ties. This LCA
better reflects actual North American practice and de-
velops GHG conclusions that contradict those by Craw-
ford.

Steel tie plates and other parts installed with ties are
inventoried in the use stage by mass, assuming production
in a blast furnace. Recycled steel is inventoried in the final
fate stage both as a negative use offsetting the initial use
and as the amount of electricity typically used in an
electric arc “mini-mill” to melt and reform steel shapes. In
this manner, as recycled steel approaches 100%, the min-
imum inputs required for steel are those to melt and shape
steel in each use cycle. Primary steel manufacture, in a
blast furnace, is based on inventory data from NREL.
NREL database information assumes 85% of steel is recy-
cled. New steel yield from recycled steel is 95%. Energy
input to mini-mills, processing recycled steel, is assumed
to be 0of 0.011 terajoule (TJ) per metric ton (1.33 kiloWatt
hours per pound (kWh/1b) of steel) of grid electricity [39].

Landfill-disposed crossties are modeled as if decayed to
a point where the primary phase of anaerobic degradation
has occurred and 17% of the product’s carbon is released
as carbon dioxide, 6% is released as methane, and 77%
[40] remains in long-term storage in the landfill. Inputs
and outputs related to landfill construction and closure are
apportioned on a mass disposed basis [41].

Transportation-related inputs and outputs are quanti-
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fied for each life cycle process. Distances and transport
modes for preservative supply to treaters, inbound un-
treated ties, and outbound treated ties are based on treater
survey weighted averages.

3.2. Concrete Railroad Ties Inventory

The “representative” concrete tie has a weight of 318 kg
(700 pounds), and includes eight strands of 9.5 mm (3/8-
in) pre-stressed steel cable. Concrete tie placement is as-
sumed to be at 61 cm (24-in), on center. A survey of con-
crete tie manufacturers was not done for production inputs
and outputs; therefore, some inputs and outputs may not
be fully identified or quantified. Elastic fasteners and clips,
constructed of steel, are included in the inventory. The
maintenance frequency of concrete crossties includes clip
replacement only once during the crosstie life. No car-
bonatization of concrete is accounted for in the inventory.
This LCI does not account for polymer tie pads, pad
replacements, or repairs to concrete tie seat areas, items
that might add to indicator impacts.

The Railway Tie Association commissioned a study of
concrete tie service life specifically for use in this LCA
project [42]. The study concluded: “It appears that a
reasonable estimate for concrete tie service life under
North American railroad operating conditions is between
40 and 45 years.” However, the study noted that while
concrete ties were installed by one railroad as early as the
1970s, current concrete ties are a relatively new product
within the modern North American railroad system with
the average age of in-service ties being approximately 13
years. Life variability is high with projected life from
approximately 20 years (using Norfolk Southern data) to
41 years (Canadian National data). Premature concrete
tie failures have been documented [43], further support-
ing a conservative service life estimate. Given the high
variability and still unknown long-term performance, an
assumption of 40 years is used in this LCI for average
concrete tie life.

Concrete ties require additional ballast compared to
wood or P/C tie systems. Only the additional ballast re-
quired for concrete ties is considered in this LCA. 23 cm
(9 in) of additional ballast is assumed for the concrete tie
model.

Concrete tie rail systems offer advantages to railroads
in select situations. In particular, some, but not all,
railroads use concrete ties for heavy-haul, higher-curva-
ture track locations. The greater weight of the concrete
ties is thought to reduce rail movement in comparison to
the lighter wooden ties. Such special situations are outside
the scope of this LCA.

When concrete ties are removed from service, it is
assumed that a small fraction (5%) will be reused by
railroads while most either will be crushed and reused as
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Table 3. Creosote-treated, concrete, and P/C railroad tie cradle-to grave life cycle inventory summary (per tie).

Creosote-treated (/tie) Concrete (/tie) P/C(/tie)

Infrastructure process Units Service life =35 yrs Service life =40 yrs Service life = 40 yrs
Inputs from technosphere
Electricity, at grid, US kWh —54 128 123
Natural gas, processed, at plant (feedstock) m’ -2.8 7.4 18
Natural gas, combusted in industrial boiler m’ 2.9 0.65 7.6
Diesel fuel, at plant (feedstock) L 0 0 0
Diesel fuel, combusted in industrial boiler L -0.11 0.83 0.31
LPG, combusted in equipment L 0.0035 0 0.00034
Residual oil, processed (feedstock) L 0 0 0
Residual fuel oil, combusted in industrial boiler L 0.71 0.052 0.097
Diesel fuel, combusted in industrial equipment L 3.1 0.86 0.19
Gasoline, combusted in industrial equipment L 0.11 0.085 0.041
Hogfuel/biomass (50%MC) kg 3.2 1.6 1.5
Coal-bituminous & sub. combusted in boiler kg 12 0.055 0.016
Coal (feedstock) kg 0 7.8 0
Energy (Unspecified) MJ 0 21 0
Truck transport, diesel powered ton-km 65 110 100
Rail transport, diesel powered ton-km 122 569 131
Barge transport, res. oil powered ton-km -1.7 4.2 4.5
Ship transport, res. oil powered ton-km 20 10 5.5
Diesel use for transportation L 2.6 6.6 3.6
Residual oil use for transportation L 0.086 0.088 0.027
Harvested logs m’ 0.11 0 0
Untreated green ties m’ 0.11 0 0
Coal tar by-products kg 10 0 0
Creosote kg 9.2 0 0
Used treated ties m’ 0 0 0
Landfill capacity ton 0.011 0.23 0.090
Inputs from nature
Water L 26 320 315
Unprocessed coal kg 4.5 44 37
Unprocessed U;Og kg —0.000033 0.000091 0.000083
Unprocessed crude oil L 7.6 11 5.35
Unprocessed natural gas m’ 3.0 2.0 19
Biomass/wood energy MJ 0.0000016 0.0000051 0.0000024
Hydropower MJ -14 38 35
Other renewable energy MJ -1.1 2.6 2.5
Biogenic carbon (from air) kg 4.9 0 -1.3
Other mined mineral resources kg 7.3 717 11
Outputs to nature (to air unless otherwise stated)
CO»-Fossil kg 20 207 133
CO,-Non-fossil kg =35 1.7 1.6
Carbon monoxide kg 0.37 0.55 0.25
Ammonia kg 0.00014 0.00044 0.00012
Hydrochloric acid kg —0.0026 0.024 0.019
Hydrofluoric acid kg —0.0010 0.0025 0.0024
Nitrogen oxides (NOx) kg 0.20 0.57 0.17
Nitrous oxide (N,O) kg 0.00019 0.00049 0.00027
Nitric oxide (NO) kg 0.0037 0 0
Sulfur dioxide kg —0.19 0.76 0.93
Sulfur oxides kg 0.043 0.09 0.044
Particulates (PM10) kg 0.10 0.077 0.0093
vocC kg 0.0074 0.026 0.027
Methane kg 0.29 0.27 0.83
Creosote kg 0.42 0 0
Creosote to soil kg 2.6 0 0
Solid wastes to landfill kg 11 6.7 4.1
Solid wastes to recycle kg 1.6 5.5 2.3
Process solid & hazardous waste to landfill kg 0.068 0 0

Copyright © 2013 SciRes.
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aggregate (25%) or disposed in landfills (70%). The low
fraction of recycled to aggregate reflects the difficulty and
expense of grinding high-strength reinforced concrete.
Steel from embedded fasteners and reinforcement from
recycled ties is assumed to be recycled and inventoried in
the same way as with creosote-treated ties.

Concrete railroad ties disposed in landfills have inputs
and outputs associated with landfill construction and
closure proportional to the mass of disposed ties. No
releases or emissions are modeled from concrete ties once
disposed in a landfill.

3.3. P/C Railroad Tie Inventory

P/C ties can be made of recycled plastics, generally
polyethylene, but often include other materials such as
steel fiber, steel reinforcing bar, shredded used tires,
mineral filler, virgin plastic, or concrete. The modeled
representative P/C tie is assumed to be 8% virgin HDPE
plastic, 7% talc (mineral filler), and the balance a mixture
of post-consumer recycled milk bottles, grocery bags, and
tires [44]. Electric energy is required to process the mix-
ture and extrude the P/C product. The spacing of the P/C
product and the required steel used to fasten the P/C tie to
the track are assumed the same as creosote-treated cross-
ties.

While recycled plastic does not carry the inputs and
outputs of virgin material, post-consumer plastic use re-
quires collection and processing inputs [45]. Inputs and
outputs included in the inventory are similar to those for
thermoplastics recycling by Garrain et al. [46].

P/C ties have not yet developed enough history to
accurately predict service life. This LCA assumes that P/C
ties will provide an average service life of 40 years,
similar to concrete ties. Also, the P/C tie market is not yet
sufficiently mature to know how ties will be handled when
removed from service. For this LCA it is assumed that
following removal from railroad use, 5% of P/C ties will
be reused by a railroad for another purpose, 20% will be
recycled to the plastic reuse market, and 75% will be
disposed in landfills. Steel, attached to P/C ties, is as-
sumed to be recycled (75%) and is inventoried in the same
way as for creosote-treated ties.

A summary of selected inventory inputs and outputs
for creosote-treated, concrete, and P/C ties is provided in
Table 3.

4. Life Cycle Impact Assessment

4.1. Selection of the Impact Indicators

The impact assessment phase of the LCA uses the LCI
results to calculate impact indicators. The environmental
impact indicators are considered at “mid-point” rather
than at “end-point” in that, for example, the amount of
greenhouse gas (GHG) emission in mass of carbon diox-
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ide equivalent (CO,-eq) at mid-point is provided rather
than estimating end-points of global temperature or sea
level increases. The life cycle impact assessment is per-
formed using USEPA’s Tool for the Reduction and As-
sessment of Chemical and Other Environmental Impacts,
Version 2002 ((TRACI [47] and [48]) to assess GHG,
acidification, ecotoxicity, eutrophication, and smog im-
pacts potentially resulting from life cycle air emissions.
Other indicators of interest also are tracked, such as bio-
genic and anthropogenic contributions to net GHG emis-
sions, fossil fuel use and water use.

4.2. Impact Indicators Considered but Not
Presented

The TRACI model, a product of USEPA, and the USE-
tox model [49] a product of the Life Cycle Initiative (a
joint program of the United Nations Environmental Pro-
gram (UNEP) and the Society for Environmental Toxi-
cology and Chemistry (SETAC)), offer several additional
impact indicators that were considered during the devel-
opment of the LCA, such as human health impacts and
impacts to various impact indicators from releases to soil
and water. The decision was made not to include these
impact indicators because of limited and/or insufficient-
data and concerns regarding misinterpretation. Thus, the
life cycle inventory includes releases of chemicals asso-
ciated with impacts (such as human health and land and
water ecological impacts), but impact indicators for these
categories are not calculated. Land use impacts are be-
yond the scope of this LCA.

5. Life Cycle Interpretation
5.1. Findings

Impact indicator values are totaled at two stages for creo-
sote-treated, concrete, and P/C crosstie products: 1) the
new tie at the manufacturing facility after production,
and 2) after service and final disposition. A summary of
impact indicator values for all three crosstie products is
provided in Table 4. Negative-value impacts are recog-
nized as credits or beneficial to environmental conditions.
Comparisons are made per year and per 1.61 km (1.0 mi)
of railroad track to account for differences in service life
expectancy and spacing.

Impact indicator values are normalized to the product
(creosote-treated tie, concrete tie, or P/C tie) having the
highest cradle-to-grave value, allowing relative compari-
son of indicators between products on Figure 2. The
product with the highest value at final disposition re-
ceives a value of one, and the other products are fractions
of one.

According to the Research and Innovative Technology
Administration (RITA [50]), the Class 1 railroad total
freight volume was approximately 2.58 trillion ton-
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Table 4. Summary of impact indicator totals at life cycle stages for creosote, concrete, and P/C ties (per year of use and per 1.6

km (1mile) of railroad track).

Creosote-treated ties

Service life = 35 yrs

Concrete ties P/C ties

Service life = 40 yrs Service life = 40 yrs

Impact indicator Units ) ) ) ) ) )
Spacing =49.5 cm (19.5 in) Spacing = 61 cm (24 in) Spacing =49.5 cm (19.5 in)
Cradle-to-gate  Cradle-to grave Cradle-to-gate Cradle-to grave  Cradle-to-gate  Cradle-to grave
Greenhouse gas kg-CO»-eq 2700 2400 8400 14,000 9200 12,000
Net GHG kg-CO,-eq =7500 —800 8400 14,000 9200 12,000
Fossil fuel use 1] 0.12 0.093 0.11 0.16 0.23 0.23
Acidification kg-mole H+ 830 65 1800 4400 3200 4,700
Water use L 1600 2400 22,000 21,000 28,000 26,000
Smog g NOx-eq/m 12 25 24 58 22 29
Eutrophication kg-N-eq 0.36 0.84 0.74 1.7 0.54 0.62
Ecotoxicity kg-2,4-D-eq 6.4 -3.1 65 85 13 30
1.2
1.0
0.8 i
0.6
0.4
0.2
00 — i
-0.2 G h
reGegsec;use Net GHG Fossil Fuel Use Acid Rain Water Use Smog Eutrophication Ecotoxicity
W Creosote-treated tie 0.17 -0.06 0.40 0.10 0.44 0.51 -0.037
# Concrete tie 1.0 1.0 0.70 0.82 1.0 1.0 1.0
\ Plastic/composite tie 0.87 0.87 1.0 1.0 0.51 0.37 0.34 \

Figure 2. Creosote-treated wood, concrete, and P/C ties normalized impact comparisons (normalized to maximum impact =

1).

kilometers (1.77 trillion ton-miles) in 2008. The annual
impacts attributable to all ties in the US, if made of the
same material, are compared as a percentage of the an-
nual Class 1 freight related impacts in Table 5 (i.e., the
impacts calculated for tie manufacture, use, and disposi-
tion of each tie material are compared to railroad freight
impacts).

5.2. Data Quality Analyses

Data quality analyses per ISO 14044 [13] includes a grav-
ity analysis, uncertainty analysis, and sensitivity analysis.

5.2.1. Gravity Analysis
A gravity analysis is done to identify the creosote-treated

Copyright © 2013 SciRes.

crosstie manufacture, use, and disposition processes most

significant to the impact indicator values. This gravity

analysis only considers creosote treated ties. Significant
contributing processes to the gravity of each impact in-
dicator are described below.

o Anthropogenic GHG emissions are most notably im-
pacted by steel plates and spikes, but also by green tie
production and tie treatment. GHG emissions are re-
duced or offset from steel recycling and for fossil
energy offset by producing electricity from recycled
used ties.

e Net GHG emissions demonstrate the environmental
benefit of wood products that first remove carbon di-
oxide as the forestry product grows. The net result is
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Table 5. National normalized cradle-to-grave impact per year for total miles of track ties in the US as a fraction of total class 1

RR freight transport impacts per RITA [50].

Impact Indicator Units Creosote wood ties Concrete ties P/C ties
GHG 1b-CO,-eq 2.4% 6.6% 5.4%
Fossil fuel use MMBTU 3.1% 6.0% 7.8%
Acidification Ib-mole H+ 0.025% 2.0% 2.0%
Smog g NOx-eq/m 0.33% 0.80% 0.39%
Eutrophication Ib-N-eq 0.32% 0.66% 0.24%

an overall reduction in GHG when using creosote-
treated wood ties, whereas ties made of extracted ma-
terials only emit GHG in all stages. This difference
between wood and products of other materials is clear
in Figure 3.

e Fossil fuel use is most notably impacted by pre-
servative manufacture and use, the manufacture of
steel plates and spikes, and fossil fuel offsets from the
energy recovery of used creosote-treated ties.

e Acidification is most notably impacted by the manu-
facture of steel plates and spikes, and credits from the
offset of electricity from energy recovery. The credits
received from the beneficial use of ties for energy re-
covery are large enough to result in an overall cradle-
to-grave impact of acidification near zero.

e Water use is most notably impacted by use at the
treating facility and in the manufacture of steel plates
and spikes.

o The potential to impact smog is most notably impacted
by the manufacture of steel plates and spikes, creosote
releases from ties in service, and transport of the ties
throughout the life cycle; however, a credit also is
recognized from steel recycling and the offset of
electricity from energy recovery.

e FEutrophication is most notably impacted by the manu-
facture of steel plates and spikes and the combustion of
used ties in the energy recovery stage. Emissions re-
lated to transportation also are significant to eutro-
phication. Eutrophication is reduced by steel recyc-
ling.

e FEcotoxicity impact is largely a result of the manu-
facture of steel plates, creosote releases from ties in-
service, and combustion of used ties for energy re-
covery. The ecotoxicity impact indicator is reduced by
steel recycling and the offset from the combustion of
used ties for energy recovery, resulting in an overall
credit for ecotoxicity.

e As more steel is recycled, lower fossil fuel use, water
use, and eutrophication result, but with increases in
acidification, and ecotoxicity. These changes occur as
less energy is derived from primary sources, such as
coal to fuel primary steel production, and more energy
is derived from the electric grid for electric arc mills

Copyright © 2013 SciRes.

converting recycled steel.

5.2.2. Uncertainty Analysis

Areas of uncertainty identified in this LCA include:

e The creosote preservative producers did not provide
detailed LCI input and output data for creosote pro-
duction; therefore, industry experts provided estimates
for the creosote manufacture model.

e Creosote release estimates, during treatment, storage,
use, and disposal in landfills, are guided by research
and assumptions. Creosote constituent releases are a
function of site- and product-specific factors resulting
in uncertainty.

o End-of-life disposition methods employed by railroads
vary by operator, based on corporate policies, geo-
graphic locations, and economics.

e Landfill fate and release models are based on USEPA
GHG emission inventory data [40] and modeled as-
sumptions result in variability of impact indicator val-
ues, especially GHG. In this LCA, creosote-treated
crossties are conservatively assumed to degrade to the
same degree and at the same rate as round wood limbs
disposed in a landfill.

e The comparative analysis phase of this LCA includes
the assembly of LClIs for concrete and P/C railroad ties.
The cradle-to-grave LCIs of concrete and P/C ties
include data inputs that involve professional judgment.
No survey of manufacturers of the concrete or P/C
products was done.

5.2.3. Sensitivity Analysis

Sensitivity analysis was completed to determine the mag-
nitude of changes to impact indicators resulting from
assumptions and uncertainties differing from those iden-
tified in the LCI and the impact on LCA conclusions.
The sensitivity of the creosote-treated railroad tie model
was analyzed after variations in: preservative use (reten-
tion of preservative in the treated product), releases to
environment, service life, post-use disposition, landfill
decay percentages, and the addition of borate to creosote
treatment as a dual-treatment application. The concrete
tie model was investigated using sensitivity analysis and
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Figure 3. GHG uptake and release by manufacture, use, and disposition of ties over time.

included variations in: post-use fate, service life, impact
of rolling resistance, and ballast requirements. The P/C
tie model was investigated using sensitivity analysis and
included variations in: service life and post-use fate.
Items deemed most notable from the sensitivity analysis
are further discussed below.

Altering the estimated average service life (35 years) of
creosote-treated railroad ties to 20 years results in notable
increases to the impact indicators GHG, fossil fuel use,
water use, smog, and eutrophication. In this scenario,
more ties are recycled for energy recovery and indicators
improve (net GHG, acidification, and ecotoxicity) be-
cause of additionalfossil fuel offsets. However, even with
a shortened service life, many of the impact indicators,
including GHG, net GHG, acidification, water use, and
ecotoxicity, compare favorably to both alternatives.

Dual treatment with borate followed by creosote has
been shown to increase the service life of ties [S1], but at
the cost of increasing the inputs and outputs of treatment.
Addition of treatment with borate, before consideration of
extended service life, has minimal impact on the in-
dicators. Assuming a 10-year (30%) increase in service
life because of dual-treatment, impact indicators decrease
between 10% and 25% for GHG, fossil fuel use, smog,
and eutrophication while increasing for other indicators.
Changes result from fewer wood ties being used and
recycled to energy. Comparisons with alternative products
do not change. The use of borates in dual-treatment
systems has given rise to railroads experimenting with
reducing the amount of creosote used in dual-treated ties
by as much as 30% to 40%. If experience proves that these
reductions can be maintained without negatively im-
pacting service life, improved treated wood tie perfor-
mance, in most impact indicator categories, is expected.

Copyright © 2013 SciRes.

Theoretical evaluation indicates that rail transport over
concrete tie systems may result is lower fuel consumption
than occurs with traditional wood tie track, because the
concrete system is “stiffer”, thus resulting in less rolling
resistance. Modeling indicates that up to 0.19 liter (0.05
gallons) of diesel fuel are saved per 1459 ton-kilometers
(1000 ton-miles) of freight [52]. A sensitivity case as-
suming 10% of fuel saving is attributable to the use of
concrete ties, found reductions to GHG (—11%), fossil
fuel use (—25%), acidification (—35%), smog (—83%), and
eutrophication (—100%). This does not include increased
impacts due to increased wear and damage to the trains.
Under this scenario, concrete offers lower impacts in
comparison to creosote-treated wood for smog and eutro-
phication, but higher than wood for the other indicators.

A sensitivity test considers less than 10% of creosote-
treated ties recycled for energy and over 50% landfilled.
Shifting used ties from beneficial energy recovery to
landfilling notably impacts indicators for GHG (4-times
more) fossil fuel (2-times more) and smog (+55%). Net
GHG, acid rain, and ecotoxicity impacts were increased
from negative or near zero values to values similar to the
alternative products.

5.3. Limitations

The life cycle inventory completed for both concrete and
P/C ties was designed to be representative of a product
category, and therefore by design, likely will not be ac-
curate for a specific product brand. A survey of manu-
facturers of concrete and P/C railroad ties was not done;
therefore, inputs such as fuel and electricity use, water
use, and solid waste generation at the manufacturing fa-
cilities are estimated.
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6. Conclusions and Recommendations
6.1. Conclusions

The use of creosote-treated railroad ties offers lower fos-
sil fuel and water use and lower environmental impacts
than similar products manufactured of concrete and P/C,
except for the eutrophication impact indicator for P/C
ties.

Compared to creosote-treated railroad ties, and using
the assumptions of this LCA with the understanding that
actual values can vary from the assumptions, the use of
concrete railroad ties results in 1.8 times more fossil fuel
use and 8.7 times more water use, and results in emis-
sions with the potential to cause approximately 5.8 times
more GHG, 68 times more acid rain, 2.3 times more
smog, and 2.0 times more eutrophication.

Compared to creosote-treated railroad ties, the use of
P/C ties results in 2.5 times more fossil fuel use and 11
times more water use, and results in emissions with the
potential to cause 5.0 times more GHG, 72 times more
acid rain, and 1.1 times more smog. Creosote railroad
ties result in approximately 1.4 times more eutrophica-
tion impact than P/C railroad ties.

The life cycle of creosote-treated ties results in credits
(or environmental benefits) for the net GHG and eco-
toxicity impact indicators.

Reuse of wood ties for energy improves the environ-
mental life cycle performance.

This study includes the comparison of creosote-treated
railroad ties to concrete and P/C ties. The results conform
with the ISO 14040 and ISO 14044 standards and are
suitable for public disclosure. A detailed, peer-reviewed
Procedures and Findings Report can be requested by
contacting the TWC at
www.treated-wood.org/contactus.html. This LCA covers
one treated wood product in a series of LCAs commis-
sioned by the Treated Wood Council (TWC). The series
of treated wood product LCAs covers alkaline copper
quaternary (ACQ)-treated lumber [53], borate-treated
lumber [54], pentachlorophenol-treated utility poles [55],
chromated copper arsenate (CCA)-treated marine pilings
[56], and CCA-treated guard rail systems [57].

6.2. Recommendations

Recycling of ties to energy production should be supported
and increased. The LCA shows clear benefits to the impact
indicators considered, particularly fossil energy, GHG,
acidification, and ecotoxicity with the use of used ties as

an energy source and potential remains for increased reuse.

The fuel offset gained by recycling creosote-treated ties
for energy recovery is 20 times greater than energy
recovery from landfill disposal. Furthermore, offsets re-
sult in a significant decrease in GHG emissions when ties
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are recycled for energy compared to a slight increase in
GHG emissions when landfilled.

Each tie recycled for energy represents approximately
0.5% of the annual U.S. per capita GHG emissions and
fossil fuel usage. Thus, approximately 200 ties recycled
for energy will offset the GHG and fossil fuel impacts of
one typical US resident. If all ties replaced annually in the
US (approximately 20 million ties) are recycled for en-
ergy, their use would offset the GHG and fossil fuel use
equivalent to nearly 100,000 residents.

Utilization of dual treatment of ties should be promoted
and increased in high decay regions. A service life ex-
tension of 10 to 15 years is expected when using borate/
creosote dual treatment. The resulting impacts from the
use of borate/creosote dual treatment are more than offset
by the reduced impacts resulting from a longer service life.
Wider application of dual treatment of ties in high decay
regions will result in lower overall life cycle impacts.

Research evaluating the use of biodiesels as carriers of
oil-borne preservatives, such as creosote and penta-
chlorophenol, should be continued. Data are needed to
demonstrate both that biodiesel has lower impact indica-
tors than fossil diesel, and that its use does not impact
service life of treated products. If supported by these data,
substitution of biodiesel for fossil oil may decrease the
need for fossil oil in preservative.

Landfill disposal should be minimized. The treated
wood industry and utilities should seek to minimize
releases of methane resulting from disposal of wood in
landfills in two ways: minimize disposal in landfills and if
disposal is necessary, encourage disposal in landfills
equipped with methane collection systems. Minimizing
disposal is especiallybeneficial, because it reduces use of
landfill capacity, reduces release of methane from land-
fills, and offsets fossil fuel use and GHG emissions with
renewable biogenic fuel use.

Production facilities should continue to strive to re-
duce energy inputs through conservation and innovation,
including sourcing materials from locations close to point
of treatment and use. Also, the use of biomass as an al-
ternate energy source can reduce some impact category
values compared to the use of fossil fuel energy or elec-
tricity off the grid.
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