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Due to advances in nanotechnology, the approach to
catalytic design is transitioning from trial-and-error to
planned design and control. Expected advances should
enable the design and construction of catalysts to increase
reaction speed, yield, and catalyst durability while also
reducing active species loading levels. Nanofabrication
techniques enabling precise control over the shape, size,
and position of nanoscale platinum-group metal (PGM)
particles in automotive catalysts should result in reduced
PGM loading levels. These reductions would decrease
energy consumption, improve environmental quality, and
contribute to sustainable resource usage. We estimate the
amount of PGM required to meet U.S. vehicle emissions
standards through 2030 based on current catalyst technology.
We then estimate the range of PGM that could be saved
from potential nanotechnology advances. Finally, we employ
economic input-output and process-based life cycle
assessment models to estimate the direct and life cycle
benefits from reducing PGM mining and refining.

Introduction
Nanotechnology is the manipulation of atoms, molecules,
and materials with at least one dimension between 1 and
100 nm. Control at the nanoscale offers opportunities to use
materials and energy more efficiently and reduce waste and
pollution. Federal investment in nanoscale science, engi-
neering, and technology has increased from $270 million in
2000 to nearly $1 billion requested for fiscal year 2005 (1).
At the same time, recent studies provide preliminary evidence
that some manufactured nanoparticles may be harmful to
living organisms (2-6). Efforts have been initiated to develop
a fundamental understanding of the behavior of nanoma-
terials in natural systems and their influence on biological
systems. This understanding will improve the ability to project
the direct environmental and health effects of nanomaterials.
To obtain a complete picture, it is also necessary to consider
life cycle implications of nanotechnology-based products.

For example, we used life cycle assessment (LCA) to estimate
the potential environmental implications from substituting
a nanocomposite for steel in automobile body panels (7).
Similar detailed analyses are needed to understand the
specific implications of forthcoming nanotechnology-based
products and processes.

Catalysts containing nanometer-dimensioned particles
were one of the first nanotechnologies (8). Nanoscale
platinum-group metal (PGM) particles are widely used in
industrial and automotive catalysts. The PGM elementss
iridium, osmium, palladium, platinum, rhodium, and ruthe-
niumshave high corrosion resistance, are stable to oxidation
at high temperatures, have exceptional catalytic properties,
and are extremely rare. Complex extraction and refining
processes are required for their use. While South Africa and
Russia supply roughly 90% of global PGM, North America,
Europe, and Japan consume roughly 80%. Automotive pollu-
tion control catalysts employ a combination of platinum (Pt),
palladium (Pd), and rhodium (Rh) to oxidize carbon mon-
oxide (CO) and hydrocarbons (HC) to carbon dioxide and
water and to reduce oxides of nitrogen (NOx) to N2. There are
currently no acceptable substitutes for PGM in this applica-
tion, which accounts for roughly 50% of the global PGM (Pt,
Pd, and Rh) demand. Furthermore, new emissions standards
around the globe, including three new U.S. emission standard
programs scheduled to be phased-in between 2004 and 2014
and an expected surge in vehicle demand in developing
countries could increase this market 3-fold (9).

In automotive catalysts, CO, HC, and NOx emissions are
abated by oxidation and reduction reactions occurring on
the surface of PGM particles. To increase the amount of PGM
surface area exposed to vehicle exhaust, PGM particles are
dispersed on high surface area particles such as aluminum
oxide. This washcoat is then applied to a high surface area
ceramic or metallic support. The resulting ratio of PGM
surface atoms to total PGM atoms is termed metal dispersion.
A General Motors’ test on a commercial automotive catalyst
found metal dispersion to be approximately 50% in the new
catalyst, below 10% in 10 000 mi, and below 5% in 25 000 mi
(10). This indicates that only 50% of PGM atoms in a new
catalyst are exposed to a vehicle’s exhaust with current tech-
nology; metal dispersion deteriorates rapidly during vehicle
use, primarily due to particle sintering and agglomeration
from exposure to high temperatures and vehicle vibration;
and current emission standards are met with 5% of PGM
participating in catalytic reactions during 80% of a vehicle’s
life. Assuming that PGM dispersion is correlated with required
loading levels, manufactures could meet emissions standards
with 5% of current PGM loading levels by overcoming current
design, manufacturing, and system inefficiencies.

While conventional catalyst design relies on rational
planning and lengthy trial-and-error testing, advances in
nanotechnology are expected to offer increased understand-
ing of and control over catalyst design and performance (8,
11, 12). The ability to control the size, shape, and placement
of PGM particles would improve metal dispersion in new
catalysts. Furthermore, the ability to securely anchor particles
to the substrate would aid in maintaining high metal
dispersion during vehicle use. As indicated above, such
technological advances could reduce loading levels by as
much as 95%.

Modeling PGM Usage
Baseline Loading Levels. PGM loading levels vary consider-
ably by manufacturer, vehicle type, model year, and motor
vehicle destination. Current and projected PGM loading levels
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and catalyst technology are closely guarded by the indus-
try. Therefore, we estimate average 2003 baseline loading
levels for each motor vehicle class, as described below.
These estimates are summarized in the second column of
Table 1.

(i) For light-duty vehicles (LDV), the U.S. Environmental
Protection Agency (EPA) estimated sales-weighted baseline
catalyst volumes (13). However, PGM loading densities were
not provided. We conducted a survey of the automotive
catalyst literature, compiled an inventory of catalyst char-
acteristics, and estimated average PGM loading ratios, loading
densities, and sales percentages for the major catalyst types,
summarized in Table 2. From these estimates and EPA sales-
weighted catalyst volumes, we calculate baseline loading
estimates.

(ii) For heavy-duty diesel engines (HDDE), the EPA
estimated incremental costs required for transitioning from
1998 model year oxidation catalysts to advanced oxidation
catalysts based on expected catalyst volumes, a PGM loading

density of 1.4 g/L, and an even mix of Pt and Pd (14). However,
the EPA projected that advanced catalysts would not be
required to comply with 2004 standards. From the above
information, we estimated PGM loading levels for ad-
vanced oxidation catalysts. We then back-calculated loading
levels for 1998 model year catalysts by assuming that
incremental PGM loading levels are proportional to incre-
mental costs. We use the resulting estimates as a baseline for
HDDEs.

(iii) For heavy-duty gasoline vehicles (HDGV), the EPA
estimated the cost of PGM in current catalyst systems and
estimated a 60% single underfloor and 40% dual underfloor
catalyst system technology mix (15). We used this information
to estimate baseline PGM loading levels for HDGVs.

(iv) Current nonroad diesel engines (such as agricultural,
construction, industrial, and lawn and garden equipment)
do not utilize exhaust aftertreatment devices and employ
particulate filters on a limited basis. Therefore, we assumed
no PGM usage in the baseline case.

While it is difficult to measure how well baseline loading
estimates represent catalysts used in current vehicles, it is
possible to verify aggregate PGM usage. Using our baseline
loading estimates, 137 thousand kg of PGM would have been
required for motor vehicles sold in the United States in 2003.
In recent years, Johnson Matthey’s estimates of North
American PGM demand for automotive catalysts have been
as high as 130 thousand kg (16). We expect PGM usage for
vehicles sold in the United States to be higher than North
American demand for several reasons. First, roughly 85% of
vehicles produced in North America are sold in the United
States (17, 18). These vehicles incorporate more than 85% of
North American PGM demand since emission standards in
Mexico are not as stringent as those in the United States or
Canada, where standards generally match those in the United
States. Second, 16% of vehicles sold in the United States are
manufactured outside of North America (17, 18). The PGM
in these vehicles would not be captured in the North American
PGM demand estimate.

Increased Loading Levels for New Emissions Standards.
Three new EPA programs setting more stringent emissions

TABLE 1. Estimated Average PGM Loading Level per Vehicle for Compliant Vehicles Sold in the United States

loading level (Pt:Pd:Rh g/vehicle)

vehicle category baseline new emissions standards

LDV 2004 2006 2008
LDV 1.1:5.3:0.5 1.1:5.3:0.6 1.1:5.3:0.6 1.1:5.3:0.6
LDT1 1.1:5.4:0.5 1.1:5.4:0.5 1.1:5.4:0.6 1.1:5.4:0.6
LDT2 1.4:7.0:0.7 1.4:7.0:0.7 1.4:7.0:0.8 1.4:7.0:0.8
LDT3 2.1:10.1:1.0 2.1:10.1:1.0 2.2:10.6:1.2 2.2:10.6:1.2
LDT4/MDPV 2.2:10.5:1.0 2.2:10.5:1.0 2.2:10.5:1.0 2.3:11.2:1.3
HDDE 2007 2009 2011
light 2.4:2.4:0.0 27.3:2.4:1.6 22.4:2.4:1.3 18.4:2.4:1.0
medium 3.2:3.2:0.0 36.4:3.2:2.1 29.8:3.2:1.7 24.5:3.2:1.4
heavy 5.2:5.2:0.0 60.5:5.2:3.5 49.4:5.2:2.8 40.6:5.2:2.3
bus 3.6:3.6:0.0 51.6:0.0:3.5 40.6:0.0:2.8 31.7:0.0:2.3
HDGV 2005 2008
complete, standard 0.0:9.2:0.9 0.0:17.5:1.7 0.0:22.8:1.6
complete, large 0.0:11.1:1.1 0.0:21.1:2.1 0.0:28.0:2.0
engine, standard 0.0:9.2:0.9 0.0:19.6:2.0 0.0:22.8:1.6
engine, large 0.0:11.1:1.1 0.0:23.7:2.4 0.0:28.0:2.0
Nonroad 2008 2011 2012 2013 2014
0 < hp < 25 0.0:0.0:0.0 0.1:0.0:0.0 0.1:0.0:0.0 0.1:0.0:0.0 0.1:0.0:0.0 0.1:0.0:0.0
25 e hp < 50 0.0:0.0:0.0 2.9:0.0:0.0 2.9:0.0:0.0 2.9:0.0:0.0 2.4:0.0:0.0 2.4:0.0:0.0
50 e hp < 75 0.0:0.0:0.0 4.6:0.0:0.0 4.6:0.0:0.0 4.6:0.0:0.0 3.8:0.0:0.0 3.8:0.0:0.0
75 e hp < 100 0.0:0.0:0.0 0.0:0.0:0.0 0.0:0.0:0.0 16.1:0.0:1.0 16.1:0.0:1.0 13.0:0.0:0.8
100 e hp < 175 0.0:0.0:0.0 0.0:0.0:0.0 0.0:0.0:0.0 20.4:0.0:1.3 20.4:0.0:1.3 16.5:0.0:1.0
175 e hp < 300 0.0:0.0:0.0 0.0:0.0:0.0 32.3:0.0:2.1 32.3:0.0:2.1 26.1:0.0:1.6 26.1:0.0:1.6
300 e hp < 600 0.0:0.0:0.0 0.0:0.0:0.0 44.6:0.0:2.8 44.6:0.0:2.8 36.1:0.0:2.3 36.1:0.0:2.3
600 e hp e 750 0.0:0.0:0.0 0.0:0.0:0.0 90.7:0.0:5.8 90.7:0.0:5.8 73.3:0.0:4.6 73.3:0.0:4.6
750 < hp 0.0:0.0:0.0 0.0:0.0:0.0 174:0.0:11.1 174:0.0:11.1 141:0.0:8.9 141:0.0:8.9

TABLE 2. Characteristics Used To Estimate Average PGM
Loading Levels for Light-Duty Vehicles

catalyst
vola (L)

vehicle
salesa (%)

engine type LDV LTD LDV LDT1 LDT2 LDT3
LDT4/
MDPV

4-cylinder 1.8 2.3 53.0 65.9 2.3 0.0 0.0
6-cylinder 2.8 2.6 39.0 34.1 73.7 10.1 0.0
8-cylinder 4.0 4.7 8.0 0.0 24.0 89.9 87.0
8/10-cylinder na 4.7 0.0 0.0 0.0 0.0 13.0

catalyst type loading ratio loading density (g/l) vehicle sales (%)

Pt/Pd/Rh 1:14:1 3.3 30
Pt/Rh 5:1 1.6 30
Pd/Rh 14:1 3.6 30
Pd-only na 3.7 10

a Ref 13.
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standards for passenger cars, light-duty trucks, medium-
duty passenger vehicles, heavy-duty trucks, and nonroad
diesels in conjunction with tighter gasoline sulfur standards
are scheduled to be phased-in between 2004 and 2014.
Manufacturers are expected to employ higher PGM levels in
catalysts to meet the tighter standards (13, 19, 20). We use
information from the EPA’s Regulatory Impact Analyses (RIA)
to estimate loading level estimates for compliant vehicles as
described below. The average PGM loading level estimates
for compliant vehicles are summarized in Table 1.

(i) The Tier 2 light-duty highway rule sets more stringent
particulate matter (PM) standards and a corporate average
NOx standard of 0.7 g/mi. Manufacturers are expected to
meet Tier 2 standards by refining and optimizing current
emissions control technologies. The EPA estimated the
incremental PGM loading level for each LDV class (13). We
added these values to our baseline estimates.

(ii) The 2007 heavy-duty (2007HD) highway rule is the
final phase of a comprehensive program for controlling
heavy-duty vehicle emissions. To meet 2007HD diesel
standards, manufacturers are expected to use integrated
systems comprising NOx adsorber catalysts, catalyzed diesel
particulate filters, and diesel oxidation catalysts. The EPA
estimated new technology costs and applied a 20% learning
curve, including a 20% reduction in PGM use, at the beginning
of the 2009 and 2011 model year (19). We estimated HDDE
loading levels based on the EPA’s cost, catalyst volume, PGM
ratios, and content per volume estimates.

(iii) To meet 2007HD gasoline standards, manufacturers
are expected to increase the use of dual underfloor and dual
close-coupled catalyst configurations and increase PGM
content. The EPA estimated PGM loading levels based on
the expected technology mix (19). We use these loading level
estimates for compliant HDGVs.

(iv) The EPA has proposed new standards for reducing
emissions from mobile nonroad diesel engines. Manufactur-
ers are expected to employ NOx adsorbers, diesel oxidation
catalysts, and catalyzed diesel particulate filters to meet the
proposed standards. The EPA developed a set of equations
based on engine displacement, number of cylinders, and
future learning effects to estimate a unique technology
package and cost for each of the over 7000 pieces of nonroad
equipment in the 2000 model year Power Systems Research
(PSR) database (20). Since the PSR database is proprietary,
we employed the EPA’s equations using sales-weighted data
provided for nine horsepower categories to estimate future
PGM loading levels (21).

PGM Savings from Nanotechnology. Exhaust catalyst
performance is a complex function of many design param-
eters, location in the exhaust system, operating conditions,
and exhaust composition. Nanotechnology research con-
tinues to improve understanding of the behavior and
structure sensitivity of nanoscale particles in catalytic reac-
tions. As this understanding matures, it will improve the
ability to predict optimal atomic structure and arrangement
of metal particles in supported catalysts. Precise fabrication
techniques will then be required to produce highly efficient
and stable catalysts. The level of atomic control achieved by
future catalyst synthesis techniques and the level of stability
once exposed to the operating environment are highly
uncertain.

Rather than attempt to predict the structure and com-
position of future exhaust catalysts, we provide a first
approximation of maximum possible reductions in PGM
loading levels. We suggest, as an upper bound, that loading
levels from current technology could be reduced by 95%, as
discussed in the Introduction. This assumes an optimal
atomic structure and arrangement resulting in complete
dispersion and eliminating all sintering, agglomeration, and
other deactivation during vehicle use. Current nanotech-

nology-based research has suggested similar potential loading
level reductions. For example, Nishihata et al. (22) reported
a method for uniformly placing palladium ions in a perovskite
crystal structure. The Pd-perovskite-based catalysts retained
palladium particle dispersion substantially better than a
conventional Pd/alumina catalyst. Successful production of
such catalysts could reduce PGM loading levels by 70-90%
(23). Savings projected from this particular nanotechnology-
based catalyst are lower than the 95% savings we use to show
the maximum potential savings.

PGM Required for U.S. Vehicle Fleet. We model U.S.
PGM requirements using loading level estimates defined
above and projected motor vehicle sales from the EPA’s
regulatory impact analyses (13, 19, 20). California sales are
excluded since they are subject to separate regulations. Figure
1 shows estimated annual PGM requirements for each loading
level scenario. We model all results through 2030 to parallel
the time horizon of the EPA’s Regulatory Impact Analyses of
the emissions standards programs (13, 19, 20).

The “baseline” scenario shows expected annual PGM
requirement for meeting current emissions standards using
baseline loading estimates. PGM requirements increase with
increased motor vehicle sales. The “new emissions standards”
scenario shows expected annual PGM requirements for
meeting new standards using current technology according
to the scheduled phase-in of these programs (13, 19, 20).
PGM requirements increase substantially through 2008 to
meet tighter emissions standards, drop slightly between 2009
and 2011 due to learning effects for the diesel vehicle classes,
and increase thereafter with increased motor vehicle sales.
Compared to the baseline scenario, an additional 51 thousand
kg of PGM would be required in 2030 to meet tighter
emissions standards. The “fully effective nanotechnology”
scenario applies a 95% reduction over loading levels used in
the new emissions standards scenario. Compared to the
baseline scenario, an annual PGM savings of 139 thousand
kg would be realized in 2030 while still meeting tighter
standards. Since this scenario includes reductions re-
sulting from both nanotechnology and learning effects, we
also estimated annual PGM requirements with learning
effects removed. The resulting PGM requirement estimates
were only slightly higher and are not considered in this
analysis.

While the baseline and new emissions standards scenarios
provide expected PGM usage for specified emissions stan-
dards and technology, the nanotechnology scenario provides
the maximum possible performance improvement for a fully
effective deployment of nanotechnology. Since catalyst

FIGURE 1. Estimated annual PGM requirement for vehicles sold in
the United States (excluding California). Data points represent
expected PGM demand for meeting current emissions standards
using baseline loading levels, meeting new emissions standards
with current technology, and meeting new emission standards with
a fully effective deployment of nanotechnology.
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technology will improve over time, the new standards
scenario is viewed as a lower performance bound. Since a
fully effective deployment is unlikely to be realized, the
nanotechnology scenario is viewed as an upper performance
bound. Hence, the new standards and nanotechnology
scenarios show an inclusive range of possible performance
for any given year, shown in Figure 1. Achieving and
maintaining complete PGM dispersion in automotive cata-
lysts, hence realizing the full 95% reduction is unlikely. As
indicated by Nishihata et al. (22), a 70-90% reduction may
be more realistic. Furthermore, advances in catalyst tech-
nology will occur incrementally rather than in a radical
improvement and will likely result from both nanotechnology
and other technologies. Since all environmental inventories
presented hereafter assume a linear relationship with material
usage, PGM requirements and environmental performance
for PGM loading reductions less than 95% can be estimated
by interpolating between the new emissions standards
scenario (0% PGM reduction) and the fully effective nano-
technology scenario (95% PGM reduction).

Recycled PGM Usage. Environmental burdens from
recycling PGM are different than those from producing virgin
PGM. Retired automobiles are the primary source of sec-
ondary PGM for automotive catalysts. Secondary PGM
availability depends on the number, type, and age of retired
vehicles, PGM loss during vehicle use, and the percentage
of PGM that can be recovered from retired catalysts. The
economic viability of recycling available PGM, however, has
been limited by the complexity involved in establishing a
systematic method for collecting catalysts and the amount
of labor required to recover PGM.

For the baseline and new standards scenarios, we estimate
expected virgin and recycled PGM usage based on historical
recycling practices. To estimate historical secondary PGM
availability, we used reported 30-yr vehicle survival rates and
annual vehicle miles traveled (VMT) estimates to model the
number and type of vehicles retired each year and catalyst
age at retirement (15, 24-26); developed a general loss
function to estimate material loss during vehicle use (Sup-
porting Information, Section 10); and applied a 95% recovery
efficiency for Pt and Pd and 80% for Rh (27). We estimate
historical rates of recycling available secondary PGM by
comparing modeled availability estimates from 1990 through
2003 to Johnson Matthey’s recycled PGM usage estimates
for North America (16). We estimate average secondary
recycling rates of 54.2% for Pt, 60.8% for Pd, and 39.9% for
Rh.

While recycling is influenced by many factors, such as
market price, recovery capacity, and amount of PGM in
catalysts, we estimate future recycled PGM usage by assuming
constant rates of recycling available secondary PGM. We
modeled secondary PGM availability for the baseline and
new standard scenarios as defined above and applied the
historical recycling rates through 2030. Nonroad vehicles have
a longer life expectancy than light-duty and heavy-duty
vehicles. We calculated and used 50-yr survival rates from
average activity, life, and load data provided by the EPA for
each nonroad vehicle class (21). Figure 2 shows expected
annual virgin and recycled PGM usage. In 2005, recovered
PGM is expected to meet 18% of total PGM requirements in
the baseline scenario and 17% in the new standards scenario.
This is comparable to Johnson Matthey’s estimate that
secondary PGM makes up approximately 16% of PGM used
in current automotive catalysts (16). In 2030, these percent-
ages increase to 50% and 45%, respectively. The increase in
recycled to virgin PGM usage in our model is driven by
increased secondary PGM availability. PGM loading levels
have increased over the last three decades. As vehicles with
higher loading levels are retired, more secondary PGM will
become available. Recycling the same percentage of available

secondary PGM will result in more recycled PGM. Figure 2
also shows the amount of available secondary PGM not
expected to be recovered in each scenario.

It is impractical to estimate expected recycled PGM usage
in the nanotechnology scenario since it estimates maximum
possible PGM savings rather than expected usage over time.
Realistically, performance improvements would take a long
time to be realized and would occur incrementally rather
than in a radical performance leap. Furthermore, such low
PGM content in catalysts may deem recovery impractical.
We maintain an upper bound performance estimate by
assuming complete virgin PGM usage in the nanotech-
nology scenario. Whether or not this is practical depends on
when and to what extent performance improvements are
realized.

Life Cycle Assessment Models
The industrial ecology of nanotechnology must include an
analysis of environmental effects associated with the full life
cycle of a commercialized product or process. This includes
extraction of raw materials, production, use, and end-of-life.
A number of life cycle assessment (LCA) models, each having
unique strengths and limitations, have been developed to
estimate resource consumption and environmental burdens
associated with a product, process, or activity. Uncertainty
in deterministic LCA models is caused by systematic modeling
errors, input parameter estimation, and scenario framing
(28-31). Multiple LCA models can be employed to help
characterize the uncertainty. We employ input-output and
process-based models to estimate the direct and life cycle
effects from producing PGM for the U.S. vehicle fleet and
discuss the limitations of each model.

EIO-LCA Model. The Economic Input-Output Life Cycle
Assessment (EIO-LCA) model developed at Carnegie Mellon
University uses public data sets to calculate the economic

FIGURE 2. Modeled virgin and recycled PGM usage for vehicles
sold in the United States for (a) meeting current emission standards
with baseline loading levels and (b) meeting new emissions
standards using current technology.
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and environmental effects across the entire supply chain for
purchases in any commodity sector of the U.S. economy
(32-34). In particular, the model calculates the direct and
life cycle implications for economic purchases, emissions of
conventional pollutants and greenhouse gases, energy inputs,
RCRA hazardous waste, and toxic releases. Here, we use the
EIO-LCA model based on the U.S. Department of Commerce
1997 Industry Benchmark input-output model of the U.S.
economy. Within this model, we use the “Primary nonferrous
metals, except copper and aluminum” sector (sector 331419),
which includes primary PGM refining.

For each year, we estimate economic activity associated
with purchasing PGM for motor vehicles. We use the 1997
average market price for Pd ($5.92/g) (35). To adjust for high
price volatility, we use the average 1997 adjusted market
price from 1992 through 2002 for Pt ($13.85/g) and Rh ($32.97/
g) (35). We assume that recycled and virgin PGM prices are
equal under current market conditions (36). This implies
that aggregate implications of purchasing virgin and re-
cycled PGM are the same. We input total PGM purchases
for each scenario into the primary nonferrous metals
sector to estimate expected energy use and environmental
burden.

GaBi Software. The GaBi software system developed by
the University of Stuttgart in cooperation with PE Product
Engineering GmbH is a process-based, ISO/SETAC-style LCA
model (37-39). A noble metal extension database for the
current version, GaBi 4, includes life cycle inventories for
producing virgin Pt, Pd, and Rh. These “cradle to gate”
inventories estimate total required inputs and resulting
environmental burdens from mining through obtaining pure
metal. The data sets were compiled based on input from
industry, technical and patent literature, and other sources
(40).

GaBi’s noble metal database does not provide inventories
for recycled PGM. However, Amatayaku’s recent life cycle
assessment of catalytic converters complied data for several
environmental effects associated with producing both virgin
and recycled PGM (41). Amatayaku obtained process infor-
mation from a primary producer of PGM in South Africa and
used economic information to allocate environmental effects
to Pt, Pd, and Rh. The most complete inventory was compiled
for energy use, indicating that 93% less energy is required to
produce recycled PGM (93.8% less for Pt, 83.1% less for Pd,
and 94.1% less for Rh.) Due to a lack of data for other inputs
or environmental burdens, we apply the energy-specific
comparison across the GaBi inventory to estimate effects
from using recycled PGM.

Sources of Uncertainty in LCA Models. There are several
important limitations associated with using the EIO-LCA and
GaBi models for estimating life cycle environmental effects
in this study:

(i) There is more value in ore than PGM. Some of the
inputs and outputs, such as those associated with magnetic

separation, are related only to the production of PGM.
However, others, such as upstream mining and benification,
are used primarily to produce other nonferrous metals such
as copper, lead, zinc, and nickel. EIO-LCA derives allocation
based on price and thus makes no material flow allocations.
GaBi performs an allocation to split the efforts/burdens on
the main products and coproducts (PGMs).

(ii) EIO-LCA does not distinguish between different grades
or types of materials produced in the same sector. For
example, the actual supply chain implications associated
with refining virgin PGM may be substantially different than
refining an equal value of secondary PGM or silver. However,
all three are included in sector 331419.

(iii) While EIO-LCA is specific to economic transactions
made in the United States, less than 5% of the world’s PGM
production occurs in the United States (42). Using the model
implicitly assumes that implications associated with mining
and refining operations in other countries are the same as
those in the United States.

(iv) Process-based LCA models, such as GaBi, do not
capture all supply chain effects and thus tend to underes-
timate production effects.

(v) Both models assume a linear relationship between
environmental effects and amount of PGM purchased or
produced.

(vi) The inventories generated from both models are based
on current technology.

Summary of Inputs and Environmental Burdens
We input expected PGM requirements for each scenario into
both LCA models to estimate annual life cycle effects
associated with mining and refining virgin PGM and recov-
ering and refining secondary PGM for vehicles sold in the
United States. We assume effects occur in the same year
vehicles are sold. We estimate expected changes in each effect
from meeting new standards with current technology and
with a fully effective deployment of nanotechnology by
calculating the difference between each of these scenarios
and the baseline scenario. Table 3 summarizes expected
changes for 2005 and 2030 using the EIO-LCA model. Table
4 summarizes expected changes using the GaBi model. A
negative result indicates a reduced environmental effect. For
example, producing additional PGM to meet new emissions
standards with current technology would require an ad-
ditional 12 700 TJ (EIO-LCA) or 13 700 TJ (GaBi) of energy in
2030. However, a fully effective deployment of nanotech-
nology would enable manufacturers to meet new standards
using less PGM, saving 22 100 TJ (EIO-LCA) or 19 300 TJ (GaBi)
of energy in 2030.

Expected reductions from a fully effective deployment of
nanotechnology are lower in 2030 than in 2005 using GaBi.
This occurs because our baseline scenario employs a higher
percentage of recycled PGM usage as more becomes available

TABLE 3. Expected Change in Life Cycle Effects from Changes in PGM Usage (EIO-LCA)

meeting new standards
with current technology

fully effective deployment
of nanotechnology

2005 2030 2005 2030

Inputs
energy used (TJ) 1020 12 700 -19 300 -22 100
fuels used (TJ) 910 11 300 -17 200 -19 600
electricity used (MkWh) 101 1 260 -1 910 -2 180

Outputs
conventional pollutants (million kg) 2.66 33.2 -50.3 -57.5
greenhouse gases (million kg CO2 equiv) 93.9 1 170 -1 770 -2 030
hazardous waste generated (RCRA, million kg) 28.2 351 -532 -608
toxic releases and transfers (million kg) 4.03 50.2 -76.1 -86.9
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in retired vehicles. Our adjustment to GaBi’s noble metal
inventory results in much lower effects for producing recycled
PGM. Thus, with a higher percentage of recycled PGM usage,
total effects decrease even though total PGM requirements
increase. In contrast, EIO-LCA results increase linearly with
total PGM usage since we used the same market price for
virgin and recovered PGM.

Figure 3 illustrates the range of change in life cycle effects
from changes in PGM usage for 2005 and 2030. Black columns
show the difference in effects between the new standards
and baseline scenarios, representing the maximum possible
increase in effects from producing more PGM to meet new
emissions standards with current technology. Gray columns
show the difference in effects between the nanotechnology
and baseline scenarios, representing the maximum possible
reduction in effects from using less PGM to meet new
standards with a fully effective deployment of nanotech-
nology.

Expected changes in greenhouse gas (GHG) releases are
presented from both models. The EIO-LCA model estimates
the releases of four greenhouse gases (CO2, CH4, N2O, and
CFCs) and converts them into a global warming potential
(GWP) based on equivalent releases of CO2. We converted
releases of these gases from GaBi into equivalent releases of
CO2 using weighting factors set by the Intergovernmental
Panel on Climate Change (43). On average, the maximum
increase in GHG releases using GaBi are 20% higher than
EIO-LCA estimates, and the maximum reductions are 9%
lower. CO2 releases make up 75% of the GHG releases in the
EIO-LCA model and 95% in the GaBi model.

Cost-Effectiveness of New Emissions Standards. The EPA
evaluated the cost-effectiveness of each program by com-
paring expected incremental emission control technology
cost and gasoline desulfurization cost to changes in social
welfare from expected emissions reductions (13, 19, 20). While
incremental PGM costs were included in the EPA’s analyses,

TABLE 4. Expected Change in Life Cycle Effects from Changes in PGM Usage (GaBi)

meeting new standards
with current technology

fully effective deployment
of nanotechnology

2005 2030 2005 2030

Inputs
energy resources (TJ) 1270 13 700 -22 800 -19 300
non-renewable energy resources (TJ) 1250 13 600 -22 600 -19 100
renewable energy resources (TJ) 12 129 -215 -182
inert rock (million kg) 131 1 420 -2 370 -2 000
precious metal ore (million kg) 447 4 870 -8 100 -6 830
water (billion kg) 12.3 134 -222 -187

Outputs
group NMVOC to air (thousand kg) 13.7 149 -247 -209
heavy metals to air (kg) 630 6 800 -11 400 -9 600
inorganic emissions to air (million kg) 284 3 070 -5 120 -4 320
organic emissions to air (VOC) (thousand kg) 194 2 100 -3 500 -2 950
particles to air (thousand kg) 135 1 460 -2 430 -2 050
heavy metals to water (thousand kg) 1.09 11.9 -19.8 -16.7
hydrocarbons to water (kg) 456 4 970 -8 270 -6 980
particles to water (thousand kg) 24.9 270 -450 -380
consumer waste (thousand kg) 7.53 82 -136 -115
hazardous waste (thousand kg) 24.8 270 -449 -379
radioactive waste (thousand kg) 35.9 389 -647 -546
overburden (million kg) 132 1 430 -2 390 -2 010
tailings (million kg) 442 4 820 -8 010 -6 760

FIGURE 3. Change in life cycle effects from changes in PGM production. Black columns show the maximum expected increase over the
baseline scenario from producing more PGM to meet new standards with current technology and gray columns show the maximum
expected reduction over the baseline scenario from producing less PGM while still meeting new standards with a fully effective deployment
of nanotechnology.
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life cycle implications associated with extracting, refining,
and recycling PGM were not considered.

Figure 4 shows the expected change in air pollutant
releases from changes in PGM production using GaBi and
during vehicle use from the EPA’s Regulatory Impact Analyses
(13, 19, 20). In cases where columns are not visible, values
are provided. For the pollutants targeted by the EPA’s
emissions standards (NOx, VOC, SOx, CO, and PM), expected
emissions reductions during vehicle use (gray columns) are
several orders of magnitude larger than additional releases
from producing more PGM to meet new standards using
current technology (white columns). However, other air
pollutants are released while producing PGM. In 2010, total
expected emissions reductions during vehicle use are only
7% larger than additional releases of all air pollutants expected
from producing more PGM. Releases from PGM production
occur early in a vehicles life while vehicle emissions are
reduced over the full life of the vehicle. Hence, the difference
between emissions reduction from vehicle use and additional
releases from producing more PGM will increase as more
vehicles are equipped to meet tighter standards. By 2030,
expected emissions reductions from vehicle use are more
than three times larger than additional releases of all air
pollutants from producing more PGM.

Figure 4 also shows expected reductions in air pollutant
releases from PGM savings associated with a fully effective
deployment of nanotechnology (black columns). At this upper
bound performance level, maximum annual reductions form
PGM savings are double expected emission reductions from
vehicle use in 2010 and roughly half expected reductions
from vehicle use in 2030.

It is evident that the health and environmental savings
from abating emissions during vehicle use will far outweigh
the costs associated with releases of the same pollutants
during PGM production. It is not evident whether these
savings will outweigh the costs associated with all air pollutant
releases from PGM production. Furthermore, PGM produc-
tion requires large amounts of energy, water, and ore; results
in the releases of many pollutants to all media; and generates
large amounts of tailings and overburden. While new
standards will reduce emissions in the United States,
environmental impact from increased PGM production
would increase primarily in South Africa and Russia. Hence
a complete analysis cannot be made on one environmental
effect in one geographical region. It is clear that nanotech-
nology that reduces PGM in catalysts by up to 95% would
make a large contribution to lowering the environmental
burden associated with mining, smelting, and refining PGM.
If the benefits of also lowering vehicle emissions are retained,
the nanotechnology would make a large life cycle environ-
mental contribution.

Discussion
Construction of catalysts was one of the earliest uses of
nanotechnology, long before the field was recognized or the
term coined. Understanding catalysis and enabling planned
design and controlled synthesis requires knowledge and
control at the nanoscale. Automotive exhaust catalysts are
a particularly interesting application of nanotechnology since
the required PGM is extremely expensive and no viable
substitutes are yet available. Furthermore, increasing global
PGM demand and emerging technologies such as fuel cells
may drive up short-term PGM prices, precluding some
applications (36). Empirical evidence indicates that up to
95% of the PGM currently used in automotive catalysts could
be removed without harming performance by overcoming
current catalyst system inefficiencies. This would require
optimizing and controlling the shape, size, and location of
PGM particles.

We modeled PGM requirements for complying with tighter
U.S. emissions standards through 2030 assuming driving
habits and vehicle selection do not change. Current levels of
uncertainty concerning future catalyst design and synthesis
lead to constructing lower and upper performance bounds.
We used current technology and fully effective nanotech-
nology scenarios to show an inclusive range of possible
performance. We then employed economic input-output
and process-based LCA to estimate the relative change in
life cycle environmental effects from changes in PGM usage.
Current nanotechnology-based research proposes numerous
distinct methods for synthesizing catalysts in the future. As
more information about these methods becomes available,
the life cycle effects from synthesizing the catalyst and
assembling the catalyst system can be assessed. In addition,
a more robust model would consider PGM supply and
demand effects, characterize expected performance im-
provements over time, and consider factors that may
influence vehicle usage, such as high crude oil prices or
improved hybrid vehicle technology.

Three striking results can be gleaned from this analysis.
First, results using EIO-LCA and GaBi models are comparable,
hence providing reasonable first approximations of life cycle
effects from producing PGM. While the sources of uncertainty
listed above cause variation between results from the LCA
models, a more detailed investigation would be required to
explain variation in any particular effect.

Second, for regulations aimed at reducing environmental
burden, life cycle assessment can be used to estimate life
cycle costs and benefits associated with employing tech-
nologies to comply with standards. In the emissions abate-
ment programs considered here, vehicle emissions reductions

FIGURE 4. Comparison of expected vehicle emissions reductions
from meeting new standards in (a) 2010 and (b) 2030 to the expected
increase in releases from producing more PGM to meet new
standards with current technology and the expected reduction in
releases from producing less PGM while still meeting new standards
with a fully effective deployment of nanotechnology.
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outweigh increased releases of the same pollutants during
PGM production. However, a more detailed analysis is
required to evaluate life cycle costs associated with all effects
from producing PGM as well as other emission control
components. The availability of better technology predictions
and the use of life cycle-based benefit-cost analysis could
provide the ability to design emissions programs and phase-
in schedules that optimize environmental benefits.

Finally, this type of analysis can be used to identify
opportunities for entrepreneurship and areas for government
technology investment. Dramatic resource and environ-
mental burden savings could be realized from reducing PGM
in automotive catalysts while holding performance constant.
The small amounts of PGM in ore mean that substantial
quantities of rock must be mined, crushed, and processed
in order to produce the few grams in an automotive exhaust
catalyst. The resulting high price of PGM and environmental
damage provide a powerful incentive to reduce the amount
of PGM in catalysts. Furthermore, similar design and synthesis
processes are used to construct catalysts used in other
applications, resulting in inefficient material usage. The life
cycle environmental benefits associated with advancing
catalyst technology to overcome current design and synthesis
inefficiencies are far-reaching.

Acknowledgments
This work was supported by the U.S. Environmental Protec-
tion Agency (Grant RD830905), William T. Recker, and the
Green Design Consortium at Carnegie Mellon University.

Supporting Information Available
Additional information about data sources, methods for
estimating PGM availability from retired vehicles, and life
cycle results. This material is available free of charge via the
Internet at http://pubs.acs.org.

Literature Cited
(1) AAAS. Report XXIX: Research and Development FY 2005;

American Association for the Advancement of Science: Wash-
ington, DC, 2003.

(2) Lam, C.-W.; James, J. T.; McCluskey, R.; Hunter, R. L. Pulmonary
toxicity of single-wall carbon nanotubes in mice 7 and 90 days
after intratracheal instillation. Toxicol. Sci. 2004, 77 (1), 126-
134.

(3) Warheit, D. B.; Laurence, B. R.; Reed, K. L.; Roach, D. H.;
Reynolds, G. A. M.; Webb, T. R. Comparative pulmonary toxicity
assessment of single-wall carbon nanotubes in rats. Toxicol.
Sci. 2004, 77 (1), 117-125.

(4) Derfus, A. M.; Chan, W. C. W.; Bhatia, S. N. Probing the
cytotoxicity of semiconductor quantum dots. Nano Lett. 2004,
4 (1), 11-18.

(5) Oberdörster, E. Manufactured nanomaterials (Fullerenes, C60)
induce oxidative stress in the brain of juvenile largemouth bass.
Environ. Health Perspect. 2004, 112 (10), 1058-1062.

(6) Oberdörster, G.; Sharp, Z.; Keryling, W.; Cox, C.; Atudorei, V.;
Elder, A.; Gelein, R. Translocation of inhaled ultrafine particles
to the brain. Inhalation Toxicol. 2004, 16 (6-7), 437-445.

(7) Lloyd, S.; Lave, L. Life cycle economic and environmental
implications of using nanocomposites in automobiles. Environ.
Sci. Technol. 2003, 37 (15), 3458-3466.

(8) Kung, H. H. Heterogeneous catalysis: what lies ahead in
nanotechnology. Appl. Catal. A 2003, 246 (2), 193-196.

(9) Tonn, B. E.; Das, S. An Assessment of Platinum Availability for
Advanced Fuel Cell Vehicles; Oak Ridge National Laboratory:
Oak Ridge, TN, 2001.

(10) Oh, S. H.; Bissett, E. J.; Battiston, P. A. Mathematical modeling
of electrically heated monolith converters: model formulation,
numerical methods, and experimental verification. Ind. Eng.
Chem. Res. 1993, 32, 2(8), 1560-1567.

(11) Beyond the Molecular Frontier: Challenges for Chemistry &
Chemical Engineering; National Academy Press: Washington,
DC, 2003.

(12) Ying, J. Y.; Sun, T. Research needs assessment on nanostructured
catalysts. J. Electroceram. 1997, 1 (2), 219-238.

(13) Regulatory Impact AnalysissControl of Air Pollution from New
Motor Vehicles: Tier 2 Motor Vehicle Emissions Standards and
Gasoline Sulfur Requirements; U.S. Environmental Protection
Agency: Washington, DC, 1999; EPA420-R-99-023.

(14) Estimated Economic Impact of New Emission Standards for
Heavy-Duty On-Highway Engines; U.S. Environmental Protec-
tion Agency: Washington, DC, 1997; EPA420-R-97-009.

(15) Regulatory Impact Analysis: Control of Emissions of Air Pollution
from Highway Heavy-Duty Engines; U.S. Environmental Protec-
tion Agency: Washington, DC, 2000; EPA420-R-00-010.

(16) Johnson Matthey Platinum Today: Market Data. http://www-
.platinum.matthey.com/market_data/1046092226.html (ac-
cessed March 3, 2004).

(17) Lenz, A. J. The US Current Account: A Sectoral Assessment of
Performance and Prospects; Prepared for The U.S. Trade Deficit
Review Commission, U.S. Department of Commerce, 2000.

(18) Ward’s Motor Vehicle Facts & Figures 2002; Ward’s Com-
munications: Southfield, MI, 2002.

(19) Regulatory Impact Analysis: Heavy-Duty Engine and Vehicle
Standards and Highway Diesel Fuel Sulfur Control Requirements;
U.S. Environmental Protection Agency: Washington, DC, 2000;
EPA420-R-00-026.

(20) Draft Regulatory Impact Analysis: Control of Emissions from
Nonroad Diesel Engines; U.S. Environmental Protection
Agency: Washington, DC, 2003; EPA420-R-03-008.

(21) Sherwood, T. U.S. Environmental Protection Agency. Ann Arbor,
MI.; personal communication, 2003.

(22) Nishihata, Y.; Mizuki, J.; Akao, T.; Tanaka, H.; Uenishi, M.;
Kimura, M.; Okamoto, T.; Hamada, N. Self-regeneration of a
Pd-perovskite catalyst for automotive emissions control. Nature.
2002, 418 (6894), 164-167.

(23) Helmer, M. News and views: cleaning up catalysts. Nature.
2002, 418 (6894), 138.

(24) Calculation of Age Distributions in the Nonroad Model: Growth
and Scrappage; U.S. Environmental Protection Agency: Wash-
ington, DC, 2002; EPA420-P-02-017.

(25) Updated Vehicle Survivability and Travel Mileage Schedules;
U.S. Environmental Protection Agency: Washington, DC, 1995;
Docket A-97-10, Document II-G-324.

(26) Jackson, T. R. Fleet Characterization Data for MOBIL6: Devel-
opment and Use of Age Distributions, Average Annual Mileage
Accumulation Rates, and Projected Vehicle Counts for Use in
MOBILE6; U.S. Environmental Protection Agency: Washington,
DC, 2001; EPA420-R-01-047.

(27) Kirk-Othmer Encyclopedia of Chemical Technology: Platinum-
Group Metals; http://www.mrw.interscience.wiley.com/kirk/
(assessed January 18, 2003).

(28) Lenzen, M. Errors in conventional and input-output-based life-
cycle inventories. J. Ind. Ecol. 2001, 4 (4), 127-148.

(29) Ekvall, T. Cleaner production tools: LCA and beyond. J. Cleaner
Prod. 2002, 10 (5), 403-406.

(30) Bare, J.; Hofstetter, P.; Pennington, D.; Udo de Haes, H. A. Life
Cycle Impact Assessment Workshop Summary, midpoints versus
endpoints: the sacrifices and benefits. Int. J. Life Cycle Assess.
2000, 5 (6), 319-326.

(31) Bare, J.; Pennington, D.; Udo de Haes, H. A. Life Cycle Impact
Assessment Sophistication International Workshop. Int. J. Life
Cycle Assess. 1999, 4 (5), 299-306.

(32) Carnegie Mellon University. Green Design Initiative: Economic
Input-Output Life Cycle Assessment; http://www.eiolca.net/.

(33) Lave, L. B.; Cobas-Flores, F.; Hendrickson, C. T.; McMichael,
F. C. Using input-output analysis to estimated economy
wide discharges. Environ. Sci. Technol. 1995, 29 (9), 420A-
426A.

(34) Hendrickson, C. T.; Horvath, A.; Joshi, S.; Lave, L. B. Economic
input-outut models for environmental life-cycle assessment.
Environ. Sci. Technol. 1998, 32 (4), 184A-191A.

(35) Johnson Matthey Platinum Today: Price Charts; http://www-
.platinum.matthey.com/prices/price_charts.html (accessed
March 2, 2004).

(36) TIAX LLC. Platinum Availability and Economics for PEMFC
Commercialization; Prepared for U.S. Department of Energy:
Cambridge, MA, 2003; DOE: DE-FC04-01AL67601.

(37) Santini, S. On Board Diagnostics for Three-Way Catalytic
Converters; Group for Research on Automitve Control Engi-
neering. http://www.ing.unisannio.it/glielmo/Bertinoro/San-
tini.pdf (accessed February 14, 2003).

(38) Environmental ManagementsLife Cycle AssessmentsPrinciples
and Framework; International Organization for Standardiza-
tion: Geneva, Switzerland, 1997; ISO 14040:1997.

VOL. 39, NO. 5, 2005 / ENVIRONMENTAL SCIENCE & TECHNOLOGY 9 1391



(39) Guidelines for Life-Cycle Assessment: A “Code of Practice”; Society
of Environmental Toxicology and Chemistry: Pensacola, FL,
1993.

(40) GaBi: GaBi 4; http://www.gabi-software.com (assessed February
24, 2003).

(41) Amatayakul, W. Masters Thesis, Chalmers University of Tech-
nology, Goteborg, Sweden, 1999.

(42) Minerals Yearbook: Volume I. Metals and Minerals; U.S.
Geological Survey: Reston, VA, 2002.

(43) The Intergovernmental Panel on Climate Change. Climate
Change 2001: The Scientific Basis; Cambridge University Press:
Cambridge, UK, 2001.

Received for review May 3, 2004. Revised manuscript re-
ceived October 21, 2004. Accepted November 1, 2004.

ES049325W

1392 9 ENVIRONMENTAL SCIENCE & TECHNOLOGY / VOL. 39, NO. 5, 2005


