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ABSTRACT 

Ceramic engine components have potential to improve vehicle fuel economy. Some recent tests have also 
shown their environmental benefits, particularly in reducing particulate emissions in heavy-duty diesel 
engines. We used the data from a survey of the U.S. vehicle engine and component manufacturers relating to 
ceramic engine components to develop a set of market penetration models. The survey identified promising 
ceramic components and provided data on the timing of achieving introductory shares in light- and heavy-duty 
markets. Some ceramic components will penetrate the market when the pilot-scale costs are reduced to one- 
fifth of their current values, and many more will enter the market when the costs are reduced to one-tenth of 
the current values. An ongoing ceramics research program sponsored by the U.S. Department of Energy has 
the goal of achieving such price reductions. The size and value of the future ceramic components market and 
the impacts of this market in terms of fuel savings, reduction in carbon dioxide emissions, and potential 
reduction in other criteria pollutants are presented. The future ceramic components market will be 9 million 
components worth $29 million within 5 years of introduction and will expand to 692 million components 
worth $3,484 million within 20 years. The projected annual energy savings are 3.8 trillion Btu by 5 years, 
increasing to 526 trillion Btu during the twentieth year. These energy savings will reduce carbon dioxide 
emissions by 41 million tons during the twentieth year. Ceramic components will help reduce particulate 
emissions by 100 million tons in 2030 and save the nation's urban areas $152 million. The paper presents 
the analytical approach and discusses other economic impacts. 

INTRODUCTION 

The U.S. Government supports materials and technology research in areas that are high-risk in nature and 
where the benefits to be derived are far in the future. The government's role is to identify, investigate, and 
enable new technologies to maintain U.S. leadership among the industrialized nations and enhance 
competitiveness of U.S. industry. Not only do these research efforts identify new materials and technologies, 
they also build a firm foundation for future economic growth. Economic and environmental impacts of a 
research program are rated high among the criteria for allocating scarce research funds. 

The Office of Transportation Technologies (Om) within the U.S. Department of Energy (DOE) funds 
research to develop technolgies that promise to reduce oil consumption by improving vehicle fuel efficiency 
and allowing the substitution of alternative fuels. The Office of Transportation Materials (OTM), within 
OTT, supports a ceramic materials research program aimed at advancing the use of structural ceramics in 
vehicle engines. The program, conducted in cooperation with industry, was initiated in part on the basis of 
the results of a preliminary economic assessment conducted by the Center for Transportation Research (CTR) 
at Argonne National Laboratory (ANL). This assessment by Johnson et al. [l] estimated that the ceramic 
program will have considerable impacts on the U.S. economy. The DOE research program accelerated the 
development of a ceramic technology base that was evident in the results of a second technical and economic 
assessment (Larsen and Vyas [2] and Larsen et al. [3]). 

Argonne National Laboratory, 955 L'Enfant Plaza North, S.W., Suite 6000, Washington, DC 20024 
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The second technical and economic assessment provided a range of market penetration by ceramic engine 
components, most beginning in the mid-1990s. These results indicated that the ceramic technology showed 
promise and was destined to play a significant role among the transportation technologies over the next 
several decades. The technology was considered to have advanced to a stage that a few ceramic components 
were being used in some heavy-duty diesel engines. However, the rate of advancement has since stagnated due 
to the relatively low petroleum prices beginning in 1986. The level of urgency for advancing the technology 
to improve vehicle fuel economy that was felt during the early 1980s has subsided. Consumers have shown 
preference for vehicles equipped with larger, powerful, and less fuel efficient engines (Murre11 et al. [4]). 
Also, barriers to wider use of ceramics that were identified by the second assessment still remain. In light of 
these trends, revised projections on the timing and extent of acceptance of ceramics in light and heavyduty 
engines were needed. 

The approach selected for this latest assessment was to canvass the vehicle engine and components 
manufacturers regarding their opinions on the timing and the extent of market penetration by ceramic 
components they thought most likely to penetrate the market. Oak Ridge National Laboratory (ORNL) 
undertook the canvassing through Automotive Consulting Group (ACG), Ann Arbor, Michigan. A total of 
203 engineers and executives were contacted. ACG [5] collected information on benefits of ceramic 
components and barriers to their wider acceptance, perceptions relating to ceramic component cost, ceramic 
components most likely to penetrate the market, competing materials, and potential use of ceramics in 
alternative powerplants. ACG also asked questions relating to the timings of introduction and potential for 
growth in market shares of reciprocating engine components if current prices were reduced by a factor of five 
and by a factor of ten. We used these data relating to reciprocating engine components in developing market 
penetration models for projecting future sales and the resulting impacts. 

This paper describes the market penetration modeling analysis, summarizes the projected market for ceramic 
components and its worth, and presents energy, emissions, and macroeconomic impacts. 

PROMISING COMPONENTS AND TIMINGS OF MARKET PENETRATION 

The industry executives and engineers were asked questions relating to ceramic components most likely to 
penetrate the market. Such components as roller cam follower, turbocharger rotor, and tip of the fuel injector 
link are made of ceramic and are used in a limited number of heavy-duty diesel engines. The current high cost 
and manufacturability were cited as the top two barriers for both light- and heavy-duty applications. The 
resistance of ceramics to wear and its thermal characteristics were the top two benefits for heavy-duty engines, 
while reduced emissions and improved fuel economy were the top two benefits for light-duty applications. 
The engine manufacturers are looking for ways to meet the requirements of the 1990 Clean Air Act. 
However, only 44% of the engineers and executives agreed that ceramic components will help them meet 
these requirements. Moreover, not a single ceramic component (light- or heavy-duty) was identified as capable 
of gaining 1% market share at the current prices. 

Because high cost is considered a nearly insurmountable barrier, cost reduction of the order of 10 times (1OX) 
is one of the goals of the DOE/OTM sponsored ceramic research program at O W .  An intermediate 
reduction of the order of five times (5X) would be achieved before the 1OX reduction goal. Respondents were 
asked which components will penetrate the market if these price reduction levels were achieved. They 
identified valves and roller cam followers as having potential to penetrate both markets (light- and heavyduty) 
and turbocharger rotors to penetrate the heavy-duty market if their costs were reduced by a factor of five. 
When asked about the effect of reduction by a factor of ten of the current level, respondents added four light- 
duty components and three heavy-duty components. The light-duty components were piston pin, piston, 
piston crown, and valve seat, and the heavy-duty components were piston ring, piston crown, and cylinder 
liner. 

The timing of achieving a measurable share of the market is essential to assessing the impacts that a ceramic 
component will have. Having identified the promising ceramic components at 5X and 1OX price reduction, 
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the respondents were asked the year in which 196, 5%, and 30% market share will be achieved. The 
respondents were allowed to identify a year or state that the cost was still too high to achieve a particular 
market penetration level. Table 1 summarizes the timing responses at 5X cost reduction for both heavy- and 
lightduty components, and Tables 2 and 3 summarize such responses at 1OX cost reduction for heavy-duty 
and light-duty components, respectively. 

2003-2005 
2005-20 10 
2010-2040 
1995-2000 
1996-2002 
2000-2010 

Table 1 Timing of Ceramic Component Market Penetration at 5X Cost Reduction 

16 
58 

13 

Application /Component 
Heavy-Duty 
Valve 

Roller Cam Follower 

Turbocharger Rotor 

Light-Duty 
Valve 

Roller Cam Follower 

Market 
Share (9%) 

1 
5 
30 
1 
5 
30 
1 
5 
30 
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Median Year 
for the Share 

1999 
2000 
2020 
1994 
1995 
1996 
1995 
1996 
2002 

Interquartile 
Range for the 

YfX 

1996-2000 
1998-2001 
2007-2040 
1993-1995 
1994-1996 
1995-2000 
1994-1998 
1995-2000 
1998-2005 

% Responses 
Stating Ceramics 
Still Too Costly 

52 

23 

Ceramic roller cam follower is the most attractive component in both heavy- and light-duty applications. At 
5X price reduction, it will achieve 1% share of the heavy-duty market by 1994,5% share by 1995, and 30% 
share by 1996. In the light-duty market it will capture 1% share by 1996,5% by 2000, and 30% by 2002; 
however, 13% of the respondents thought the 5X price reduction not to be enough to capture a 30% share. At 
1OX price reduction, the ceramic roller cam follower will capture a 1% heavyduty market share by 1994,5% 
by 1995, and 30% by 1996; exactly the same years as those reported for 5X price reduction. The 
corresponding years for the light-duty ceramic roller follower were 1995,1996, and 2000 with no respondent 
stating that the price was still too high. Turbocharger rotor in the heavy-duty application is the next 
component considered most likely to penetrate the market under both 5X and 1OX price reduction. It will 
capture a 1% market share by 1995,5% by 1996, and 30% by 2002 under 5X price reduction with 23% of the 
respondent stating that the price was still too high for it to capture a 30% share. Under the 1OX price 
reduction case, the three years are 1994, 1995, and 1997, respectively with no respondent stating the 
component price to be still too high. 
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Table 2 Timing of Heavy-Duty Ceramic Component Market Penetration at 1OX 
Price Reduction 

Heavy-Duty Component 
Valve 

Roller Cam 

Turbocharger Rotor 

Piston Ring 

Piston Crown 

Cylinder Liner 

Market 
Share (%I 

1 
5 
30 
1 
5 
30 
1 
5 
30 
1 
5 
30 
1 
5 
30 
1 
5 
30 

Median 
Year for 
the Share 
1997 
2000 
2002 
1994 
1995 
1996 
1994 
1995 
1997 
1996 
2000 
2002 
1997 
2000 
2002 
1995 
1998 
2000 

Interqudle 
Range for the 

Year 
1994-2000 
1995-2000 
1998-2002 
1993-1995 
1993-1996 
1994-2000 
1993-1995 
1993-1998 
1994-2000 
1995-1999 
1995-2005 
2000-2006 
1995-2000 
1997-2002 
2000-2005 
1994-2000 
1995-2002 

% Responses 
Stating Ceramics 
Still Too Costly 

3 
3 

8 

10 

1997-2002 

Though both heavy- and light-duty sectors have equal numbers of ceramic components identified as most 
attractive to penetrate the market, the first use is expected to be in the heavy-duty sector. All six components 
are identified as penetrating the market sometime in the 1990s. A majority of the heavy-duty engines are 
diesel (compression ignition) and would benefit from the thermal characteristics of ceramics. Also, these 
engines deliver relatively high power and are expected to have a long service life - of the order of several 
hundred thousand to a million miles - requiring wear-resistant components. The light-duty sector uses 
spark-ignition engines having a much shorter engine life expectancy than the heavy-duty engines. The role of 
ceramics components in this sector would be to reduce emissions and increase fuel economy. On the basis of 
the responses, the light-duty sector will lag a few years behind the heavy-duty sector in introduction of 
ceramic components. 

The time required to move from a 1% share to a 5% share varied, depending upon the market (heavy- or light- 
duty), component, and the price reduction scenario. For the heavy-duty sector, only a year was necessary for 
all three components to move from 1% to 5% share under the 5X price reduction. Under the 1OX price 
reduction, ceramic valves are expected to reach a 1% share earlier, increasing the time interval between 1% and 
5% shares, The three components that became attractive only under the 1OX price reduction scenario have 
time intervals of 3-4 years between their 1% and 5% market shares. For the light-duty market, both valve and 
roller cam follower require 4 years between 1% and 5% shares under the 5X price reduction. The time interval 
shortened to a range of 1-3 years under the 1OX price reduction, with only two components, roller cam 
follower and piston, requiring 1 year between 1% and 5% shares. 



Table 3 
Price Reduction 

Timing of Light-Duty Ceramic Component Market Penetration at 1OX 

Light-Duty Component 
Valve 

Roller Cam 

Piston Pin 

Piston 

Piston Crown 

Valve Seat 

Market 
Share (%) 

1 
5 

30 
1 
5 

30 
1 
5 

30 
1 
5 

30 
1 
5 

30 
1 
5 

30 

Median 
Year for 
the Share 

2005 
2007 
2010 
1995 
1996 
2000 
2000 
2002 
2007 
2005 
2006 
2010 
2000 
2003 
2006 
2002 
2005 
2007 

Interquartile 
Range for the 

Year 
2000-2005 
2000-2007 
2005-2050 
1994-2000 
1994-2002 
1998-2005 
1997-2005 
2000-2005 
2004-2025 
2005-2006 
2002-2015 
2005-2025 
1997-2005 
2000-2010 
2000-2020 
2000-2005 
2000-2007 
2005-2020 

% Responses 
Stating Ceramics 
Still Too Costly 

7 
28 

18 

13 
13 

25 

MARKET PENETRATION MODELING 

Opinions of the executives and engineers relating to the timing of achieving 1%, 5%, and 30% market shares 
were used to project the ceramic component market through the year 2020. These projections result in 
estimates of size and value of the future ceramic market that can be used to assess their impacts on energy 
consumption, emissions, and U.S. economy. 

Model Selection 

The data in the form of three points were not adequate to develop projections of yearly sales through the year 
2020. Since they represented an aggregation of several opinions, the data points may or may not conform to 
a classical pattern of market penetration. A theoretically sound model was needed to develop projections 
through the year 2020. 

New-product market-penetration forecasting through the use of models has been done by marketing 
professionals for a long time. Early work in this area concentrated on new technologies that would be adopted 
initially by only a small hction of the population, usually called innovators. The rate of adoption will rise 
rapidly when others who learn from the early buyers join them. The rate of market penetration will slow 
down when a large majority of the population has adopted it. The cumulative sales under this process follow 
a classical S-shaped curve. Such models are ideally suited for true innovations in which the product is 
markedly different from all existing products. Also, these models focus on the new product only, assuming 



that an old counterpart did not exist. In our case, ceramic components are competing with the conventional 
components and thus are primed for the substitution market rather than the new product market. 

Technology substitution, involving newer technologies replacing old, is more common than diffusion of an 
entirely new technology. Within the transportation field, horse-drawn caniages were replaced by steam- 
engine-powered vehicles that, in turn, were replaced by internal-combustion-engine-powered vehicles. The old 
technologies usually compete with the new, and the substitution process often occurs over a long period of 
time. In the energy field, wood was replaced by coal, while petroleum and natural gas replaced coal wherever 
they could. A technology substitution model would account for such competition. Norton and Bass [6] 
defined a multigeneration adoption and substitution model for microprocessor memory units. They specified 
the cumulative sales function as 

where p and q are model parameters and t represents time. 

They also derived the multigeneration sales equations as follows: 

Sl(t) = m l  Fl(t) 11 - F 2 ( t - ~ ) l  for the first generation and 

Here Si(t) represents sales of ith technology at time t and mi the sales potential. The time parameter 22 
represents the point in time for the second generation, which is always later than t. 

The above equations imply that the cumulative functions are different and thus pi and qi are different. Speece 
and MacLachlan [7] adapted this model with some modifications. They assumed that when several generations 
of a product compete, they have the same cumulative functions, and consequently the parameters p and q do 
not change for successive generations. They argued that these two parameters should remain the same 
regardless of the generation beiig modeled, because the parameters represent characteristics of the market, not 
the generation of the product. They also included the effect of the price in the cumulative function. 

where price Gi(P) was incorporated in the following form: 

Gi(P)=e  -+) pC 

The parameter q represents price sensitivity of the product, Pi is the product price for the ith generation, and 
P, represents the sales-weighted composite price for the two generations computed as, 

We used the Speece and MacLachlan adaptation with some modifications. W e  applied it to a two-generation 
case and used it to predict the share of the market that will be acquired by the ceramic technology as opposed 
to predicting sales. 



Data Preparation 

The market share timing data were made available to us in an aggregate form only. Individual responses 
relating to the choice of points in time associated with 1% 5% and 30% shares were not available. We used 
sample medians for these three points (as summarized in Tables 1-3) and computed shares for the intervening 
years assuming exponential growth between the successive market penetration points (1%. 596, and 30%). 
The use of sample medians resulted in occasional sharp changes in the rate of market penetration following 
the 5% point. Also, we combined data for both 5X and 1OX cost reduction and formed one market penetration 
profile for the five components that were attractive under both. Since a 5X price reduction would be reached 
earlier than lox, we used the 5X year of 1% market share for all these components. For 5% market share, we 
used the earlier of the two years, and for 30% market share, we used the year under the 1OX price reduction. 

Price of a ceramic component is an important parameter in the model formulation described above. The 
current pilot-scale prices will be lowered when production-scale facilities are built. Two other factors will 
also influence prices over time: continued research and development and production experience. The effect of 
research and development is related to time, while the effect of production experience is dependent on 
cumulative production. Bass [SI proposed the following price function for the effect of production experience. 

P(t) = A [xS(t)]-' 

where A is an industry-specific constant and h is the learning rate parameter. We examined the values of the 
learning rate parameter estimated by Bass and selected a value of 0.0972. This value is based on the extent of 
color television price reduction during the period 1961-1974. In comparison, a value of 0.0987 was estimated 
by Bass for the price reduction of the electric refrigerator during the period 1922-1940. We used a value of 1.7 
for parameter A and incorporated the effect of ongoing research and development in a multiplicative 
relationship as 0.98'. The resulting price curves showed variations in price and market share relationship 
between components. Some of the curves are shown in Figures 1 and 2 for heavy- and light-duty 
components, respectively. The rate of price reduction is low for the components that are capable of reaching 
high market penetration levels in short time intervals. The components that require long times to reach 
appreciable market shares benefit from an R&D-induced price reduction and may reach price equality at a lower 
market share. While computing component prices we ensured that ceramic components will not be priced 
lower than their conventional counterparts. 

Since a new generation represents technological improvement over the old, it is likely to offer added utility. 
We incorporated this added utility through an adaptation of the procedure introduced by Stem et al. [9]. We 
developed a set of attributes applicable to heat-engine components. A team of ANL staff very familiar with 
heat engines assigned scores to material attributes and market importance that were used to compute product 
utility. 

Model Estimation 

The model parameters were estimated using the nonlinear regression procedure within the SHAZAM 
econometric computer software. The software is documented by McGraw-Hill [lo]. The results of the 
estimation process are listed in Table4. The ceramic components could entirely replace their metal 
counterparts, and therefore, we used a value of 1 (100%) for the maximum sales potential mi. The model 
parameters have reasonable values and correct sign. The goodness of fit is very high as indicated by the 
R-square values. 

The predictive ability of the individual models is shown graphically in Figures 3 and 4. The survey 
responses are shown by square symbols, model projections by a line, and the values selected for further 
analysis by triangular symbols. We assumed the ceramic components maintain their highest level of shares 
reached. The models assume sales following the highest levels to be for repeat purchases only. Therefore, the 
models project a drop-off in sales after time. 



Figure 1 Market Share and Price Premium Relationship for Heavy-Duty 
Components 
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Figure 2 Market Share and Price Premium Relationship for Light-Duty 
Components 
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Table 4 Results of iModel Parameter Estimation 

Component 
Heavy-Duty 
Valve 
Roller Follower 
Turbocharger Rotor 
Piston Ring 
Piston Crown 
Cylinder Liner 
Light-Duty 
Valve 
Roller Follower 
Piston Pin 
Piston 
Piston Crown 
Valve Seat 

__ 

P 

0.00235 
0.00436 
0.00560 
0.00275 
0.00525 
0.00471 

0.00237 
0.00227 
0.00729 
0.00832 
0.00588 
0.00298 

0.4796 
0.7873 
0.7266 
0.4559 
0.43 1 1 
0.4446 

1.2 

1 .o 
A A A A A A A A A A r  

0.8 Selected for 

0.6 3 
2 ' 0.4 

# Analysis c m 

0.2 

0.0 1 ~ ' ~ 1 ~ 1 ~ 1 ~ ' ~ 1 ~ 1 ~ ' ~ 1 ~  1 

1994 1996 1998 2000 2002 2004 2006 2008 2010 2012 2014 2016 2018 2020 

0.4169 
0.4870 
0.3151 
0.3374 
0.3528 
0.4236 

v I R-Square 
i 
-2.3150 
-1.9115 
-1.9325 
-1.4226 
-1.4137 
-1.4164 

0.993 
0.989 
0.992 
0.997 
0.997 
0.997 

-1.8608 
-2.3029 
-1.2551 
-1.4894 
-1.4239 
-1.929 

0.998 
0.992 
0.999 
0.999 
0.999 
0.996 



Figure 4 Application of Market Penetration Model to Light-Duty Valve 
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CERAMIC MARKET SIZE AND VALUE 

A set of ceramic component shares were selected for M e r  analysis. These shares typically represented model 
projections except for the beginning and end of the analysis period. The models were observed to project 
slightly higher shares during the initial years. We examined th is  tendency and concluded it to be a result of 
the aggregate nature of the input data The survey responses provided sharp rates of increase between the 5% 
and 30% levels; as a result, model parameters were estimated to reflect such increases. We selected the lower 
values during the early years and the drops towards the end were ignored as explained above. 

The projected market shares, when applied to estimates of the future components market, provided us with the 
ceramic component market size. The estimates of future light- and heavy-duty components markets were 
developed by using several sources. We used the 1994 Delphi Study by the University of Michigan [ll] to 
develop light-duty engine shares of number of cylinders per engine and number of valves per cylinder and 
examined the historical diesel shares of medium- and heavy-truck engines reported by the American 
Automobile Manufacturers Association [ 121 to project future shares. We applied the resulting component 
share estimates to the vehicle sales projections by the Energy Information Administration [13] and computed 
the future OEM components demand. We also used the ceramic component prices computed earlier to anive 
at the value of the future market. The resulting combined light- and heavy-duty estimates are shown in 
Table 5. 

The ceramic market is projected to be over 4 million components valued at $16.5 million within 5 years of 
achieving 5X price reduction. Further price reduction to 1OX would be achieved during t h i s  period, allowing 
the market to grow to over 73 million components valued at $210.4 million within 10 years. The use of 
ceramic components will reach nearly 843 million components worth over $4 billion at the end of 25 years. 
The market expansion is caused partly by further price reductions through research and development and 
increased production experience. 

,' 



Table 5 Size and Value of the Future Ceramic Components Market through 2020 
~ ~~ 

Ouantitv Value 
Year (thousan&) ($thousand) 

1993 2.5 19 
1994 
1995 
1996 
1997 
1998 
1999 
2000 
200 1 
2002 

30.6 
313.4 

1,720.4 
4,086.2 
9,316.7 

20,279.2 
23,158.9 
38,954.5 
73,45 1.2 

508 
3,463 
7,802 

16,547 
29,083 
57,247 
83,195 

128,604 
210,363 

Quantity Value 
Year (thousands) ($thousand) 

2003 109,682.5 292,342 
2004 
2005 
2006 
2007 
2008 
2009 
2010 
201 1 
2012 

155,231.8 
185,742.3 
221,464.7 
257,788.1 
308,700.5 
366,566.3 
438,9 15.8 
535,196.8 
629,399.8 

428,659 
6 16,176 
949,630 

1,189,424 
1,514,649 
1,878,780 
2,266,669 
2,764,43 1 
3,205,248 

Quantity Value 
Year (thousands) ($thousand) 
2013 691,720.3 3,484,313 
2014 751,496.3 3,767,236 
2015 801,727.1 3,917,569 
2016 835,672.3 4,060,246 
2017 842,862.4 4,032,170 
2018 850,181.4 4,042,002 
2019 857,632.5 4,080,211 
2020 865,218.9 4,122,776 

ENERGY AND ENVIRONMENTAL IMPACTS 

Energy savings and emission reductions are cited as benefits of ceramic components. Ceramic components 
improve engine performance because of their light weight, low inertia, wear resistance, lower friction, heat 
insulation, and high temperature tolerance. Emission reduction benefits will result from reduced fuel 
consumption and higher combustion efficiency. The energy and emissions benefits summarized below relate 
to energy consumption by light- and heavy-duty vehicles. When energy used in fuel processing and fuel 
transportation is accounted for, an additional 14.4% energy is saved for gasoline vehicles and 7.9% for diesel 
vehicles (DeLuchi [ 141). These percentages exclude energy used for petroleum recovery and transportation of 
the feedstock to the refinery. We also assume that the increased vehicle fuel economy does not result in 
increased vehicle miles of travel 0 (Greene [15]>. We did not estimate refinery emission reductions. 

Energy Impacts 

The first step in arriving at the total energy savings was to identify the contribution by each component. 
Energy savings contributions by ceramic components will not be known precisely until extensive tests are 
carried out measuring individual contributions under normal working conditions. Limited tests have been 
conducted for some ceramic components, and the results have been published (Suh et al. [16]; Hamminger and 
Heinrich [17]; and McEntire et al. [l8]). We used these values and those arrived through technical judgment 
and group consensus (Larsen et al. [3]). Light-duty ceramic valves have been tested and their contribution to 
fuel economy improvement reported. The range of fuel economy improvement is 3-7%, with Suh et al. [16] 
reporting 3%, Hamminger and Heinrich [17] reporting 3-4%, and McEntire et al. [18] reporting 7%. We 
selected a value of 3% to allow for difference in spring force, mass, and engine speed. Figure 5 shows the 
contribution to vehicle fuel economy by the individual component. The energy savings estimates shown in 
the figure do not include any synergistic effect or effect of possible reduction in engine size due to increased 
power density or improved turbocharger performance. Secondary effects such as a smaller cooling system or 
potential for an exhaust-heat-recovery system are also ignored. 

We used the values from Figure 5, the ceramic component market estimates, and the vehicle age dependent 
usage (Davis [19]) in computing the combined light- and heavy-duty sector energy savings shown in 
Figure 6. The figure also compares the projected energy savings from this analysis with two sets of energy 
savings projections from the analysis by Larsen et al. [3]. In their analysis, Larsen et al. evaluated all 
respondents (whole sample), those who specified early market introduction (optimistic), and those who 



Figure 5 Energy Savings Contribution by Individual Ceramic Component 

cam Pin crown seat 
Follower 

Figure 6 

1200 - 
n 1000- 
1 

c 
5 

E;s’ 
.d 0 800- 
;d 
@ - 600- % 
2 
v3 
h 400- 
2 
fi 200- 

0 -  

Light Duty 

Valve Roller Turbo- 
Cam charger 

Follower Rotor 

Piston Piston Cylinder 
Ring Crown Liner 

Heavy Duty 

I 

Projected Annual Energy Savings 

1993 1998 2003 2008 
Year 

201 8 



specified late market introduction (pessimistic). Energy savings for the whole sample and the pessimistic 
group are shown in the figure. In our analysis, ceramic components are introduced later than the point in time 
reported for the whole sample by Larsen et al. and at the same time as that for the pessimistic group. Our 
projected energy savings closely follow the pessimistic group for 10 years and then increase, mainly due to 
increased shares made possible by R&D-induced price reductions. Even with the rise after 10 years, our 
projected energy savings fall between the two groups of the earlier analysis. Some 3.8 trillion Btu will be 
saved annually within 5 years of introduction of ceramic components. The annual energy savings in trillion 
Btu grow to 48 by the tenth year, 213 by the fifteenth year, 526 by the twentieth year, 928 by the twenty- 
fifth year, and 1,060 by the twenty-seventh year. Energy savings in terms of percent of energy consumption 
by light- and heavy-duty vehicles is 0.02% by the fifth year, 0.25% by the tenth year, 1% by the fifteenth 
year, 2.5% by the twentieth year, 4.2% by the twenty-fifth year, and 4.8% by the twenty-seventh year. 

Environmental Impacts 

Environmental benefits from the introduction of ceramic components are reduced carbon dioxide emissions, 
reduced exhaust particulate emissions, and possibly reduced emissions of other criteria pollutants (such as 
hydrocarbons and carbon monoxide). 

Reductions in carbon dioxide emissions were computed by assuming complete combustion of carbon contents 
of gasoline and diesel fuels. The projected annual C02 reductions follow the pattern of energy savings in 
Figure 6. Ceramic components will reduce C02 emissions by 0.3 million tons during the fifth year, 3.8 
during the tenth year, 16.7 during the fifteenth year, 41.2 during the twentieth year, 72.7 during the twenty- 
fifth year, and 83 during the twenty-seventh year. 

Ceramic components are used by some heavy-duty diesel-engine manufacturers to improve combustion and 
thereby meet the new particulate emission standards. One manufacturer increased pressure in the mechanical 
injection system, which necessitated the use of ceramic rollers, while another introduced a ceramic plunger to 
meter slightly higher pressure fuel in an electrically controlled injection system (Johnson [20]). Ceramic 
components are also candidates in the high-pressure path for the low-sulfur diesel fuel that has lower lubricity. 
Since ceramic components will help in meeting the heavy-duty diesel particulate standards that were lowered 
in 1994 from 0.25 to 0.10 g/Bhp-hr, we treated particulate emissions reduction as an impact. Wang et al. 
[21] analyzed several methods used in computing the monetary value of emissions reduction. They estimate 
control-cost-based value of particulate emissions in the range of $2,400-$6,060 per ton. We computed 
particulate emissions reduction by using a Bhp-hr to VMT conversion factor o f 2  (EPA [22]), a 
0.15 g/Bhp-hr reduction made possible by ceramic components, and heavyduty-truck VMT projections by the 
Energy Information Administration [13]. Some 49 million tons of particulate will be reduced by the year 
2000,62 by 2010,79 by 2020, and 100 by 2030. Alternatively, ceramic technology can be treated as an 
enabling technology that helps achieve the above particulate reductions while other aspects of the engine and 
fuel are modified. We assigned one-half the benefits to the ceramic components, since it is an enabling 
technology. We computed the avoided control cost in the nation's urban areas by using a 35.2% share of 
heavyduty VMT (FHWA [23]) and a mid-range value of $4,230 (Wang et al. [21]). The resulting values are 
shown in Figure 7. The avoided control costs are $75 million in the year 2000, $95 million in 2010, $120 
million in 2020, and $152 million in 2030, when 0.15 g/Bhp-hr reduction is considered. The control costs 
are halved when 0.075 g/Bhp-hr reduction is assigned to ceramics. 

The ability of ceramic components to reduce such criteria pollutants as hydrocarbons, carbon monoxide, and 
nitrogen oxides has not been researched extensively. Some test results with one ceramic component are 
available. However, the effect of using several components is not very well-known. Assanis et al. [24] tested 
a diesel engine with ceramic-coated pistons and found 30-60% reduction in carbon monoxide, 3540% 
reduction in unburnt hydrocarbons, and 10-30% reduction in nitrogen oxides. When Assanis and Mathur [251 
tested a spark-ignition engine with ceramic-coated pistons, liners, heads, valves, and ports, they observed that 
the heat insulation characteristics of ceramics increased carbon monoxide emissions slightly and emissions of 



Figure 7 Reduction in Particulate Control Costs in Urban Areas 
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nitrogen oxides substantially. When ceramic's ability to increase power density is accounted for, the slight 
increase in carbon monoxide emissions will be eliminated, possibly creating a small benefit. The ceramic's 
light weight and wear resistance will reduce fuel consumption, enabling slightly smaller fuel tanks. The 
effect of fuel economy on evaporative emissions is very limited (Wang et al. [26]), and with mandated 
controls on this emission category, the contribution of the ceramic seems marginal. Hamminger and 
Heinrich [17] report substantial emission reduction benefits under the Deutsche Institut fiir Normen (DIN) 
cycle bench tests with ceramic valves. They report 30% reduction in hydrocarbon emissions, 20% in carbon 
monoxide, and 80% in nitrogen oxides. We could not find any similar test results under U.S. Environmental 
Protection Agency cycles. In light of the limited data on the ability of ceramics to reduce criteria pollutants, 
we did not quantify the benefits. 

Ceramic valves are lighter, have better wear characteristics, and show lower bounce during operation at high 
speeds. These factors combine to result in lower engine noise, up to 18 dB (Hamminger and Heinrich [17]). 

MACROECONOMIC ANALYSIS 

The macroeconomic effects of ceramic components production and vehicle application are classified into five 
types in this section. The methods used to represent these effects in the Argonne Multisector Industry Growth 
Assessment (AMIGA) model are described. Results are presented only for the aggregate measures of Gross 
Domestic Product (GDP) and net employment, although the AhIIGA model provides additional sectoral detail. 

Sources of Macroeconomic Effects 

Ceramic component production and use in motor vehicles affects the economy in the following ways: 
(1) More fuel-efficient vehicles will result in reduced oil imports, directly raising national income and 
indirectly raising net employment. (2) Less output is required from domestic refineries and from the 
wholesale and retail distribution of gasoline; hence fewer jobs are needed in these fuels-related sectors. 
(3) Ceramic parts production may be a new domestic industry, adding to GDP, but there would also be a 



partially offsetting loss in output from conventional motor vehicle parts sectors. (4) The demand for motor 
vehicles may shift up if national income rises, but there may also be a positive or negative price effect on 
motor vehicle demand, depending on whether lower fuel costs during the life cycle of vehicle ownership is 
valued more or less than the higher purchase cost of a new vehicle using ceramic components. (5) If other 
countries, such as Japan or Germany, introduce ceramic components into their vehicles first, the U.S. vehicle 
manufacturers may have a marketing disadvantage and may lose market share. 

Reduced Oil Imports and GDP Benefits. The higher fuel economies for new vehicles with ceramic 
components reduce the demand for oil, as the more efficient vehicles penetrate into the stock of vehicles on 
the road. A reduction in crude oil demand by U.S. refineries will reduce oil imports as well as domestic 
supply. Furthermore, due to the monopsony effect, a weakening of the demand for oil in world markets will 
somewhat lower world oil prices from what their levels would have otherwise been. This price change will 
likely cause a smal l  reduction in domestic crude oil supply. 

Importing fewer barrels of oil, and possibly paying a lower oil price, can save the U.S. billions of dollars per 
year. This saving directly increases Gross Domestic Product (GDP), which is defined as the value of final 
goods produced in the economy less the cost of such imported materials as crude oil. 

Fuels Sector Outputs and Jobs. Conservation of fossil fuels reduces the need for domestic production and 
refining of these fuels and reduces the need for transporting and distributing these fuels to the consumer. Jobs 
will be lost in the fuels-related sectors. However, fuels production and refining industries are not labor 
intensive, so the job losses in those sectors will be small. Offsetting the job losses in the fuels-supply- 
related sectors will be increases in net jobs as the economy generally expands from lower oil import bills. 

Ceramic Parts Production. One can be optimistic about the ability of U.S. industry to be the major supplier 
of the ceramic components that go into domestically produced motor vehicles. The auto industry seeks to 
have a close linkage with its suppliers, so that ceramic components manufacturers are likely to be in 
proximity to their markets. Producing ceramic components domestically, rather than importing these parts, 
will create domestic jobs and income. Of course, some jobs will be lost in conventional motor vehicle parts 
manufacturing, but a new viable domestic ceramic industry will have a net positive effect in jobs, value added, 
and income. 

Demand for Motor Vehicles. Motor vehicle sales go up with increases in national and personal income. 
There is also a price effect on motor vehicle demand. Vehicle-choice models attempt to capture the trade-offs 
that consumers make between the purchase price of a new vehicle and its miles per gallon (mpg) performance. 
The consumer evaluates, by some method, the life-cycle cost of the vehicle. A small increase in the purchase 
price of a car with a resulting large increase in mpg will reduce the user's cost of owning and operating a 
vehicle and can increase demand for.cars relative to other goods and services. On the other hand, a large 
increase in the price of a car giving only a modest increase in mpg will raise the user's cost of a vehicle and 
may decrease the demand for cars relative to other goods and services. Ceramic parts costs and improvements 
in mpg have been estimated as part of this study and have been presented here. 

The Motor Vehicle Industry and Sales. A large potential impact of developing, or failing to develop, ceramic 
engine components, deals with the relationship to motor vehicle sales. If Japan and/or Germany or other 
countries develop ceramic components for application in their motor vehicles and the performance of these 
vehicles is measurably superior, then the U.S. automobile industry may lose market share to foreign 
competition. In this scenario, U.S. auto makers would possibly have a higher market share (and imported 
cars a lower market share) if the U.S. developed and produced ceramic components compared with the scenario 
where the U.S. failed in this venture. 



AMIGA Model iMethodology 

The AMIGA model is designed to represent the five macroeconomic impact channels described above. The 
AIvlIGA model embeds the motor vehicle manufacturing sectors, the fuel supply sectors, and the demands for 
the outputs of these sectors consistently within the context of the economy as a whole. 

AMIGA is a comprehensive model of the U.S. economy with the "bottom up" property that the sum of the 
activities in individual sectors equals GDP. In terms of economic models classification, AMIGA is a 
multisector, multiperiod Computable General Equilibrium (CGE) model, with a consistently embedded input- 
output coefficient matrix. AMIGA converges to a general equilibrium solution, integrating the four major 
AMIGA modules: (1) demand for goods and services, (2) sectoral production and employment, (3) costs and 
pricing of commodities, and (4) labor market response. Some of the outputs of AMIGA are by sector and 
some of the outputs are aggregate economy-wide indices, shown in Figure 8. The sectors are based on the 
1987 benchmark input-output accounts @EA [27]). 

The AMIGA model was designed to have a focus on energy, materials, and manufactured goods. AMIGA has 
a unique ability to calculate the benefits of improvements in energy efficiency. Industry energy efficiency 
improvements lower costs, lower industry pricing, and increase the desired output of production. AMIGA has 
a detailed motor vehicle module including motor vehicle parts production and assembly, vehicle stock by age 
and type, fuels demand and supply, and the demand for new vehicles by type. 

Figure 8 Interactions within the AMIGA Model 
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Inputs to the macroeconomic AMIGA model are listed below: 

Reduction in gasoline consumption is computed on the basis of increased mpg of vehicles using 
ceramic components. 

Ceramic components are assumed to be produced 100% in the U.S. 

Additional cost of ceramic components compared with conventional parts is allocated to value added 
rather than to materials, because of a need for more research, development, skilled manufacturing 
labor, and specialized high-technology equipment. 

Materials used in ceramic manufacturing are estimated on the basis of a review of the literature and a 
comparison with materials used in conventional manufacturing of valves and pistons (SIC code 
3592) and porcelain spark plugs (SIC code 3264) (data for which is available for the year 1987 from 
the Bureau of Economic Analysis @EA) Input-Output accounts). 

Domestic market for ceramic parts displaces sales from the conventional valves and pistons sector, 
but there may be an additional export market for ceramic parts. 

In one scenario (detailed below), the motor vehicle manufacturing sector is assumed to eventually 
achieve a one-percentage-point higher market share than it would otherwise have had without a 
domestic ceramics components industry. 

Half of the reduced demand for crude oil is assumed to displace imports and half reduces domestic 
supply. 

Macroeconomic Analysis Results 

Four scenarios were formulated and run: 

Scenario 1. Ceramic base case that includes the gasoline savings due to the penetration of lighter 
weight ceramic components in both light- and heavy-duty vehicles. Sales from the conventional 
motor vehicle parts sector were correspondingly reduced. 

Scenario 2. In addition to the benefits from scenario 1, total sales of ceramic parts were increased 
40% through 2020 due to improved exports. 

Scenario 3. In addition to the benefits from scenario 1, the availability of ceramic parts allows U.S. 
auto manufacturers to gain a competitive advantage over foreign manufacturers. U.S. motor vehicle 
manufacturers gain 1% market share by the end of the time horizon in 2020. 

Scenario 4. Maximum benefits case; that is, all the above effects combined. 

Figure 9 shows the results for the four scenarios on GDP. Most of the increase in GDP, rising to $10 
billion by the year 2020, is from the reduction in gasoline consumption and attendant imported oil. However, 
the second scenario, in which export sales of the ceramics parts increases, also shows a large GDP benefit 
compared with the first scenario. In the third scenario, in which the market share for motor vehicles increases, 
there is a further increase. The combination of the three scenarios yields the upper line in Figure 9, showing 
a $17 billion increase in GDP by the year 2020. 

Figure 10 shows effects on employment. In the fourth (combined) scenario, jobs increase by 30,000 by the 
year 2012. Jobs do not increase after 2012 because any further job increases in automobile and ceramic parts 
manufacturing are offset by further reductions in jobs in the gasoline supply and distribution sectors. 



Figure 9 Impact on Gross Domestic Product 
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Note that the increase in jobs caused by displacing oil imports in the first scenario is due to an income effect; 
i.e., higher national income induces consumer spending and creates jobs. Figure 10 shows that this income 
effect is somewhat less than the direct stimulus to job creation by selling more domestic motor vehicles, as in 
the third scenario, or in exporting ceramic parts. The effects of these increased sales is shown in Figure 10 as 
the difference in the scenario lines relative to the first scenario. 

SUMMARY AND CONCLUSIONS 

We have presented a technical and economic analysis of the future market for ceramic components. The 
technology stands at a critical stage of development. Some of the technical barriers to its acceptance either 
have been overcome or are in the process of being overcome. However, the barrier of high cost stops ceramic 
components from being accepted by manufacturers. The development of the basic materials technology has 
been accelerated by the OTM research program. Now, the program goal of achieving cost reduction of the 
order of ten is even more important for the technology to penetrate the market. Continued research and 
development efforts leading to m e r  improvements and reduced costs are essential for future market growth. 

Ceramic components are most likely to be introduced in the heavyduty sector first where they will help meet 
the requirements of some regulations and extend parb lie. In the lightduty market, ceramics face problems 
typical of a new technology whose risks and economics are to be compared to its benefits. The current and 
projected low petroleum prices are not conducive to ceramic's wider acceptance in the much larger light-duty 
market. Acceptance in the light-duty market is essential for ceramic technology to mature and have the 
impacts that are summarized in this paper. Programs and policies aimed at reducing petroleum consumption 
and inducing increased use of alternative fuels will provide impetus to ceramic technology's further 
development. 

The results of our analysis can be summarized as follows: 

Ceramic components are not very attractive at their current price. Some components will penetrate 
the market if their prices are reduced to one-fifth of the current value and many more will penetrate 
the market if their prices are reduced further to one-tenth of the current values. 

New prime mover technologies (i.e., gas turbines, fuel cells, stirling engines) are not required to 
stimulate ceramic demand. 

The market is projected at $292 milliodyr after 10 years of introduction and $4 billiodyr in 24 
Y-* 

About 526 trillion Btu of energy will be saved annually during the twentieth year following 
introduction of ceramic components and 928 trillion Btu during the twenty-fifth year. 

Ceramic technology will help the heavy-duty sector reduce particulate emissions. The avoided 
control costs in urban areas range from $38 million to $75 million in the year 2000 and from $48 
million to $95 million in 2010. 

The development of ceramics will increase GDP by $10 billion-$17 billion and employment by 10 
thousand-40 thousand within 25 years. Further economic benefits are possible through higher 
exports and increased share of the domestic motor vehicle sales. 
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