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Abstract

Vehicle fuel efficiency has taken on more economic and environmental significance due to the
rise in gasoline prices in 2007/2008. We examine adoption of fuel efficiency technologies by the
US automobile industry between 1985 and 2002 and consider the environmental implications.
The technology efficient frontier between vehicle weight and fuel efficiency of the US
automobile fleet did not move outward significantly for an extended period in the 1980s and
1990s indicating a lack of company- or industry-wide adoption of new fuel efficiency
technologies. While the firm with inferior technology capability did push its efficient frontier
outward to close the technology gap, the two leading firms’ efficient frontiers first showed signs
of possible regression in the early 1990s, and did not move outward significantly until the mid
1990s. Several managerial and policy options are examined for improving vehicle fuel efficiency.
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1. Introduction

Higher gasoline prices have significantly increased transportation costs for consumers and
industries from 2007. One result has been a move to purchase more fuel-efficient vehicles. From
the environmental perspective, transportation is the main emitter of carbon dioxide (US Energy
Information Administration, 2006). Given the economic and environmental implications of
enhancing of vehicle fuel economy, the design of fuel-efficient vehicles has been a focus of
private strategies and public policies. Since the oil crisis in the 1970s, the US government has
enforced the Corporate Average Fuel Economy (CAFE) Standards requiring automobiles in the
US market to achieve a certain level of average fuel economy every year. Failing to meet CAFE
will result in severe financial penalty (US National Highway Traffic Safety Administration,
2007). In response to the economic and regulatory pressures, the three US domestic automakers,
General Motors, Ford, and Chrysler, successfully introduced a number of small, highly fuel
efficient vehicles such as Geo Metro, Ford Festiva and Escort, and Chrysler Neo in the 1980s
and 1990s. Despite this, US automakers’ efforts in designing fuel-efficient vehicles have been
challenged.

One factor that limits automakers’ ability to produce fuel-efficient vehicles is the trade-
off between vehicle weight and fuel efficiency. From the perspective of multi-attributes analysis,
the data points given in Figure 1 form a Pareto technology efficient frontier, the locus of design
solutions is the combinations of vehicle weight and fuel efficiency as two major attributes, along
which the improvement in one attribute cannot be obtained without compromising the other
(Keeney and Raiffa, 1993). Due to the tradeoff between vehicle weight and fuel efficiency,
weight reduction through material substitution has been the predominant strategy used to develop

fuel efficient motor vehicles since the 1970s (Field and Clark, 1997). Figure 2, shows different



design options as combinations of multiple attributes given an existing Pareto efficient frontier.
Points on the frontier show non-inferior solutions where at least one attribute is properly
addressed. Points inside the frontier are inferior or dominated solutions. The points outside the
frontier are technologically infeasible. The frontier can be pushed out with technology
advancement. This framework of multi-attributes analysis is consistent with that used in Dodson
(1985),which suggests that technology can be described by multiple parameters and the state of
the art in a technologically homogeneous domain is represented by a tradeoff function.

Given an existing efficient frontier, automakers have two options for improving a
vehicle’s fuel efficiency. First, they can try to move along the efficient frontier toward the lower
right corner to develop more fuel efficient but smaller vehicles; e.g., material substitution
through the use of lighter materials such as plastics and alumina has long been used to this end
(Field and Clark, 1997). Alternatively, automakers can try to push the frontier out by adopting
new technologies; e.g. Decicco and Ross (1996) analyze the benefits of multipoint fuel injection,
multi-valves per cylinder, variable valve control, and continuously variable transmission. The
different design practices have their advantages and disadvantages. While moving along an
existing efficient frontier is generally considered a more economical option, pushing the efficient
frontier outward, which often requires a series of technology innovations/adoptions over time,
can lead to potential win-win solutions that address multiple performance attributes
simultaneously (de Neufville, 1990). Here we seek to understand the patterns of technology
changes and adoptions in the US domestic automobile industry used for improving vehicle fuel

efficiency.



2. Data

In 1985, the US Environmental Protection Agency (EPA) started to use a systematic approach to
test fuel efficiencies of options for new vehicle models sold. Test data are available from a
number of sources. Here we use that covering the most popular option of each vehicle model
listed in the automotive yearbooks by Gillis (1985 — 2002). The source provides annual industry-
wide data covering the weight and fuel efficiency of all vehicle models, introduced by the “Big
Three” US domestic automakers, General Motors, Ford, and Chrysler between 1985 and 2002 -
Figures 3 to 5. While 1985 was when US EPA testing started, 2002 when the automakers started
to aggressively pursue technology options to the internal combustion engines including gas-
hybrid electric engines and fuel cells. The CAFE standards reached their highest levels in 1985
and were not further tightened for two decades or so. Therefore, the automotive design decisions

of the industry were relatively free of regulatory pressure during the study period.

3. Results

To test the different possible movements of the efficient frontier, we use dichotomous shift
variables (Bates and Watts, 2007). As can be seen in Figures 3 to 5, the efficient frontiers of the
industry appear to be convex. The hyperbolic function, which is used to model the convex
efficient frontier of an individual automaker in Chen and Zhang (2007), is used to test aggregate
data for the industry. Historically, conic functions have been widely used to model Pareto
efficient frontiers in engineering design and production analysis (Li et al., 1998; Arocena and
Price, 2002). Theoretically, Luban (2001) analyzes the situation where multiple products are
distributed along a hyperbolic surface to form a Pareto frontier along which all Nash products are

rationally indifferent to each other. We first set 1985 as the base year. For each subsequent year,



we test whether the efficient frontier is significantly different from that in the base year. Let W

and Y denote the vehicle weight and fuel efficiency. The hyperbolic function used is
Yzza(\N—ﬂ)2+7+/1><Zj+g, 1)
where Z; is the dummy variable with Z; =0 for the base year and Z; = 1for subsequent year.

Three statistical exercises are performed. First, aggregate industry data are used to test
the temporal movements in the industry’s efficient frontier. Second, we test the movements of
the efficient frontier of the firm with the best technology level in the industry during each year.
Third, we use each individual company’s data to test the movements of its efficient frontier. To
identify the firm with the best technology level in the second test, a nonlinear regression is run

with dummy variables based on the hyperbolic function:

Y?=aW -B)°+y,D,+y,D,+y,D,+¢, 2)
where, D, (i = 1, 2, and 3) are the dummy variables. For firm k’s efficient frontier, we set D, =1
and D, =0 Vizk, where k=1, 2, and 3 are the indexes of the three automakers. We then run a

nonlinear regression to identify the firm with the highest coefficient value of the dummy variable
as the firm with the best technology level in each data year.

Tables 1 to 3 report the t-values relating the three sets of tests. Bolded numbers indicate
results that are statistically significant with 5% significance level; a bold positive value suggests
a significant outward movement of the efficient frontier. For example, the efficient frontier in
1992 is not significantly different from that in 1985 based on the aggregate industry data (Table
1) and the efficient frontier of the best firm in 1995 represents a significant improvement from
that in 1987 (Table 2). The three domestic automakers are referred to as Firms 1, 2, and 3 to keep
confidentiality. Tables 4 to 6 present results based on data for each of the three automakers. Here

we see, by examining the parameters in bold, that the fuel efficiency technology of Firm 1



significantly improved between 1985 and 1987 (Table 4) and that the fuel-efficient technology of

Firm 3 was not significantly improved between 1992 and 1996.

4. Analysis of Results

The results presented in Tables 1 and 2, despite slight differences by year, show that between
1985 and the mid 1990s the efficient frontier of the US domestic automobile industry did not
move outward either at the aggregate industry data or for firms with the best technology levels.
There are signs of possible regression at the industry level, although this is not statistically
significant. Furthermore, while the efficient frontier based on the aggregate industry data moved
outward significantly between 1995 and 1999 compared to 1985, the efficient frontier based on
the firm with the best technology level in each data year did not, however, move out significantly
from the 1985 level until 2000 — Table 2. One explanation is that the average improvements by
the industry between 1995 and 1999 was driven by firms with inferior technologies catching up
with those with the best technology, and the real improvement in fuel efficiency technologies did
not occur until later.

From Table 4, we see that Firm 1 consistently achieved significant improvements in fuel
efficiency technology between 1987 and 2002 over the 1985 level. In Tables 5 and 6, however, it
is clear that the efficient frontiers of Firms 2 and 3 did not significantly move out until 2000 and
1996, respectively. Additionally, if 1988 is set as the base year, the efficient frontier of Firm 3
did not move significantly until 2002 — Table 6. Indeed, the efficient frontiers of both Firms 2
and 3 frequently show signs of technology regression between 1986 and 1994, and the inward
movement of Firm 2’s technology frontier statistically significant in 1991 compared t01988 and

1990 (Table 5).



It is tempting to conclude that Firm 1 spent significant efforts to improve/adopt fuel
efficiency technologies during most of the period, whilst Firms 2 and 3 failed to do so. However,
when the results are combined the data in Table 3 identifying firms with the best technology
levels, we find that Firm 1 never led the industry in adopting fuel efficiency technologies until
1999. Firms 2 and 3 frequently alternated their roles as the leading firms. Aggregate data is used
to obtain a set of common parameter values based on the hyperbolic function in equation 1
without the dummy variable, and then the changes in the constant term of each firm’s efficient
frontier is observed. A relatively high value of the constant term indicates an outward position of
an efficient frontier. Figure 6 shows the rescaled technology levels of the three firms relative to
the constant term in 1985 (Firm 2 then had the best technology level) normalized to zero. Firm 3
seems to have made more consistent efforts to push out its efficient frontier to close the
technology gap between itself and the two leading firms whose technology levels were relatively
stable until 1995, before it improved.

Our calculations show that the technology efficient frontier of the US automobile
industry did not move out for an extended period in the 1980s and 1990s suggesting that some of
the fuel efficiency technologies that were already available were either not adopted or only
adopted in some vehicle models. For example, variable valve timing, which can achieve
significant improvements in fuel efficiency (Decicoo and Ross, 1996) was known since the
1970s, and was adopted by some non-US manufacturers such as Honda, Nissan, and BMW in the
1980s and 1990s, but not by US manufactures until the late 1990s, and then only in a few models.
The small-scale adoption of a new technology is seldom enough to significantly push the

technology efficient frontier in any industry.*

! According to Ross and Wenzel (2002), and Zachariadis (2008), enhanced safety and emissions control features
only have marginal effects on vehicle mass and fuel economy. Sprei et al. (2008) also raise the possibility of



The multi-attributes analysis shows most new vehicles in the 1980s and 1990s can only
be viewed as the non-inferior, as opposed to win-win, solutions; highly fuel efficient vehicles
introduced during this period were mostly light-weight, small cars at the lower right end of an
existing technology efficient frontier with the other end of the curve occupied by SUVs and
pickup trucks. Although most automakers did constantly improve the fuel efficiencies of some
individual vehicles by making them smaller and lighter, the overall tradeoff between vehicle
weight and fuel efficiency did not seem to improve during most of the period. While the average
CAFE performance of the US industry as a whole did increase from 27.6 mpg to 29.0 mpg
between 1985 and 2002 (US National Highway Traffic Safety Administration, 2007),2 this was
much smaller than most of the predictions (e.g. Greene and Duleep,1993; Decicco and Ross,

1996).3

5. Conclusion

The analyses shows that the technology efficient frontier of the US automobile industry did not
improve significantly for an extended period in the 1980s and 1990s, indicating a lack of
systematic adoption of new fuel efficiency technologies. While the firm with inferior technology
capability did push its efficient frontier outward to close the technology gap, the two leading
manufacturers’ efficient frontiers first showed signs of regression in the early 1990s, and were
not pushed out significantly until the late 1990s. As a result, the industry might have missed an

opportunity to reduce the economic and environmental impacts.

automakers diverting technology gains into non-fuel saving features based on data collected in the Swedish market.

2 A firm may improve its fleet average fuel economy through changing the marketing mix without significant
improvement in fuel efficiency technologies, see Chen and Zhang (2007).

® Brink and Wee (2001) also show that the increase in vehicle weight was a major reason for the car-fleet specific
fuel consumption no longer showing a decrease after 1990 in the Netherlands.
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1986 1987 1988 1989 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002
1985 0.05 031 175 153 085 093 101 154 183 336 365 341 301 353 336 330 6.03
1986 - 027 200 172 086 1.02 111 170 204 388 425 390 349 413 392 384 711
1987 - - 192 159 066 084 089 154 186 391 442 393 385 456 447 398 781
1988 - - - -055 -139 -057 -045 -0.64 023 223 248 235 241 301 3.00 234 6.10
1989 - - - - -1.03 -030 -0.19 -0.14 062 277 330 287 300 380 37 315 7.79
1990 - - - - - 022 030 086 120 322 400 327 342 430 419 387 875
1991 - - - - - - 005 027 072 229 248 239 218 264 250 233 4098
1992 - - - - - - - 020 065 223 244 233 209 255 241 230 4091
1993 - - - - - - - - 065 296 368 3.06 311 399 389 346 854
1994 - - - - - - - - - 191 223 205 207 264 262 210 5.64
1995 - - - - - - - - - - 032 027 054 115 1.09 057 4.82
1996 - - - - - - - - - - - 004 019 086 081 020 5.29
1997 - - - - - - - - - - - - 028 085 079 031 441
1998 - - - - - - - - - - - - - 059 051 0.07 4.56
1999 - - - - - - - - - - - - - - -0.07 -058 4.46
2000 - - - - - - - - - - - - - - - -050 424
2001 - - - - - - - - - - - - - - - - 5.51

Notes: (i) Base years are in the first column. (ii) Bolded t-values indicate statistically significant at 5% significance level.

Table 1. Test Results (t-values) of the Efficient Frontiers with Industry Aggregate Data
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1986 1987 1988 1989 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002
1985 -0.53 -0.14 045 037 006 021 0.12 0.07 058 174 195 158 191 1.82 226 249 4.04
1986 - 065 112 085 071 055 054 087 117 205 264 222 258 234 196 217 4.88
1987 - - 095 048 025 047 033 033 107 197 256 236 265 216 221 247 511
1988 - - - -032 -051 -029 -0.27 -048 017 105 135 132 161 151 152 181 4.00
1989 - - - - -035 003 -006 -027 039 139 174 149 179 166 194 219 419
1990 - - - - - 0.06 -0.02 003 046 154 204 152 19 212 279 312 5.08
1991 - - - - - - -008 -006 035 107 127 132 146 135 098 117 294
1992 - - - - - - - 003 044 107 133 134 148 132 103 122 3.02
1993 - - - - - - - - 051 164 217 165 203 197 226 257 511
1994 - - - - - - - - - 1.02 123 124 145 151 121 150 3.61
1995 - - - - - - - - - - 0.16 0.13 037 105 093 140 345
1996 - - - - - - - - - - - 0.16 036 087 077 125 357
1997 - - - - - - - - - - - - 017 079 0.60 098 2.67
1998 - - - - - - - - - - - - - 068 049 094 290
1999 - - - - - - - - - - - - - - -019 029 226
2000 - - - - - - - - - - - - - - - 066 2.70
2001 - - - - - - - - - - - - - - - - 2.12

Notes: (i) Base years are in the first column (ii) Bolded t-values indicate statistically significant at 5% significance level.

Table 2. Test Results (t-values) of the Efficient Frontiers with the Best Technology Data
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Year Leading Firm Year Leading Firm
1985 Firm 2 1994 Firm 3
1986 Firm 3 1995 Firm 2
1987 Firm 3 1996 Firm 3
1988 Firm 3 1997 Firm 3
1989 Firm 2 1998 Firm 3
1990 Firm 2 1999 Firm 1
1991 Firm 3 2000 Firm 2
1992 Firm 3 2001 Firm 2
1993 Firm 2 2002 Firm 3

Table 3. Firms with the Best Technologies: 1985 — 2002
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1986 1987 1988 1989 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002

1985 151 203 319 357 283 386 318 291 231 355 358 327 268 343 334 377 483

1986 - 000 127 154 088 204 142 114 076 221 228 211 170 242 222 259 3.59
1987 - - 164 208 110 272 183 188 123 353 358 311 229 336 323 388 548
1988 - - - 038 -0.17v 097 027 035 -0.10 198 209 18 136 238 207 251 396
1989 - - - - -069 050 -021 -0.01 -051 183 195 168 114 230 192 240 417
1990 - - - - - 070 0.03 052 -003 219 232 182 117 205 176 239 4.09
1991 - - - - - - -0.76 003 -045 238 247 216 148 270 248 324 467
1992 - - - - - - - 061 006 268 274 238 166 278 261 334 476
1993 - - - - - - - - -064 191 204 166 106 241 198 252 436
1994 - - - - - - - - - 243 253 214 152 284 251 3.07 4.67
1995 - - - - - - - - - - 029 0.09 -019 129 065 119 324
1996 - - - - - - - - - - - -015 -036 1.06 040 0.83 286
1997 - - - - - - - - - - - - -021 116 054 091 276
1998 - - - - - - - - - - - - - 122 066 092 249
1999 - - - - - - - - - - - - - - -0.76 -064 131
2000 - - - - - - - - - - - - - - - 024 232
2001 - - - - - - - - - - - - - - - - 2.38

Notes: (i) Base years are in the first column (ii) Bolded t-values indicate statistically significant at 5% significance level.

Table 4. Test Results (t-values) of the Efficient Frontiers for Firm 1
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1986 1987 1988 1989 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002
1985 -0.74 -1.40 0.63 037 006 -1.23 -023 007 014 174 142 134 106 180 226 249 375
1986 - -188 158 116 138 -0.70 061 105 087 233 221 200 161 287 334 353 510
1987 - - 218 179 297 092 152 193 154 279 288 259 248 387 4.06 421 5091
1988 - - - -030 -079 -214 -101 -0.69 -048 114 081 0.74 067 126 170 1.98 3.25
1989 - - - - -035 -171 -067 -027 -0.14 139 113 103 094 151 194 219 3.37
1990 - - - - - -199 -034 003 008 154 144 123 110 230 279 312 5.05
1991 - - - - - - 118 152 126 267 265 240 206 320 3.68 3.87 538
1992 - - - - - - - 035 037 186 165 151 119 188 239 261 3.78
1993 - - - - - - - - 008 164 151 129 097 171 226 257 4.06
1994 - - - - - - - - - 134 120 103 075 130 178 203 3.18
1995 - - - - - - - - - - -002 -026 0.02 056 093 140 3.07
1996 - - - - - - - - - - - -021 -016 044 092 136 3.04
1997 - - - - - - - - - - - - 018 077 121 163 3.25
1998 - - - - - - - - - - - - - 068 112 161 3.60
1999 - - - - - - - - - - - - - - 062 130 4.13
2000 - - - - - - - - - - - - - - - 0.66 3.10
2001 - - - - - - - - - - - - - - - - 2.31

Notes: (i) Base years are in the first column. (ii) Bolded t-values indicate statistically significant at 5% significance level.

Table 5. Test Results (t-values) of the Efficient Frontiers for Firm 2
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1986 1987 1988 1989 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002

1985 -0.33 023 079 063 017 036 036 044 087 15 201 179 208 211 202 143 399

1986 - 065 112 112 051 055 054 090 117 196 264 222 258 265 252 204 4.88
1987 - - 095 048 -020 047 033 017 107 200 25 236 265 269 269 165 511
1988 - - - -058 -118 -0.29 -0.27 -0.88 0.17 098 135 132 161 155 159 0.60 4.00
1989 - - - - -083 006 -001 -038 0.61 150 217 189 224 225 222 122 563
1990 - - - - - 039 031 046 104 192 273 224 263 268 259 186 6.20
1991 - - - - - - -008 -028 035 102 127 132 146 145 149 080 294
1992 - - - - - - - -013 044 107 133 134 148 147 150 086 3.02
1993 - - - - - - - - 092 197 285 231 273 282 273 178 6.21
1994 - - - - - - - - - 086 123 124 145 143 147 060 3.61
1995 - - - - - - - - - - 033 045 064 059 066 -0.27 3.18
1996 - - - - - - - - - - - 0.16 036 026 037 -0.81 3.57
1997 - - - - - - - - - - - - 0.17 010 0.18 -0.67 2.67
1998 - - - - - - - - - - - - - -010 -0.01 -0.95 290
1999 - - - - - - - - - - - - - - 0.09 -0.93 3.35
2000 - - - - - - - - - - - - - - - -0.94 294
2001 - - - - - - - - - - - - - - - - 4.56

Notes: (i) Base years are in the first column (ii) Bolded t-values indicate statistically significant at 5% significance level.

Table 6. Test Results (t-values) of the Efficient Frontiers for Firm 3
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Figure 5. Vehicle Weight and Fuel Efficiency Data (1997-2002)
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Figure 6. Rescaled Technology Trends Over Time

22




