2001-01-0951

Evaluating Commercial and Prototype HEVs    

Feng An, Anant Vyas, John Anderson, and Danilo Santini

Argonne National Laboratory

ABSTRACT

In recent years, vehicle manufacturers have made great progress in developing and demonstrating commercially available and prototyped hybrid electric vehicles (HEVs). These vehicles include commercially available gasoline hybrid cars (Toyota Prius and Honda Insight) and Partnership for the Next Generation Vehicle (PNGV) diesel hybrid prototypes (Ford Prodigy, GM Precept, and DaimlerChrysler ESX3). In this paper, we discuss tested and claimed fuel benefits and performance of these commercial and prototyped HEVs relative to conventional vehicles (CVs) that are otherwise similar to these HEVs, except for hybridization. We also describe a reverse-engineering approach to de-hybridize or “conventionalize” these five existing commercial and prototyped HEVs. Because these commercial and prototyped HEVs represent a variety of technological choices, configurations, and development stages, this analysis gives us in-depth knowledge about how each of these vehicles achieves high efficiency. An Argonne National Laboratory (ANL) component sizing model (HEVCOST) and a conventional vehicle fuel economy and performance model (Modal Energy and Emissions Model [MEEM]) are used to aid our analysis. To cross check the results, we also run the hybrid simulation model ADVISOR.   

INTRODUCTION

In this paper, we compare and analyze fuel economy benefits of several features of hybrid light-duty vehicles for the U.S. market. The study is based on an analysis of commercially available and prototyped gasoline and diesel hybrid vehicles. These vehicles include commercially available gasoline hybrid cars (Toyota Prius and Honda Insight) and PNGV diesel hybrid prototypes (Ford Prodigy, GM Precept and DaimlerChrysler ESX3 [1–​3]). Because these HEVs represent a wide variety of technological choices, configurations, and development stages, this analysis gives us in-depth knowledge about how each vehicle achieves high efficiency. 

Since all PNGV hybrid vehicles have employed unprecedented levels of conventional vehicle fuel economy technologies (such as aggressive load reduction measures, including mass reduction and air/tire resistance improvement, utilization of lightweight materials and dieselization), one focus of the analysis is to understand how much fuel economy gains are actually achieved through the conventional technologies versus how much additional gains are obtained through “pure” hybrid technologies and systems. 

The paper is organized in the following sections: (1) characterization of commercial and prototyped hybrid-electric vehicles, (2) comparative analysis of energy efficiency of the five HEVs, (3) breakdown analysis of key MPG gain elements, (4) alternative modeling approach: reverse-engineering to de-hybridize or “conventionalize” commercial and prototyped HEVs, and (5) incremental MPG benefits of each key technological step. A feature of the proposed analytical approach is that there is no need to model or project hypothetical HEVs. We use existing industry information on existing and prototype HEVs as reference hybrid vehicles. We hypothetically “backward” project to their various conventional vehicle counterparts by using available conventional vehicle simulation models.

To conduct our analysis, an ANL component sizing model (HEVCOST) and a conventional vehicle fuel economy and performance model- Modal Energy and Emissions Model (MEEM) are used. To cross check the results, we also run the advanced vehicle simulation model ADVISOR, which was developed by the National Renewable Energy Laboratory (NREL).

Characterization of Commercial and Prototype HEVs
Table 1 summarizes some basic characteristics of selected commercial and prototyped HEVs. They include fuel types, development status, curb weight, on-board power plant type, engine size, engine peak power, battery type, electric motor peak power, transmission type, CAFE fuel economy, 0​–60 times, and sources of above information. It is very important to specify data sources, because we found out that some reported figures are not always consistent among different sources, and some figures may not represent official or certified figures. For example, only Prius and Insight have EPA-certified fuel economy ratings. Other fuel economy figures are based on manufacturers’ claims.  Throughout the paper, we will use unadjusted CAFE MPG figures to describe the fuel economy of studied vehicles. The CAFE fuel economy rating represents a combined 45%/55% (distance shares) EPA HWY/CITY fuel economy MPG.

Among many common features in HEVs, the hybrids considered here share the following features:

– Function as charge-sustaining, grid-independent vehicles.


– Use power assist, load-following strategy.

– Have zero or minimal pure electric range.

– Configured as parallel or near-parallel (Prius) hybrid system.

These common features represent the current trend of passenger car HEV design in the United States and Japan: conventional vehicle- (CV-) like and petroleum-dependent design. The electric vehicle- (EV-) like, range-extender, grid-dependent, and series-configured design is currently of little interest to automakers. This trend will apparently continue until fuel-cell vehicles (which must be series hybrids) become a more viable choice for commercialization.

There are also many differences among these HEVs. The most distinct differences are that these HEVs: 

–  Represent different vehicle classes: compact cars, two seaters, and midsized cars, resulting in different vehicle curb weight, interior volume, and performance.

–   Represent different development stages: Commercially available (gasoline HEVs Prius and Insight) vs. concept prototype (PNGV diesel HEVs) 

Table 1. Characteristics of Commercial and Prototyped HEVs

	HEV Names
	Type
	Status
	Curb wt.

(lb)
	Power Plant

Type
	Engine Size

(L)
	Engine

Power

(hp)
	Battery Type
	Motor Peak (kW)
	Trans-mission

Type
	CAFE 

MPG (a)
	0–60

time (s)
	Data Sources



	U.S.    Prius
	Gasoline Hybrid
	Commercial
	     2,765 
	SI I-4
	1.5
	70
	NiMH
	33
	CVT
	58
	       12.1 
	b

	Honda Insight
	Gasoline Hybrid
	Commercial
	     1,856 
	SI I-3
	1.0
	67
	NiMH
	10
	M5
	76
	       10.6 
	c, d

	Ford Prodigy
	Diesel Hybrid
	Prototype
	     2,387 
	CIDI I-4
	1.2
	74
	NiMH
	16
	A5
	70
	       12.0 
	c, e

	DC 

ESX3
	Diesel Hybrid
	Prototype
	     2,250 
	CIDI I-3
	1.5
	74
	Li-ion
	15
	EMAT-6
	72
	       11.0 
	c, f

	GM Precept
	Diesel Hybrid
	Prototype
	     2,590 
	CIDI I-3
	1.3
	59
	NiMH
	35
	A4
	80
	       11.5 
	c, g


Note:

a. CAFE fuel economy rating represents combined 45/55 HWY/CITY fuel economy and is based on an unadjusted figure.
b. EV News, June 2000, pp. 8.

c. Review of the Research Program of the PNGV, Sixth Report, National Research Council, 2000.

d. Automotive Engineering, Oct. 1999, pp. 55.

e. On the basis of a), the starter/generator rated 3 kW continuous, 8 kW for three minutes, and 35 kW for three seconds. We assume 16 kW for a 12-s 0–60 acceleration

f. Automotive Engineering, May 2000, pp. 32.

g. Precept Press Release; the front motor is 25 kW and rear motor 10 kW, and so the total motor peak power is 35 kW. 

–   Use different on-board heat engines. Two commercial hybrids use advanced gasoline engines, while all PNGV hybrids use direct-injection diesel engines.

–  Have different levels of on-board electrification, or fraction of on-board electric power, ranging from below 17% for the Insight to above 44% for the Precept (Figure 1).

– Pursue different levels of conventional fuel economy technologies (such as reducing air and tire drag and using lightweight materials).

In the following analysis, it’s important to keep in mind of these differences. E.g., the PNGV hybrids achieve much higher fuel economy because they are not targeting for near-term commercialization; therefore, they are not constrained by present component and fuel cost.  

comparative analysis of HEV fuel economy

In Figure 1, the fraction of electric power is estimated by dividing total peak motor power by total combined peak ICE and published motor power. Note that this formula only gives an approximate measure determining the relative strength of on-board electric power, not necessarily an absolute figure.
 Table 1 and Figure 1 show that there is no direct correlation between MPG values and the fractions of on-board electrical power. 

Figure 1. Fraction of Electric Power of Selected HEVs
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Since Honda Insight, DC ESX3, and Ford Prodigy all have the fraction of on-board electric power lower than 23%, they are often categorized as “mild” hybrid vehicles (MHVs). In contrast, both the U.S. Prius and GM Precept have the fraction of on-board electric power higher than 39%, and so they are usually categorized as “full” hybrid vehicles (FHVs).

To compare energy efficiency of these vehicles more appropriately, Figure 2 presents the unit energy consumption (UEC) of these selected HEVs. UEC is calculated by dividing vehicle specific energy consumption (in kJ/mi) by vehicle test weight (curb weight plus 300 lb). Thus, the calculated


Figure 2. HEV Unit Energy Consumption (kJ/mile/lb)
(Energy efficiency per unit of vehicle weight)
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UEC is in kJ/mi/lb and a good measure of vehicle efficiency in terms of carrying vehicle load. Figure 2 shows that the Precept has the lowest UEC at 0.52 kJ/mi/lb, and the Honda Insight has the highest UEC at 0.73 kJ/mi/lb. Even though the Prius is a commercial vehicle and uses a gasoline engine, its UEC level is very similar to that of the ESX3 and Prodigy. The Insight has the highest UEC value. It achieves excessive fuel economy gains largely because it is a small, lightweight vehicle.

Figures 1 and 2 also reveal a general trend between the UEC values and the fraction of on-board electrical power: when the five HEVs are separately grouped into two categories (commercial gasoline HEVs and PNGV diesel HEVs) the vehicle’s UEC value decreases as the fraction of on-board electrical power increases.

MPG Gains over Reference Baseline Vehicles

This section assesses fuel economy (CAFE MPG) gains of the selected HEVs over our chosen corresponding reference baseline, conventional vehicles (CVs), as shown in Tables 2 & 3. Three modal year 1999 (MY99) conventional vehicles are chosen as reference vehicles: a 1.8 Liter Toyota Corolla, a 1.6 Liter Honda Civic HX and a 3.0 L Ford Taurus. It shows that the MPG gains are about 54% for the Prius (over the Corolla with a 1.8 L VVC-i engine), 66% for the Insight (over the Civic HX with a 1.6 L VTEC-E engine), and 167–205% for the PNGV models (over the Ford Taurus with a 3.0 L gasoline engine). 

Table 2. MPG Gains over Reference Baseline CVs

	HEV
	CAFE  

 MPG
	Reference baseline CV
	CAFE

MPG
	CAFE MPG Gain (%)

	U.S.   Prius
	58
	Corolla
	37.6
	53.6

	Honda Insight
	76
	Civic HX
	45.8
	66.1

	Ford Prodigy
	70
	Taurus
	26.2
	166.8

	DC ESX3
	72
	Taurus
	26.2
	174.4

	GM Precept
	80
	Taurus
	26.2
	204.9
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Table 3 shows some basic characteristics of the baseline reference vehicles. 

Table 3. Basic Characteristics of Reference CVs

	Reference Models
	Power Plant
	Curb wt. (lb)
	Engine hp
	City
	MPG HWY
	CAFE
	Trans-mission

	Corolla
	SI I-4 1.8 L
	2,575
	125
	32.0
	47.8
	37.6
	A4

	Civic HX
	SI I-4 1.6 L
	2,325
	115
	39.4
	57.3
	45.8
	M5

	Taurus 
	SI V6 3.0 L
	3,325
	155
	21.5
	35.9
	26.2
	A4


For the Prius and Insight, Table 4 shows the breakdown of fuel economy in city and highway cycles. On the basis of the adjusted MPG figures, Prius has a higher city MPG than highway MPG, while the Insight is opposite: it has a higher highway MPG than a city MPG. However, on the basis of unadjusted MPG figures, the Prius shows the same MPG figure for both cycles. 

Table 4. MPG Breakdown in City and Highway Cycles

	HEV
	Cycle
	Adjusted MPG
	Unadjusted MPG
	Reference CV
	Unadjusted

MPG
	MPG Gain

	U,S. Prius
	City
	52
	58
	Corolla
	32.0
	80.6%

	
	Hwy
	45
	58
	
	47.8
	20.7%

	Insight
	City
	61
	68
	Civic HX
	39.4
	72.0%

	
	Hwy
	70
	90
	
	57.3
	56.6%


The table also shows that the Prius achieves 81% MPG gain in the city driving and 21% MPG gain in the highway driving over its CV counterpart, meaning that the Toyota Hybrid System (THS) is most beneficial under the city driving conditions. In comparison, the Insight shows excellent MPG gains in both cycles (72% and 57% respectively). This can be partially explained as the Prius uses “more” hybridization than the Insight, while the Insight uses more load reduction than the Prius. Hybridization is more advantages in the city driving, while load reduction gives benefits in both city and highway driving.

The second-generation U.S. Prius shows significant gains in both fuel economy and 0–60 performance time over its first generation counterpart for the Japanese market [1, 4]. While the fuel economy has been improved by more than 16% (from 50 MPG to 58 MPG), the 0–60 time was reduced by about 14% (from 14 s to 12 s) as well. This gain is achieved mainly due to the improvement in component efficiencies, as well as a fine-tuned control strategy specifically to maximize CAFE rating. The achievement is quite impressive, since the on-board IC engine is operated over a wider range and the battery pack and motors are more powerful than the first-generation Prius. However, the second-generation battery pack is also 6.4% lighter than the less-powerful first-generation battery [1].
breakdown analysis of key MPG gain elements

In analyzing these commercial and prototyped HEVs, we found that there are some common key elements that contribute in fuel economy gains, as demonstrated by Figure 3.

Figure 3 illustrates that, starting from baseline CVs to final HEV designs, three major factors that contribute to fuel economy gains are: 

I. Aggressive load reduction measures that reduce vehicle air and tire drag losses, as well as overall vehicle weight.

II. Engine downsizing to utilize a smaller, more advanced on-board heat engine, as well as implementation of more advanced transmission system.

III. System electrification and hybridization to utilize electric power to optimize system efficiency, turn-off the engine during idling operation and provide regenerative breaking. 

While factor I is considered to be conventional vehicle technology and factor III is considered to be pure hybrid technology, factor II is an overlap between conventional and hybrid technologies – it can be examined as if it is an extension of conventional technology, but it can also be included as a part of vehicle hybridization.

Figure 3 also illustrates the normal logical sequence for analyzing fuel efficiency enhancing technologies: starting from a baseline CV, go through a sequence of load reduction, engine enhancement and downsizing, and hybridization, resulting in a final HEV end point. A problem in implementing this analytical sequence arises from the uncertainties associated with the last step: the selection among a wide variety of hybrid technologies and limitations associated with what the evolving computer simulation tools can do. Thus, the final HEV projection can remain hypothetical and uncertain.

In this paper, we adopt the following alternative way to attempt to isolate the benefits of specific vehicle hybridization as in these five vehicles. This approach takes advantage of existing commercial and prototyped HEVs and involves reverse-engineering to de-hybridize or “conventionalize” these HEVs by constructing their various CV counterparts, as demonstrated by Figure 4. Figure 4 shows that the new approach starts from existing “baseline” HEVs, such as hybrid Prodigy, then:

I. De-hybridize existing HEVs by “disabling” all hybrid features. Keep vehicle body and weight unchanged. (This is similar to the situation in which the battery pack is completely depleted and no regeneration function is available. However, in this case, the vehicle 0-60 performance will be reduced)

II. Strip-out all electric components, keep same vehicle body, upsize the original IC engine to match original HEV performance, and, as applicable, switch transmission system to reference CV case. This will result in CV counterparts of the HEVs, such as “CV-Prodigy”.

III. Reverse load reduction measures (increase vehicle weight and air/tire drag coefficients) and, as applicable, replace diesel (III+) or more efficient gasoline engines with today’s baseline gasoline engine to arrive at today’s  

CV model (such as a conventional Ford Taurus). As necessary, further upsize the engine to match the performance of the base CV.

Figure 3.  Three Key Elements That Contribute to High Fuel Economy Gains 
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Figure 4. Alternative Analytical Approach to Assess HEV Benefits
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It is clear that this analytical sequence is a total reverse of the approach illustrated by Figure 3. The key feature of this approach is the absence of constructing and modeling the hybrid vehicle itself. All modeling is performed for various CV counterparts to the HEV. Since we are more experienced with modeling of conventional vehicles and have done considerable calibration on the real vehicles, this approach probably greatly reduces uncertainties. Since we start from some “future” HEVs as concept vehicles, this “back from the future” approach gives us a good indication about present directions of HEV development.

Modal Energy and Emissions Model (MEEM)

All conventional vehicle modeling have been conducted based on a Modal Energy and Emissions Model (MEEM). MEEM was originally developed by the lead author (Feng An) at the University of California and University of Michigan and further enhanced at ANL. MEEM is a physical, power-demand model based on parameterized analytical representation of vehicle fuel and emissions production. It does not explicitly rely on an engine performance map; rather, it relies on a series of engine and vehicle parameters that can be calibrated on the basis of dynamometer testing. Using these parameters, MEEM can be and has been used to generate engine performance maps based on transient dyno testing.  More detailed description of MEEM can be found in references 5–7.

Some Modeling Methodology Highlights
The following are some modeling highlights throughout our analysis:

· Use published MPG and 0–60 performance figures as final “model” of HEVs ‑— no modeling of hybrid electric vehicles.
· Use MEEM for CV modeling, HEVCOST for component sizing [8], and ADVISOR [9-10] for cross checking of CV modeling results.

· Rely on available engine information or engine maps generated by MEEM that include:

· A 1.5 Liter Prius Atkinson-cycle engine 

· A 1.6 Liter Honda VTEC engine

· A 1.8 Liter Corolla VVT-i engine

· A VW 1.9-L high-power European TDI engine 

· A 3.0 Liter Ford Taurus engine 

· Engine scaling routine for resizing on-board engines.

· Estimate 0​–60 performance for each step.

· Construct CV counterparts and base CVs on performance-equivalent basis.

· Calculate performance-equivalent MPGs, with the only exception of the step 3 (de-hybridization). 

assess incremental MPG benefits 

This section assesses incremental MPG benefits associated with each key fuel economy gain step specified in the Figure 4 of last section. An ANL component sizing model HEVCOST [8] is used to adjust vehicle weight and component size for each step, and vehicle simulation models MEEM and ADVISOR are used to assess vehicle performance and fuel economy, as well as to cross-check HEVCOST performance predictions.  

Using methodology described by last section, fuel economies of each modeled vehicle are assessed in the reverse order of the following steps, starting from the base CV: 

III+)
Dieselization (step for PNGV vehicles)

III)
Load reduction (step for air/tire drag and weight reduction)

II)
Engine downsizing (step for smaller and more advanced engine) and transmission switching if applicable

I)
Hybrid optimization (step for electrification and engine operation optimization)

Tables A1–A5 in the Appendix give the detailed engine and vehicle parameters of the modeled vehicles by each modeling step. The final results are summarized in Table 5. Columns 2–6 of Table 5 show the CAFE fuel economy of modeled vehicle by each step, and columns 7–10 of Table 5 show the incremental fuel economy improvement of modeled vehicle by each step. Column 11 shows the total improvement in CAFE fuel economy for these vehicles through technology steps 
I–III. 

Table 5. Summary Results of CAFE Fuel Economy MPG and MPG Gains by Each Step

	 

 

HEV 
	CAFE Fuel Economy MPG
	MPG Gains (%)

	
	Baseline CV
	Dieseli-zation
	Load reduction
	Engine downsizing
	Hybrid optimization
	Dieseli-zation
	Load reduction
	Engine downsizing
	Hybrid optimization
	Total

	
	
	(Step III+)
	(Step III)
	(Step II)
	(Step I)
	(Step III+)
	(Step III)
	(Step II)
	(Step I)
	

	U.S.   Prius
	37.6
	37.6
	41.0
	48.5
	57.7
	0
	9
	18
	19
	53.6

	Honda Insight
	45.8
	45.8
	58.3
	65.5
	76.2
	0
	27
	12
	16
	66.1

	Ford Prodigy
	26.2
	34.6
	48.6
	50.9
	70.0
	32
	40
	5
	38
	166.8

	DC ESX3
	26.2
	33.4
	47.3
	50.9
	72.0
	27
	41
	8
	41
	174.4

	GM Precept
	26.2
	33.9
	49.3
	54.2
	80.0
	29
	45
	10
	48
	204.9


Figure 5. CAFE Fuel Economy (Gasoline-Equivalent) through Steps of Dieselization, Load Reduction, Engine Downsizing, and Hybrid-Optimization (All Steps I, II, and III) 
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Figure 6. CAFE Fuel Economy MPG Gains (Multiplicative) by Each Step
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Both Table 5 and Figure 5 show that the U.S. Prius would achieve high fuel economy of 58 MPG, compared with 38 MPG from a reference baseline Corolla, through moderate load-reduction measures (achieving 41 MPG), using a smaller and more efficient Atkinson cycle engine (achieving 49 MPG), and hybrid system optimization (including idle-off, regenerative braking and engine control optimization). 

The Honda Insight would achieve high fuel economy of 76 MPG from a reference baseline Civic of 46 MPG through aggressive load-reduction measures (achieving 58 MPG), using a smaller and more efficient VTEC engine (achieving 66 MPG), and hybrid system optimization.

For the three PNGV vehicles, the Ford Prodigy would achieve high fuel economy of 70 MPG, compared with 26 MPG from a reference baseline Taurus, through dieselization (achieving 35 MPG), load reduction measures (achieving 49 MPG), engine downsizing and transmission switching  (achieving 51 MPG), and hybrid system optimization. Similarly, the DC ESX3 would achieve high fuel economy of 72 MPG through dieselization (achieving 33 MPG), load reduction (achieving 47 MPG), engine downsizing (achieving 51 MPG), and hybrid system optimization. The GM Precept would achieve high fuel economy of 80 MPG through dieselization (achieving 34 MPG), load reduction (achieving 49 MPG), engine downsizing (achieving 54 MPG), and hybrid system optimization.

Table 5 also shows that, for the three PNGV vehicles, the MPG gains range from 27% to 32% from the dieselization measure, 40% to 45% from load reduction measure, 5% to10% from engine downsizing, and 38% to 48% from hybrid system optimization and transmission advancement. For the U.S. Prius, its MPG gains are about 9% from load reduction measures (such as smaller air and tire resistance losses), 18% from using a small Atkinson cycle engine and CVT transmission, and 19% from hybrid system optimization. For the Honda Insight, the MPG gains are about 27% from load reduction, 12% from using a smaller VTEC engine, and 16% from hybrid system optimization. 

Figures 5 and 6 graphically demonstrated the results presented in Table 3.

MPG Gains through Conventional and Hybrid Technologies

One important aspect of our analysis is to estimate how much MPG gains are achieved through conventional technologies and how much are achieved through hybrid technologies. In this analysis, we define the conventional technologies to include all Step III measures - load reduction measures, and as applicable, dieselization. We define the hybrid technologies to include both Step I - system electrification and optimization, and Step II – engine downsizing. Note that here we treat engine downsizing as a first step for hybridization, instead of a conventional technology measure. This is because in this analysis, we only consider performance-equivalent MPG gains, thus engine downsizing alone with sacrifice of vehicle performance wouldn’t be qualified as a technology option. 

One controversial issue is whether the hybrid technologies should include the transmission advancement. E.g., the Prius CVT system can be treated as a part of the THS package. However, an argument can be made that the CVT could be a conventional technology measure. Of course, the results will be very different if we group transmission advancement as part of conventional technologies. We will discuss that case later.

If we group Step III+ (dieselization) and Step III (load reduction) into a conventional technology category and Step II (engine downsizing + transmission advancement) and Step I (hybrid optimization) into a hybrid technology category, in the multiplicative fashion, we arrive at Table 6. 

Table 6. MEEM-Based Estimates of MPG Gains by Conventional and Hybrid Technologies (multiplicative)

	HEV 
	Conventional Technologies (%)
	Hybrid Technologies (%)
	Total (%)

	 
	(Step III)
	(Step I+II)
	(Steps I-III)

	U.S.   Prius
	9
	41
	53.6

	Honda Insight
	33

	25
	66.1

	Ford Prodigy
	85
	44
	166.8

	DC ESX3
	80
	52
	174.4

	GM Precept
	88
	62
	204.9


Table 6 shows that, on average, PNGV diesel concept HEVs are estimated to achieve 84% of MPG gains through conventional technologies and 53% from hybrid technologies: for the Prodigy, the 85% MPG gain is from CV technologies and 44% is from hybrid technologies. For ESX3, it is 80% versus 52%. For the Precept, it is 88% versus 62%.  While the Prius gains 9% from load reduction measures and 41% from hybridization technologies, the Insight achieves about 33% MPG gains from CV technologies and 25% from hybridization technologies. Table 6 implies that the conventional technologies have tremendous potential to achieve high fuel savings. As demonstrated by PNGV concept vehicles, conventional technologies have greater potential to achieve fuel savings greater than those achieved by the hybrid technologies. Figures 7 and 8 show MPG gains through conventional and hybrid technologies, respectively. 

Figure 7. MPG Gains through Modeled Conventional Technology Steps
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Figure 8 implies that the fuel economy benefit of hybridization generally increases with the increase of the fraction of on-board electric power for PNGV and commercial hybrids as separate groups. However, comparing Figure 8 with Figure 1 shows that the correlations between MPG gains and fractions of on-board electric power do not exist uniformly across all of these HEV models.

Figure 8.  Estimated MPG Gains at Modeled Hybridization Step
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The above analysis assumes the transmission advancement as a part of hybrid technologies. If transmission advancement is treated as a part of CV technologies, we need to estimate the benefits of switching transmission from automatic transmission (AT) to automatic-manual transmission (AMT). Unfortunately, there is no good assessment in this area. Based on our examination of European diesel cars, we found out that on average, the manual transmission diesel cars have about 15% fuel economy advantage over the automatic transmission diesel cars [12].  This empirical finding was a surprise indicating that our model estimates for this effect require reexamination in the future.

Assuming the automatic-manual transmission achieves similar efficiency as the manual transmission, Table 7 shows that, on average, the PNGV diesel concept HEVs are estimated to achieve 104% of MPG gains through conventional technologies and 38% from hybrid technologies: for the Prodigy, 105% MPG gain is from CV technologies and 30% is from hybrid technologies. For the ESX3, it is 99% versus 38%. For the Precept, it is 107% versus 47%. 

Table 7. MPG Gains by Conventional and Hybrid Technologies, with Transmission Advancement as Part of Conventional Technologies

	HEV 
	Conventional Technologies (%)
	Hybrid Technologies (%)
	Total (%)

	 
	(Step III)
	(Step I+II)
	(Steps I-III)

	U.S.   Prius
	15
	34
	53.6

	Honda Insight
	33
	25
	66.1

	Ford Prodigy
	105
	30
	166.8

	DC ESX3
	99
	38
	174.4

	GM Precept
	107
	47
	204.9


Similarly, if CVT is considered as a part of conventional technologies, then the Prius would gain 15% from CV technologies and 34% from hybridization technologies.

Figure 9. MPG Gains by Conventional and Hybrid Technologies, with Transmission Advancement as Part of Conventional Technologies
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Tables 6 and 7 also provide the following observations:

1. Since the fraction of on-board electric power for the Prius is more than twice of that for Insight, and the Prius’s hybrid system is more complicated, the MPG benefits of hybridization for the Prius is higher than those for the Insight (based on Table 6). But the hybrid benefits are somewhat penalized by the following two measures: (a) the Prius hybrid system has a higher weight penalty than the Insight hybrid system. Our estimate is that (Tables A2 and A3) the Prius has close to a 125-lb penalty because of its battery pack, motors, hybrid transmission system, and Atkinson-cycle engine. The Insight has almost no penalty. (b) The Insight has much lower aerodynamic loss, so it achieves much higher MPG gain in the highway cycle. 

2. Using the method described here shows that PNGV HEVs achieve better fuel economy gains from hybrid technologies than do commercial gasoline HEVs. While the estimated average fuel economy benefit of hybridization technologies of two gasoline hybrids is about 33% on the basis of the data in Table 6 and 30% on the basis of the data in Table 7, the estimated average gain for the three PNGV diesel hybrids is about 53% on the basis of the data in Table 6 and 38% on the basis of the data in Table 7. However, this difference may not be solely interpreted as gasoline versus diesel engines per se. It may also be influenced by differences in hybrid technology employment.  

Conclusions

On the basis of the above discussion, the following inferences can be made:

· Commercial and prototyped HEVs show a wide variety of technological choices, configurations, and development stages
· The fraction of on-board electric power varies greatly, from below 17% for the Insight to above 44% for the Precept. 

· On the basis of the reported figures, the three PNGV diesel HEVs have the lowest unit energy consumption. In other words, they are most energy efficient in carrying vehicle load. The GM Precept appears to have the most fuel-efficient engineering design among the vehicles evaluated. 

· On average, we estimate that PNGV diesel HEVs achieve about 182% gain in MPG. If transmission advancement is considered as a part of hybrid system optimization, in a multiplicative incremental fashion, we estimate about 84% gain from conventional technologies and 53% gain from hybrid technologies. If transmission advancement is considered as a part of conventional technologies, in a multiplicative incremental fashion, we estimate about 104% gain from conventional technologies and 38% gain from hybrid technologies. 
· On 
· average, we estimate commercial gasoline HEVs achieve about 60% gain in MPG (on performance equivalent basis). Honda Insight achieves 33% MPG gains through conventional technologies and 25% through hybrid technologies. 
· If CVT is considered as a part of hybrid system for the Prius, we estimate about 9% gain from conventional technologies and 41% gain from hybrid technologies. If CVT is considered as a part of conventional technologies for the Prius, we estimate about 15% gain from conventional technologies and 34% gain from hybrid technologies. 

· On the basis of our analysis for PNGV diesel HEVs, the CAFE MPG improvement potential for these prototype light-duty vehicles from conventional technologies is considerably higher than that from hybrid technologies.
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Appendix - engine and vehicle parameters of modeled vehicles by each modeling step

This Appendix summarizes some input assumptions for modeled vehicles to assess fuel economy benefits through Steps I​–III specified by Figures 3 and 4. Tables A1 lists some key engine and vehicle parameters of the modeled vehicles by each modeling step. Each table lists vehicle frontal area “A” in m2, air dynamic drag coefficient “Cd”, tire dynamic coefficient “Cr”, vehicle 0​–60 MPH acceleration time “Z60” in seconds, vehicle curb weight in lb., engine peak power in hp @ rpm, engine peak torque in lb-ft @ rpm, engine size in liters, motor and battery peak power in kW, EPA city/highway fuel economy in MPG, CAFE fuel economy in MPG, and transmission type (CVT = continuous variable transmission, M = manual, A = automatic, AM and EMAT = automatic manual). 

Tables A2–A4 also list reference engines used for the modeling exercise, as well as scaling factors for upsizing or downsizing the reference engines. In CAFE estimates columns of Table A2–A4, both MEEM and ADVISOR MPG estimates are given, as well as the percentage differences between these two model runs. Generally, the two models give very similar results, with difference within (10%.

	Table A.1.  Basic Characteristics of Baseline HEVs

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	Vehicle Characteristics
	Power Rating (kW)
	CAFE
	Transmission

	HEV Names
	Power Plant
	A
	Cd
	Cr
	Z60 (s)
	Curb wt.

( lb)
	Engine          hp
	Engine torque
	Engine Size (L)
	Motor Peak
	Total HP
	Battery Peak kW
	
	

	US Prius
	SI I-4
	2.1
	0.29
	0.0070
	12.1
	2,765
	70 @ 4500
	82 @ 4200
	1.5
	33.0
	114.3
	25.0
	58
	CVT

	Honda Insight
	SI I-3
	1.9
	0.25
	0.0065
	10.6
	1,856
	67 @ 5700
	66 @ 4800
	1.0
	10.0
	80.4
	9.0
	76
	M5

	Ford Prodigy
	CIDI I-4
	2.1
	0.20
	0.0070
	12.0
	2,385
	74 @ 4500
	113 @ 2250
	1.2
	8.0
	84.7
	7.2
	70
	AM5

	DC ESX3
	CIDI I-3
	2.2
	0.22
	0.0070
	11.0
	2,250
	74 @ 4200
	122 @ 2200
	1.5
	15.0
	94.1
	13.5
	72
	EMAT-6

	GM Precept
	CIDI I-3
	2.0
	0.16
	0.0065
	11.5
	2,590
	59 @ 3000
	125 @ 2000
	1.3
	35.0
	105.9
	31.5
	80
	AM4

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


	Table A.2. Step 1: De-Hybridization, CV-Mode Only Operation. Same IC Engine and Vehicle Weight.

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Names
	Vehicle Characteristics
	Power Rating (kW)
	
	CAFE estimates
	Transmission

	
	Power Plant
	A
	Cd
	Cr
	MEEM Z60
	Curb wt.

( lb)
	Engine hp
	Reference Engine
	Engine Size (L)
	Engine   Scaling
	MEEM
	Advisor
	Diff
	

	US Prius
	SI I-4
	2.1
	0.29
	0.0070
	20.9
	2,765
	70.0
	Prius 1.5 L 70 hp
	1.5
	1.00
	48.5
	46.2
	5%
	CVT

	Insight
	SI I-3
	1.9
	0.25
	0.0065
	14.5
	1,856
	67.0
	VTEC 1.6 L 115hp
	0.9
	0.58
	65.5
	59.8
	10%
	M5

	Prodigy
	CIDI
	2.1
	0.20
	0.0070
	15.3
	2,385
	74.0
	VW 1.9L 81kW TDI
	1.3
	0.68
	50.9
	52.8
	-4%
	M5

	ESX3
	CIDI
	2.2
	0.22
	0.0070
	14.6
	2,250
	74.0
	VW 1.9L 81 kW TDI
	1.3
	0.68
	50.9
	52.5
	-3%
	M5

	Precept
	CIDI
	2.0
	0.16
	0.0065
	20.8
	2,590
	59.0
	VW 1.9L 81 kW TDI
	1.0
	0.54
	54.2
	58.8
	-8%
	M5

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


	Table A.3. Step II: Strip Out All Electric Components, Upsize Engine to Match Performance, Adjust Vehicle Weight, Switch Transmission if Applicable

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Names
	Vehicle Characteristics
	Power Rating (kW)
	
	CAFE estimates
	Transmission

	
	Power Plant
	A
	Cd
	Cr
	Z60 target
	Curb wt.

( lb)
	Est. Engine hp
	Reference Engine
	Engine Size (L)
	Engine   Scaling
	MEEM
	Advisor
	Diff
	

	US Prius
	SI I-4
	2.1
	0.29
	0.0070
	12.1
	2,640
	105.9
	VVT-i 1.8L Engine
	1.3
	0.87
	41.0
	38.8
	6%
	A4

	Insight
	SI I-3
	1.9
	0.25
	0.0065
	10.6
	1,881
	88.5
	VTEC 1.6 L 115hp
	1.2
	0.77
	58.3
	53.3
	9%
	M5

	Prodigy
	CIDI
	2.1
	0.20
	0.0070
	12.0
	2,299
	88.5
	VW 1.9L 81kW TDI
	1.6
	0.82
	48.6
	48.4
	0%
	A4

	ESX3
	CIDI
	2.2
	0.22
	0.0070
	11.0
	2,244
	95.2
	VW 1.9L 81 kW TDI
	1.7
	0.88
	47.3
	47.6
	-1%
	A4

	Precept
	CIDI
	2.0
	0.16
	0.0065
	11.5
	2,383
	95.2
	VW 1.9L 81 kW TDI
	1.7
	0.88
	49.3
	49.0
	1%
	A4

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Table A.4. Step III: Baseline CVs 

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	CV Names
	Vehicle Characteristics
	Power Rating (kW)
	
	Published MPG
	Transmission

	
	Power Plant
	A
	Cd
	Cr
	Z60 (s)
	Curb wt.

( lb)
	Est. Engine hp
	Reference Engine
	Engine Size (L)
	Engine   Scaling
	City
	HWY
	CAFE
	

	Corolla
	SI I-4
	2.3
	0.3
	0.0090
	8.9
	2,575
	125.0
	122
	1.8
	1.00
	32.0
	47.8
	37.6
	A4

	Civic HX
	SI I-4
	1.9
	0.30
	0.0090
	10.3
	2,325
	115.0
	104
	1.6
	1.00
	39.4
	57.3
	45.8
	M5

	
	
	
	
	
	
	
	
	
	
	
	
	Estimated MPG
	
	

	Diesel CVs
	
	
	
	
	
	
	
	
	
	
	MEEM
	Advisor
	Diff
	

	Prodigy
	CIDI
	2.2
	0.30
	0.0090
	12.0
	3,260
	134.1
	VW 1.9L 81kW TDI
	2.4
	1.24
	34.6
	33.2
	4%
	A4

	ESX3
	CIDI
	2.2
	0.30
	0.0090
	11.0
	3,309
	150.2
	VW 1.9L 81 kW TDI
	2.6
	1.38
	33.4
	31.7
	5%
	A4

	Precept
	CIDI
	2.2
	0.30
	0.0090
	11.5
	3,291
	143.5
	VW 1.9L 81 kW TDI
	2.5
	1.30
	33.9
	32.0
	6%
	A4

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Table A.5. Reverse Dieselization for Diesel CVs

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Today's Model
	Vehicle Characteristics
	Power Rating (kW)
	
	Published MPG
	Transmission

	
	Power Plant
	A
	Cd
	Cr
	Z60 (s)
	Curb wt

. ( lb)
	Engine hp
	Engine torque
	Engine Size (L)
	Engine   Scaling
	City
	HWY
	CAFE
	

	Corolla
	SI I-4
	2.3
	0.3
	0.0090
	8.9
	2,575
	125.0
	122
	1.8
	1.00
	32.0
	47.8
	37.6
	A4

	Civic HX
	SI I-4
	1.9
	0.30
	0.0090
	10.3
	2,325
	115.0
	104
	1.6
	1.00
	39.4
	57.3
	45.8
	M5

	Taurus (h)
	SI V6
	2.2
	0.32
	0.0090
	11.4
	3,325
	155.0
	185
	3.0
	1.00
	21.5
	35.9
	26.2
	A4

	Taurus
	SI V6
	2.2
	0.32
	0.0090
	11.4
	3,325
	155.0
	185
	3.0
	1.00
	21.5
	35.9
	26.2
	A4

	Taurus
	SI V6
	2.2
	0.32
	0.0090
	11.4
	3,325
	155.0
	185
	3.0
	1.00
	21.5
	35.9
	26.2
	A4





























� Several fuel cell hybrids have also been demonstrated. This paper focuses on internal-combustion engine hybrids only.


� The true total on-board power may not be the simple summation of peak electric power and ICE power. The motor and ICE power may never peak at the same operational conditions, and motor peak power may be larger or smaller than the battery peak power, which may be considered as a determinant of the available maximum electric power.


� Although ADVISOR dose simulates HEVs, its current version cannot simulate all characteristics of the HEVs examined here. See [11] for examination of effects of CV load reduction, engine and transmission switching, and hybridization in a sequence of steps designed to triple fuel economy. That analysis relies heavily on ADVISOR and simulates theoretical hybrid vehicles.





� Include benefit of lean-burn VTEC engine used by Insight over stoichiometric VTEC engine used by base Civic
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