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Western States Petroleum Association

Credible Solutions ( Responsive Service ( Since 1907

Catherine H. Reheis-Boyd
Executive Vice President and COO
February 4, 2009

Mr. Dean Simeroth, Ms Renee Littaua, Mr. John Courtis

California Air Resources Board
P.O. Box 2815

Sacramento, CA 95812

Via electronic mail
Re.  WSPA Comments on CARB’s LCFS Energy Economy Ratios

Dear Mr. Simeroth, Ms. Littaua, Mr. Courtis:

The Western States Petroleum Association (WSPA) recently sponsored an evaluation of the energy economy ratios (EERs) that the California Air Resources Board (CARB) staff is proposing to use in the Low Carbon Fuel Standard (LCFS) regulations.  The results of that study, conducted by Energy and Environmental Analysis, Inc. (EEA), are documented in the attached report.
  
A summary of the results of EEA’s analysis is presented below, followed by additional comments on the development of EERs for the LCFS.  WSPA would appreciate you posting both our cover letter and the report to the LCFS public comment portion of your website.
Alternative EERs Developed by EEA

As used in the LCFS regulation, the EER reflects the ratio of the fuel economy of an alternative fuel vehicle to the fuel economy of a gasoline or diesel vehicle it replaces.  A review of EEA’s report reveals two primary factors that were not fully accounted for in CARB’s development of their proposed EERs.  Although these factors are often ignored when comparisons of alternative fuel vehicles to conventional gasoline and diesel vehicles are made, it is important to account for them to fairly compare fuels and vehicles:


•
Comparisons must be made based on on-road fuel economy rather than fuel economy derived from FTP-based laboratory testing.  This is particularly important for battery electric vehicles which can be significantly impacted by ambient temperatures, use of air conditioning and heating, road grade, and other factors not typically accounted for in laboratory testing.  EEA’s analysis accounted for some of these effects by using fuel economy adjustment factors recently developed by EPA to better reflect on-road operation when fuel economy is reported on fuel economy labels.  In most instances, there was fuel economy data available from actual on-road testing to validate this approach.
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•
Comparisons must be made based on vehicles with similar attributes (e.g., acceleration, aerodynamic drag, low rolling resistance tires, etc.) in order to separate vehicle effects from fuel effects.  EEA’s analysis accounted for this effect by making adjustments to conventional vehicle fuel economy estimates for differences in attributes and power among conventional and alternative fuel models.

We have summarized the CARB EERs from the December 2008 draft regulation and the EEA recommended EERs in Tables 1 and 2 for light-duty and heavy-duty vehicles, respectively.  [A revised set of EERs for light-duty vehicles was presented by CARB staff at the January 30, 2009 workshop.  However, those estimates are not included in Table 1 because they are on a different basis than CARB’s December 2008 EERs and the EEA estimates that are compared in the table.  This is discussed more fully under “Additional Comments on EERs for the LCFS.”]

Note that EEA did not perform a thorough analysis of EERs for light-duty E85, CNG, and LPG vehicles as their experience with data from those fuels suggests the EER values are not likely to differ from 1.0 by more than ±0.05.  Budget and time constraints limited the evaluation of heavy-duty EERs to diesel hybrid, CNG, and hydrogen fuel cell vehicles (FCVs).

Several points are worth noting with respect to Tables 1 and 2:


•
The EERs developed by EEA are lower than those currently in the December 2008 draft LCFS regulations for nearly all fuels and technologies.  This is a result of EEA’s more rigorous treatment of on-road fuel economy and differences in attributes among vehicle types.


•
For light-duty battery electric vehicles (BEVs), the EER of 3.4 recommended by EEA is 15% lower than CARB’s estimate of 4.0, even though EEA stated that 3.4 reflects an “optimistic EER for the ‘best’ EVs” included in their study.


•
For light-duty plug-in hybrid electric vehicles (PHEVs), the EER under all-electric mode calculated from EEA’s recommendations is slightly higher than that proposed by CARB staff.


•
For hydrogen FCVs, both light-duty and heavy-duty EERs recommended by EEA are lower than CARB’s estimates.  Also, the December 2008 draft regulations assign the same EER to hydrogen FCVs and internal combustion engine vehicles (ICEVs).  This makes no sense and is not supported by any data.  As noted by EEA, these engines do not even offer an EER of 1.0 on a comparable attribute basis and should not be grouped with FCV models.


•
A significant difference highlighted by the EEA analysis is the EER for heavy-duty CNG vehicles.  Given the inherently better efficiency of diesel versus spark-ignition engines, CARB’s initial selection of 1.0 for CNG heavy-duty vehicles was somewhat surprising.  As noted in the EEA report, the recommended EER of 0.7 is based on the assumed use of stoichiometric operation to meet NOx standards.  If lean-burn engines are produced that meet the 2010 NOx level, or if systems utilizing a diesel/natural gas fumigation approach are developed, the EER of 0.7 should be revisited to reflect the potential efficiency improvements of those systems.
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Additional Comments on EERs for the LCFS

WSPA members had a number of additional comments on the development of EERs for the LCFS.  These are summarized below.


•
A significant shortcoming in the development of EERs is the lack of data on production-ready, alternative fuel vehicles such as PHEVs and hydrogen FCVs.  As a result, it is imperative that CARB re-evaluate the EERs when data are available on OEM production vehicles (accounting for on-road fuel economy and differences in attributes as recommended by EEA).
· As noted above, a revised set of EERs for light-duty vehicles was presented by CARB staff at the January 30, 2009 workshop.  It is our understanding that those EER estimates include an adjustment for projected fuel economy improvements to the baseline conventional vehicles to account for AB 1493 and federal CAFÉ standards.  Such an adjustment is appropriate and should be included in EER estimates developed for future model year vehicles.  However, if that adjustment is applied to conventional gasoline vehicles, every effort should be made to ensure that the alternative fuel vehicles being analyzed also reflect the technology anticipated for the same timeframe as the conventional vehicle estimates.  In this way, an “apples-to-apples” comparison is made.

· Another issue related to the selection of an appropriate baseline vehicle arises when evaluating EERs for PHEVs.  The ratio of operation on electric power to operation on gasoline/diesel is appropriate since it is clear that electricity is displacing the fuel that would have been used if the vehicle was run in “conventional” hybrid electric vehicle mode.  In the case of BEVs and FCVs, the baseline vehicle (i.e., the denominator in the EER calculation) used in CARB’s December 2008 EER estimates and in the EEA study is a conventional gasoline vehicle.  However, given future fuel economy requirements, it may be more appropriate to use a conventional hybrid electric vehicle as the baseline vehicle since that is likely what would be displaced by a BEV or FCV.  In any case, the selection of baseline vehicle technology should change moving forward to reflect the improved fuel economy of the new conventional vehicle fleet at the time the alternative fuel vehicles are introduced. 

•
EEA’s analysis of EERs for “blended” PHEVs brings up an interesting question about how best to evaluate the EER for the electricity used during the charge-depleting mode when the gasoline or diesel engine can turn on and off in response to power demand.  If this configuration of PHEV is ultimately marketed, CARB will need to develop guidance on how to estimate EERs for these vehicles; it should not be simply assumed that they would have the same EER as an extended-range PHEV or a BEV.

•
Expanding on the issue of electricity used in PHEVs (and BEVs), it is imperative that CARB require documentation that electricity was actually used to power the vehicle.  This is very important in the case of PHEVs where there is no operational requirement that the vehicle be plugged in to run.


•
Recent research suggests that GHG emissions associated with lithium-ion battery materials account for 2% to 5% of lifecycle emissions from plug-in hybrids.
  Previous LCA studies have 
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assumed that vehicle manufacturing emissions are negligible and can generally be ignored.  However, for the case of BEVs and PHEVs, we recommend that CARB staff verify that battery manufacturing emissions are negligible and can be ignored for the LCFS.  If not, this effect would probably best fit as an adder to the well-to-tank estimates for electricity generation and not necessarily in the EERs. Similarly, the energy used to make 10,000 psi tanks for hydrogen storage can be significant.
	Table 1

Comparison of CARB and EEA Energy Economy Ratios for Light-Duty Vehicles

(Fuels that Displace Gasoline)

	Fuel/Technology
	CARB EER
	EEA EER

	Gasoline/Hybrid
	1.7
	1.3

	Electricity/BEV
	4.0
	3.4a

	Electricity/PHEV 
	2.4
	2.6

(Extended Range PHEV)b

	Hydrogen/FCV
	3.0
	2.3

	Hydrogen/ICEV
	3.0
	< 1c


a Note that the value of 3.4 for BEVs is characterized by EEA as an “optimistic EER for the ‘best’ EVs” included in their study.

b The value of 2.6 was calculated by dividing EEA’s EER estimate on all-electric charge-depleting mode (3.4) by their estimate under range-extender mode (1.32).  EEA also estimated EERs for “blended” PHEVs under both charge-depleting mode (2.1) and charge-sustaining mode (1.2).  However, as noted in the EEA report, the EER estimate under charge-depleting mode is a strong function of trip distance.  Additionally, operation under charge-depleting mode for this type of hybrid includes some engine operation.  Thus, the implied EER for this technology of 1.8 (i.e., 2.1 divided by 1.2) underestimates the actual EER when only electricity is used to power the vehicle.

c Although an EER was not specifically estimated for hydrogen ICEVs, the EEA report concluded that these engines do not even offer an EER of 1 on a comparable attribute basis and should not be grouped with FCV models.

	Table 2

Comparison of CARB and EEA Energy Economy Ratios for Heavy-Duty Vehicles

(Fuels that Displace Diesel)

	Fuel/Technology
	CARB EER
	EEA EER

	Diesel/Hybrid
	--
	1.3

	CNG/ICEV
	1.0
	0.7

	Hydrogen/FCV
	1.9
	1.6

	Hydrogen/ICEV
	1.9
	< 1a


a Although EERs were not specifically estimated for hydrogen ICEVs, the EEA report concluded that these engines do not even offer an EER of 1 on a comparable attribute basis for light-duty vehicles.  Their performance relative to diesel heavy-duty vehicles would be expected to be even worse.
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We hope you find this information useful in the development of the LCFS.  Our members would be happy to meet with you and your staff. 

If you have any questions or need clarification please don’t hesitate to contact me at this office or Gina Grey of my staff at (480) 595-7121. 
Sincerely,
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c.c.

M. Scheible, ARB


B. Fletcher, ARB



G. Grey, WSPA
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LIST OF ABBREVIATIONS

ARB

Air Resources Board

BEV

Battery Electric Vehicle

CNG

Compressed Natural Gas

CVT

Continuously Variable Transmission

EEA

Energy & Environmental Analysis

EER

Energy Economy Ratio

EPA

Environmental Protection Agency

EPS

Electric Power Steering

EREV

Extended Range Electric Vehicle

EV

Electric Vehicle (synonymous with BEV)

FTP

Federal Test Procedure

FCV

Fuel Cell Vehicle

HEV

Hybrid Electric Vehicle

HWFET
Highway Fuel Economy Test

INL

Idaho National Laboratory

LCFS

Low Carbon Fuel Standard

LNG

Liquefied Natural Gas

NREL

National Renewable Energy Laboratory

OEM

Original Equipment Manufacturer

PHEV

Plug-in Hybrid Vehicle

UDDS

Urban Dynamometer Driving Schedule

Introduction

The Air Resources Board is developing regulations for a Low Carbon Fuel Standard (LCFS). One factor in determining the carbon intensity of a specific fuel is the benefit in terms of the vehicle energy efficiency relative to the energy efficiency of a gasoline or diesel vehicle. The Energy Economy Ratio (EER) for a particular vehicle/fuel type combination is developed based on a “tank-to-wheels” comparison of fuel economy, and ARB has utilized data on the EER from either the TIAX report to the California Energy Commission, or from some comparisons using data generated by the ARB Mobile Source Control Division.

EEA examined the EER data in the LCFS draft regulation and their sources and concluded that the EER computations used in the LCFS did not account for several factors. First, it was not clear if the EER data was determined on a pump to wheels or tank to wheels comparison since for several fuels like CNG, LNG and Hydrogen, substantial energy is lost in compression or liquefaction energy. Different vehicles use different storage pressures that are vehicle (tank) design dependent and it was not clear how these differences are accounted for, but this issue is not addressed in this report. Similarly, recent research has indicated that GHG emissions associated with Li-ion battery materials account for 2% to 5% of lifecycle emissions from plug-in hybrids;
 this factor also was not addressed in this report. Second, the EPA city and highway dynamometer (dyno) tests for fuel economy have known shortcomings in representing vehicle on-road fuel economy, and the EER values should represent on-road fuel economy ratios. The difference between EPA dyno based fuel economy and on road fuel economy depends on the vehicle’s fuel economy reduction associated with the use of accessories such as air-conditioning and heating, aggressive driving, hot or cold ambient temperatures, etc. Different vehicle types react quite differently to these factors and comparisons of the official EPA city/highway fuel economy to derive EER values can be misleading. Third, the choice of vehicles to be compared to develop the EER can have a large effect if the base vehicle and the alternative fuel vehicle do not share the same interior room and performance attributes and differ in technology content unrelated to the use of alternative fuels. For example, most electric vehicles have much lower acceleration performance, and feature high pressure low rolling resistance tires, underbody covers and other aerodynamic aids, and other features that can be easily added-on to a conventional gasoline vehicle.
This report attempts to address the second and third issues by using on-road or equivalent fuel economy for all light-duty alternative fuel vehicle types and correcting for some significant technology differences between the conventional vehicle used as a baseline and the alternative fuel vehicle. The analysis is not as precise as desirable since the technology characteristics of many alternative fuel vehicles had to be obtained anecdotally from manufacturer representatives as these data are not published. Nevertheless, the resulting EER values computed are more accurate than those currently used by ARB in the LCFS regulation. Although the LCFS does not report a hybrid vehicle EER (since it uses gasoline), we have also included this vehicle technology to validate the EPA correction factor methodology and provide ARB additional information on estimating future vehicle GHG emissions. (ARB does, for example, calculate the EER of the Chevy Volt in hybrid mode). In addition, we have not evaluated the EER values for E85, CNG and LPG fueled vehicles where the ARB has selected a value of 1 for the EER since our experience with the data on such vehicles suggests that the actual EER values are not likely to differ from 1 by more than + 0.05. 

An analysis of EER values for heavy-duty vehicles is also provided. In this case, the only vehicles in commercial use are CNG/LNG trucks and buses, and hybrid buses with both series and parallel designs. A few prototype fuel cell buses are in operation and preliminary energy economy data from these vehicles was also obtained. The National Renewable Energy Laboratory (NREL) has been tracking and evaluating new propulsion systems in heavy duty vehicles for more than 10 years using an established and documented evaluation protocol, and NREL databases on these evaluations offer the most complete and accurate data sources available. We have used data from NREL evaluations supplemented by two reports from other sources that have conducted evaluations with the same rigor as NREL.

Methodology

In order to develop appropriate Energy Efficiency Ratios (EER) for light-duty vehicles, we used a four step methodology to develop an EER based on ‘on-road’ or real-world fuel economy, as follows:

1. Literature search for alternative fuel vehicle fuel economy test results in real world conditions. In cases where the test data from objective government sources were unavailable, EEA incorporated data from fuel economy evaluations reported by manufacturers or other public sources. In cases where multiple data sources were found, the results were compared across sources for consistency.

2. Selection of comparable conventional vehicle models for comparison. In many cases this exercise was straight forward since several advanced technology vehicles are based on conventional gasoline vehicle platforms. When an alternative fuel vehicle was unique, EEA selected comparable gasoline models based on similar market class and interior room. On-road fuel economy for conventional vehicles was estimated using the new EPA “5-cycle” based correction factors (described below) to the standard city/highway test results.

3. Adjustments of conventional vehicle fuel economy for attribute and power differences among conventional and electrified models. 

4. Determination of EERs.

Out of four types of electrified light duty vehicle technologies, only HEVs are currently commercially available in the US market. The US EPA reports fuel economy data for all light duty vehicles in the Fuel Economy Guide
, but the key question for this analysis is whether the fuel economy values reported in the Guide represent fuel economy under real world driving conditions.

The EPA recently revised the fuel economy adjustment procedures through new Fuel Economy Labeling regulations to better represent real world fuel economy. The new adjustments were published in December 2006
 and take into account, more completely, real world factors that impact fuel efficiency but are missing from the city and highway cycles used for the standard fuel economy test– specifically, higher speeds, more aggressive driving, the use of air conditioning (A/C) and effect of cold temperatures. In addition to the city and highway cycles, the fuel economy adjustments take into account US06 (high speed), SC03 (with A/C) and Cold FTP (cold temperature operation) cycle data.

Starting with MY2008, all vehicles are required to report fuel economy estimates for consumer comparison using the new 2006 methodology. However, because testing all vehicles on all additional cycles was not considered practical, the EPA regulations allow an option of using a so-called “5-cycle formulae” based adjustment as listed below. The formulae were developed from the 5-cycle data that was available to EPA in 2005 and 2006. The data set was based on data from tests of 615 vehicles, including about 10 late model HEVs.
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FTP FE – the fuel economy in miles per gallon of fuel during the FTP (or City) test cycle

HFET FE – the fuel economy in miles per gallon of fuel over the HFET (or Highway) test cycle 

The EPA 5-cycle adjustments did impact the HEV fuel economy ratings more than the impact on conventional vehicles’ fuel economy ratings because hybrids are typically more sensitive to auxiliary loads such as an air conditioning operation. Also, the HEV battery performance is significantly downgraded under low ambient temperatures and many current hybrid engine shut-off strategies cease to operate at extreme ambient temperatures. However, EPA’s adjustment factors are based primarily on theoretical considerations of the effects of real world driving and little actual data for on-road fuel economy existed at the time the adjustment factors were developed to validate the EPA 5-cycle equations.

In order to validate the EPA 5-cycle adjustments for advanced technology vehicles, EEA examined fuel economy data from on-road testing.  EEA found that the US DOE Idaho National Laboratory (INL) maintains well documented fuel economy test data for various electric vehicle technologies
. In the case of HEVs, the DOE also sponsors a fleet testing program called HEV America, which is designed to track and document various aspects of HEV operation, including fuel economy of vehicles in actual fleet use.

There are two types of plug-in hybrid vehicles – one that is similar to a HEV with a larger battery and the second that is similar to a battery electric vehicle with an on-board charger. We have used the PHEV nomenclature to refer to the first kind of plug-in vehicle while the second kind is referred to as an Extended Range Electric Vehicle (EREV). 

For PHEVs, EEA found that INL has tested some PHEV models (PHEV America program) and detailed reports are available on the INL website. The PHEV America tests were performed using dynamometer tests over series of UDDS (Urban Dynamometer Driving Schedule) and HWFET (Highway Federal Emissions Test) cycles. The key challenge for PHEV analysis is the fact that overall fuel economy is dependent on the driving distance. It should be noted that in this context, there is no pure electric mode independent of driving cycle since the engine is turned on if power demand exceeds available battery power, independent of the state-of-charge of the battery. Confusingly, the ARB has not distinguished this type of PHEV and has derived EER numbers only for the EREV type of plug-in hybrid. For this analysis of PHEV EER, we evaluated fuel economy at a 32.7 mile driving distance. This distance is the average daily driving distance per vehicle as reported in the last DOT Household Travel Survey, 2001. As an additional data source for PHEVs, we found that Google has a well documented vehicle testing program designed to demonstrate real-world technology capabilities. The program is called Recharge IT
 and it was launched in summer 2007. Google’s program involves driving PHEV models through 257 trips, covering a total distance of 2,228 miles. Professional drivers were hired to test different types of vehicles in order to reduce test-to-test variation. Accessories were used during testing, including “moderate” use of air conditioning. However, the tests were conducted in the San Francisco Bay Area and could potentially under-represent air-conditioner use on a national basis.

For real world test data on Electric Vehicles, the US DOE has partnered with Southern California Edison (SCE) in a testing program, while INL’s website also maintains detailed reports
 of their own in-house testing. The test data on EVs are for older technology vehicles marketed by major OEMs in California during the late 1990s. The SCE test program was conducted on public use roads in Los Angeles and attempted to replicate actual city and highway driving conditions with and without the use of air-conditioning. 

Data for the latest generation FCVs is more limited simply because there are few models available and they are special build vehicles. The Honda Clarity has been tested by the EPA for certification but no on-road data on fuel economy has been reported. Honda, in its submission to ARB on the LCFS, stated that it believed the EPA 5-cycle adjustment provided a reasonable estimate of the actual on-road fuel economy that Honda had observed for its own in-house FCV fleet. We also found some publicly available on road fuel economy data from Motor Trend Magazine’s test of the GM Equinox FCV and Toyota’s published estimate of on-road fuel economy for the Highlander FCV.

In order to properly compare various fuel economy estimates, it is also necessary to account for vehicle attribute differences. For example, most HEVs are equipped with continuously variable transmissions, whereas their conventional counterparts use regular automatic transmissions- a significant attribute difference affecting fuel economy. Also, EPS (Electric Power Steering), aerodynamic drag improvement devices and low rolling resistance tires are often adopted by more advanced technology vehicles.

The adjustment for differences in attributes is based on a multiplicative fuel consumption reduction approach used by the National Academy of Sciences in its 2002 report on CAFE. Essentially, if two technologies each reduce fuel consumption by 10%, the model assumes that the combined effects are 1-(0.9*0.9) or 19%, not 20%. Each successive technology has a smaller absolute impact since the base vehicle fuel consumption is lower. The technology differences considered do not have any significant synergy or dis-synergy and the reductions are independent of each other. In each case, the adjustment was made to the comparable gasoline vehicle’s fuel economy since the sensitivity of fuel economy to technology improvements are known for gasoline vehicles. The adjustments were made, where applicable, for the following technologies:

· Rolling resistance reduction by 15%, equivalent to a 2.2% fuel consumption improvement. Most advanced technology vehicles specify lower rolling resistance tires, and/or higher inflation pressures. Our contacts with manufacturers revealed that (except in the case of high performance vehicles) typical rolling resistance coefficient for HEV/BEV/FCV are in the 0.006 to 0.0065 range while typical values for a 2007/2008 model year conventional vehicle range from 0.0070 to 0.0075

· Electric Power Steering – 2% fuel consumption improvement. This feature is typically standard on hybrid and electric vehicles but is also now found on some conventional vehicles.

· Aerodynamic drag reduction by 10% (1.8% fuel consumption improvement). This improvement was used since many HEV/BEV models feature underbody covers and add-on aerodynamic aids. Typically, addition of an underbody cover reduces the drag coefficient by 0.02 while add-on devices reduce drag by 0.01. Given the average co-efficient for compact and mid-size cars is in 0.30 to 0.32 range, the 10% drag reduction appears appropriate where the vehicles share the same body or have similar levels of body aerodynamic drag coefficient.

· Transmission differences (for HEVs and PHEVs only). The adjustments were made according to a basic assumption that 4-speed vs. CVT results in fuel consumption difference of 5.7% (5-speed vs. CVT – 3.4%). No adjustments were made for transmissions with 6 speeds or higher since the difference relative to a CVT is very small.

· Rated power differences. A linear power / fuel economy relationship was assumed (for every 10% reduction of rated power, a 2.2% fuel consumption improvement is realized).

After the attribute adjustments were made, the EER determination was a straight forward exercise. The following sections document the data analysis for the four technologies considered.

Hybrid Electrical Vehicles (HEVs)

In order to verify the new EPA fuel economy adjustment procedure ability to estimate real world fuel economy performance, EEA compared the latest model year HEV fleet data (as tested by the HEVAmerica) against the Fuel Economy Guide data adjusted using the new EPA methodology for the same models and years. Table 1 lists the vehicle selection from the HEVAmerica program and fuel economy performance reported by the two sources. Note that the 2004 Prius data is also included since the model is by far the highest volume HEV in the US market and its design has not changed to 2007/2008.

Table 1. EPA Fuel Economy Guide Data Adjusted According to New Procedures versus INEL HEVAmerica Program Fleet Average Fuel Economy.

	Vehicle
	INL Fleet Cumulative FE [mpg]
	EPA Unadjusted Comb [mpg]
	EPA New Adjusted Comb FE [mpg]
	FE Diff. [%]
	

	2008 Chevy Tahoe HEV
	22.30
	28.21
	21.40
	4.1
	

	2007 Toyota Camry HEV
	33.70
	45.94
	33.72
	-0.1
	

	2006 Honda Civic HEV
	39.00
	58.84
	42.33
	-8.5
	

	2004 Toyota Prius HEV
	44.20
	65.78
	46.49
	-5.2
	

	
	
	
	
	-2.4
	Average


The comparison indicates that the HEV America versus the EPA 5-cycle (or “EPA New”) method fuel economy differences are below 10% in all cases. Furthermore, the fleet fuel economy performance is slightly lower (as reported by fleet operators) than the 5-cycle based estimate. The HEV America vehicles were tested in Arizona (i.e., an area with high A/C load conditions) so some fuel economy difference can be explained by the choice of location. Despite that, the fuel economy average difference is only about 2%. Based on the result of this analysis, EEA has used the EPA 5-cycle methodology to predict real world performance of hybrid vehicles in this study.

 For MY2009, a wide selection of hybrid vehicles are available, ranging from full size trucks by GM to compact cars such as Toyota Prius and Honda Civic. Table 2 summarizes the 2009 HEVs in terms of their basic specifications
. Only full function HEVs are presented, as well as the IMA (Integrated Motor Alternator) hybrid Civic design by Honda. Table 2 also includes comparison of data for conventional gasoline versions of hybrid vehicles where available. Since the Toyota Prius HEV is a unique vehicle design, its specifications are compared against what we consider its closest conventional alternative (in terms of overall vehicle and power-train characteristics), the Toyota Corolla.
Table 2. MY2009 Fuel Economy and Attribute Data for HEVs and Conventional Gasoline Derivatives.

	CAR LINE
	DISPL
	Total System Power [hp]
	Other Attrib.
	TRANS
	DRIVE
	Adjusted EPA New Comb [mpg]

	C15 SILVERADO 2WD
	6.2
	403
	
	Auto(L6)
	R
	14.75

	C15 SILVERADO 2WD HYBRID
	6
	369
	EPS, Aero
	Auto(AV)
	R
	21.40

	K15 SILVERADO 4WD
	6.2
	403
	
	Auto(L6)
	4
	14.30

	K15 SILVERADO 4WD HYBRID
	6
	369
	EPS, Aero
	Auto(AV)
	4
	21.40

	
	
	
	
	
	
	

	C1500 TAHOE 2WD
	6.2
	395
	
	Auto(L6)
	R
	14.60

	C1500 TAHOE HYBRID 2WD
	6
	369
	EPS, Aero
	Auto(AV)
	R
	21.40

	
	
	
	
	
	
	

	ESCAPE FWD
	2.5
	171
	EPS
	Auto(L6)
	F
	23.16

	ESCAPE HYBRID FWD
	2.5
	177
	EPS
	Auto(AV)
	F
	32.43

	ESCAPE 4WD
	2.5
	171
	EPS
	Auto(L6)
	4
	21.31

	ESCAPE HYBRID 4WD
	2.5
	177
	EPS
	Auto(AV)
	4
	27.73

	
	
	
	
	
	
	

	C15 SIERRA 2WD
	6.2
	403
	
	Auto(L6)
	R
	14.75

	C15 SIERRA 2WD HYBRID
	6
	369
	EPS, Aero
	Auto(AV)
	R
	21.40

	K15 SIERRA 4WD
	6.2
	403
	
	Auto(L6)
	4
	14.30

	K15 SIERRA 4WD HYBRID
	6
	369
	EPS, Aero
	Auto(AV)
	4
	21.40

	
	
	
	
	
	
	

	C1500 YUKON 2WD
	6.2
	395
	
	Auto(L6)
	R
	14.60

	C1500 YUKON HYBRID 2WD
	6
	369
	EPS, Aero
	Auto(AV)
	R
	21.40

	K1500 YUKON 4WD
	6.2
	395
	
	Auto(L6)
	4
	14.30

	K1500 YUKON HYBRID 4WD
	6
	369
	EPS, Aero
	Auto(AV)
	4
	21.40

	
	
	
	
	
	
	

	CIVIC
	1.8
	140
	
	Auto(L5)
	F
	28.28

	CIVIC HYBRID
	1.3
	110
	EPS
	Auto(AV)
	F
	42.33

	
	
	
	
	
	
	

	GS 450H
	3.5
	340
	EPS
	Auto(S6)
	R
	23.35

	GS 350
	3.5
	303
	
	Auto(S6)
	R
	21.55

	
	
	
	
	
	
	

	LS 460 L AWD
	4.6
	380
	EPS
	Auto(S8)
	4
	18.29

	LS 600H L
	5
	438
	EPS
	Auto(S8)
	4
	20.54

	
	
	
	
	
	
	

	TRIBUTE FWD
	2.5
	171
	EPS
	Auto(L6)
	F
	23.16

	TRIBUTE HYBRID 2WD
	2.5
	177
	EPS
	Auto(AV)
	F
	32.43

	TRIBUTE 4WD
	2.5
	171
	EPS
	Auto(L6)
	4
	21.31

	TRIBUTE HYBRID 4WD
	2.5
	177
	EPS
	Auto(AV)
	4
	27.73

	
	
	
	
	
	
	

	MARINER FWD
	2.5
	171
	EPS
	Auto(L6)
	F
	23.16

	MARINER HYBRID FWD
	2.5
	177
	EPS
	Auto(AV)
	F
	32.43

	MARINER 4WD
	2.5
	171
	EPS
	Auto(L6)
	4
	21.31

	MARINER HYBRID 4WD
	2.5
	177
	EPS
	Auto(AV)
	4
	27.73

	
	
	
	
	
	
	

	ALTIMA
	2.5
	175
	
	Auto(AV)
	F
	25.94

	ALTIMA HYBRID
	2.5
	198
	EPS
	Auto(AV)
	F
	34.14

	
	
	
	
	
	
	

	COROLLA
	1.8
	132
	EPS
	Auto(L4)
	F
	30.07

	PRIUS
	1.5
	110
	EPS, Aero
	Auto(AV)
	F
	46.49

	
	
	
	
	
	
	

	CAMRY
	2.4
	158
	
	Auto(L5)
	F
	25.00

	CAMRY HYBRID
	2.4
	187
	EPS
	Auto(AV)
	F
	33.72

	
	
	
	
	
	
	

	HIGHLANDER 4WD
	3.5
	270
	EPS
	Auto(S5)
	4
	19.08

	HIGHLANDER HYBRID 4WD
	3.3
	270
	EPS
	Auto(AV)
	4
	26.25


Table 3 documents fuel economy adjustment calculations for attribute differences between HEVs and corresponding conventional gasoline models. 

Table 3. Fuel Economy (EPA New) Comparison, HEVs vs. Conventional Gasoline. Adjustment for Attribute Differences.
	Full HEV Models
	
	
	
	Adjustment for Attribute Differences – FC Improvement
	
	

	
	HEV MPG
	Gasoline Counterpart MPG
	Fuel Cons. GPM
	RR Red 15%
	EPS
	Drag Red 10%
	Power Delta 10%
	Transm Delta
	Adjusted Gasoline MPG
	FE Ratio

	
	 
	
	
	2.2
	2
	2
	2.2
	
	 
	

	C15 SILVERADO 2WD HYBRID
	21.40
	14.75
	0.0678
	0.0663
	0.0650
	0.0637
	0.0625
	0.0625
	16.00
	1.34

	K15 SILVERADO 4WD HYBRID
	21.40
	14.30
	0.0700
	0.0684
	0.0670
	0.0657
	0.0645
	0.0645
	15.51
	1.38

	C1500 TAHOE HYBRID 2WD
	21.40
	14.60
	0.0685
	0.0670
	0.0656
	0.0643
	0.0634
	0.0634
	15.78
	1.36

	ESCAPE HYBRID FWD
	32.43
	23.16
	0.0432
	0.0422
	0.0422
	0.0414
	0.0417
	0.0417
	23.98
	1.35

	ESCAPE HYBRID 4WD
	27.73
	21.31
	0.0469
	0.0459
	0.0459
	0.0450
	0.0453
	0.0453
	22.06
	1.26

	C1500 YUKON HYBRID 2WD
	21.40
	14.60
	0.0685
	0.0670
	0.0656
	0.0643
	0.0634
	0.0634
	15.78
	1.36

	K1500 YUKON HYBRID 4WD
	21.40
	14.30
	0.0700
	0.0684
	0.0670
	0.0657
	0.0648
	0.0648
	15.44
	1.39

	CIVIC HYBRID
	42.33
	28.28
	0.0354
	0.0346
	0.0339
	0.0332
	0.0316
	0.0306
	32.72
	1.29

	GS 450H
	23.35
	21.55
	0.0464
	0.0464
	0.0455
	0.0455
	0.0467
	0.0467
	21.42
	1.09

	LS 600H L
	20.54
	18.29
	0.0547
	0.0547
	0.0547
	0.0547
	0.0565
	0.0565
	17.69
	1.16

	ALTIMA HYBRID
	34.14
	25.94
	0.0386
	0.0377
	0.0369
	0.0362
	0.0373
	0.0373
	26.84
	1.27

	PRIUS
	46.49
	30.07
	0.0333
	0.0325
	0.0325
	0.0319
	0.0307
	0.0290
	34.54
	1.35

	CAMRY HYBRID
	33.72
	25.00
	0.0400
	0.0391
	0.0383
	0.0376
	0.0391
	0.0378
	26.49
	1.27

	HIGHLANDER HYBRID 4WD
	26.25
	19.08
	0.0524
	0.0512
	0.0512
	0.0502
	0.0502
	0.0485
	20.61
	1.27


The adjusted conventional gasoline fuel economy was compared to the corresponding HEV fuel economy to derive EER values (the last column of Table 3). Our analysis shows that EER ratios of HEVs versus their comparable conventional gasoline models vary but are clearly dependent on vehicle design strategy. The two high performance hybrid vehicles, the Lexus GS450h and LS600h, have a calculated EER of 1.09 and 1.16, respectively. All other hybrids ranging from the Toyota Prius to the GM Silverado have an average EER of 1.32 + 0.06. Honda’s Civic EER is also at 1.30, although this hybrid technology is very different from the technology employed in other hybrids. GM’s hybrids are full size SUVs and trucks equipped with large 6L engines, and the EER values for GM’s design averages 1.36, very similar to the overall average EER.

Plug-In Hybrid Electrical Vehicles (PHEVs)

Since OEM-level PHEV technology is not yet commercially available in the US, there is no certification test data for these vehicles. However, EEA found that government labs such as DOE’s Idaho National Laboratory have tested PHEV models that are conversions of HEV models (in the PHEV America program) and detailed reports are available on the INL website.

EEA examined the baseline performance reports for Hymotion PHEV and Energy CS PHEV conversions, both of which are derived from the Toyota Prius, mainly by a battery replacement with higher capacity LiIon batteries. Table 4 summarizes the two PHEV conversions and their attributes, including the battery pack specifications. The original Toyota Prius HEV data is provided for reference purposes, while the Toyota Corolla is used as the conventional gasoline counterpart for the baseline.

The PHEV America tests were performed using dynamometer driving over series of UDDS (Urban Dynamometer Driving Schedule) and HWFET (Highway Fuel Economy Test) cycles. The key challenge for deriving an EER is the fact that overall fuel economy is dependent on the driving distance, as illustrated in Figure 1. While PHEVs are typically designed to effectively operate as an electrical vehicle for short distances and light loads, the battery pack is depleted over some distance (typically 20 to 40 miles) and the vehicle reverts back to a conventional HEV operation. In conventional HEV operation, these vehicles suffer a small penalty relative to the HEV model due to the extra weight of the battery pack. The dyno test data shows a fuel economy of 60 mpg on the UDDS for the PHEV as compared to 66.6 mpg for the normal Prius as certified by EPA, which indicates a 10% EER penalty. For this analysis we used a 32.7 mile driving distance to estimate PHEV fuel economy. 32.7 miles is the average daily vehicle miles of travel 
 An assumption is made that PHEVs are charged overnight and no charging is done between trips during the day.

Because PHEV America test procedures involve dynamometer tests, for comparison purposes, we used EPA Fuel Economy guide unadjusted values for conventional Prius and Toyota Corolla. The EPA 5-cycle adjusted fuel economy values for PHEVs and conventional vehicles were calculated, and the resulting fuel economy values are listed in the last column of Table 4.

Table 4. The PHEV America Vehicle Test Results Compared to Conventional Models.

	Year
	Model
	Engine & Trans.
	Total System Power [hp]
	Electric Componentry
	Combined FE as Tested [mpg]*
	EPA 5-cycle Adjusted  FE [mpg]

	2007
	Toyota Prius Hymotion PHEV Conversion
	1.5L ECVT
	110
	184.8V 4.7kW-hr LiIon battery, 2.69kW-hr usable energy 
	109.13
	71.10

	2006
	Toyota Prius Energy CS PHEV Conversion
	1.5L ECVT
	110
	230.4V 10kW-hr LiIon battery, 4.88kW-hr usable energy
	117.67
	76.05

	2006
	Toyota Prius (EPA Tested)
	1.5L ECVT
	110
	
	65.78
	46.49

	2007
	Toyota Corolla  (EPA tested)
	1.8L 4AT
	126
	
	39.11
	29.31


*Tested fuel economy for PHEVs was derived from reported data by DOE PHEVAmerica program. The city and highway results were interpolated for 32.7-mile driving distance from data similar to the chart below.

Figure 1. Hymotion PHEV Fuel Economy Test Results as a Function of Cumulative Distance. (Urban Driving Dynamometer Cycle)

[image: image5.emf]
Note that the Blue solid line indicates the cumulative fuel economy, which approaches the regular HEV fuel economy performance (green bars) as the cumulative driving distance increases and the battery original charge is depleted after 35 miles.

As an additional data source for PHEVs (and as a reference for HEVs), we found that Google has a well documented vehicle testing program designed to demonstrate the real-world technology capabilities. The program is called RechargeIT
 and was launched in summer 2007 with various advanced technology and conventional vehicles. Driving statistics have been collected for over a year now. Table 5 summarizes vehicle specifications and test results for this program.

EEA calculated the equivalent combined fuel economy for Google’s PHEVs using their reported “Mixed City/Hwy” results for gasoline fuel economy, plus reported electricity consumption converted to gasoline equivalent using the following conversion factors: 1kW-hr electricity = 3,412Btus; 1gal of regular gasoline=115,400Btus. The conversion factors are from ORNL, Transportation Energy Data Book: Edition 27, 2008, Tables B.4 and B.6.
Table 5. Google’s Recharge IT Project: Vehicle Specifications and Fuel Economy Test Results.

	Year
	Model
	Engine & Trans.
	Total System Power [hp]
	Electric Componentry
	Total Combined FE as Tested [mpg]

	2007
	Toyota Prius Hymotion PHEV Conversion
	1.5L ECVT
	110
	184.8V 4.7kW-hr LiIon battery, 2.69kW-hr usable energy 
	71.8

	2007
	Toyota Prius 
	1.5L ECVT
	110
	Original
	46.4

	2007
	Toyota Corolla  
	1.8L 4AT
	126
	
	31.4

	
	
	
	
	
	

	2007
	Ford Escape PHEV Hymotion Conv.
	2.3L ECVT
	155
	70kW motor, 8kW-hr LiIon battery
	43.2

	2007
	Ford Escape HEV
	2.3L ECVT
	155
	Original
	31.6

	
	
	
	
	
	

	2007
	Ford Escape**
	2.3L 4AT
	153
	
	21.4**


**Google did not test a conventional Ford Escape. This data is based on EPA 2007 Fuel Economy guide unadjusted combined fuel economy adjusted per EPA’s 5-cycle procedures.

Note that the Toyota Prius Hymotion conversion PHEV fuel economy results from Google are virtually identical to the EPA 5-cycle adjusted fuel economy shown in Table 4, giving credence to Honda’s suggestion that the 5-cycle adjustment factors are applicable to all vehicle types. Also, the Prius HEV results from Google’s on-road tests are also very close to the 5-cycle adjusted estimate, differing by only 0.1mpg. 

The fuel economy results from PHEVAmerica and Google programs were further used to adjust the conventional gasoline fuel economy for attribute differences. Table 6 summarizes the results. The EER values for PHEVs are fairly close even though it was calculated using different data sources, ranging from 1.86 for the Escape PHEV, to 2.31 for the Prius conversion. The Hymotion PHEV results are very close as tested by the two completely independent entities. Clearly, the results would be different if the driving distance assumptions for PHEVs would be more than 32.7 miles. The average EER is 2.12 for the 4 models listed below. When the batteries are depleted and PHEVs run in charge sustaining mode, it would be logical to expect some reduction in fuel economy relative to an HEV due to the weight of the battery pack and the limited evidence suggests a 10% EER penalty.

Table 6. PHEV and Conventional Gasoline Model Comparison. Attribute Difference 
	
	PHEV Models
	
	
	
	Adjustment for Attribute Differences
	

	Source
	
	MPG
	Gas. Eq. MPG
	GPM
	RR Red 15%
	Transm
	Drag Red 10%
	Power Delta 10%
	Adj Gas MPG
	FE Ratio

	
	
	 
	
	
	2.2
	4.3
	2
	2.2
	 
	

	DOE
	Toyota Prius Hymotion PHEV Conversion
	71.10
	29.31
	0.0341
	0.0334
	0.0319
	0.0313
	0.0304
	32.87
	2.16

	DOE
	Toyota Prius Energy CS PHEV Conversion
	76.05
	29.31
	0.0341
	0.0334
	0.0319
	0.0313
	0.0304
	32.87
	2.31

	Google
	Toyota Prius PHEV Hymotion Conversion
	71.75
	29.31
	0.0341
	0.0334
	0.0319
	0.0313
	0.0304
	32.87
	2.18

	Google
	Ford Escape PHEV Hymotion Conversion
	43.18
	21.39
	0.0468
	0.0457
	0.0438
	0.0429
	0.0430
	23.25
	1.86


In this context, the Chevy Volt extended range electric vehicle (EREV) is difficult to evaluate. The Volt uses no gasoline over the first 40 miles and operates as a pure BEV. If most PHEV buyers use these vehicles for typical urban/suburban driving, then the Volt would rarely use the gasoline engine and act primarily as a BEV. The EREV data is considered along with battery electric vehicles in the next section.
Battery Electric Vehicles

At present, Tesla is the only manufacturer that markets a full function EV – the Tesla Roadster, but the vehicle is a low volume sports car sold as an ultra-performance luxury vehicle, which is not representative for purposes of this study. Other OEMs such as BMW (Mini Cooper EV), Mitsubishi and Nissan have revealed their new EV designs, but fuel economy data is not yet available from actual on-road tests.

The US DOE and Southern California Edison (SCE) published older model EV performance reports, including data from public road testing, and the data is available at the INL website
. Figure 2 provides a sample test sheet for 1999 Dodge Epic EV as released by SCE. Note that energy consumption is reported on AC kW-hr/mi at the plug for four urban and four freeway test conditions. The energy consumption was metered “at the plug” as the vehicle battery was charged.

EEA selected only those EVs that are equipped with relatively new battery technology, namely Nickel-Metal Hydride (NiMH) and Lithium Ion (LiIon) and omitted data for Lead Acid battery- equipped vehicles. Table 6 list the vehicle selected and the EV specifications. The gasoline-equivalent fuel economy was calculated using the following steps for urban and highway driving cycle data:

1. Calculation of average energy consumption in AC kW-hrs/mile for the 4 urban (UR1 through UR4) and four freeway (FW1 through FW4) driving cycles as an average on-road fuel economy for urban and highway driving

2. Conversion to gasoline-equivalent fuel economy: 1kW-hr electricity = 3,412Btus; 1gal of regular gasoline=115,400Btus. The conversion factors are from ORNL, Transportation Energy Data Book: Edition 27, 2008, Tables B.4 and B.6.

3. Calculation of “combined” equivalent fuel economy using EPA procedures (55/45 city/hwy weighting).

EEA used EPA fuel economy guide data for equivalent conventional gasoline models, for the same model years, to obtain unadjusted laboratory test results for conventional vehicles. The EPA 5-cycle fuel economy adjustment procedures were used to derive adjusted combined mpg values for conventional gasoline vehicles. Table 7 shows the results of the analysis, as well as the vehicle specifications, compared against the EV equivalent fuel economy and specifications. EEA adjusted the conventional gasoline vehicle fuel economy values for attribute differences relative to their EV counterparts. It should be noted that all EVs were specified with rated power significantly lower than their conventional counterparts but offer higher torque at low speeds. In order to compensate or the torque benefits, previous analyses of EV performance have shown that equivalent low and mid-speed performance is obtained with an electric motor with about 25% lower horsepower than a conventional gasoline engine. Hence, the performance corrections were applied after correcting electric motor power by this factor. 

Table 7. EV Models, their Specifications and Equivalent Fuel Economy Compared to Conventional Gasoline Models.

	Year
	Model
	Eng
	Rated Power [hp]
	Electric Component Specifications
	Curb Weight [lb]
	Combined FE [mpg] (55/45)
	EPA 5cycle Comb FE 

	1999


	Dodge Epic (Caravan) EV
	
	100
	336V 82A-hr NiMH battery
	4878
	48.87
	 

	
	Dodge Caravan
	2.4L I4
	150
	
	3533
	
	19.93

	1998


	Ford Ranger EV
	
	90
	300V 95A-hr NiMH battery
	4100
	75.42
	

	
	Ford Ranger XL
	2.5L I4
	119
	
	3086
	
	19.66

	
	Chevy S-10 EV
	
	114
	343V 85A-hr NiMH battery
	4200
	42.96
	

	
	Chevy S-10
	4.3L
	175
	
	3029
	
	16.82

	1999


	Toyota RAV4 EV
	
	67
	288V 95A-hr NiMH battery
	3500
	87.08
	

	
	Toyota RAV4
	2L I4
	127
	
	2668
	
	23.15

	1999

 
	Honda EV Plus
	
	66
	288V NiMH battery
	3594
	70.46
	

	
	Honda Civic Hatchback
	1.6L I4
	106
	
	2359
	
	26.85

	1999


	Nissan Altra EV
	
	83
	345V 95A-hr LiIon battery
	3940
	100.55
	

	
	Nissan Altima Sedan
	2.4L I4
	150
	
	3012
	
	22.53


[image: image6.emf]
 Figure 2. Sample test report sheet for 1999 Chrysler Epic EV as tested by SCE.

The results of power and attribute adjustments are listed in Table 8. The EER values for different EVs are highly variable and no obvious reason is apparent for the large difference. Three vehicles – the Dodge, Honda and Chevy models – have EER values of 2.2 + 0.1, while the Ford, Toyota and Nissan models are at 3.4 + 0.4. In particular, results from the Nissan Altra EV are suspect since it is significantly larger then the other EVs, and  heavier than the RAV-4 but reports significantly higher fuel economy than all other EVs for which we have data. The technology differences, however, or even base vehicle capabilities, cannot account for the difference. For example, the Ford Ranger truck and the Chevy S-10 truck had similar weights, payload and power, but the Ford EV has a gasoline equivalent rating of 73.5 mpg while the S-10 EV has a rating of less than 42 mpg! The average EER for all EVs in this study is 2.83 while the optimistic EER for the ‘best’ EVs is 3.4

Table 8. Fuel Economy Adjustment for Attribute Differences and Resulting FE Ratios.

	EV Models
	
	
	
	Adjustment for Attribute Differences
	
	

	
	MPG
	Gas Eq. MPG
	GPM
	RR Red 15%
	EPS
	Drag Red 10%
	Power Delta 10%
	Adj Gas MPG
	FE Ratio

	
	 
	
	
	2.2
	2
	2
	2.2
	 
	

	Dodge Epic (Caravan) EV
	48.87
	19.93
	0.0502
	0.0491
	0.0481
	0.0471
	0.0445
	22.45
	2.18

	Ford Ranger EV
	75.42
	19.66
	0.0509
	0.0497
	0.0487
	0.0478
	0.0470
	21.27
	3.55

	Chevy S-10 EV
	42.96
	16.82
	0.0594
	0.0581
	0.0570
	0.0558
	0.0523
	19.11
	2.25

	Toyota RAV4 EV
	87.08
	23.15
	0.0432
	0.0422
	0.0414
	0.0406
	0.0348
	28.73
	3.03

	Honda EV Plus
	70.46
	26.85
	0.0372
	0.0364
	0.0357
	0.0350
	0.0322
	31.02
	2.27

	Nissan Altra EV
	100.55
	22.53
	0.0444
	0.0434
	0.0425
	0.0417
	0.0366
	27.34
	3.68

	
	
	
	
	
	
	
	
	Average
	2.83


In this context, the GM Volt has a claimed maximum electric range of 40 miles, and it utilizes a 16kW-hr battery. Assuming the range is associated with discharging the battery to 10% state-of-charge, the electricity consumption from the battery is 0.36 kW-hr/mi, or 0.42 kW-hr/mi at the plug with a charger of 85% efficiency. This is equivalent to 79.85 mpg, quite similar to the RAV-4 EV electricity consumption. However, this is very different from the ARB estimate of 138 mpg, which we believe may be a battery-to-wheels energy consumption on the dyno, not a plug to wheels energy consumption in the real world. Hence, the BEV factors appear to be applicable the EREV when operating as an EV, but the ARB factor for the EER of a battery electric vehicle is much too high..

As an additional issue with the EREV, the Chevy Volt has been assigned an EPA 5 –cycle adjusted rating of 39.1 mpg, but this value is compared to the EPA 5-cycle rating for a Malibu of 23.1 mpg. The Malibu is a larger and more powerful car then the Volt and the Chevy Cobalt with a 2.2L is a much closer comparison in terms of size, although the Cobalt has better performance at higher speeds. The Cobalt has new EPA rating of 27 mpg, making the EER unadjusted for attribute differences to be 39.1/27 or 1.44. Adjusting for electric power steering, aero drag, tire rolling resistance and an assumed 10% power loss (detailed power data on the Volt are not publicly available), the attribute adjusted Cobalt will have an EPA new fuel economy of 29.9 mpg. The Volt’s EER is then 39.1/29.9 or 1.31, virtually identical to the 1.32 average for all hybrid electric vehicles computed in section above. We recognize that the computations are approximate for the Volt since interior dimensions and performance data for the vehicle have not been publicly released by GM. Nevertheless, the agreement between the estimated data and the EER’s computed previously suggest that the assumptions are quite reasonable.

Fuel Cell Vehicles (FCV)

Information available to EEA suggests that virtually all the largest OEMs still maintain active Fuel Cell Vehicle (FCV) development programs. However, only one vehicle, the Honda FCX Clarity, is available for lease beyond strictly controlled demonstration programs. The Clarity was tested by the US EPA for certification and we did obtain the fuel economy testing data for the vehicle. EEA has also found some usable data for GM’s Chevy Equinox FCV and Toyota FCV-adv, both of which are equipped with the latest generation fuel cell stacks, according to the OEMs. The following are data sources for the three FCVs:

· Honda FCX Clarity - Honda, “LCFS Draft Report and California GREET Analysis Comments” presentation submitted to CARB November 7, 2008. The presentation includes EPA unadjusted lab results. EEA converted the unadjusted fuel economy to “on-road” values using EPA 5-cycle adjustments.

· Chevy Equinox FCV - Motor Trend Magazine, December 2008. A reporter article about a private drive test (mixed city/hwy driving). Reported fuel consumption was 38.1mi/kg of H2. As another data point for this vehicle we also used information compiled at www.evworld.com. This source provides the fuel economy estimate for the Equinox FCV at 45 mpg, for both city and highway. We used an average fuel economy value of the two sources for our analysis purposes.

· Toyota FCHV-adv -Toyota, “Progress and Challenges for Toyota’s Fuel Cell Vehicle Development”, Presentation at European Fuel Cell and Hydrogen Week, October 14, 2008. Reports “actual fuel economy” using Toyota’s internal driving cycle to simulate real world conditions in Japan. EEA used the reported figure of 23.75km/liter to obtain the “equivalent” combined fuel economy in mpg.

Table 8 summarizes specifications and data derived for the three FCVs as well as their gasoline counterparts. While the Equinox and the FCHV-adv are based on the conventional Equinox and Highlander, respectively, Honda’s FCX Clarity is a unique design but we found it to be comparable to the Honda Accord 2.4L (interior volume is virtually identical for the two vehicles).

As with previous technologies, it was necessary to adjust the fuel economy for attribute differences. The adjustments are documented in Table 10. The power adjustment was made only for gasoline engine power exceeding 25% more than electric motor power. EEA analysis shows that EERs for the three FCVs average 2.22.  However, the Equinox FCV EER is somewhat lower and the comparison is based on estimates from tests where the procedures are not well controlled. If this vehicle is excluded, the EER for the Honda and Toyota vehicles average to 2.3.

In this context, available data shows IC engine based hydrogen vehicles to have significantly lower efficiency than modern fuel cell vehicles, but they also appear quite unlikely to be marketed, so no detailed analysis of this option was performed. Ford and BMW are the two manufacturers who have researched this option and have shown several vehicles with a hydrogen fueled ICE engine. BMW’s latest 7-series model has a claimed range of 200km (125 miles) with an 8 kg Hydrogen tank, suggesting a fuel economy of only 16 mpg, almost identical to the 15 mpg EPA rating for the gasoline counterpart. Ford’s F-150 truck tested by INEL achieve an on-road rating of 16.8 mpg without air-conditioning and 15.4 mpg with air-conditioning, very similar to the 16 mpg EPA rating of the gasoline model. In both cases, there was a substantial loss of power output with hydrogen, on the order of 35%. Hence, these engines do not even offer an EER of 1 on a comparable attribute basis, and should not be grouped with FCV models.
Table 9. Fuel Cell Electrical Vehicle Major Specifications and Fuel Economy Compared Against Conventional Gasoline Vehicles.

	Year
	Model
	Engine
	Rated Power [hp]
	Technology
	Electric Components
	EPA 5cycle 

	2008


	Honda FCX Clarity
	
	134
	EPS, ETC
	100kW FC stack, 288V LiIon battery
	59.9

	
	Honda Accord EX
	2.4L I4
	190
	4V DOHC iVTEC
	
	24.3

	2008


	GM Equinox FCV
	
	124
	
	93 kW stack, 35kW 300V NiMH Battery
	38.8

	
	GM Equinox FCV
	
	124
	
	93 kw stack, 35kW 300V NiMH Battery
	45.0

	
	Chevy Equinox LT
	3.4L V6
	185
	2V OHV, FWD
	
	19.3

	2008
	Toyota FCHV-adv
	
	121
	FWD, 70MPa 

156L H2 tank
	90kW stack, 21kW NiMH battery
	56.0

	2007
	Toyota Highlander
	2.4L I4
	155
	FWD, VVT
	
	21.7


Notes: Fuel economy for all conventional vehicles is EPA’s New Combined. The 2008 Toyota FCHV-adv is compared against 2007 Highlander because 2008 model features a larger 3.5L V6 engine as standard.

Table 10. FCEV and Adjusted Conventional Gasoline Fuel Economy Comparison.

	EV Models
	
	
	
	Adjustment for Attribute Differences
	
	

	
	FCV MPG
	Gas MPG
	GPM
	RR Red 15%
	EPS
	Drag Red 10%
	Power Delta 10%
	Adj. Gas MPG
	FE Ratio

	
	 
	
	
	2.2
	2
	2
	2.2
	 
	

	Honda FCX Clarity
	59.89
	24.31
	0.0411
	0.0402
	0.0394
	0.0386
	0.0372
	26.87
	2.23

	GM Equinox FCV
	41.89
	19.26
	0.0519
	0.0508
	0.0498
	0.0498
	0.0471
	21.22
	1.97

	Toyota FCHV-adv
	56.00
	21.70
	0.0461
	0.0451
	0.0442
	0.0442
	0.0439
	22.79
	2.46

	
	
	
	
	
	
	
	
	Average
	2.22


Note: GM Equinox FCV fuel economy is averaged from two sources listed in Table 9. Drag reduction adjustment was made only for the Honda FCX Clarity since its exterior shape is more aerodynamic compared to the Accord, whereas other models are largely based on the conventional bodies.

Summary and Conclusions for Light-Duty Vehicles

The EEA analysis of the EER values for several alternative vehicle fuel types leads us to recommend the following EER values

· Gasoline Hybrid Vehicles: 1.32

· Plug-in Hybrid Vehicles: 2.1 (Charge depleting mode), 1.2 (Charge sustaining mode)

· Battery Electric Vehicles: 3.4

· Extended Range Electric Vehicles : 3.4 (pure electric mode), 1.32 (Range extender mode)

· Fuel cell Vehicles: 2.3

In the case of the Battery Electric Vehicle, we have selected the average of the three highest EER vehicles to reflect the possibility that these vehicles had unspecified technology improvements that will be incorporated into future BEV models.
HEAVY DUTY VEHICLES

As noted in the methodology section, we have largely relied on the NREL evaluations of CNG and LNG buses and trucks, and hybrid buses to develop EER values for these vehicles. Most of these evaluations were done in the 2002 to 2007 time frame, and often compared these alternative fuel buses against diesel buses of comparable model years retrofitted with a particulate filter. However, none of these vehicles meet the 2010 emission standards so that future comparisons may not provide the same EER result. In addition, many of the natural gas engines used in the test vehicles such as the DDC Series 50 NG or Caterpillar NG engines are no longer in production and to the extent that these results are engine strategy specific, further uncertainty in the EER is introduced.

Both New York City Transit and NREL have conducted detailed and comprehensive evaluations of CNG buses against comparable diesel buses equipped with PM filters, with the buses run on the same routes with similar average speeds. The NYC Transit study
 examined a fleet of about 200 Low floor Orion CNG buses from model year 2000 against a fleet of several hundred diesel buses form the 1995 to 1999 model years retrofitted with a PM filter. The diesel buses were found to have an average fuel economy of 2.6 mpg while the CNG buses were found to have a fuel efficiency of 0.81 therms per mile, which is only 1.61 mpg diesel equivalent using the standard diesel heating value of 130,500 Btu per gallon. This implies an EER of only 0.62.

More recent data from NREL evaluation of the NYC fleet of model year 2002 CNG buses with the DDC Series 50G engine compare to model year 1999 diesel buses produced similar results, with the CNG buses rated at 1.70 mpg and the diesel buses rated at 2.33 mpg, providing an EER of 0.73. Hence, older model stoichiometric CNG engines have much lower EER values relative to diesel engines. Newer “lean burn” engines have claimed fuel efficiencies comparable to diesel engine with EER ratios of about 1 but meeting the 2010 emissions standard will likely require that CNG engines use three way catalysts and operate at stoichiometric fuel air ratios; hence, the 0.7 EER appears to be more correct for the future.

Hybrid vehicles of both the series and parallel type have been evaluated. Series hybrid buses from BAE Orion have been used by New York City Transit and NREL has completed a detailed evaluation of several design generations of these models.
 Ten first generation hybrids were evaluated from October 2004 to September 2005 and ten second generation hybrids from February 2006 to January 2007. The second generation hybrid buses had somewhat lower actual fuel economy of 3.00 mpg while the first generation hybrids attained 3.19 mpg, largely because the second generation systems had EGR for lower emissions. The diesel bus fleet was rated at 2.33 mpg indicating an EER of 1.29 for the second generation fleet.

Analysis of parallel hybrid buses with the drivetrain using the GM Allison system and Caterpillar C9 engines was done by NREL at the King County Metro Transit Fleet.
 That evaluation showed the diesel buses at 2.50 mpg and the hybrid buses at 3.19 mpg indicating an EER of 1.27, virtually identical to the finding in New York City in spite of significant design differences. Speeds in King County were higher than in New York (approximately 12 mph vs. 6mph) and hybrid bus fuel efficiency is sensitive to the drive cycle so that the comparison is not exact. However, there appears to be reasonable case for setting the hybrid bus EER at 1.3.

For Fuel cell buses powered by hydrogen, there are a few individual bus examples operating in several transit fleets. The buses are unique builds and DOE presented some preliminary data
 from buses operating in AC Transit in Oakland (CA) and Connecticut Transit in Hartford. The EER data presented were 1.7 for AC Transit and 1.5 for CT Transit, but the slide suggested that the EER was highly dependent on duty cycle and hybridization of the system. An EER of 1.6 is recommended for this system based on an average of the limited available data.

In conclusion, the following EERs are recommended for heavy duty vehicles in urban operation;

· CNG vehicles: 0.7

· Hybrid vehicles: 1.3

· Fuel cell vehicles: 1.6
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