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0.0 SUMMARY

Vehicle fuel economy (FE) norms are being implemented world over to conserve energy and for reduction in carbon dioxide emissions. In the USA, fleet average FE standards were set beginning from the year 1978, but these remained stagnant after the year 1992 until the year 2005 when the standards for light trucks were upgraded. The new standards for the light trucks are based on vehicle size defined in terms of ‘footprint’. The new US standards for cars are expected to be finalized soon. The European Union standards are based on fleet averaged carbon dioxide emissions while the Japan standards are based on vehicle weight. The EU has already set the standards applicable for the model year 2012 and Japan for the year 2015. The US and Japan standards are mandatory. The EU standards are voluntary in nature so far but become mandatory from the year 2012. 
Major fuel economy improvement technologies being pursued and implemented on modern  gasoline vehicles are; multi-valve engines with variable valve timing and lift, gasoline direct injection (GDI) engines with  stratified charge lean mixture or stoichiometric mixture, engine  undersizing  and turbocharging, and cylinder deactivation for 6- and 8-cylinder engines. In the diesel passenger vehicles, the IDI diesel engine has been phased out almost completely in Europe. It has been replaced by the high speed direct injection (HSDI) engine that has usually 4-valves/cylinder, employs common rail diesel injection (CRDI) system and is turbocharged with intercooling.      
Other new technologies like idle stop-start systems, integrated starter- generators are also being implemented. New component designs for reduction of engine friction are being developed and low friction lubricants are being used.

Power transmission systems are using more number gears going to 6- and 7-gear transmissions and continuously variable transmission (CVT) is expected to be used in large numbers on front wheel driven car models and single body light trucks.  
Hybrid-electric vehicle (HEV) is 30 to 50 % more fuel efficient than the conventional passenger vehicles. All major automotive companies like GM, Honda, Toyota etc., have introduced HEVs in medium to large size cars and SUV market segment.
A study of technology used in the current production Indian passenger vehicles shows that;

(a) Of the total passenger vehicle sales, the diesel vehicles constitute about 30%.

(b) Nearly 70% percent of gasoline cars use 4- valves/cylinder. However, only a small fraction of cars i.e., about 11% uses variable valve timings/ lift. 

(c) A large percentage of diesel passenger vehicles (51%) are still powered by the IDI diesel engines.

(d) Nearly 50% of diesel vehicles do not use turbocharging.

(e) Only about 30% of diesel engines use 4-valves/cylinder.
(f) Common rail fuel injection system is employed in only 21 % of diesel passenger vehicles. 
(g) Most passenger vehicles numbering about 93 % employ manual transmission which   provides a higher fuel economy compared to automatic transmission. Also, nearly 78% vehicles use 5-gear transmission that gives higher FE than the 4-gear transmission. The 6-gear transmission is yet to penetrate the Indian market in significant numbers.

(h) 81% of passenger cars already employ FWD which results in better fuel economy. No car yet however, uses CVT.

(i) Other technologies like idle stop-start, integrated starter- generator etc. are not yet implemented on Indian vehicles.

(j) The GDI engines and HEVs are still to make presence in the Indian passenger vehicles.

As an example, estimates on the fuel savings that could be achieved by phasing out of IDI diesel vehicle production and substituting it by the modern 4-valves per cylinder, turbocharged, HSDI engines with common rail injection were made. An annual saving of 173.9 kg per vehicle is estimated assuming the HSDI diesel to be 15% more efficient than the IDI diesel vehicles. If complete switch over from IDI to HSDI diesel is made by the year 2010, then taking 10% annual rate of growth in diesel passenger vehicle production, this measure would result in fuel savings of about 57,300 tonnes during the year 2011. The annual diesel fuel savings would   reach 358,600 tonnes in the year 2015 and would continue to increase further. 

In India, mandatory FE norms would serve better than the fleet averaged norms. The norms may be based on the weight of vehicle as in Japan rather.  Engine and vehicle technologies to achieve norms similar to Japan (year 2010 for gasoline vehicles and 2005 for diesel vehicles) can be adopted within a short period as these norms were met by the majority of vehicles in Japan in the year 2002 itself. 
The engine and vehicle technologies that can be adopted on Indian passenger vehicles in a period of 2 to 3 years include, variable valve timing and lift on gasoline engines, HSDI in place of IDI diesel engine,  multi- valve diesel engines, turbocharging and CRDI fuel injection, and idle stop-start. In the timeframe of 4 to 5 years, GDI engines, integrated starter-generator, CVT, 6- and 7- gear transmission on larger vehicles and HEVs can be introduced. 
1.0 INTRODUCTION
Sale of passenger cars in India has grown at a relatively fast rate particularly since the year 2000 due to an increase in economic growth experienced in the country. Trends in the sales of passenger vehicles in India are shown in Fig. 1. During the period 2000-2007, the car sales have seen an annual growth of nearly 16 %. In the fiscal year 2007-08, the domestic sale of passenger vehicles that included passenger cars, utility vehicles and multi-purpose vehicles (MPV) stood at 1.548 million units. This combined with a high growth in the sales of motorcycles during the same period, resulted in increase of gasoline (petrol) consumption from 6.61 million tonnes in 2000-01 to 10.33 million tonnes in 2007-08. The trends in gasoline and diesel consumption in the country are shown in Fig. 2. It must be noted that only about 57% of the total diesel fuel is consumed in road transport sector. A significant fraction of diesel demand is from railways, agricultural sector and for captive power generation. 
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Figure1- Trends in annual sales of passenger vehicles in India (source: SIAM)
Although compared to Europe and the USA, the number of cars on Indian roads and consumption of petroleum fuels per capita is rather small, but in the interest of conservation of environment and energy resources in longer term, it is imperative that energy efficiency of all the appliances is maintained at a high level. We need to focus on establishing a mechanism that ensures efficient utilization of the transportation fuels. In Europe, Japan and several other countries, the vehicle fuel economy or the greenhouse gas carbon dioxide emission targets and standards have been notified and mandated [1-3]. In this report, the fuel economy standards being implemented and proposed in the USA, Europe, Japan and other countries are presented. Advancements in passenger car technology that have emerged in the last two decades or so for improving vehicle fuel economy are discussed. An overview of the current status of vehicle technology used on passenger cars in India is presented. The fuel economy targets or standards that can be set up in the near term and the vehicle technologies that may be required to attain these targets are discussed. 
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Figure 2- Annual consumption of gasoline and diesel fuels in India.

2.0 F UEL ECONOMY STANDARDS AND TEST METHODS AROUND THE 
      WORLD
The vehicle fuel economy standards already in use and being formulated for future are discussed in this section. In this report, the standards and test procedures followed in the US, Europe and Japan are discussed as the standards and test procedures elsewhere are based on one of these standards. More details can be found in the References 1 to 5. 
2.1 US Standards 
Two separate CAFE (corporate average fuel economy) standards for passenger vehicles were set starting from model year (MY) 1978/80. The CAFE standards are given in Table 1 [1]. The standards for passenger cars remain unchanged since 1991 and are 27.5 mpg (11.7 km/l). The CAFE standards for cars are under revision and are expected to be revised to 35 mpg or higher effective from the year 2015-20 (www.technologyreview.com/energy/). The combined standards for the light trucks (2-wheel drive and 4-wheel drive) were 20.2 mpg (8.6 km/l).  The standards for the 2-WD light trucks were 20.7 mpg and for the 4WD light trucks 19.1 mpg.  When CAFE standards were introduced the light trucks were a small fraction of the vehicles sold in the USA. The light trucks at that time had a more lenient FE target. Later many minivans and sports and utility vehicles (SUV) were introduced that combine features of cars and light trucks. These have become now the preferred vehicles of personal transport for customers and market share has now become higher than of the passenger cars. As a result, according to EPA the overall average fuel economy of the light duty vehicles has decreased by 7 percent compared to 1988 values. 
The CAFE standards for light trucks were therefore, revised upwards from 20.7 mpg to 24.0 mpg to be achieved by the model year 2011 starting from the year 2005. This improvement was proposed to be achieved over the seven model years.  The first targets set by the National Highway Traffic and Safety Administration (NHTSA), are now known as unreformed targets [2, 3]. The unreformed CAFE standards for light trucks (including SUVs) for MY 2008 to 2010 are given in Table 2.
Table 1
Historical US Corporate Average Fuel Economy (CAFE) Standards, mpg [1].
	Model Year
	Passenger cars
	Light trucks combined
	Light trucks (2WD)
	Light trucks

(4WD()

	1978

1979

1980

1982

1984

1986

1988

1990

1991
	18.0

19.0

20.0

24.0

27.0

26.0

26.0

27.5

27.5

Unrevised until 2008
	-

17.2

14.0

17.5

20.0

20.0

20.5

20.0

20.2

Revised in 2005
	-

17.2

16.0

18.0

20.3

20.5

21.0

20.5

20.7


	-

15.8

14.0

16.0

18.5

19.5

19.5

19.0

19.1




Table - 2
  Unreformed the US CAFE Standards for Light Trucks for 

MY 2007- 2010, mpg (km/l) [2, 3]

	Model Year
	Fuel Economy , mpg (km/l)

	2007
	22.2 (9.4)

	2008
	22.5 (9.6)

	2009
	23.1 (9.8)

	2010
	23.5 (10.0)


These standards however, have now been reformed [3]. The reformed levels of CAFE for each manufacturer are based on vehicle size and are applicable from MY 2011. The CAFE targets are assigned values according to a vehicle’s “footprint”.

Footprint means the product, in square feet rounded to the nearest tenth, of multiplying a vehicle’s average track width (rounded to the nearest tenth) by its wheelbase (rounded to the nearest tenth). For purposes of this definition, track width is the lateral distance between the centerlines of the tires at ground when the tires are mounted on rims with zero offset.  Also, for purposes of this definition, wheelbase is the longitudinal distance between front and rear wheel centerlines. In case of multiple rear axles, wheelbase is measured to the midpoint of the centerlines of the front wheels and wheels on the rearmost axle.
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 Figure 3 - Final Optimized curve for US Fuel economy standards for 2011 for trucks.
Initially, the reformed targets were based on a step function as proposed in the notice for rulemaking (NRPM) and shown in Fig. 3 [2, 3]. The proposal divided the light truck fleet into six discrete categories based on ranges of footprint and assigned a target fuel economy value for each category. In the final US rule, each vehicle footprint value is assigned a fuel economy target specific to that footprint value [3]. The final rule is based on a continuous function relating fuel economy target to the value of foot print in the light truck fleet. The target values reflect the technological and economic capabilities of the vehicle manufacturers. The fuel economy target for a given footprint value for the light truck model is the same for all manufacturers and is independent of the composition of their fleet. 

During the transition period of model years 2008-2010, manufacturers may comply with CAFE standards established under the reformed structure (Reformed CAFE) or with standards established in the traditional way (Unreformed CAFE). In MY 2011, all manufacturers will be required to comply with the Reformed CAFE standard.
2.1 European Union
During 1990s, the European Union and the associations of vehicle manufacturers entered into voluntary agreements to reduce vehicle exhaust   emissions of carbon dioxide (CO2). These agreements apply to new vehicle fleet sold in Europe, and set an industry-wide target of 140 grams per kilometer for CO2 to be achieved in 2008. The year 1995 was taken as the base year and 25 % reduction was proposed to be achieved. The targets agreed are given in Table 3 [1, 4].
The all industry fleet average in 2006 was 160 g/km. By 2008, the passenger vehicle fleet average CO2 emissions are projected to reach 155 g/km instead of the 140 g/km target. In June 2007, the Council of Environment Ministers formally adopted a resolution to make the 2012 targets mandatory.  The EU target of 120 g CO2/km by 2012 would be met through an “integrated approach”. In this approach, with car manufacturers would achieve 130 g/km through technical improvements in vehicle and engine and the remaining reduction of 10 g/km from other measures. These complementary measures may include efficient air conditioners, efficient tires and monitoring systems for tire pressure, gear shift indicators, improvements in light-commercial vehicles, and increased use of biofuels. 
Table 3
Fleet Averaged Greenhouse Gas, CO2 Emission Standards in Europe, g/km.
	Year
	New Car Fleet Average
	Approx. Equivalent FE*, km/l of gasoline

	1995
	185 (base value)
	12.6

	2003
	165 (achieved)
	14.1

	2008(target)
	140
	16.6

	2012 (target)
	120**
	19.4


*FE in km/l of gasoline = 2325/ CO2 g/km, ** 130 g/km through vehicle technology and further 10g/km reduction via biofuels
[image: image14.emf]  
 Figure 4- Fuel economy range of cars sold in Europe in 2006 [3].
The European Council proposes to include a longer-term vehicle CO2 emissions target for the year 2020 within the context of an overall strategy to address climate change.   In 2006, car sellers fleet average CO2 emissions in EU ranged from 142 to 238 g/km or equivalent to 9.8 to 16.4 km/liter (Fig 4). The data showed that several European vehicle manufacturers like Peugeot/Citroen, Fiat, Renault, and Volkswagen are currently manufacturing cars with lower CO2 emissions than Asian manufacturers selling cars in Europe. 
2.3 Japan 
The Japanese fuel economy standards were first established for gasoline and diesel powered light-duty passenger and commercial vehicles in 1999.  These standards are based on weight class, with automakers allowed to accumulate credits in one weight class for use in another, subject to certain limitations.  Small penalties are levied if the targets are not met. The main cause of making the standards effective is a strong disincentive for the customers in the form of progressively higher taxes levied based on the gross vehicle weight and engine displacement of automobiles when purchased and registered. These financial dis-incentives promote the purchase of lighter vehicles with smaller engines. The standards applicable for the passenger cars, light commercial vehicles and medium commercial vehicles are given in Tables 4 to 6. For the gasoline vehicles the FE standards are effective from the year 2010 and for the diesel vehicles from the year 2005. 
The majority of gasoline passenger vehicles sold in Japan during 2002 already met or exceeded the 2010 standards. Therefore, the FE targets were revised in December 2006 upwards to be effective from the year 2015, even before the gasoline vehicle FE standards were yet to be implemented from the year 2010. The number of weight categories was increased from nine to sixteen. These new standards notified for implementation from the model year 2015, are shown in Fig. 5 [5]. The new standards are projected to improve the fleet average fuel economy of new passenger vehicles from 13.6 km/l in 2004 to 16.8 km/l in 2015, an improvement of 24 percent.
Table 4
Japanese Fuel Economy Standards for Cars, km/l [1].
	Vehicle Mass, kg
	Gasoline Cars (2010)
	Diesel Cars (2005)

	≤702
	21.2
	18.9

	703-827
	18.8
	18.9

	828-1015
	17.9
	18.9

	1016-1265
	16.0
	16.2

	1266-1515
	13.0
	13.2

	1516-1765
	10.5
	11.9

	1766-2015
	8.9
	10.8

	2016-2265
	7.8
	9.8

	≥2266
	6.4
	8.7


Table 5
Japan Gasoline LCV and MCV Year- 2010 Fuel Economy Standards, km/l [1]

	Vehicle Mass, kg
	Light Commercial Vehicles
	Medium Commercial Vehicles

	
	Car derivative
	Others
	Car derivative

	
	A/T
	M/T
	A/T
	M/T
	A/T
	M/T

	≤702
	18.9
	20.2
	16.2
	17.0
	
	

	703-827
	16.5
	18.0
	15.5
	16.7
	
	

	828-1015
	-
	-
	14.9
	15.5
	
	

	1016-1265
	-
	-
	14.9
	17.8
	12.5*
	14.5*

	1266-1515
	-
	-
	13.8
	15.7
	11.2
	12.3

	≥1516
	-
	-
	-
	-
	10.3
	10.7

	
	
	
	
	
	
	


A/T = Automatic Transmission; M/T = Manual Transmission 

* for vehicle mass ≤ 1265 kg.
Table - 6
Japan Diesel LCV and MCVs Fuel Economy Standards (Year 2005), km/l [1]
	Vehicle Mass, Kg
	MCV, (A/T)
	MCV, (M/T)
	LCV,  (A/T)
	LCV, (M/T)

	≤1265
	12.6
	14.6
	 15.1

for all masses
	17.7

or all masses

	1266-1515
	12.3
	14.1
	
	

	1516-12765
	10.8
	12.5
	
	

	≥1766
	9.9
	12.5
	
	


A/T = Automatic Transmission; M/T = Manual Transmission

The model year 2015 standards are based on a new test cycle JC08 in place of 10-15 mode test.  The test methods are discussed in the next section. The JC 08 cycle has higher average and maximum speeds, acceleration rates are faster and the cycle is longer.  The higher speeds, quicker acceleration and cold start make the JC08 about 9 % more stringent than the 10-15 mode test cycle [5]. A fleet average fuel economy for the 2004 model year was 15 km/l on 10-15 mode test cycle and only 13.6 km/l on JC08 cycle.  The new test cycle would be introduced to measure vehicle fuel economy from 2010 for monitoring the progress made towards the year 2015 targets. The 2015 FE target is equivalent of an average of 125 g/km for CO2 emissions on the NEDC test cycle [5]. The new standards are thus even more stringent than reflected by their numerical values shown on Fig.5.
[image: image3.emf]
Figure 5 - The Japan vehicle FE standards effective from the model year 2015 [5].
2.4 Other Countries

 Several other countries like Australia, Canada, South Korea and China have also established fuel economy standards. China set the standards based on vehicle weight starting July 2005 for new models and from July 2006 for the earlier models that were still in production. The more stringent standards were implemented in 2008 for new models. It is claimed that setting of the standards have improved SUVs fuel economy from 11 km/l  in 2002 to 12.1 km/l in 2006 despite increase in engine swept volumes and gross vehicle weight [5]. In India, the FE norms are under discussion. 
2.5 Fuel Economy Test Methods

Fuel economy is measured on a driving cycle for testing compliance of the vehicles with regulations. The US, Europe and Japan have developed their own test procedures to measure vehicle emissions and fuel economy. Other countries have adopted   these procedures, sometimes with modifications to suit their driving conditions. The driving cycle used is designed to represent the actual driving pattern on road. The driving cycles generally, give appropriate weightage to the city and highway type of driving patterns in their own country or region. The driving cycles used in the USA, Europe and Japan are presented on Fig. 6. The new Japan driving cycle JC08 effective from the year 2015 is compared with the Japan 10-15 mode cycle on Fig. 7.
The US and European cycles are composed of a driving schedule that represents city driving pattern and another representing the highway driving. In the US CAFE standards, 55% weightage is given to the US city driving cycle and 45% to the highway driving cycle when determining fuel economy. Europe uses the same cycle as the one used for emission measurement. The cycle is called New European Driving Cycle (NEDC). In Japan for the current standards, 10-15 mode test cycle would be used. From the model year 2015 when new regulations would come in force a new cycle JC08 cycle would be employed. In India, the European emission test procedure NEDC has been adopted with a 
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Figure 6- Fuel Economy Test Cycles used in the USA, Europe and Japan
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Figure 7 - Comparison of earlier the current 10-15 Japan fuel economy test     procedure to the new test procedure JC 08 cycle from the year 2015.
difference in extra urban driving cycle (EUDC) part. The maximum speed of 120 km/h has been lowered to 90 km/h in the extra urban driving part of the cycle and the revised cycle is called as modified Indian driving cycle (MIDC). South Korea has adopted only the city driving cycle of the US CAFE test procedure for their FE regulations.

The driving cycles used in different countries vary in average and maximum vehicle speeds, rate of accelerations and decelerations, frequencies of stop and start, idling time and total duration apart from actual driving pattern. All these factors affect fuel economy ratings significantly. Some key parameters for these test cycles are compared in Table 7.    
Table 7
Comparison of the US, Europe and Japan FE Test Cycles [1, 4, 5]

	Test Cycle
	Duration, sec
	Length, km
	Average speed, km/h
	Maximum speed, km/h
	 Max. Accn.

m/s2
	%  Idle time

	NEDC
	1180
	11.01
	
	120
	0.833
	23.4

	EPA Highway
	765
	16.45
	77,4
	96.4
	1.475
	0

	EPA City
	1371
	17.85
	31.7
	91.3
	1.475
	17.4

	Japan   10-15 mode test
	660
	4.16
	22.7
	73.5
	
	31.4

	JC08
	1204
	
	24.5
	81.6
	1.70
	not available


2.6 Comparison of Fuel Economy on Different Test Cycles

As the vehicle emission and fuel consumption levels are sensitive to the driving pattern, the fuel economy levels for a given vehicle would be different when measured using different driving cycles specified in different countries. Indicative correlations of fuel economy measured under CAFE, NEDC and Japanese test cycles have been obtained by testing the same vehicle under the different test procedures. Correlation factors for the fuel economy ratings obtained under different tests reported by An and Sauer [4] and ICCT study [5] are given in Table 8. The fuel economy levels of a few compact cars, large cars, minivan and SUVs were measured on the CAFE, NEDC, Japan 10-15 and JC 08 cycles. Average conversion factors also are reported. The Japan test cycles are the most stringent tests of all the three. The CAFE test is least stringent as it has higher component of driving at moderately high speeds where the engines generally have higher fuel efficiency.
 These average conversion factors between the different test cycles are given in Table 8  as reported in the References 4 and 5. It must be mentioned that the conversion factors would vary from vehicle to vehicle. It would also depend on the engine and vehicle design and engine’s fuel efficiency response to the fluctuations in engine speed and load as it follows the driving pattern. Hence, the average conversion factors reported are for comparison sake only and may not be used for cross test method compliance certification. On an average, the Japan test cycle is nearly 15 more stringent than the NEDC and 30 % more stringent than the CAFE cycle.  The NEDC is nearly 12 % more severe than the CAFE test procedure.
Table -8
Comparison of Vehicle Fuel Economy Ratings under Different Test Methods [4, 5]
	Vehicle Type
	Make 
	Model
	Test Cycle FE
	Multiplication Factor

	
	
	
	NEDC
	CAFE
	JC08
	NEDC-JC08
	CAFÉ-JC08
	CAFE-

NEDC

	Cars
	Ford
	Focus
	11.06
	12.68
	9.74
	1.14
	1.30
	1.15

	
	Toyota
	Corolla
	13.8
	14.8
	9.7
	1.17
	1.26
	1.08

	
	Toyota
	Yaris
	17.3
	17.9
	15.4
	1.12
	1.17
	1.04

	
	Honda
	Fit
	15.3
	17.1
	13.5
	1.13
	1.26
	1.11

	
	Hyundai
	Accent
	14.9
	16.6
	13.7
	1.09
	1.21
	1.11

	
	Kia
	
	15.1
	16.6
	13.7
	1.10
	1.21
	1.10

	Large Car

SUV

Minivan
	Toyota
	Camry
	10.5
	11.3
	9.1
	1.15
	1.24
	1.08

	
	Ford
	Explorer
	7.5
	8.6
	6.2
	1.20
	1.38
	1.15

	
	Chevrolet
	Silverado
	6.8
	8.0
	5.7
	1.18
	1.39
	1.18

	
	Dodge
	Grand Carvan
	8.7
	10.2
	7.3
	1.19
	1.39
	1.17

	                                     Arithmetic Average *
	1.15
	1.29
	1.12

	
	
	NEDC-10-15
	CAFÉ- 10-15
	CAFE-

NEDC

	 Gasoline Vehicles
	                                        Arithmetic Average of 6 cars**
	1.23
	1.35
	1.13

	Diesel  Vehicles
	                                        Arithmetic of 5 vehicles**
	1.13
	1.31
	1.12


* Reference 4, ** Reference 5
3.0 ENGINE AND VEHICLE TECHNOLOGY FOR FUEL ECONOMY 
Fuel energy is utilized to overcome various resistances experienced as the vehicle is moving.  For a higher vehicle fuel economy, improvements in the engine efficiency for conversion of fuel energy to power, efficiency of power transmission to wheels, and reduction in the power requirement of the vehicle are required. Accordingly, throughout the history of automobile the technology and design improvements have been directed towards engine, transmission and, vehicle body and accessories for obtaining higher fuel economy.  In the 1990s when the target to develop 80 mpg or 3-liter car (fuel consumption of 3 liter fuel/100 km) was announced, intensive research and development activities were also undertaken to build alternative power plant vehicles.   The development of hybrid electric vehicle (HEV) got boost during this period.  The broad areas of design improvements in different vehicle systems are given below;

· Vehicle Power Requirement
-
   Vehicle weight reduction

-
   Air drag reduction

-
   More efficient accessories like alternators, air conditioner, electrical modules
· Engine

· Engine type gasoline or diesel
· Valve gear design

· Diesel combustion system: DI , IDI

· Fuel system: PFI, GDI,  Electronic High Pressure Injection, CRDI etc

· Turbocharging

· Under-sizing and supercharging of gasoline engines
· Variable swept volume

· Intelligent engine stop and start
· Transmission

· Manual v/s automatic transmission

· Front wheel drive

· 6 to 7 gear transmission

· Elimination of torque converter

· Alternative power plants
· Hybrid eclectic vehicle 
3.1 Vehicle Power Requirement
Vehicle when moving on road has to overcome rolling resistance caused by the friction between wheels and road, and air drag besides the electric power required by a variety of vehicle accessories that are essential as well as those required for comfort. The rolling resistance depends on vehicle weight and friction coefficient between tires and road surface. The rolling resistance depends on the quality of road surface and, the tire design and material. The rolling resistance increases with vehicle speed, but weakly. The air drag however, increases in proportion to the square of vehicle speed, and engine power required to overcome air resistance increases in proportion to the cube of vehicle speed. Therefore, reduction in the vehicle weight and air drag is important to reduce the vehicle power demand. 
3.1.1 Vehicle Weight

Trends in the weight of different categories of passenger vehicles in Europe are shown in Fig. 8 [6].  From the year 1980 to 2000 the average weight of the passenger cars and light duty vehicles increased by nearly 15%.  On an average, European compact car weighed 1000 kg in 1980 that increased to around 1200 kg in 1998. The vehicle weight increased to meet the demands of passenger comfort and convenience in the form of electrically actuated windows, seats, mirrors, air conditioning, stereo music systems etc and now power steering. In addition, safety equipment like seat belt tensioners, air bags, brake control systems, electronic stability systems were installed. Enhanced crash safety measures required stronger vehicle chassis and body structure, and hence the higher vehicle weight. Increase in vehicle weight and more power operated accessories need more powerful engines that increases the weight of the engine as well.  Diesel engines are heavier than their gasoline engine counterparts. The weight of the diesel engines can be reduced by turbocharging these. However, by the year 2005 the weight of compact car in Europe again was brought down to 1000 kg as the fuel economy targets were set even though these were only voluntary in nature.
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Figure 8- Trends in vehicle weight of European passenger vehicles [6]

The vehicle weight can be reduced by use of light weight engineering materials like aluminum and magnesium alloys, and plastics wherever possible. It is estimated that a reduction of 100 kg in weight of the average European car would reduce fuel consumption by 0.2 liters/100 km. For a car having CO2 emissions of 160 g/km or 15.3 km/l of fuel economy (typical of present day European car) it works out to be around 0.45 km/l or 3% improvement in fuel economy. For the North American SUVs, a reduction of 2 to 3 kg (4 to 7 pounds) in vehicle weight is expected to improve vehicle fuel economy by 0.01 mpg [2].  At the 2007 levels of CAFE standards for light duty trucks equal to 22.2 mpg, the fuel economy improvements of 1.5 to 2.5 % for SUVs are expected when the vehicle weight is reduced by 100 kg.
 3.1.2 Air Drag Coefficient


    The trends in air drag coefficient, Cw for the European cars from the year 1900 to 2000 are shown on Fig 9.  The air resistance force, Fw is given by:
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where A= frontal area of the vehicle, ρ = air density and V = vehicle speed.
Cw =  the air drag coefficient 
The aerodynamic styling of the body, air flow movement through engine compartment and passenger compartment, flow through wheel housing to cool brakes,  underbody surface, air flow underbody to cool exhaust system , rear view mirrors, wind shield wipers, antennas,  door handles etc., all contribute  to air drag. The air drag coefficient for the modern cars has been reduced to below 0.30 for the passenger cars through aerodynamic styling of the body and making flow of air smooth over the body exterior, underbody and components projected out from the vehicle body. For production cars like Toyota Prius, 2004 the air drag coefficient as low as 0.26 and for SUV (Chevrolet Tahoe, 2008) equal to 0.34  are now common [7, 8]. A reduction of 10% in drag coefficient can decrease fuel consumption by 2 to 3.5 % depending upon optimization of the transmission train [6]. The top vehicle speed can be increased with reduction in drag coefficient for which transmission need to be re-optimized. The effect of reduction in air drag coefficient results in higher FE benefits during highway driving.
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   Figure 9- Reduction in air drag coefficient (Cw) of automobiles since the 
                   year 1900 to 2000 [6].

3.1.3 Rolling Resistance
Vehicle rolling resistance depends on vehicle weight and the coefficient of friction between tires and road at a given speed. The friction coefficient varies with the tire material, tire width and inflation pressure. If tire pressure is increased by 0.5 bars, the tire friction reduces by about 25%. Drastic reduction in friction coefficient also results in loss of tire grip to road under wet conditions giving rise to safety concerns and loss in driving smoothness. Road surface quality of course, is important. An improvement of 1 to 1.5%
in fuel economy  through reduction in rolling resistance is within the reach of available technology especially for the larger vehicles like MUVs and SUVs..
3.1.4 Vehicle Accessories
Typical consumption of power by various accessories is given in Table 9. In larger SUV type vehicles use of crankshaft mounted starterr cum alternator is an emerging technology. Also, a 42 V system has been found to be more efficient than the conventional 12/14 V electrical system, improving the fuel economy by 1 to 2%. In the larger vehicles, power steering need more power hence 42V system becomes necessary.

Table 9
Power consumption by the Accessories in  a Typical European Car
	Accessory
	Power consumption, kW
	Accessory
	Power Consumption, kW

	Wiper
	0.1
	Instrument panel
	0.15

	Exterior lights
	0.16
	Stereo system
	0.2

	ECU
	0.2
	Ventilation fan
	0.1

	Fuel pump
	0.15
	ABS
	0.6


3.2 Engine Technology
In the USA, the passenger cars and light duty vehicles like SUVs and MUVs are powered  mostly by the gasoline engines. In Europe, the share of diesel cars sold has been rapidly increasing over the last decade and has reached close to half of total passenger car sales. A number of   engine technologies for fuel economy improvement have been developed and put in production. Several technologies are emerging and are finding application in production engines. Some of the technologies are common to both the gasoline and diesel engines and while others are specific to the engine combustion type. The different engine technologies that are in use in advanced countries are discussed below.
3.2.1 Diesel versus Gasoline Engine

The diesel vehicles have a higher fuel economy than the gasoline vehicles. The diesel engines operate unthrottled, have a higher compression ratio and operate lean. These factors result in a much lower specific fuel consumption (fuel consumed per kWh of work) of diesel engines compared to the gasoline engines. The diesel engine combustion is also best suited for supercharging and turbocharging, which further reduces its brake specific fuel consumption.   Until around 1990, only the indirect injection diesel engines could be built for operating at speeds of 4000 rpm and above required for passenger cars. The IDI diesel engine cars had 15 to 20 % better fuel economy compared to gasoline cars but were inferior to the direct injection diesel engine. The high speed direct injection (HSDI) diesel engine was introduced in 1989/1990 and today practically all European diesel cars use HSDI engines due to their superior fuel economy. A modern HSDI diesel car engine is about 25 to 30% more fuel efficient than the standard PFI (port fuel injection), stoichiometric gasoline engine. Among the diesel engines, HSDI engines have 10 to 15% better fuel economy than the IDI engines as the IDI engines have high fluid dynamic and heat transfer losses compared to DI engines. Typical fuel economy of the gasoline, IDI diesel and HSDI diesel cars are compared in Fig. 10. [9]  
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Figure 10- Comparison of fuel consumption of gasoline, IDI diesel and DI diesel 
                  engine European cars [9].
Diesel  cars sales in EU countries has grown from 14 percent  in 1990 to 44 percent in 2003, and over 50 percent of market share by 2007.The growth in sales of diesel vehicles made it easier for companies to meet their intermediate 2003 target for the CO2 emissions. Although, a higher market share of diesel cars in Europe would contribute towards reaching the 2008 target, but it alone has not been able to do so. It is estimated that current average CO2 emissions are around 155 g/km still much higher than the target value of 140 g/km. It is unlikely that introduction of more diesel vehicles alone would result in meeting the 2012 target of 130 g/km and other FE improvement technologies would have to be employed.
3.2.2 Gasoline Engine Technology
The gasoline engine has more potential for improvement than the diesel engine and this is being exploited through several technological improvements. The important directions relate to multiple valves, variable valve timing and lift systems, gasoline direct injection, variable swept volume, downsizing of the engine, supercharging etc. Other technologies applicable both to the gasoline and diesel engines relate to reduction in friction losses, integrated starter-motor and alternator etc.  
3.2.2.1 Multiple Valves: 
Practically all the gasoline cars now employ 4-valves per cylinder. In a 4-valve per cylinder configuration, the flow area through intake and exhaust valves increases significantly.  The double overhead cam shaft for 4- valve operation provides more flexibility to the designer to control valve timings and lift etc., which is being adopted in many modern cars.  The 4-valve configuration provides an improvement in volumetric efficiency, better control of mixture motion and locating spark plug centrally in the combustion chamber. A central spark plug results in shorter flame travel and faster combustion resulting in improvement of fuel efficiency. It also permits use of a slightly higher compression ratio that further improves fuel economy. With 4-valves per cylinder 2 to 5% fuel economy improvements are possible compared to a 2 valves per cylinder engine.
3.2.2.1 Variable Valve Actuation
Variable valve timings (VVT) and valve lift makes it possible to improve efficiency of charging engine with fresh mixture and reduce pumping work at part loads while retaining good high speed engine performance. For example, early closing of intake valve at part loads and low speeds reduces pumping work compared to late intake valve closure which is beneficial at high engine speeds. Low intake valve lift at idling and low load operation results in smoother engine operation resulting from higher inlet charge velocities creating high turbulence.  Idling speed in such engines can be reduced that further lowers the fuel consumption. Variable valve timing and lift can be employed for internal exhaust gas recirculation for NOx emission control and it works better than the external exhaust gas recirculation by improving fuel vaporization and homogeneous mixture preparation. This technology has been applied in various steps as below:
· Two step valve timing variation 
· Two step valve timing and lift
· Continuously variable valve timing and lift

This variable valve timing and lift technology is applicable to the engines with dual overhead camshafts (OVC) and not to those engines that have simply the overhead valves. The variable valve timing technology was first applied in 1983 on Alfa Romeo. In 1989, Honda VTEC, a two step variable valve timing and lift technology was introduced and around the same period Toyota VVTi technology was put in production engines.  Subsequently, almost all the major vehicle manufacturers have applied variable valve timing or both the variable valve timing and lift on their production gasoline cars. With this technology, the fuel economy gains of the order of 3 to 5% are obtained. 

3.2.2.2 Gasoline Stratified Charge Direct Injection (GDI) Engine:

Gasoline Direct Injection (GDI) engine with charge stratification under part load operation was introduced for the first time during 1994/95 by Mitsubishi and Toyota on production cars. Later, other manufacturers especially in Europe have also come out with their production models. The main advantage of these engines with respect to fuel consumption is that these operate overall very lean. Depending on the engine load air-fuel ratio from 20:1 to 45:1 are used.  This is made possible as charge inside the cylinder is stratified by proper design of the combustion chamber geometry and organization of injection spray and charge motion. The engine operates at stoichiometric mixture (A/F≈ 14.7:1) at mid load range and above and at high vehicle speeds. The fuel economy improvements of 10 to 17% on NEDC cycle have been obtained. This technology however, requires lean engine NOx control systems like NOx-storage-reduction catalysts, which are more expensive and complex to operate, compared to the now standard 3-Way catalytic converters. As periodically the engine has to be operated rich for functioning of the lean NOx reduction catalysts, it reduces somewhat the fuel economy gains.  Some other estimates put the real benefits at rather very conservative levels to about 6 to 7 % only as a rich mixture close to spark plug has to be provided and the engine operates not always stratified but also in stoichiometric mode [10]. Unless a cost effective lean engine NOx emission control system is developed, widespread use of this technology would  be difficult.
3.2.2.3 Gasoline Stoichiometric Direct Injection Engine
The stratified GDI engines have the problem of emission control. The GDI engine with stoichiometric engine operation throughout entire engine operation range also would result in FE benefits. These benefits result from use of less rich mixture during cold start, idling and warm-up compared to PFI engines. Also, a slightly higher compression ratio than the PFI engines is possible. A fuel economy benefit of 6% in EPA city fuel economy and 10% in EPA highway test are obtained. A more modest FE benefit figure of 5% is easily obtainable [10]. 
3.2.2.4 Engine Downsizing
Using an engine with smaller swept volume is another way to improve fuel economy. The engine power is boosted by turbocharging/supercharging when it is required at high speed driving. The smaller engine has lower friction losses and during city driving it would operate closer to best efficiency point resulting in improvement in fuel economy. The conventional gasoline engine is not very much suited for turbocharging due to increased incidence of knocking. However, the GDI engines are better suited for turbocharging. In future, downsized turbo-GDI engines may be introduced to further improve the fuel of the GDI engines. For this purpose, fast response turbochargers have been developed and in the next few years these would find application [11].
3.2.2.5 Cylinder Deactivation
The cars during city driving use only a small fraction of engine power. When engine in the city is operating at very light loads, the engine specific fuel consumption is nearly double of the best value for the engine, If half of the number of cylinders can be shut-off in the city operation than the working cylinders would be operating at twice as much load and closer to the best efficiency point. This technology is emerging but is applicable only to the 6 and 8 cylinder engines. In 8-cylinder engines under NEDC, fuel economy improvements of about 6.5% are obtained [10].
3.2.3 Diesel Engine Technology
3.2.3.1 DI versus IDI Engines

As discussed above, the high speed direct injection (HSDI) diesel engines are 10 to 15 % more fuel efficient than the IDI engines (Fig. 10). The IDI engines almost completely occupied the   production diesel car market until 1990. However, due to development of HSDI technology of which injection system was the key component, now HSDI engine has almost fully wiped out the IDI diesel engine from the European production cars. In India, a number of models of diesel passenger cars and SUV category vehicles still use IDI engines.
3.2.3.2 Multi-valve Technology
Many diesel engine models still use two valves per cylinder.  A 4-valve per cylinder configuration however, provides significant improvements in engine volumetric efficiency and central location of the injector in combustion chamber becomes possible. Due to these reasons, 4-valve technology results in about 3 to 5% improvement in fuel economy.  Typical fuel economy levels of a European car having 1590 kg GVW with 2-Valve and 4-Valve engine technology are compared in Fig. 11. A fuel economy gain of 5% with 4-valve technology appears possible. Variable valve timings and lift have much smaller benefits on fuel economy of diesel engines compared to gasoline engines.   
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Figure 11 – Comparison of 2-Valve and 4-Valve diesel car fuel economy,
          vehicle GVW 1590 kg, ECE15 + EUDC test cycle [12].
3.2.3.3 Turbocharging
The modern passenger car diesel and the larger diesel engines are now invariably turbocharged. The use of turbocharging with inter-cooling in diesel engines results in higher power output from the same engine size. Speaking in another way, one can use a smaller size turbocharged engine compared to naturally aspirated engine for the same application i.e., engine downsizing is applied.  This results in lower friction losses. Turbocharging with intercooling has resulted in engines that are 3 to 7 % more fuel efficient than the naturally aspirated engines. Another advantage of turbocharging is that it provides the designer more flexibility in adjustment of engine parameters like injection timing, excess air etc that give better trade-off between emission control and higher fuel economy.

3.2.3.4 Injection Pressure and Common Rail Diesel Injection (CRDI) System
Modern diesel engines employ high injection pressures ranging from 1600- 2000 bars compared to 600 to 800 bar used earlier. Smaller nozzle holes combined with high injection pressures give better fuel atomization resulting in finer fuel droplets, high injection velocity, shorter injection duration, good spray penetration etc. It results in faster fuel evaporation and mixture formation leading to shorter combustion duration and improvements in combustion efficiency. Common rail diesel injection technology with electronic control of injection timing and quantity is now used by more and more high speed diesel engines. With CRDI technology 1600 bars or higher injection pressures can be obtained at nearly all engine speeds unlike the in-line pump-injection systems, distributor type injection systems or electronic unit injectors. In the in-line pump-injection or distributor type injection systems the injection pressure at lower engine speeds is quite low and it increases with increase engine speed. As the engine is tuned for rated engine speed, it results in poor performance and high fuel consumption in the low engine speed range. Injection system of diesel engines need significant power to drive them which increases with increase in injection pressure. Another advantage of CRDI systems is that the injection system driving power is only about 50% of that required by a distributor injection system and just 20% of that needed by an in-line pump-nozzle system. HSDI engines using 4-valve technology with CRDI have given FE improvements of 5% or better.
3.2.4 Technologies Common to Gasoline and Diesel Vehicles
In several other areas and engine sub-systems technology improvements bring in gains in vehicle fuel economy. Significant scope in reduction of parasitic losses in engine components like oil and water pumps exists.  Other main areas for improvements are:

(i) Integrated starter-alternator: The traditional starter and ring gear is being removed in favour of crankshaft mounted or belt driven alternator-starter systems. These are expected to boost fuel economy by 5% on the vehicles that use a lot of electric driven accessories.
(ii) Improved Air Filters and, Oil and Water Pumps: Air filters have been developed by Visteon that increase air flow and power by 3% and last for 240,000 km [10]. Electric fuel and water pumps have a potential of 2% fuel saving [13].
(iii) Friction Reduction: Further reduction in engine friction by improved designs of rings and other rubbing components, use of lower viscosity oils with friction modifiers are being obtained. Use of low viscosity engine oils with anti-wear additives (if required) for example 10W 30 oils or 10W40 instead of 20W40 in Indian climatic conditions would be resulting in better FE. The oil control rings have been developed by Dana Corp that has reduced oil consumption in combustion chamber practically to zero [10]. It will result in lesser engine deposits in combustion chamber and longer life of catalytic converters, which also would be reflected in better fuel economy over a longer period of vehicle usage [13].
(iv) Stop-Start Systems: In the city operation vehicle is required to frequently stop at traffic lights or in traffic jams. If the engine is kept idling it results in substantial consumption of fuel. Systems have been developed and are in use on European cars that stop the engine when the vehicle comes to full stop and restarts it on pressing of accelerator. It is discussed in more details below. 
3.2.4.1 Smart Stop and Start
Various technologies developed for hybrid electric vehicles are being considered for application to conventional engines. ‘Stop- Start technology was used by Volkswagen in 1990s using 12-V system that shuts off engine when vehicle comes to full stop and restarts the engine when the driver taps the accelerator pedal. Similar systems are used by Citroen and BMW uses it on its series production cars. Mercedes and PSA motor companies plan to make it a standard feature on their passenger cars in the next few years. These systems have potential of improving fuel economy of cars by 5 to 8 % and reducing simultaneously the idle emissions.  Other more sophisticated systems termed as ‘SISS (Smart Idle Stop System)’ have been developed that make the engine to at mid- piston stroke so that minimum restarting torque is required. SISS reduced fuel consumption by 8% on ECE 15 cycle. On the NEDC test the benefits would be somewhat lower. For successful implementation of stop-start system the health of battery is to be monitored so that when it is in poor condition the system bypasses the engine stop-start mode. These technologies are more easily adopted applied with the use of starter-generator systems like BAS (Belt driven Alternator-Starter) or integrated starter-generator machines [14]. 

3.2.5 Engine Technology and Fuel Economy Improvement Outlook
As mentioned earlier, gasoline engines have more potential for FE improvements compared to the diesel engines. The diesel engines have already achieved high levels of fuel economy from going to direct injection (DI), adopting 4-valve technology and turbochargers. It is estimated that the gasoline engine has a 30 to 40% potential for fuel economy improvement over the standard stoichiometric, 4-valve, PFI engine.  On the otherhand, the fuel economy of HSDI engines can   be improved by 15 to 25% over that of the currently produced HSDI car engines.  The gasoline engines as discussed above would be using a variety of technologies to improve fuel economy in the coming years. GDI engines are likely to make more inroads in the passenger car market. Projections on the penetration of passenger car technology in European market are summed-up in Fig. 12.
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Figure 12- Projections on passenger car technology penetration in European market by 2010 [15]

3. 3 Power Transmission Train
Engine performance map showing relationship between fuel consumption, engine torque and speed demonstrates that the best engine fuel efficiency is obtained when it operates in medium to low speed range and at high loads. Engine specific fuel consumption (mass of fuel consumed per kilowatt-hour) increases as the operating point moves away from the best efficiency point. For example, if a vehicle has been designed for a 5-gear transmission and it is operated in 4th gear at constant speed of 100 km/h the specific fuel consumption of the engine may typically increase by nearly 15% as the engine would be operating at higher engine speed and lower torque. The highest possible gear is therefore, selected to keep the engine speed low and torque high. If more gears are available than it is more likely that the engine would be operating close to the best efficiency point at all the vehicle speeds. Ideally, a continuously variable transmission (CVT) provides best means to implement the strategy of engine operation near best efficiency point at all the vehicle speeds. A larger number of gears say, 5 to 6 in comparison to 4 forward gear ratios also results in better fuel economy.  
Use of front wheel drive (FWD) eliminates propeller shaft, rear differential and drive axles. In FWD vehicles, engine is mounted transverse reducing length of engine compartment and for the same passenger compartment length, the vehicle length is reduced. Vehicle weight is also reduced. This is now common for the smaller and compact cars. The FWD vehicles are also better suited for the use of CVT.

Elimination of hydraulic torque converter improves fuel economy as the fluid slippage increases energy losses. With hydraulic torque converter the engine idling speed is to be kept at higher levels compared to manual transmission increasing vehicle fuel consumption. Effect of number of gear ratios and other changes in power transmission on vehicle fuel economy are given in Table 10.
Table 10
Effect of Transmission Technology on Fuel Economy of Passenger Cars
and SUVs [4, 16]
	Transmission Technology Improvement/Change
	Fuel Economy Gain, %

	Use of 5-gear automatic instead of  4-gear automatic 
	2 to3 

	Use of 6-gear  automatic instead of 4-gear automatic
	3 to 5

	CVT in small FWD and unibody SUVs/Pick ups
	4 to 8

	Elimination of torque converter
	2 to 3


3.4 Hybrid Electric Vehicles
Hybrid electric vehicles (HEV) employ two propulsion systems; an IC engine and a battery powered electric motor. Presently, two types of HEV considered are;
(a) Plug-in Hybrids: These HEVs during city driving operate on storage batteries. The batteries have a limited range of operation of about 80 to 100 kms sufficient for driving in a single day. The batteries are recharged by plugging-in them to the main household electricity supply system. On highways or if the batteries are discharged during city operation the vehicle is powered by the IC engine. In the city, vehicle operation involves a large fraction of idling, stop, start and low load operation when the efficiency of the IC engine is very low. The Plug-in Hybrids insulate IC engine from operation in city, an operation regime of low fuel economy thus overall fuel economy of vehicle is improved. Due to demand of electric power being higher than the supply in India, Plug-in Hybrids do not seem to be a practical option at the moment.
(b) Full Hybrids: In full hybrids the IC engine is normally cut-off from the wheels. The propulsion batteries on board are continuously charged by the IC engine. Vehicle propulsion in series hybrids is entirely from the battery powered motor. In parallel hybrids engine provides traction simultaneously when power demands are higher like during acceleration mode. 
3.4.1 Full Hybrid Electric Vehicles
The full HEVs have a much higher fuel economy compared to the vehicles powered solely by an IC engine due to the following factors:

(i) IC engine in HEV is operated mostly at constant load and speed close to point at which best efficiency is obtained
(ii) Initial movement of  vehicle is by electric motor powered by batteries

(iii) A smaller engine is used and ‘downsizing’ concept is put to practice

(iv) Partial recovery of braking energy is possible

(v) It is possible to design a very efficient IC engine using new technologies like Atkinson cycle as the engine operates at nearly constant load and speed that further boosts the engine efficiency at very low emission levels

Toyota Prius HEV was adjudged by the Automotive Engineering International as the best engineered vehicle of the year 2004 [17]. The first generation Toyota Prius introduced in 1998, had 1.5 liter, 43 kW gasoline engine, which was upgraded to 53 kW in 2001. The second generation Toyota Prius was put into production in 2004. It uses a 4-cylinder gasoline engine with DOHC, 4-valve/cylinder and VVTi. The engine operates on Atkinson cycle via late inlet valve closure (72-115º ABDC). The 2001 model gave 48 mpg (20.4 km/l) on CAFE test cycle. The second generation Toyota Prius weighs 1250 kg and gives 55 mpg (23.4 km/l) on combined US city and highway fuel economy test cycle compared to the CAFE standard of 27.5 mpg. Honda has Insight and Civic hybrid car models [17]. 

A number of manufacturers like Toyota, Honda, Ford and Mercedes have introduced hybrid SUVs. These SUVs are for the customers who normally preferred high power SUVs using V-6 and V-8 engines.  A 2004, hybrid  SUV using  gasoline engine gave 27.6 mpg  and a diesel engine powered hybrid SUV gave 33 mpg on CAFE test cycle [17]. Chevrolet Tahoe, GM hybrid SUV with 8 passenger capacity, 2810 Kg curb weight achieves 50% better city cycle and 30%  better combined cycle fuel economy compared to its gasoline engine counterpart [8].
3.5 Potential Fuel Economy Improvements of Technologies (US NAS Study)
Different engine and vehicle design parameters and technologies have been discussed above.  Typical trends and range of magnitude of fuel economy improvements reported with different types of technologies have also been presented. The US Department of Transport while finalizing the new standards for light trucks considered various technologies and their potential to improve fuel economy. The light duty trucks in the US are mostly powered by gasoline engines. Hence, the technologies considered by them are also gasoline engine centric. The findings of the National Academy of Sciences (NAS) provided the basis for setting the new reformed CAFE targets for MY 2007-2011 [2, 3]. The NAS study identified the technologies which are intended for putting into immediate production. Also, the emerging technologies were identified that can be put into production within a period of few years when new engines are being introduced. These technologies and their potential benefits reported in NAS study are given in Appendix A.
4.0 STATUS OF TECHNOLOGY OF INDIAN PASSENGER VEHICLES
Since the year 2000, a number of   major multi-national automobile manufacturers have set-up   production plants in India. A fairly wide range of cars is now being offered to the customers unlike 1990s when only a few car manufacturers were operating in the country. The engine technology used on the current vehicles is primarily governed by the emission standards in force. The prevalent high retail prices of motor fuels however, do affect the choice of engine and vehicle technology by the manufacturers although no fuel economy regulations have yet been enforced.   The Bharat Stage III emission norms have been implemented with effect from 2005 in eleven large Indian cities viz., Delhi, Mumbai, Kolkatta, Chennai, Ahmedabad, Agra, Banglore, Hyderabad, Kanpur, Pune and Surat. In the rest of country, the Bharat Stage II norms are applicable. The Bharat stage III standards are similar to Euro-3 emission norms. The same numerical figures for emission limits as in Euro-3 are specified, but the test cycle is slightly modified from the European Cycle (ECE 15 +EUDC). In the Indian test cycle, the maximum vehicle speed in the EUDC part of the European Cycle has been reduced from 120 km/h to 90 km/h. The remaining test procedure and test cycle remains the same as the European cycle. It is proposed that the new emission standards, Bharat Stage IV (numerically the same as Euro 4) would be implemented for passenger cars starting from April, 2010 in the above mentioned 11 Indian cities and in the rest of the country Bharat Stage III standards would be enforced.
 In India, no fuel economy or greenhouse gas carbon dioxide emission standards are presently in force. The car fuel economy is indirectly influenced by the high gasoline prices as a large number of customers prefer small and more fuel efficient cars.  The low diesel fuel prices have resulted in an increase in diesel car sales. The multi-utility vehicles (MUV) and sports utility vehicles (SUV) manufactured and sold in the country are primarily diesel engine powered. To begin with, only the two car manufacturers, Tata Motors and Hindustan Motors had the diesel car as their main product. Now, however almost every car manufacturer has diesel car models on offer. 

As discussed earlier, the vehicle fuel economy is governed by several engine and vehicle design related parameters. In this section, the technologies used on Indian passenger vehicles which have bearing on vehicle fuel economy are reviewed. To achieve the desired target, an engine designer may have more than one technology options available to him.  The choice of technology options is made based on several factors. These factors include cost, future regulations and targets, volume of sales, market competition, servicing infrastructure, brand image, energy options available and the technological status of supporting industry sectors like those providing fuels, lubricants and servicing etc.  
The technologies that lead to improvements in fuel economy may be grouped on a generic and broad basis. During more than 100 years of existence of the automobile, several general categories of technologies have emerged, identified and proven to improve vehicle fuel economy. For example, the diesel vehicles are more fuel efficient than the gasoline vehicles or the direct injection (DI) diesel engines have a superior fuel economy compared to the indirect injection (IDI) engines, manual transmission being more efficient than the automatic transmission etc. Many of the technologies can be identified by their nature of action or design in general e.g., variable valve actuation, gasoline direct injection, turbocharging, CVT etc. The engines and vehicles however, even if they use the same general type of technology differ in final and finer details of the technology employed. During the last 2 to 3 decades, stricter emission control and more recently global warming issues have led the   automotive industry in Europe, Japan and the US to develop several advanced technologies including alternative propulsion systems like HEV, fuel cell vehicles (FCV) etc., that provide not only low emissions but also gains in energy efficiency. 

 The technologies used on the current Indian passenger cars and light duty utility vehicles are reviewed below. The information was collected from the vehicle manufacturers’ technical literature, website and users’ manuals. The vehicle models are grouped based on the general type of technology employed that affects vehicle fuel economy.

4.1 Engine Types
The Indian passenger cars are largely powered by gasoline engines. During the year 2007, the market share of gasoline passenger vehicles was 76%. All the gasoline car engines are PFI engines with 3-way catalytic converters and presently no GDI engine car is produced in the country. Diesel car sales accounted for about 12%.  The diesel multi-purpose and utility vehicles also had their market share of around 12%. Still a number of high volume car and multi-purpose vehicles are powered by IDI diesel engines. Also, a high percentage of diesel engines are not turbocharged.
4.2 Gasoline Cars
The stoichiometric gasoline engine with feedback controlled multipoint port fuel injection (PFI) system and  equipped with 3-way catalytic converter has become a standard engine on the modern cars since implementation of Euro-1 or equivalent emission standards. It happened in the year 2000 in India. Most production gasoline cars all over the world are powered by this type of base engine although to meet the stringent emission standards enforced from time to time more advanced emission controls have been used. For the present report a PFI, stoichiometric, 2-valve per cylinder gasoline engine has been taken as the base engine. Other technologies like multi-valves per cylinder, variable valve timing (VVT) and variable valve lift systems, gasoline direct injection (GDI) with or without charge stratification, variable swept volume (cylinder deactivation) are being used on more and more production cars in Europe, the USA and Japan to improve vehicle fuel economy and reduce emissions. At present, no Indian gasoline car uses a GDI engine. Also, the variable swept volume technology through cylinder deactivation is practical and beneficial only for 6 or 8 cylinder engines operating in urban areas. Indian passenger vehicles are still powered almost entirely by the 4-cylinder gasoline and diesel engines.
Indian gasoline car models have been grouped based on the types of engine technology of generic kind used and are presented in Table B.1 (Appendix -B). For this purpose, the base car model only has been considered and not its variants. It is assumed that the principal engine technologies for all the variants of a model remain unchanged. In Table 11, the market share of gasoline car models that employ different types of engine technologies during 2007 is given. The 4-valve/cylinder technology was employed by nearly 81 % production vehicles during 2007. VVT with or without variable valve lift is employed on 4-valve engines only. The VVT technology however, has still to penetrate in a big way in the Indian market. During 2007, the VVT engine vehicles accounted for about 11 % of the total sales.

Table 11
Distribution of Valve Train Technology of Indian Gasoline Cars
	Technology
	2-Valve
	4-Valve, DOHC

without VVT
	VVT or 

 VVT + Variable Valve Lift

	Market share
	19 %
	70 %
	11%


 (2007-08)

4.3 Diesel Cars and MUVs
As discussed before, major gains in fuel economy have resulted by development of high speed direct injection (HSDI) diesel engine for passenger cars. It has resulted in nearly complete stoppage of production of IDI diesel passenger cars in Europe. Turbocharging has become a standard technology on European diesel passenger vehicles. For high performance DI diesel engines to obtain low particulate emissions and high fuel economy injection pressures more than 1200 bar have become common. For use of injection pressures over 1500 bars, CRDI system is being used increasingly as high injection pressure can be maintained throughout the engine speed range and the power consumed by the injection system is much lower. Benefits of 4-valves/cylinder over 2-valves/cylinder engines for obtaining good combustion and better fuel efficiency are also well established. In the Table 12 the diesel car models have been categorized based on the type of engine technology used. More details are given in Table B2 (Appendix B).
Table 12
Engine Technology Distribution in Diesel Passenger Vehicles in India 

(2007-08)
	IDI Diesel
	51 %
	Non-turbocharged
	50 %

	DI Diesel
	49 %
	Turbocharged
	50 %

	

	2-Valves/cyl.
	70 %
	Jerk Type Mechanical Fuel Injection
	79 %

	4-Valves/cyl.
	30 %
	CRDI
	21 %


In India, IDI diesel engine vehicles accounted for 51% of diesel vehicles sold during the year 2007. It may be mentioned once again,  that the high speed DI diesel engine has almost completely overtaken the diesel passenger vehicle market in Europe due to its much superior fuel economy. Other fuel economy improving technologies like 4-valves per cylinder were used in only 30% engines and only about 50% employed turbocharging during 2007. Recently, the new vehicle models that have been introduced are powered by the DI engines with turbocharging and common-rail injection to meet the prospective Bharat Stage-IV emission standards. The CRDI engines accounted for just about 1/5th of the total diesel vehicle sales.
4.4 Transmission Technology

Automatic and manual gear transmission is another technology that influences fuel economy. Four or five speed gear ratio transmission is the most common on Indian vehicles. Continuously variable transmission (CVT) is another development that provides improved fuel economy. For application to cars the CVT is an emerging technology and no Indian car presently uses CVT. 

In Table 13 the market share of passenger vehicles using automatic and manual transmission, and 4- and 5- gear transmission are given. In addition, as the  front wheel drive vehicles have better fuel economy, the market share of gasoline and diesel FWD vehicle are also given in the Table -13. The vehicle make and models using these technologies are given in Tables B3 and B4 (Appendix-B) for the gasoline and diesel vehicles, respectively.  

Table 13
Transmission Technology Types and Distribution in Indian Passenger Vehicles

	Vehicle Type
	Transmission


	FWD

	
	Manual
	Automatic
	

	
	4-gear
	5-gear
	4-gear
	5-gear
	

	Gasoline Vehicles
	16.5 %
	74 %
	9 %
	< 0.5%
	97 %

	Diesel Vehicles
	11.5%
	87 %
	1.5%
	 -
	43 %

	All Passenger Vehicles
	15 %
	78.5%
	6.5%
	-
	81.5 %


Nearly 74% of gasoline and 87% of diesel passenger vehicle sales during the year 2007 in India employed manual transmission. Over all, almost 78.5% vehicles used manual transmission. Among the gasoline vehicles, almost 97% were front wheel driven while about 43% of diesel vehicles used FWD transmission. Overall, 81.5% of passenger vehicles were front wheel driven. 
4.5 Summary of Indian Passenger Vehicle Technology

The technologies employed by the Indian passenger vehicle models manufactured and sold during the year 2007 have been discussed above. This analysis shows that;
(i) Although nearly 81% of the gasoline vehicles were powered by 4-valve engines but about 11% only employed VVT and variable valve lift technology.

(ii)  GDI engine technology has not yet been introduced in the Indian market

(iii) A little over 50% of the production diesel vehicles are still powered by the IDI diesel engines, which have poor fuel economy compared to HSDI engines.
(iv) Only about half of the diesel vehicles sold had turbocharged engines.

(v) Unlike the gasoline engines, 4-valve/cylinder engine technology is yet to be used widely in the Indian diesel vehicles. The 4-valves/cylinder engines accounted for 30% only of the passenger diesel vehicles.

(vi) CRDI technology has already been introduced on newer engine models and it was used by about 21% of the diesel vehicles sold during 2007.

(vi) Manual transmission vehicles have an overwhelming market share close to 93%. 
(vii)  The 5-gear (front) transmission vehicles constituted nearly 78.5% of the total market. 

(viii) Nearly 81.5% of passenger vehicles were FWD type, a fuel efficient technology.
4.6 IDI versus HSDI Diesel Engine Vehicles – Projections on Fuel Savings as a Case 
Study

During 2007, of all the passenger vehicles nearly 51 % numbering around 2 47,400 were sold in India. These included passenger cars as well as multi-purpose and utility vehicles. The rate of growth in vehicle sales since the year 2000 has been over 15%.  Although, the growth in sale of vehicles would be governed by the economic growth rate in the country but for this analysis a uniform 10% growth in the sales of all passenger vehicle types during the next 5 to 7 years has been taken.  An estimate of annual fuel savings is made if the manufacturing and sale of IDI engines is stopped in favour of HSDI from the year 2010. Details are given in Appendix C.
It is assumed that average annual utilization of diesel vehicles is 15,000 km/year and the average customer fuel economy of all sizes of IDI diesel vehicles is 11 km/liter. The average fuel economy of the IDI diesel vehicles was estimated from the city fuel economy data published on websites such as cars.indiaautomobile.com and the sales figures for the year 2007. If the FE and emission standards are so set that the IDI engines are phased out from production starting the year 2010 and fully substituted by the HSDI engines than significant fuel savings would result.  With 10 % growth rate, during the year 2010 around 329,300 additional HSDI engines would be sold in the market. Their full effect on fuel economy would be realized during the year 2011. Every year, more and more new HSDI engine vehicles would enter the market instead of the IDI diesel vehicles that would have been otherwise sold. It would result in about 2.01 million additional HSDI engine vehicles on Indian roads by the end of the year 2014.  The effect on total fuel savings thus, would be increasing and cumulative. When HSDI engine technology would be adopted, it is logical to assume that these engines would be using common rail injection, 4-valves per cylinder and turbocharging with intercooling.  With all these features, as a conservative estimate the HSDI engines are expected to give a minimum of 15% better fuel economy than the currently used IDI engines. Based on these assumptions, diesel fuel savings from the year 2011 to 2015 were estimated and are shown on Fig. 13.
 The fuel savings resulting from switch over from IDI to HSDI engines based on the above assumptions works out to be 204.5 liters (about 173.9 kg) per vehicle annually. It is estimated that during the year 2011 fuel savings on account of substitution of the IDI engine by the HSDI engine starting from the year 2010   would be approximately 57,300 tons. The diesel fuel savings would grow to 358,600 tonnes by the year 2015.
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Figure 13: Estimates on annual diesel fuel savings by phasing-out sale of IDI diesel 

vehicles and substituting these by HSDI engine vehicles beginning from the year 2010.  
5.0 FUEL ECONOMY NORMS FOR INDIAN VEHICLES
Although, due to high fuel prices the Indian customers generally prefer the fuel efficient, small cars, but recent trends show that the market share of larger cars is increasing. It may however, be mentioned that the so called Indian ‘luxury’ cars are not in the same size and power range as in the US, Europe or Japan. The Indian cars are still relatively small. It is therefore, the most opportune time that fuel economy targets are set for the Indian vehicles to keep them fuel efficient and shift to high fuel consuming, luxurious cars is restricted. This is necessary for conservation of energy and the environment in long run.

Vehicle fuel consumption data is also generated when the vehicles are tested for emission certification. In India, emission test is done on a modified NEDC. This cycle is called as modified Indian driving cycle (MIDC). If this very cycle is used for FE test as is the practice in Europe, then the fuel economy data generated during emission certification test may be used as guidance to fix the FE targets. These data however, are not yet in public domain. Some FE data are published for the different vehicle models in the Indian automotive trade magazines and are also available on websites such as cars.indiaautomobile.com.  This data is customer fuel economy for city or highway driving. FE data for a number of vehicle models was collected from these sources and is given in Appendix D.  Fuel economy data for a few vehicles was obtained from Reference 18 by converting CO2 emissions measured on MIDC test to fuel economy in terms of km/liter of fuel. The emission test is done using a reference vehicle weight (Ref. Wt.). The vehicle reference weight is equal to vehicle kerb weight + 150 kg, according to the test procedure. For converting CO2 emissions to fuel economy, the conversion factors used are [4]:

· 2325 g of CO2 per liter of gasoline, and

· 2731 g of CO2 per liter of diesel
The MIDC FE test data obtained as above are also given in Appendix D.

 The FE data is plotted on Figs 14 and 15 for the gasoline and diesel vehicles, respectively against the gross vehicle weight.  The respective Japan FE standards are also shown on these figures. The Japan FE standards based on Japan 10-15 mode cycle have been converted to equivalent FE values on NEDC. For conversion of Japan FE norms to NEDC equivalent, a multiplication factor equal to 1.23 for gasoline vehicles and 1.13 for diesel vehicles has been used [4].
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Figure 14: Fuel economy versus vehicle weight for Indian gasoline 
vehicles and its comparison with Japan -2010  fuel economy standards converted to NEDC test cycle.
The data presented in the Figs. 14 and 15 is only of indicative nature as no directly measured FE data for Indian vehicles was available. Nonetheless, these figures show that the fuel economy targets based on Japan standards are possible to achieve for Indian vehicles in near term.

Two general models of fuel efficiency norms are in use all over the world. The corporate fleet averaged norms are used in Europe and in the US for passenger cars. The Japan norms are based on vehicle weight, so the norms for a given vehicle weight range are same for all the manufacturers. The same strategy has now been followed in the US for light duty trucks.  In the US and Japan, the norms specify the fuel consumption limits, while in Europe the CO2 emission limits have been set. In Europe, the year 2012 limits of 120 g/km of CO2 limits could be met partly (up to 10 g/km) by production of bio-fuel vehicles or non-carbon dioxide emitting vehicles.
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Figure 15: Fuel economy versus vehicle weight for Indian diesel vehicles and its 
                 comparison with Japan -2010 FE standards converted to NEDC test 
     cycle.

In India, it would be easier to implement the FE standards which are the same for a given size or weight of    vehicles for all the manufacturers. It would make every manufacturer to build fuel efficient vehicles in each category. Again, separate standards for gasoline and diesel cars should be considered as the gasoline and diesel engines have a different inherent capability for fuel economy. This will not encourage the manufacturers to shift to diesel vehicles just to meet the fleet average standards in case such norms are set. A large shift to diesel passenger vehicles may not be desirable as in India the total diesel consumption is already close to 5 times that of gasoline.  This has results in a somewhat skewed product pattern by the petroleum refineries in India, which may not be the best from the point of refining efficiency and economics. Compared to this, in Europe the consumption of gasoline and diesel fuels are of the same order. Based on these considerations, it would be logical to follow the Japan model of FE standards in India.  As mentioned earlier, the Japan year 2010 standards were met by the Japanese manufacturers in 2002 itself. It may therefore, be quite reasonable  that in India, the  standards similar to the Japanese 2010  gasoline car standards and 2005 diesel standards are implemented at an early date. The standards may be considered for implementation from the year 2011/2012.  This provides a lead time of 2 to 3 years to Indian auto-industry for fine tuning of the existing models or for adopting already well developed technologies on their new models. 
The Japan 2010/2005 standards are based on Japan 10-15 mode test cycle. Indian driving cycle (MIDC) for emission test is a modified NEDC. As in IDC, the maximum speed has been reduced to 90 km from 120 km of NEDC, the IDC would be less severe and a slightly better fuel economy is expected from the same vehicle compared to NEDC. It was seen that the Japan 10-15 mode test is about 23% more severe than the NEDC test for gasoline vehicles and 13% more severe for the diesel vehicles [4, 5]. The FE limits for India may be derived applying an appropriate conversion factor to the Japan standards. 
6.0 FUEL ECONOMY IMPROVEMENT TECHNOLOGIES FOR INDIAN 
   VEHICLES
In India, the larger multi-purpose vehicles and SUVs are diesel engine powered. A small section of smaller size multi-purpose vehicles like Maruti Suzuki Omni is powered by gasoline, LPG or natural gas spark ignition engines. The passenger cars are largely powered by gasoline but the share of diesel vehicles is increasing. The technologies that can be adopted for fuel economy improvement of Indian passenger vehicles both the gasoline and diesel types are given in Table 14.   There are some technologies, which can be put in production within a shorter period say 2 to 3 years time. These are those technologies which are already widely and do not need special support or service infrastructure. Of course, some of these may require a completely new engine, which may also be necessitated in view of Bharat Stage IV emission norms being enforced in metro-cities from the model year 2010. Some other technologies may require a longer lead time for putting into production and for creation of supporting industries and infrastructure. One such technology is the stratified charge GDI engine that requires a different type of NOx reduction catalyst. These have been termed as medium term technologies needing a lead time of 4 to 5 years for implementation. 
Table 14
Fuel Economy Improvement Technologies and Their Applicability for 
Indian Passenger Vehicles

	Technology
	Potential FE improvement, %
	Remarks

	Near Term Technologies (implementation time of 2 to 3 years)

	A. Gasoline Vehicles

	4-valves with overhead cam shaft
	2 to 4 %
	Most cars use 4 valves but not all may be having overhead camshaft

	Variable valve timing 
	2 to 3 %
	For the  OHC engines

	Variable valve timing and lift 
	4 to 8 %
	For the OHC and dual camshaft engines

	Friction reduction
	1  to 2 %
	

	B. Diesel Vehicles

	HSDI in place of IDI engines
	10 to 15%
	IDI engines have already been out of production in Europe due to their poor fuel efficiency 

	Turbocharging
	4 to 5 %
	This is standard technology on passenger car diesel engines in Europe and Japan. Gives higher FE along with emission reduction

	4-Valve Technology
	3 to 5 %
	

	CRDI ( Injection Pressures 1600 to 1800 bar) with 4-valves
	5 to 6 % 
	Technology combined with four valves is required to  meet higher level emission standards like Euro 4 and 5 and still attaining higher FE levels

	C. Common to Gasoline and Diesel Vehicles

	Idle Stop-Start
	3 to 4 %
	

	Reduction in accessories losses
	2 to 3 %
	Water, fuel pump etc

	Integrated starter-alternator
	 4- 5 %
	Assist in implementation of Stop-Start

	D. Transmission

	5-speed transmission
	3 to 5 %
	Many models have it

	CVT
	6 to 8 %
	For front wheel drive (FWD) cars

	Torque converter disconnect
	2 to 3 %
	In automatic transmission cars

	 E. Vehicle 
	
	

	Air drag reduction
	1 to 2 %
	This is especially for SUVs as most cars are better streamlined. This is important as more and more 4-lane highways are being built and vehicles are being driven now commonly above   90 km/h when air drag contribution to total vehicle power requirement become very significant. 

	Tire friction rolling resistance
	1 to 2 %
	Tire materials for using higher inflation pressures  to be used

	Medium-Term Technologies(implementation time of 4 to 5 years)

	A. Gasoline Vehicles

	GDI stoichiometric engine
	5 to 6 %
	Standard  3-way catalyst

	GDI stratified
	10 to 15 %
	Lean NOx control catalyst is required

	GDI with Turbo
 ( Downsizing)
	15 to 25%
	Larger passenger vehicles are candidates for it, FE levels reach close to HSDI engines

	B. Diesel Vehicles

	Advanced turbocharging (VGT) of diesel
	2 to 3 %
	This is over and above normal turbocharging 

	C. Common to Gasoline and Diesel Vehicles

	Reduction of friction  and accessories losses
	2- 3%
	Further research is expected to achieve it

	Integrated starter-alternator
	4 to 5%
	Newer designs are emerging

	Idle Stop-Start Technology
	4 to 5%
	May become standard technology for all passenger vehicles

	D. Transmission

	6 - gear automatic transmission
	4 to 5% 
	For  rear wheel drive or larger FWD vehicles   

	Automatic shift manual transmission
	3 to 5 %
	

	Advanced CVTs
	0 to 2%
	 For FWD vehicles

	E. Vehicle

	Weight and drag  reduction
	5 to 8 %
	For larger cars and SUVs

	F. Hybrid  Electric Vehicles

	Plug-in hybrids
	15 - 20 %
	Not suitable in India due to power supply situation

	Full hybrids
	30 to 50%
	Benefits are available during city driving having frequent stop and go type driving. Suitable for cars of more than about 1000 kg weight class as two propulsion systems add to the vehicle weight.


7.0 FINDINGS AND CONCLUSIONS
Although, the USA   was the first country in the world to set vehicle fuel economy regulations known as the CAFE standards starting from the year 1978, the European Union and Japan who began after the year 2000 now specify much more stringent FE standards than the USA. Other countries too are following and setting FE targets for conservation of energy and for reduction in greenhouse gas, carbon dioxide emissions for climatic control.  Advanced vehicle technologies are being used and developed to improve fuel economy of the road vehicles all over the world. The present status of engine and vehicle technologies being employed in the Indian passenger vehicles and having bearing on fuel economy is reviewed. The technologies, which can be adopted on Indian vehicles in near and medium terms are discussed and suggested. The main findings of this report are given below:
· European Union specifies fleet average standards in terms of g/km of CO2. The US initially set fleet average standards but now for light trucks they have changed to FE limits for specific  vehicle size category in terms of vehicle ‘foot print’. For the passenger cars still fleet average based CAFE standards are in force, but these are under revision. Japan standards are based on vehicle gross vehicle weight grouped into a number of weight categories.
· Japan and the US specify FE in terms of fuel consumption per unit distance travel e.g., km/l or mpg etc. unlike European Union that has CO2 g/km limits. For alternative fuel vehicles these need to be converted to gasoline equivalent consumption. 
· Different test cycles are used in these major regions. Some test data are reported comparing vehicle FE measured under the NEDC, CAFE, Japan 10-15 mode and JC-08 cycles. These results show that the Japan and European test methods are more stringent than the US CAFE test. The NEDC test is nearly 23 % and 13% less severe for gasoline and diesel vehicles respectively compared to Japan 10-15 mode test.
· The  more significant engine and vehicle technologies  being employed  world over for FE improvement include;
(a) Four-valves per cylinder with OHC and implementation of variable valve timings and lift in gasoline engines.
(b) Gasoline direct injection (GDI) engines with charge stratification or stoichiometric operation; GDI engines with turbocharging. 
(c) Engine downsizing and variable swept volume by cylinder deactivation in 6 and 8 cylinder engines.

(d)  Nearly complete substitution of IDI diesel engines by HSDI diesel engines in passenger vehicles.

(e) 4-Valves per cylinder HSDI diesel engines

(f) Turbocharging of diesel engines is now a standard technology in automotive segment
(g)  Ultra high pressure  common rail diesel injection systems (CRDI)

(h) 5 and 6- gear transmission systems

(i)  FWD of small cars and single body light duty vehicles

(j) Use of CVT in FWD small cars and utility vehicles
(k) Integrated starter/generator

(l) Idle stop-start systems

(m) Reduction in vehicle weight and air drag

· Analysis of technical  specifications of Indian passenger vehicles shows;
(a) Of the total passenger vehicle sales, the diesel vehicles constitute about 30%.

(b) Nearly 70% percent of gasoline cars use 4valves/cylinder. However, only a small fraction of production cars i.e., about 11% uses variable valve timings/ lift. 

(c) A large percentage of diesel passenger vehicles (51%) are still powered by the IDI diesel engines.

(d) Nearly 50% of diesel vehicles do not use turbocharging.

(e) Only about 30% of diesel engines use 4-valves/cylinder.
(f) Only around 21 % diesel vehicles use common rail fuel injection system.
(g) Most passenger vehicles (93%) employ manual transmission which   is a fuel economy compared to the automatic transmission. Also, nearly 78% vehicles use 5-gear transmission that gives higher FE than the 4-gear transmission. The 6-gear transmission is yet to penetrate the Indian market in significant numbers.

(h) 81% of passenger cars already employ FWD which results in better fuel economy. No car yet however, uses CVT.

(i) Other technologies like idle stop-start, integrated starter- generator etc. are not yet implemented on Indian vehicles.

(j) The GDI engines and HEVs are still to make presence in the Indian passenger vehicles.

· The future emission standards and FE norms if set would result in phasing out production of IDI diesel vehicles and these would be substituted by the modern 4-valves per cylinder, turbocharged, HSDI engines with common rail injection. Taking the HSDI diesel to be 15% more efficient than the IDI diesel vehicle and annual usage of 15,000 km/year an annual saving of 173.9 kg/vehicle/year of fuel would be saved. If it happens by the year 2010, then for a 10% annual rate of growth of diesel passenger vehicles this measure would result in fuel savings of about 57,300 tonnes during the year 2011 that would reach to 358,600 tonnes during the year 2015 and would continue to increase further. 

· In India, mandatory FE norms would serve better the need of energy conservation. The norms may be based on the weight of vehicle as in Japan rather than the fleet average basis.

· Engine and vehicle technologies to achieve norms similar to Japan (year 2010 for gasoline vehicles and 2005 for diesel vehicles) can be adopted within a short period as these norms were met by the majority vehicles in Japan in the year 2002 itself.

· The engine and vehicle technologies that can be adopted on Indian passenger vehicles in a period of 2 to 3 years include;

a. variable valve timing and lift on gasoline engines, 
b. HSDI in place of IDI diesel engine, 
c. multi- valve diesel engines, turbocharging and CRDI fuel injection, 
d. idle stop-start system  (more likely in combination with integrated starter/generator).

· In the 4 to 5 years period the following technologies could be implemented;
a. GDI Engines,
b. integrated starter-generator,

c. CVT, 

d. 6- and 7- gear transmission on larger vehicles, and 

e. HEVs in larger urban vehicle segment
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APPENDIX -A
Fuel Economy Technologies and Potential Fuel Economy Improvements based on Findings of US National Academy of Sciences [2]

	
	FE Improvement, %

	
	Low
	High

	Production-Intent Engine Technology
	

	Engine friction reduction
	1.0
	5.0

	Low friction lubricants
	1.0
	1.0

	Multi-valves, Overhead camshaft
	2.0
	5.0

	Variable valve timing (4, 6, 8-cylinder engines)
	2.0
	3.0

	Variable valve lift and timing
	1.0
	2.0

	Cylinder deactivation (6 and 8- cylinder engines only)
	3.0
	6.0

	Engine accessory improvement
	1.0
	2.0

	Engine supercharging and downsizing
	5.0
	7.0

	Diesel engine v/s gasoline engine
	15
	40

	Production- Intent Transmission Technology
	

	5-Speed automatic transmission
	2.0
	3.0

	Continuously variable transmission
	4.0
	8.0

	Automatic transmission with aggressive shift logic
	1.0
	3.0

	6-speed automatic transmission (v/s 5-speed A/T)
	1.0
	2.0

	6-speed automatic transmission (v/s 4-speed A/T)
	3.0
	5.0

	Production-Intent Vehicle Technology
	

	Air-drag reduction
	1.0
	2.0

	Improve rolling resistance
	1.0
	1.5

	Emerging Engine Technology
	

	Intake valve throttling
	3.0
	6.0

	Camless valve actuation
	5.0
	10.0

	Variable compression ratio
	2.0
	6.0

	Emerging Transmission Technology
	

	Automatic shift manual transmission
	3.0
	5.0

	Advanced CVTs
	0.0
	2.0

	Emerging Vehicle Technology
	

	42-Volt electrical system
	1.0
	2.0

	Integrated starter/generator
	4.0
	7.0

	Electric power steering
	1.5
	2.5

	Vehicle weight reduction
	1.0
	4.0

	Full hybrid
	35
	55


APPENDIX- B
Technology-wise Distribution of Indian Passenger Vehicle Models 
Table B1:  Valve Gear Technology in Indian Gasoline Passenger Vehicle Models 

(2007-08)

	2-Valves per Cylinder
	4-Valves per Cylinder, DOHC
	VVT and Variable Valve Lift

	Ford Ikon; 

Ford Fusion;

Chevrolet Spark;

Maruti M-800 ;

Maruti Omni ;

Fiat,  Stile Palio ;

Renault Logan ;
	Ford Fiesta ; 

Chevrolet Aveo ;

Chevrolet Forester ;

Chevrolet  Optra ;

Honda  Accord ;

Honda City ZX ;

Honda Civic ;

Honda CR-V ;

Hyundai Getz Prime (3) ;

Hyundai Accent GLE (3) ;

Hyundai i 10 (3);

Hyundai Elantra;

Hyundai Santro eRLX ;

Hyundai Sonata Embera ;

Hyundai Verna ;

Maruti Alto ;

Maruti Baleno ;

Maruti Esteem ;

Maruti Grand Vitara ;

Maruti Gypsy;

Maruti Swift;

Maruti Varsa;

Maruti Wagon R;

MarutiZen Estilo ;

Maruti Dzire ;

Maruti SX-4 ;

Toyota Camry ;

Toyota Corolla ;

Toyota Land Cruiser(6) ;

Mitsubishi Lancer ;
	Hyundai Sonata Embera ;

Hyundai Verna ;

Toyota Camry ;

Toyota Corolla ;

Toyota Land Cruiser ;

Honda Accord ;

Honda Civic;

Honda CR-V;

Honda City ZX;


Table B2 – Engine Technology Used in Indian Diesel Passenger Vehicle Models

(2007-08)

	IDI Diesel
	DI Diesel
	Non-turbocharged
	Turbo-charged
	2-Valves/
cylinder
	4-Valves /cylinder
	CRDI

	Ford Endeavour;

HM

Ambassador;

Tata Indica V2; 

Tata Indigo;

Skoda Octavia;

Skoda Laura;

Mahindra Commander;

Mahindra NC
	Chevrolet Optra ;

Chevrolet Tavera ;

Hyundai Tucson ;

Mahindra Bolaro; 

Mahindra Scorpio;

Tata Safari; 

Tata Sumo Victa;

Toyota Innova;

ICM Rhino;

Renault Logan;

Mahindra CL;

Mahindra Champer;

Tata Winger;
	HM Ambassador;

Mahindra Bolaro; 

Tata Indica V2;

Skoda Laura;

Renault Logan;

Mahindra CL;

Mahindra Commander;

Mahindra NC;


	Ford Endeavour;

Chevrolet Optra;

Chevrolet Tavera;

Hyundai Tucson;

Mahindra Scorpio; 

Tata Indigo;

Tata Safari;

Tata Sumo Victa;

Toyota Innova;

Skoda Octavia;

ICM Rhino;

Mahindra Camper

Tata Winger
	Chevrolet Tavera;

HM Ambassador;

Mahindra Bolaro ; 

Mahindra Scorpio ;

Tata Indica V2;

ICM Rhino;

Skoda Laura;

Renault Logan;

Mahindra CL;

Mahindra Commander;

Mahindra Camper;

Mahindra NC;

Tata Winger;
	Ford Endeavour ;

Chevrolet Optra ;

Hyundai Tucson ;

Tata Safari; 

Toyota Innova;

Tata Indigo; 

Tata Sumo Victa;

Skoda Octavia (5);


	Chevrolet Optra;

Hyundai Tucson;

Mahindra Scorpio;

Toyota Innova;

Renault Logan;


Table B3- Transmission Types Used in Indian Gasoline Passenger Vehicle Models

(2007-08)

	Manual Transmission
	Automatic Transmission
	Front Wheel Drive

	4 –gears
	5-gears
	4- gears
	5- gears
	

	Chevrolet Spark;

Maruti M-800;

Maruti Omni;


	Ford Ikon; 

Ford Fusion;

Fiat,  Stile Palio ;

Ford Fiesta ; 

Chevrolet Aveo ;

Chevrolet Forester ;

Chevrolet  Optra ;

Honda  Accord ;

Honda City ZX ;

Honda Civic ;

Honda CR-V ;

Hyundai Getz Prime (3) ;

Hyundai Accent GLE (3) ;

Hyundai i 10 (3);

Hyundai Elantra;

Hyundai Santro eRLX ;

Hyundai Sonata Embera ;

Hyundai Verna ;

Maruti Alto ;


	Maruti Wagon R;

MarutiZen Estilo ;

Maruti Dzire ;

Maruti SX-4 ;

Toyota Camry ;

Toyota Corolla ;

Toyota Land Cruiser(6) ;

Mitsubishi Lancer ;

Renault Logan ;

Baleno ;

Maruti Esteem ;

Maruti Grand Vitara ;

Maruti Gypsy;

Maruti Swift;

Maruti Varsa;


	Honda Accord;

Honda City ZX;

Honda Civic;

Hyundai Sonata Embera;

Maruti Grand Vitara;

Toyota Camry;

Toyota Corolla;

Mitsubishi Lancer ;

Renault Logan ;


	Honda CR-V;

Toyota

Land Cruiser;


	Fiat Stile Palio;

Ford Fiesta;

Ford Fusion;

Ford Ikon;

Chevrolet Aveo;

Chevrolet Spark;

Chevrolet Forester;

Chevrolet Optra;

Honda Accord;

Honda City ZX;

Honda Civic;

Honda Accord;

Hyundai Elantra;

Hyundai Getz Prime;

Hyundai Santro eRLX;

Hyundai Sonata Embera;

Hyundai Accent GLE;

Hyundai Verna;

Hyundai i 10;

Maruti M-800;

Maruti Omni;

Maruti Alto;

Maruti Baleno;

Maruti Esteem;

Maruti Wagon R;

Maruti Zen Estilo;

Maruti Dzire;

Maruti SX-4;

Toyota Corolla



Table B4 - Type of Transmission Used in Indian Diesel Passenger Vehicle Models

(2007-08)

	Manual Transmission
	Automatic Transmission*
	Front Wheel Drive

	4-gear
	5-gear
	4-gear
	

	HM Ambassador;

Mahindra CL;

Mahindra Commander;

Mahindra NC;
	Chevrolet Tavera;

Mahindra Bolaro ; 

Mahindra Scorpio ;

Tata Indica V2;

Ford Endeavour ;

Chevrolet Optra ;

Hyundai Tucson ;

Tata Safari; 

Toyota Innova;

Tata Indigo; 

Tata Sumo Victa;

Skoda Octavia;

ICM Rhino;

Skoda Laura;

Renault Logan;

Mahindra Camper;

Tata Winger;
	Hyundai Sonata Embera;

Renault Logan;
	Tata Indica V2;

Tata Indigo; 

Chevrolet Optra ;

Skoda Octavia;

Skoda Laura;

Skoda Laura;




* None of the vehicle models is with 5-gear automatic transmission

APPENDIX – C
Projections on Annual Diesel Fuel Savings Resulting from Phasing out of Production of IDI Passenger Vehicles

 Complete switch over to high speed direct injection (HSDI) diesel engines is assumed from the year 2010. The average fuel economy of the current IDI diesel vehicles is estimated from their sales in the year 2007 and city FE figures for each vehicle model as given in the Table - C1. 

Table C1: Average FE of IDI Passenger Diesel Vehicles (2007 sales)

	IDI Vehicle Model
	No. of vehicles, Ni
	FE, km/liters,

Xi
	Fuel consumption by all vehicles for a model, Ni/Xi,

liters/km

	Ford Endeavour;

HM Ambassador;

Tata Indica V2; 

Tata Indigo; 

Skoda Octavia;

Skoda Laura;

Mahindra Commander;

Mahindra NC;
	1587

10173

141508

40768

5729

7108

12343

    28181
	7.7

9.0

13.6

10.0

13.7

12.0

7.0

7.0
	206.1

1130.3

10405.0

4076.8

418.2

592.3

1763.3

4025.9

	Total
	247,397
	-
	22617.9


Based on equal annual vehicle use, the average fuel economy is given by,
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An annual growth rate of 10% in the sales of the diesel passenger vehicles is taken. It is assumed that from the beginning of the year 2010, IDI diesel vehicle production would be completely phased out. It would result in additional HSDI diesel passenger cars sales every year as given in Table C2. Cumulative additional HSDI vehicles in the market are also shown in the same table up to the year 2015.  
 The HSDI engine vehicles that are introduced in future are taken to have 4-valves/cylinder, are turbocharged and equipped with common rail diesel injection. All these technologies combined would make the HSDI engine about 15% more fuel efficient than the currently sold IDI engine vehicles.  For an average usage of the diesel passenger vehicles equal to 15,000 km/year, the annual diesel fuel saving   at the rate 15% would  amount to:
Fuel saving/vehicle/year = 
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=  204.5 liters or 173.9 kg/vehicle/year

For estimation of annual fuel savings due to switch over from IDI diesel to HSDI diesel vehicles, its effect for the year of sale has not been accounted. The savings, only for the years following the vehicle sale have been considered. The  projections on fuel savings thus arrived at for the years 2011 to 2015 are given in Table C2. 
Table C2: Projections on Annual Fuel Savings as a Result of Switch- Over 
               from IDI to HSDI Diesel Vehicles Starting from the Year 2010
	Year
	Additional HSDI vehicles sale instead of IDI  diesel, thousands
	Cumulative additional HSDI diesel vehicles at the end of year, N, thousands
	Annual diesel fuel savings,  thousand tons

= 173.8 N x 10-6 

	2007 
	247.4 (IDI)
	-
	-

	2010
	329.3
	329.3
	-

	2011
	362.2
	691.5
	57.3

	2012
	398.4
	1089.9
	123.3

	2013
	438.3
	1528.2
	194.4

	2014
	482.1
	2010.3
	272.6

	2015
	530.3
	2540.6
	358.6


APPENDIX – D
Fuel Economy Data for Indian Passenger Vehicles

Table D1: Customer Fuel Economy (city) of Indian Petrol Passenger Vehicles

	Name of Vehicle
	GVW, kg
	FE, km/liter

	Ford Ikon; 

Ford Fusion;

Chevrolet Spark;

Maruti M-800 ;

Maruti Omni ;

Fiat Stile Palio ; 

Ford Fiesta ; 

Chevrolet Aveo ;

Chevrolet Forester ;

Chevrolet Optra ;

Honda Accord ;

Honda City ZX ;

Honda Civic ;

Honda CR-V ;

Hyundai Getz Prime (3) ;

Hyundai Accent (3) ;

Hyundai i 10 (3) ;

Hyundai  Elantra ;

*Hyundai Santro eRLX ;

Hyundai Sonata Embera ;

Hyundai Verna ;

Maruti Alto ;

Maruti Baleno ;

Maruti Esteem ;

Maruti Grand Vitara ;

Maruti Gypsy ;

Maruti Swift ;

Maruti Varsa ;

Maruti Wagon R ;

Maruti Zen Estilo ;

Maruti Dzire ;

Maruti SX-4 ;

Toyota Camry ;

Toyota Corolla ;

Toyota Land Cruiser(6) ;

Mitsubishi Lancer ;

Renault Logan ;
	1478

1680

1240

1000

1200

1390

1650

1595

1790

1730

1870

1565

1630

2035

1268

1440

1352

-

1354

2050

-

1165

1510

1315

2300

1620

1415

1585

1250

1275

1115

1200

1935

1600

2850

1560

1650
	9.5

10

12

15.7

13

11.9

11.6

10.9

-

10.2

6

11.4

9.4

-

12.3

9

-

9.6

13.7

8.5

9.4

14.6

9

9

8.2

7

12.2

11

13.9

12.5

-

-

-

9.8

7

9.6

10.2


Source: Websites e.g., cars.indiaautomobile.com 

Table D2: Customer Fuel Economy (city) of Indian Diesel Passenger Vehicles

	Name of Vehicle
	GVW, kg
	FE, km/liter

	Ford Endeavour;

HM Ambassador;

Tata Indica V2; 

Tata Indigo;

Chevrolet Optra ;

Chevrolet Tavera ;

Hyundai Tucson ;

Mahindra Bolaro; 

Mahindra Scorpio;

Tata Safari; 

Tata Sumo Victa;

Toyota Innova;

Skoda Octavia;

ICM Rhino;

Skoda Laura;

Renault Logan;

Mahindra CL;

Mahindra Commander;

Mahindra Champer;

Mahindra NC;


	1876

1650

1460

1640

1730

2335

2196

2300

3010

2670

-

2690

-

2180

2180

1650

1950

2080

2750

2045

2670
	7.7

9

13.6

10

10.2

11.5

-

11.4

9.8

8.6

9.3

10.2

13.7

6

12

10.2

7

7

7

7

6


Source: Websites e.g., cars.indiaautomobile.com
Table D3: Fuel Economy of Indian Cars, MIDC Test cycle

[FE km/l (gasoline) = 2325/CO2 g/km, FE (Diesel), km/l = 2734/ CO2 g/km]
	Car Model 
	CO2 emissions, g/km
	FE km/liter

	Petrol Vehicles

	Maruti 800, 2000 (IDC)
	98.6
	23.6

	Maruti Zen, 2004
	126.4
	18.4

	Hyundi Santro,2000
	126.5
	18.4

	Ford Ikon, 2002
	142.9
	16.3

	Indigo Marina  GLX Petrol, 2005
	171.9
	13.5

	Diesel Vehicles

	Indica DLE V2
	156.8
	17.4

	Indica DLE V2
	154.6
	17.7

	Tata Indigo Dicor, 2005
	148.8
	18.4

	HM Ambassador
	166
	16.5

	M&M Commander (IDC)
	166
	16.5

	Toyota Qualis, 2000
	216.5
	12.6

	Tata Spacio
	229.4
	11.9

	Hyundai Terracan
	259
	10.6

	Tata Safari
	255.5
	10.7


Source: Emission Factors Development for Indian Vehicles, Central Pollution Control Board, Government of India, August, 2007
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