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Abstract
In this paper we analyze technological development for new passenger cars in Sweden between 1975 and 2002. The aim is to estimate the fraction of technological development that has been directed to or resulted in reduced fuel use. We conclude that approximately one third of the technological development since 1985 has resulted in a reduction of fuel consumption while the remaining 2/3 have enabled a wide spread use of larger and more powerful cars.

1. Introduction

A more efficient use of energy in transportation is an important option for mitigating climate change as well as decreasing dependency on imported and exhaustible oil resources. Long-term stabilization of the carbon dioxide concentration in the atmosphere will eventually require much lower global carbon dioxide emissions per capita than today’s average in industrialized countries (IPCC 2001). 

In the EU, the transport sector’s share of both greenhouse gas emissions and final energy use has been growing and shows no sign of weakening (EEA, 2006). This trend is mainly due to increasing volumes of both passenger and freight transportation. While there has been improvement in passenger car fuel efficiency, this has not managed to counterbalance the increase in passenger kilometers. However, there is hope that in the next 10 years, improvements in energy efficiency will counteract the expected growth in passenger car transportation (EC, 2003). In Sweden the transport sector is responsible for the largest share of carbon dioxide emissions (43%), partly due to the low share of fossil fuels in Swedish electricity production. Road transportation alone emits 29 % of Sweden’s total emissions. According to the strategies presented by the Swedish Road Administration (Vägverket, 2004), one of the best ways to reduce emissions in the transport sector in the short run is to improve automobile energy efficiency.
One of the European Commission’s strategies for reducing greenhouse gas emissions in the transport sector is a Voluntary Commitment on CO2 emissions reductions from passenger cars, with the European Automobile Manufacturers Association (ACEA) and other car industries. Doubts have been raised, though, about the possibility to reach the emission targets of 140 CO2 g/km for 2008, and 120 CO2 g/km for 2012 (EC, 2004 and Kågesson, 2005). The difficulties in meeting these targets are not due to a lack of developments in technology and design, but in how these developments are offset by other changes in automobile parameters. Technical development is a doubled-edged sword. It may not always decrease the need for inputs such as energy, but may instead increase the demand for other services and functions which boost fuel consumption. 

Steen et al. (1981) have for instance shown that if the best available (in 1975) cost effective technologies (BAT) in different sectors in Sweden at that time were applied in the future (e.g., 2000), the energy use could be substantially decreased, in spite of an assumed production increase in services and goods by 50 or even 100 percent. The actual development of the energy use in Sweden has not followed this path. While the activities in different sectors have increased considerably, and reasonably in line with the study assumptions, the energy intensities in most cases have not fallen as much as the study found they could (Blechingberg 1999). For instance, for personal transportation by cars the fuel use per person-kilometer has increased since 1975, rather than halved (Blechingberg 1999).

To achieve the needed greenhouse gas reductions this trend must be broken; i.e. technological development should to a greater extent be directed toward increased energy efficiency rather than toward improvements in other parameters, such as acceleration, top speed, passenger volume, etc.; parameters which we, in this paper, will call service parameters. It is of great interest to analyze to what extent technological development has actually resulted in a net increased energy efficiency (i.e., lower fuel use of the entire vehicle) and to what extent it instead has compensated, fuel use-wise, for improved service parameters. 
In this paper we analyze technological development for new passenger cars in Sweden between 1975 and 2002. The aim is to estimate the fraction of technological development
 that has been directed to or resulted in reduced fuel use. In the following chapter we present the methodology and data used. The analysis and results are presented in chapter 3. We analyze how vehicle characteristics have interacted with each other and with fuel consumption. In the last section we bring these results together and quantify the share of technological development that resulted in decreasing fuel consumption.
2. Method 

In our study we wanted to set the development of service/consumer amenities against fuel consumption, FC. We have therefore divided key car parameters into two main groups:

· physical parameters that directly influence fuel use, PH, consisting of frontal surface area, weight, maximum power, cylinder displacement volume, and rolling resistance coefficient; and 
· service parameters, S, consisting of passenger volume specifications, top speed and time for accelerating 0-100 km/h. 
The analysis was performed in two main steps, first calculating the effects changes in service parameters have on physical parameters ΔPH(ΔS), and then calculating the effects on fuel consumption, ΔFC(ΔPH). We gathered data for the years 1975, 1985, 1995 and 2002; this gives three time periods. Time periods of 10 (and seven) years were chosen to be able to observe “generational” changes in the automobile park. 
In the first step, for each if the three periods, we computed the effects of the changes in service parameters (ΔS) on the physical parameters that influence fuel consumption (ΔPH(ΔS)), for each of the three time periods, e.g., the influence of increased passenger volume on the vehicle weight and cylinder displacement volume. Specifically, the effects of increased passenger volume were computed through regression analysis, while the effects of increased mass and improved acceleration were based on modeling. Parameter changes are based on sales-weighted averages while any kind of relationship between parameters is based on non-weighted computations of all the car models for a given year. 
The results from the first step were then converted, through derived elasticities, to changes in fuel consumption, i.e. ΔFC(ΔPH). First, we assume that no technological improvements have occurred, creating an implied FC based on increased values for service parameters, that can be denoted ΔFC(ΔPH(ΔS)). By comparing the implied FC at a point in time with the actual value, FCactual, we are able to identify the total achievements in FC reduction by deployed technological development and design and thus to quantify the share that has been directed towards reduced FC. We also compute ΔFC(ΔPHactual), i.e., changes in fuel use due to the actual changes of the physical parameters, to assess to what extent the identified improvements in technology and product design during the sub period reduce the implied FC.
Our analysis is a percentage-based decomposition of fuel consumption. The advantages of the method used are the ease of interpretation and communication of the results, as well its relevance to the processes influencing fuel consumption. The drawbacks are that the numerical results depend on method, base year and choice of the length of time periods.  Our computation does not imply any conclusions on causality between technological development and improved service parameters, i.e., if technological improvements are made to compensate for the improved services or if they enable the increase.
To be able to calculate fuel consumption (litre/100 km) elasticity for different factors we used an analytical expression relating the fuel economy to vehicle and driving cycle characteristics, see An and Ross (1993). Assume that fuel consumption may be approximated by a linear function of the engine power output:

Pfuel = a N + b Pb 






(1)
where Pfuel is the fuel use (kW), a is the engine friction characteristics (kJ/rev), N is the engine speed (rps- revolutions per second), b is the inverted thermal efficiency of the engine, and Pb is the brake power output (kW). The variables N  and Pb  are then expressed in terms of vehicle and test drive cycle characteristics (An & Ross, 1993):
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(2)
In the equation the vehicle parameters are:
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V : cylinder displacement volume [l]; 

Npwr : average engine speed during the test cycle for the time when the engine delivers power  [rps];

Nidle : average engine speed when the engine is idle [rps]; 

ε : drive train efficiency; 

CD : air drag coefficient; 

A: frontal surface area [m2]; 

CR: rolling resistance coefficient; 

M: total vehicle mass in test cycle [kg];
M*: effective mass, M plus corrections for effects due to rotational inertia [kg]; 

Pacc : average power requirement for vehicle accessories [kW].

Driving cycle parameters are:
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: the root-mean-square peak velocity over the driving cycle [m/s];

tbr : the percentage of time for brake use while the car is running;

 tst: time that the vehicle is stopped in percent [s];

n: the number of stops per unit distance;

γ: compensation for cold start;

λ: approximation to handle air-resistance (1 or 2).

β: adjustment to better capture braking energy

Further, ρ is the air density and g is acceleration due to gravity.

For the years 1985, 1995 and 2002, a and b were estimated by regressions. In the calculations of the elasticities of the fuel energy usage, an “average car” based on sales-weighted averages of the vehicle parameters was used. 
FC values are taken from the measurements of the mandatory specified test drive cycles, FCTDC. Specified test drive cycles test fuel consumption and emissions of cars in a laboratory through dynamometers with specified speeds and start and stop times. The idea is to simulate driving under a certain conditions. During the observed period two fuel test cycles were in use in Sweden: until 1996 the US EPA driving cycle (1985 and 1995) and thereafter the EU driving cycle (2002). The EPA driving cycle consists of an urban and a highway driving cycle that are weighted together (55% for the urban and 45% for highway). The European cycle also has two cycles, one that simulates urban driving in cities such as Paris and Rome and one that simulates extra-urban driving. Compared with the EPA cycle the European cycle has a higher maximum speed. The driving cycle characteristics for the EPA cycle were given in An and Ross (1993) in the form of values for the parameters in equation (2), but for the EU cycle the values were computed from a second to second description of the cycle. In order to compare fuel use the estimated values of a and b and the drive cycle characteristics were used to compute conversion factors between the fuel uses of the two driving cycles. We estimate the average power requirement for vehicle accessories at 200 W, as per An and Ross (1993), not including air conditioning. The same value is used for all three years.
 

By combining sales statistics with vehicle model parameters a detailed database of the Swedish fleet of new personal cars for the years 1975, 1985, 1995 and 2002 was created. Sale statistics were collected from the Swedish Road Administration, while vehicle model parameters are derived from the private company Autograph-bilfakta AB. The amount of data for each year and car model varies but the coverage ranges from 96% to 99% of the new registered cars for the specific year. Some of the car models for 2002 are so called flexifuel cars; i.e., they can run on both gasoline and ethanol or gas. These have been classified as gasoline cars in our models, and thus the values for gasoline have been used. Privately imported cars and cars registered as light trucks are not included in the database. Sales-weighted averages are computed for all cars, while the analysis only covers cars with petrol engines with manual gear boxes. For our parameters we use the following terminology: specifications of the body of the car all refer to external parameters, while the internal space of the car is referred to as passenger and/or luggage volume. 

3. Analysis and results
a. Explaining the changes in FC 1985 to 1995

In this section we analyze to what extent changes in service parameter values can account for changes in FC. Here, we consider the subset of cars with petrol engines and manual gearboxes. More specifically we analyze to what extent the development of service parameters, i.e., parameters that are formed in interaction with the demands from the market, can explain the development of the physical parameters influencing the changes in FC. Figure 1a illustrates the actual changes in physical parameters, ΔPHactual, together with ΔPH(ΔS), i.e., inferred values of how the changes in preferences towards larger cars with more services and better acceleration affect physical parameters such as mass, maximum power, cylinder volume, air drag coefficient and rolling resistance coefficient. The next step, converting the changes in physical parameters to changes in FC, i.e., ΔFC(ΔPH), is presented in Figure 1b. 

Service parameter changes 1985-1995; the effects on physical parameters (ΔPH(ΔS))
The market has been moving toward bigger cars. From this, increase in loads, driveline capacities, and consequently higher FC, follow. But exactly what services are connected to a demand for bigger cars? Even if the external parameters may be a factor behind car choice, they are not directly connected to services, instead the interior volume of the car, i.e. passenger volume, is probably a better service indicator. As a measure for interior volume we use a passenger volume index
. 

Through regression analysis we analyze to what extent larger passenger volume can explain the changes of the physical properties.  As can be seen in Figure 1a, the upsizing of new cars resulted in roughly a six percent increase in mass from 1985 to 1995, while the actual increase was approximately 15 %. The balance, positive in this case, is a net weight increase consisting of the augment in weight due to other services such as more comfort, improvements in safety and more/heavier accessories, minus the weight savings achieved from the application of lighter materials.
 Without the increased utilization of lighter materials, the actual mass increase would have been even larger and thus the share explained by car upsizing would have been less.

The effect on engine size, i.e., cylinder displacement volume (see second column in Figure 1a), is calculated through the presumed increase in maximum power needed for the improved service parameters. In order to keep the maximum power to weight ratio constant, the effect of heavier cars, including the impact of more spacious passenger volume, should have resulted in an additional 13 % of maximum power. The improved acceleration capacity, the time needed to accelerate from 0 to 100 km/h, was roughly two seconds shorter 1995 compared to 1985; this corresponds to another 13 % increase in maximum power. The effect of increased mass has been computed through modeling in which a 1:1 relationship between improved acceleration and stronger engines is presumed. 
The calculated 26 % increase of maximum power needed to compensate for increased mass and improved acceleration (actual change of maximum power was 23 %) should have corresponded to an equal enlargement of cylinder displacement volume had no technical improvements been made. However, the amount of power received per cylinder volume increased during the ten year period and thus the cylinder volume “only” expanded by 7.4 %. The difference can be seen as a technical improvement of the engine.
Data for change in air drag coefficient and frontal area covers a subset including only 52 and 61 % of the sales of new cars in 1985 and 1995, respectively. These values have been complemented with figures for frontal area based on a computed relationship between the approximation “width times height” and the frontal surface area. The upsizing of the cars should have increased the air drag resistance by almost four percent, but instead improved design implied a considerable decrease in air drag coefficient. The improvements in design have to an extent been counteracted by an increase in frontal area; however, air drag resistance decreased by 12 % (third column in Figure 1a). 
No direct data on the development of rolling resistance coefficient has been available for the Swedish new car fleet. Instead, we assume that the development has been similar to that in the Netherlands. Van den Brink and van Wee (2001), by referring to Pronk et al. (1993) and Seiffert (1996), assume that, in the Netherlands, the rolling resistance coefficient for new cars has decreased by one percent per year between 1985 and 1997. In the US improvements in rolling resistance coefficient seem to have occurred after 1995 instead (Natural Research Council, 2006).

Place Figure 1 about here
How changes in physical parameters affect FC 1985 to 1995, (ΔFC(ΔPH))
The actual development between 1985 and 1995 implied a decrease of FC by two percent. At the same time the described changes in physical parameters have affected FC both positively and negatively. 
Taking into consideration the increase in weight of new cars with a petrol engine with manual gearbox, the FC should instead have been raised by five percent from 8.4 (the actual measured value in 1985) to 8.84 l/100 km (first column in Figure 1b). To this increase secondary effects should be added. Presuming that the power to weight ratio remains constant, an increase in mass, as previously seen, also results in a higher maximum power and thus in increased engine size. Since larger displacement volume increases the internal friction of the engine and thus lowers the mechanical efficiency for a given load, FC becomes larger. By including this effect the increase of mass in new cars from 1985 to 1995 should have resulted in a FC of 9.3 l/100km. Adding the effect of improved acceleration FC reaches 9.80 l/100km. The figure that fully illustrates the effect of the market outcome of larger cars and better performance also includes the effect on aerodynamics resulting in a FC of 9.88 l/100 km (see box under Δ CdA in figure 1b). Fortunately, this development has been paralleled with technical improvements as the figures for the actual change in FC show.

The increased implied FC is calculated by presuming a constant power to displacement volume ratio. However, the actual increase in engine volume was 7.4 % instead of the calculated 26 % and thus FC can be lowered to 9.1 l/100 km, as illustrated by the arrow under ΔV in Figure 1b. The improvements in design resulting in lower air drag resistance explain a decrease of FC to 8.88 l/100 km. The presumed decrease in rolling resistance lowers the figure with another few percent to 8.74 l/100km.  Thus a balance remains of roughly 0.5 l/100 km. This balance should include any improvements in thermal efficiency, reduction of friction and pump losses and effects of changes in gear ratios that have not been quantified in this paper
.
b. Explaining the changes in FC 1995 to 2002
As for 1985 to 1995 the trends of parameters for cars with petrol engines and manual gearboxes have been translated into changes in FC. The same method has been used for analyzing the effects for 1995-2002. For this time period the results differ and we see a decreasing FC trend. Figure 2a shows changes in physical parameters, ΔPH, both actually occurred, ΔPHactual, and inferred from changes in service parameters, ΔPH(ΔS), and Figure 2b illustrates ΔFC(ΔPH), i.e., the influence of these changes on FC.

Service parameter changes 1995-2002; the effects on physical parameters, (ΔPH(ΔS))
The preference toward more spacious cars has continued in this period, even though at a lower pace. Considering the increase in the applied passenger volume index, our computations show that the weight should have increased by almost four percent; instead the observed change was 2.5 %, see Figure 2a. 
For this time period the balance consisting of the effect of other services minus weight savings due to increased utilization of light weight materials is negative and could thus reflect an actual result of the efforts to save mass through the extended use of light weight materials and design. However, lighter cars might have been sold in larger numbers given the difference between the non-weighted average of all car models and the sales-weighed average. This could partially explain the balance. Regression analysis shows that the relationship between passenger volume and weight remained more or less constant between 1995 and 2002.
Ceterus paribus, the actual increase in weight would augment cylinder displacement volume by approximately two percent. In this case the weight balance is taken into consideration and the full effect of a larger passenger volume is not accounted for. Adding this effect as well would result instead in a three percent larger cylinder volume. Improved acceleration adds roughly five percent more in displacement volume resulting in a total change of eight percent. The actual change in cylinder displacement volume was a decrease of 5.5 % between 1995 and 2002 (see Figure 2a). Thus, even if moderate, a “downsizing” of the engines can be observed. 
Larger passenger volume corresponds to a larger frontal surface area and thus, supposing no improvements in design, increased air-drag resistance. The effect of the larger passenger volume in 2002 should have resulted in an increase in air-drag resistance coefficient of 1.5 %; instead the coefficient continued to decrease, even if to a lesser degree compared to 1985-1995. Since the relationship between passenger volume and air-drag resistance remained constant between 1995 and 2002 the decrease may be explained with a deviation of the sales-weighted average from the average of all car models, i.e., aerodynamically designed cars models may have sold more. For rolling resistance a continuous improvement of one percent per year is supposed also for this period.
Place Figure 2 about here
How changes in physical parameters affect FC 1995 to 2002, (ΔFC(ΔPH))
The starting point is the sales-weighted average FC of cars with petrol engines and manual gear boxes 1995 given the EU test cycle, i.e. 8.93 l/100 km. The induced fuel use change from more spacious and thus heavier cars would result in a FC of 9.02 l/100km, however the actual increase in weight corresponds to 8.99 l/100 km, see box and line respectively under Δ M in Figure 2b.  To this fuel use the secondary effect of a heavier car, i.e., the need for a more powerful and therefore larger engine, is added and FC rises to 9.09 l/100 km. As we have seen, the shorter acceleration time also calls for, given no efficiency improvements, a larger engine and thus an increase to 9.33 l/100 km. The actual increase in weight does not fully cover the effect of increased passenger volume. When both the primary and secondary effects of this weight increase are included the FC would be 9.38 l/100 km. The total effect of increased service parameters, including a larger air drag resistance coefficient due to passenger volume increase, results in a fuel use of 9.43 l/100 km. This is a fictitious value that only serves the purpose of illustrating what fuel use the improved service parameters of new cars would have resulted in given no developments in technology and design.
Approximately 40 % of the savings from 9.43 l/km to the actual FC of 7.99 l/100 km were achieved through increasing the power to displacement volume ratio. As can be seen (left arrow in Figure 2b) this technical improvement of the engine per se lowers the FC to below the 1995 value. Lower air drag resistance gives additional savings, lowering the FC to 8.65 l/100 km; adding the effect of the presumed improvements in rolling resistance we reach 8.56 l/100 km. For 1995-2002, too, there is a large residue to be divided between increased thermal efficiency, reduced friction, pumping losses, and other improvements such as lower gear ratios
. 

c. Explaining the changes in FC 1975 to 1985
Before drawing conclusions from our analysis we would like to highlight some key findings concerning the changes that occurred between 1975 and 1985. This period has, due to less data coverage, been less extensively analyzed. Vehicle mass only increased by four percent, not the 15 % implied by the growth in passenger volume. This result reflects changes in car design from the seventies more extravagant body forms to the more box-like forms of the eighties. The increase in maximum power of almost 28 % corresponds roughly to the computed value given by larger passenger volume and improved acceleration. As in the other time periods, the expansion of cylinder displacement volume did not follow the augment in maximum power due to technical improvements; thus the increase in engine size was dampened to 10 %.
Despite the more moderate increase in physical parameters, compared to the service parameters, FC should still have been higher in 1985 compared to 1975 if no other technical improvements, such as higher thermal efficiency and lower friction of the engine, had been adopted. Most likely the technical improvements that occurred in the late seventies were a reaction to the increase in fuel prices due to the oil crisis. Probably, since fuel savings had not been a major concern earlier, easily available technical improvements made it possible to quickly lower the FC and at the same time ameliorate consumer amenities, i.e., the service parameters. 
4. Summary and conclusions

The aim of our study was to quantify the share of technological achievement and product development that has resulted in lower fuel consumption. Figure 

3 summarizes the results for the period 1985-2002. 

Place Figure 3 about here
The effects of improved service parameters that have occurred between 1985 and 2002 are illustrated by the left column. The total effect is computed by adding the implied changes for the two periods 1985-1995 and 1995-2002. We see that the larger cars, increased acceleration and net weight increase would have resulted in a 23 % higher fuel consumption had there been no technological developments. The more spacious passenger volume increase FC by almost 10 %; improved acceleration accounted for another eight percent. The net weight increase, i.e., the weight of extra services minus weight saving from improved materials, stood for the remaining five percent. However, in 2002 fuel consumption was 12.4 % lower than in 1985, largely thanks to increased specific power, lower air drag and rolling resistance (see the right column in Figure 3). We conclude that approximately 35 % of the effects of enhanced technology and design resulted in an actual lower fuel use. The remaining 65 % have merely “counterbalanced” the increase in consumer amenities such as increased passenger volume and improved acceleration
. 

In our study we can also see a change of development between the two periods 1985-1995 and 1995-2002. In the first period hardly any reduction in fuel consumption occurred and almost all technological development was thus directed toward improving service parameters. From 1995 to 2002 instead we can see a slight change of market trends: performance and service did not increase as markedly as before while technological and design improvements continued.  For instance, improvement in specific power yielded a decrease in cylinder displacement volume that alone lowered FC below the 1995 value. The combination of moderation of the increasing trends of service parameters combined with technical development resulted in an actual reduction of fuel consumption by roughly 10 % over the seven-year period.
On average, Sweden has the largest cars, with the highest fuel consumption in Europe. Even the difference between Sweden and its Nordic neighbors is significant. For technical developments to result in net reductions of fuel consumption these need to be coupled with a weakening of the prevailing trends of larger passenger volume and improved acceleration. There is therefore a need for a “downsizing” of passenger cars. By downsizing we mean both a shift toward smaller engines and a reduction in the size of the vehicles. This holds particularly true for Sweden. 
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Footnotes
1. We are only concerned with technological development related to fuel efficiency. We are aware that there might be other technological development such as improving rust resistance; this is not included in our analysis.

2. Sensitivity analysis shows that changes in Pacc have only minor effects on the fuel elasticities.

3. The index has been developed by an independent Swedish company (Autograph-bilfakta AB) which successively measures and publishes data on most new commercially available car models in Sweden. The index is a sum (in mm) of nine passenger volume length measures all adhering to the international SAE-standard.
4. The difference also includes a deviation of the sales-weighted averages from the estimated regression line.
5. The balance may also include a method dependent residual. In this analysis we have assumed that the fuel has a constant heating value during the period. Any change in this can have contributed to the FC changes measured.

6. The balance may also include a method dependent residual. In this analysis we have assumed that the fuel has a constant heating value during the period. Any change in this can have contributed to the FC changes measured.

7. As previously mentioned we are not able to establish any kind of causality in our study and thus cannot say if technological development has made it possible to develop the service and performance changes or been used just to compensate this increase.

Captions to figures

Figure 1 a) ΔPH 1985-1995; i.e., the effect of changes in passenger volume and time for acceleration on mass (M), cylinder volume (V), air drag resistance coefficient (CdA) and rolling resistance (Cr). Computed values, ΔPH(ΔS), are illustrated through columns and the actual values, ΔPHactual,  are marked with a line. For rolling resistance the line is dotted since this value is a presumed improvement. The effects of larger passenger volume are calculated through regression. Other services include factors such as safety, comfort, plastics. The figure for other services is calculated through balancing and thus may also include weight savings. The effect of better acceleration is calculated through modeling. 

b) ΔFC(ΔPH)1985 to 1995. The changes illustrated in figure a are computed into changes in fuel use. Our starting point is the actual FC value in 1985 – the boldly marked column to the left. The boldly marked column to the right illustrates the actual value in 1995. Columns represent ΔFC(ΔPH(ΔS)), i.e., computed values of FC from the results presented in figure a. The lines represent computed changes due to actual changes of the physical parameters, ΔFC(ΔPHactual). 
Figure 2 a) ΔPH 1995-2002; i.e., the effect of changes in passenger volume and time for acceleration on mass (M), cylinder volume (V), air drag resistance coefficient (CdA) and rolling resistance (Cr). Computed values, ΔPH(ΔS), are illustrated through columns and the actual values ΔPHactual  are marked with a line. For rolling resistance the line is dotted since this value is a presumed improvement. The effects of larger passenger volume are calculated through regression. Other services include factors such as safety, comfort, plastics. The figures for other services are calculated through balancing and thus may also include weight savings. The effect of better acceleration is calculated through modeling. 

b) ΔFC(ΔPH)1995-2002. The changes illustrated in figure a are computed into changes in fuel use. Our starting point is the actual FC value in 1995 (EU cycle) – the boldly marked column to the left. The boldly marked column to the right illustrates the actual value in 2002. Columns represent ΔFC(ΔPH(ΔS)), i.e. computed values of FC from the results presented in figure a. The lines represent computed changes due to actual changes of the physical parameters, ΔFC(ΔPHactual). 
Figure 3 Summarizing the effects of service parameter changes and technology and design changes on changes in fuel consumption between 1985 and 2002. The left column illustrated the added effect of service parameter changes, while the right column illustrates the effects of technology and design change.
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