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Abstract-This paper presents a new evaluation technique for the 

determination of the efficiency of a hybrid vehicle. First, the 

savings in fuel consumption is estimated in the ideal case 

considering the vehicle runs through a standard driving cycle and 

the engine runs at the lowest specific fuel consumption all the 

time. The hybridization efficiency can be defined as the ratio 

between the fuel savings in hybrid mode to the ideal savings 

according to the standard driving cycle. A case study was 

conducted with a medium-size passenger car according to the 

new European standard driving cycle. The results showed that 

the new proposed evaluation criterion is very effective for 

evaluating hybrid vehicles. 
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I. INTRODUCTION  

The growing use of transportation based on fossil fuels has 
forced scientists and policymakers to take measures that would 
reduce the negative environmental and climate impacts, the 
demand for oil production, and increased fuel prices [1-3]. At 
present, the consumption of the transport sector represents two-
thirds of the global consumption of petroleum, and passenger 
cars and light commercial transport represent half of that 
consumption. Therefore, the seek for alternative solutions that 
are highly efficient, smart, safe and clean has been among the 
challenges that draw the attention of researchers in both 
environmental and transportation fields [4-6]. Hence, the 
development of innovative technologies of hybrid electric 
vehicles is a potential environmentally friendly and cost-
effective solution along with their applicability. Logically, 
there is an urgent need to switch from conventional Internal 
Combustion Engine (ICE) vehicles to hybrid vehicles. 
Nowadays, hybrid vehicles contribute significantly to the 
reduction of emissions, especially in urban areas. The use of 
hybrid vehicle technologies has recently accelerated not only 
for passenger cars but also for heavy vehicles [7-9].  

Many factors affect the fuel economy of passenger cars 
include traffic conditions, road geometry, and vehicle running 
modes such as idling, cruise, load, acceleration, and so on. The 
combination of these conditions can be summarized in two 
cases: city and highway driving. Driving a vehicle on the 
highways means with semi constant engine speed and load is 

often associated with an economic performance featured by 
moderate fuel consumption with lower exhaust emissions per 
kilometer. City driving is usually recalling different engine 
modes especially idling, acceleration, and deceleration modes 
where low speeds and light or no loads which means low 
efficiency and excessive emission levels. So, the electric motor 
is the suitable alternative solution to reduce emissions and fuel 
consumption. Also, the possibility of using brake regeneration 
energy as a further energy source helps reduce fuel 
consumption by up to 15% [10-12]. 

Increase in intelligent technology used in hybrid vehicles 
such as the reduction of battery mass and the increased 
performance leads to increased number of hybrid vehicles in 
the auto market [13-16]. Many studies indicated a significant 
rise in the number of hybrid vehicles due to the expected 
improvement in fuel consumption and reducing harmful 
emissions. Some studies considered fuel consumption is little 
affected when running over vehicles for standard driving 
highway cycles and the effect is considerable within city roads 
[17-19]. The hybrid vehicle system operates the ICE mostly in 
the high efficiency and low consumption range. In addition, the 
batteries of the hybrid system are charged to reach the area of 
minimum fuel consumption whenever possible [20-22]. 
However, the main source of energy in hybrid vehicle systems 
is the ICE, and hybrid system deployment is one of the 
methods proven effective in achieving operating points close to 
the optimal operating point inherent to minimum specific fuel 
consumption for ICE operation most of the time [23, 24]. In 
other words, the main goal of the hybridization of vehicles is to 
operate the vehicle under the most economical operating 
conditions or as close to the highest efficiency range as 
possible [25, 26]. 

Usually, hybrid vehicles work on the basis that the 
efficiency of ICEs is relatively low and varies depending on the 
engine load and speed. On the other hand, the electric motor 
has high engine power and efficiency [27]. The operation of 
hybrid vehicles is an attempt to operate the vehicle engine in a 
high efficiency state as much as possible. The low energy 
demand at low vehicle speeds, especially in urban areas, 
requires low engine power. So, the battery motor is sufficient 
and efficient to power the vehicle, in what is called tailpipe 
zero emission mode. When the vehicle is running at a high 
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speed (70-120km/h), and the engine is running in a high 
efficiency range, then the ICE can be relied upon to power the 
vehicle, which is known as the gasoline mode [28]. For high 
loads, it is possible to rely on both the ICE and the electric 
motor. The battery charging strategy is based on the use of the 
difference between the torque at maximum efficiency and the 
actual torque of the vehicle to charge the batteries. Hybrid 
vehicles are characterized by the fact that they use the energy 
resulting from regenerative braking energy recovery to charge 
the batteries and use it later when needed in the vehicle's 
motion, resulting in additional savings in fuel consumption [5, 
29]. 

The common evaluation parameter of hybrid vehicles is the 
degree of hybridization, defined as the ratio between the power 
of the battery pack and the sum of battery reverse power and 
ICE power [30]. In the same context, the degree of 
hybridization is defined as the ratio of the power developed by 
an electric motor in a hybrid vehicle to the total power 
consumed [31]. Similarly, authors in [5, 32] have defined 
Hybridization Factor (HF) as the ratio of electric motor power 
to the sum of electric motor power and ICE power. 

The degree of hybridization indicates the degree of 
improvement over the traditional situation but does not provide 
sufficient information on whether this improvement has 
reached or is close to the ideal degree. Researchers have 
evaluated hybrid vehicles using the terms "hybridization 
degree" or "hybridization factor". This definition is limited to 
indicating the rate of reduction in fuel consumption compared 
to conventional vehicles. However, can the rate of the 
improvement increase and to what extent has this improvement 
reached its maximum value? The performance of any thermal 
or mechanical system is evaluated by calculating the efficiency, 
using the ratio between the actual case and the ideal condition, 
and for hybrid vehicles, the parameters for the ideal condition 
are not available until the efficiency is calculated. Therefore, a 
new evaluation is needed to calculate the efficiency of 
hybridization because of the special working of that type of car. 
The current evaluation of the hybrid vehicles has some 
shortages. It adds a considerable amount of electric power to 
the main driving power of the internal combustion engine to 
save fuel consumption, but it does not provide how close this 
saving is to the deal saving of the fuel consumption. 

In this paper, hybrid vehicles are evaluated by calculating 
the efficiency of the vehicles when it runs over a complete 
standard driving cycle, as the term efficiency gives a more 
realistic impression of how close the system is to the ideal 
state. Therefore, a new evaluation was needed to estimate the 
efficiency of hybridization. Therefore, a new evaluation 
parameter will be introduced to evaluate the hybrid vehicles in 
terms of hybridization efficiency. This parameter is applied 
through a case study of a medium passenger car that undergoes 
the New European Driving Cycle (NEDC). 

II. METHODOLOGY 

The new method for evaluating hybrid vehicles is based on 
the determination of hybridization efficiency. The new method 
can be applied according to the following steps: 

• Calculating the total energy E required to run through the 
whole driving cycle: 

� � � ������
	



    (1) 

where E is the required energy to complete the driving cycle, 
P(t) is the required power, and t is the total time of the driving 
cycle. 

• Calculating the required fuel consumption when the vehicle 

runs whole driving cycle in conventional mode, βc in liters. 

• Calculating the required fuel consumption when the vehicle 

runs the same driving cycle with hybrid mode, βh in liters. 

• Minimum track fuel consumption βmin can be achieved 
considering the ideal case that the engine is running at 
minimum specific fuel consumption bsfcmin. 

• The minimum fuel consumption can be expressed as 

��
� �
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    (2) 

where ρf is the fuel density. 

As shown in Figure 1, it is considered that the fuel 
consumption with the conventional case is at 0% hybridization 
efficiency, while the 100% hybridization efficiency is at 
minimum fuel consumption. Normally, the fuel consumption in 
the hybrid condition lies between the conventional and the 
ideal cases. From Figure 1, the similarity of the triangles led to 
the following equation to calculate the hybridization efficiency. 
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Fig. 1.  Variation of the hybridization efficiency with fuel consumption. 

The engine fuel consumption map can provide the brake 
specific fuel consumption bsfc at any point coordinated by 
engine speed and brake mean effective pressure (sometimes 
engine torque). Driving cycles are defined as a set of vehicle 
speed data points as a function of driving cycle time. In this 
study, the NEDC [35] is used as the standard driving cycle. The 
evaluation of vehicle performance while moving along a 
driving cycle depends on how many liters of fuel are consumed 
to drive a complete cycle. Brake specific fuel consumption 
varies according to the equivalent torque of a revolution. The 
vehicle specifications are shown in Table I. The engine fuel 
map of the vehicle used in this study is shown in Figure 2.  

 

           βmin                        βh                        βc 
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TABLE I.  VEHICLE SPECIFICATIONS 

Displacement cm3 1498 

Bore/ Stroke mm 73.0/89.4 

Tire radius mm 320 

Projected area m2 2.1 

Coefficient of air resistance -- 0.32 

Gear ratios  
3.643, 2.08, 1.361, 

1.024, 0.83, and 0.686 
Final drive ratio  4.105 

Coefficient of rotating parts �  1.05 

Gross vehicle mass 

(conventional) 
kg 1285 

Gross vehicle mass (hybrid) kg 1515 

 

 

Fig. 2.  Engine fuel consumption map. 

The batteries specifications used in this study are:  

• No of batteries: 38 

• Battery voltage: 8.4V 

• Battery ampere-hours: 8.4Ah 

Figure 3 illustrates the power flow of the model. A Matlab/ 
Simulink model is built with the vehicle speed of the input 
driving cycle, and the model running time is the driving cycle 
time. The vehicle resistances are evaluated and the 
corresponding engine torque and power are calculated. The 
engine torque, the corresponding engine revolutions, and 
engine fuel map data are the inputs of the fuzzy controller to 
calculate the brake specific fuel consumption. Using (6) from 
[34], the track’s fuel consumption can be calculated. 

III. RESULTS 

The total energy required to complete the entire drive cycle 
is a key parameter for evaluating hybridization efficiency. The 
total energy can be calculated by integrating the engine power. 
The nominal power required to operate the vehicle throughout 
the NEDC is shown in Figure 4. The energy required to 
achieve the cycle is shown in Figure 5 with and without brake 
energy recovery. In these Figures, there are four similar urban 
zones between 0s and about 800s, and the vehicle travels in the 
highway zone after this period. The maximum power in the 
highway zone can be about twice that in the urban zone. In the 
same context, the maximum negative power of the highway 
zone is higher than twice the value in the urban zone. However, 
the total energy required by the vehicle to achieve the NEDC 
without brake energy recovery is about 6000kJ, while, the total 
energy required to achieve the NEDC with brake energy 
regeneration is reduced by about 15% without brake energy 
regeneration. These results agree with [7, 32]. 

 

 

Fig. 3.  Schematic diagram of the power flow chart of the hybrid vehicle. 

The track fuel consumption of the conventional vehicle 
running the whole NEDC in ml/s is plotted in Figure 6. The 
fuel consumption ranges from 0.12ml/s (idle case) to 3.4ml/s. 
In the urban region, there are four similar ranges with 
maximum values of about 1.5ml/s, while in the highway 
region, the enroute fuel consumption in ml/s is relatively 
higher. The total fuel consumption in conventional condition, 

βc in liters, can be calculated as the integration of fuel 

consumption with driving cycle time. In this case, it is 0.826lt. 
The track fuel consumption of the hybrid vehicle without 
regenerative braking energy recovery when running through 
the entire NEDC is plotted in Figure 7. The Stae Of Charge 
(SOC) is assumed to be 100% at the beginning of the driving 
cycle. In urban areas, the vehicle is driven by the electric motor 
(tailpipe zero emission mode). SOC reaches about 60% at 
urban areas within the period of 0-840s of the driving cycle 
time. 
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Fig. 4.  Engine power variations within a cycle time of NEDC. 

 

Fig. 5.  Vehicle energy variations within the NEDC cycle time. 

 

Fig. 6.  Fuel consumption of the conventional vehicle according to NEDC. 

 
Fig. 7.  Fuel consumption and SOC of the hybrid vehicle without 

regenerative brake energy recovery running over the NEDC. 

On the highway, the vehicle’s engine performs two tasks: it 
mainly drives the vehicle and the rest of the maximum engine 
torque is used to charge the batteries. A time period of about 
70s is sufficient in this case to recharge the batteries and bring 
the SOC back to 100%. The average fuel consumption during 
this period is about 4.3ml/s. Finally, in the last period, the 
vehicle runs in gasoline mode, as this is economically feasible 

on the highway. The total fuel consumption on the highway 
when the vehicle is driven in gasoline mode and the batteries 
are recharged to 100% within SOC is about 0.67lt, which is 
about 19% lower than the conventional vehicle. These results 
are in accordance with [33, 34]. The fuel consumption for the 
hybrid vehicle for the case of brake regeneration energy 
recovery is shown in Figure 8. When the vehicle is driven in 
the urban area in the tailpipe zero -emission mode, the SOC 
decreases from 100% to about 72%. When the vehicle is on the 
highway, in addition to charging the batteries, it also takes 55s 
to recharge the SOC to 100%. The total fuel consumption 
required for highway driving, in addition to battery charging, is 
about 0.583lt, which is 35% less than the conventional vehicle 
and about 13% less than the hybrid vehicle without 
regenerative braking energy recovery. 

 

 
Fig. 8.  Fuel consumption and SOC of the hybrid vehicle with regenerative 

brake energy recovery according to the NEDC. 

 

Fig. 9.  Track fuel consumption of the vehicle according to the NEDC. 

 

Fig. 10.  Hybridization efficiency of the vehicle according to the NEDC. 

It can be concluded that this comparison shows a significant 
improvement when using the hybrid system with and without 
brake energy regeneration. But have these improvements 
reached the maximum limits, or can the fuel savings be 
increased? This evaluation method does not give us an 
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indication of the fuel economy in the ideal case. Equation (3) 
was applied to evaluate the proposed new evaluation parameter 
and the result is shown in Figure 10. It shows the relationship 
between hybridization efficiency in the two usage modes and 
the non-use of brake energy recovery for both driving cycles. 
Efficiency is a measurable and easily understood concept that 
provides a clear indication of the extent to which the 
hybridization efficiency reaches the ideal state. 

Figure 11 shows the degree of hybridization of the vehicle 
crossing the whole NEDC with and without brake regeneration 
energy. Looking in depth at the current assessment, there are 
some shortcomings, which are the extent to which the optimum 
reduction in fuel consumption can be reached. The expression 
in terms of efficiency provides a clear picture of how close this 
is to the ideal case. 

 

 
Fig. 11.  Degree of hybridization according to the NEDC (current 

assessment). 

IV. CONCLUSIONS 

In this paper, the status of hybrid vehicle evaluation was 
reviewed. It was found that there are some shortcomings in the 
current evaluation parameters, regardless of the degree of 
hybridization or the hybridization factor. These inadequacies, 
since the fuel economy savings are given as a percentage of the 
conventional condition, do not refer to the ideal conditions (the 
concept of efficiency). Therefore, a new evaluation parameter 
can be used to evaluate the hybridization efficiency with 
reference to the ideal condition. Hybridization efficiency can 
be calculated by dividing the fuel economy in hybrid mode by 
the maximum economy in the ideal condition when the vehicle 
runs the entire standard driving cycle. Hybridization efficiency 
gives a tangible and accurate comparative formula for 
evaluating hybrid vehicles. In this study, two case studies are 
presented with a mid-size passenger car in the full NEDC 
driving cycle with and without brake energy regeneration. The 
results show that the new factor, hybridization efficiency, is 
very effective and provides tangible and logical results. The 
hybridization efficiency is about 40% and 61% without and 
with regenerative braking energy respectively, when the 
vehicle goes through the whole NEDC driving cycle. 
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