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Abstract 

The increasing number of passenger cars worldwide and the consequent increasing rate of global 

oil consumption have raised the attention on fuel prices and have caused serious problems to the 

environment. Nowadays, the demand for reducing fuel consumption and pollutant emissions has 

paved the way to the development of more efficient power generation systems for the 

transportation sector. The lower fuel burning and pollutant emissions of hybrid electric vehicles 

give a strong motivation and encourage further investigations in this field. This research aims to 

investigate novel configurations, which could achieve further performance benefits for vehicle 

powertrain. Automakers claim that the employment of a gas turbine operating as range extender 

in a series hybrid configuration is the most efficiency solution in the coming years. In particular, 

a Micro Gas Turbine (MGT) can be considered as an alternative to the internal combustion 

engine (ICE) as a range extender for electric vehicles. The MGT produces less raw exhaust 

gaseous emissions such as HC and CO and static applications compared to the ICE. In addition, 

the MGT weight is lower than an equivalent ICE and potentially can reduce the level of CO2 

especially in a vehicle application. This study presents a parametric study of MGT applications 

for Range-Extended Electric Vehicle (REEV). The main objective is to examine the MGT 

performance to meet the requirements for a REEV that could become competitive, in terms of 

fuel consumption and pollutant emissions, to equivalent diesel or gasoline hybrid propulsion 

units or to conventional diesel vehicle.  
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1 Introduction 

The reduction of fuel consumption of passenger cars is a challenging goal. Many approaches that 

promise to reduce the fuel consumption and the emissions of passenger cars have been presented 

so far, and new ideas emerge on a regular basis [1, 2]. One technology currently available is the 

electric vehicle, but their mass production is inhibited by a source of barriers. Range-Extended 

Electric Vehicle (REEV) is a solution to the limited range and exorbitant cost of Battery Electric 

Vehicles (BEVs). They operate essentially as a BEV until their batteries become depleted; at this 

point they utilize an Auxiliary Power Unit (APU) that draws energy from liquid or gaseous fuel 

and provides electricity, allowing the vehicle to continue operating [3-8]. The APU generally 

only provides the average power demanded by the vehicle, so it can be downsized compared to 

the power unit of a conventional vehicle.  In addition, because the APU is decoupled from the 

road load, its operation can be optimized to produce high efficiency and low exhaust emissions 

[9-14]. Furthermore the main requirements of APU are compactness, lightweight to minimize the 

vehicle efficiency penalty of carrying dead weight, low noise and vibration, inexpensive and 

little maintenance. So the Micro Gas Turbines have the potential source to be an alternative APU 

in the REEVs [15-21]. 

This work presents an assessment of a novel hybrid configuration comprising a MGT, a battery 

pack, and a traction electric motor, focusing on its potential contribution to the reduction in fuel 

burn and pollutant emissions. The main purpose of this study is to evaluate the MGT 

performance through appropriate software to meet the requirements for a REEV that becomes 

competitive in terms of performance to equivalent diesel or gasoline hybrid propulsion units or to 

conventional diesel vehicle. The power required for the propulsion of the vehicle is provided by 

the electric motor. The electric power is stored by the batteries, which are charged by a periodic 

function of the MGT. The MGT starts up when the battery state of charge becomes lower than 

20%, and its function continues until the battery reaches a state of charge of 80%. The 

performance of the vehicle is investigated using a specific REEV model built in MATLAB® 

software. The simulations are carried out using a quasi-static approach. The calculated 



performances, in terms of fuel consumption and pollutant emissions, are compared with those of 

an equivalent hybrid vehicle having a diesel engine (at the same power of the MGT) as APU, and 

with the performances of a conventional diesel vehicle. The simulations are carried out also for 

different fuels supplying the MGT and at different ambient temperatures, to show the MGT’s 

operation limits at high ambient temperatures. The sensitivity of the results to the variation in the 

vehicle parameters such as mass, and battery type is calculated to identify the conditions under 

which the application of this hybrid technology offers potential benefits. 

2 Modeling Approach 

2.1 Vehicle and Powertrain Modeling 

A generic in-house vehicle model was developed in this study, based on MATLAB®, to 

predict the performance characteristics of various powertrain types of passenger vehicles. The 

theoretical background of this model has been presented in previous studies [1, 12, 14]. Briefly, 

the simulated vehicle is discretized on a number of sub-models (components) including vehicle 

(body), electric motor/generator, battery, gearbox and thermal engine. Proper selection of the 

components can result in the simulation of a conventional vehicle or a REEV. Inputs of the 

model are the geometrical characteristics of the components as well as the driving conditions, 

such as velocity and road slope angle versus time. At each time step, calculations of the vehicle 

energy flow are performed on both ways, forward and backwards. Initially, calculations are 

performed at a forward flow from wheel to tank, to calculate the required energy, while 

backward calculations are performed to ensure that each component would never require higher 

torque or power than that being able to be delivered by the respective component placed 

upstream. The comparison between the conventional diesel vehicle and the MGT REEV is 

performed by utilizing New European Driving Cycle (NEDC). 

2.1.1 Powertrain Modeling 

The first step to model vehicle performance is to calculate the tractive forces of the 

vehicle for a given velocity and slope of angle driving profile. The forces which are applied on 

the vehicle are rooted on rolling resistance, aerodynamic drag, road inclination and vehicle’s 

acceleration, when velocity is changed. The sum of rolling resistance force (Eq. 1), aerodynamic 



drag force (Eq. 2), gradeability driving force (Eq. 3), the acceleration force (Eq. 4) and the 

angular acceleration force results the tractive effort at each time step (Eq. 5) [22-25].  

𝐹𝑟𝑟 = 𝜇𝑟𝑟 ∙ 𝑚 ∙ 𝑔          (1) 

𝐹𝑎𝑑 = (1 2)⁄ ∙ 𝜌 ∙ 𝐴 ∙ 𝐶𝑑 ∙ 𝑣
2         (2) 

𝐹ℎ𝑐 = 𝑚 ∙ 𝑔 ∙ sin⁡(𝜓)          (3) 

𝐹𝑙𝑎 = 𝑚 ∙ 𝑎           (4) 

𝐹𝑡𝑒 = 𝐹𝑟𝑟 + 𝐹𝑎𝑑 + 𝐹ℎ𝑐 + 𝐹𝑙𝑎 + 𝐹𝜔𝑎        (5) 

The angular acceleration force ⁡𝐹𝜔𝑎 is considered in this study as a 5% increase of the 

acceleration force ⁡𝐹𝑙𝑎 value. Fig. 1 schematically presents the forces acting on vehicle’s motion. 

 

Fig. 1: Schematic representation for uphill driving [26] 

 

The tractive effort power as well as the required power and angular speed (ω) of the 

motor or engine are described in equations Eq. 6, Eq. 7 and Eq. 8 respectively. Finally, the mean 

brake effective torque is calculated by Eq. 9: 

𝑃𝑡𝑒 = 𝐹𝑡𝑒 ∙ 𝑣(𝑡)          (6) 

𝜔 = 𝐺 ∙
𝑣(𝑡)

𝑟
           (7) 

𝑃𝑚𝑜𝑡_𝑜𝑢𝑡 =
𝑃𝑡𝑒

𝜂𝐺
           (8) 

𝑇 =
𝑃𝑚𝑜𝑡_𝑜𝑢𝑡

𝜔
           (9) 

The electric motor that has been assumed in this study is a DC electric motor with 

200Nm maximum torque between 200 and 2500 rpm while its maximum power is 60kW at 

4000rpm. The efficiency of the DC electric motor in this study has been simply simulated by 

using Eq. 10, as a function of torque and rotational speed [26, 27]. The efficiency of its controller 

is also assumed in this formula. The coefficients for copper, iron, windage and other constant 

losses are described in Table 1. 

𝜂𝑚 =
𝑇∙𝜔

𝑇∙𝜔+𝑘𝑐∙𝑇2+𝑘𝑖∙𝜔+𝑘𝑤∙𝜔
3+𝐶

         (10) 



 

Table 1: Coefficients used for electrical power of motor 

During acceleration or breaking the electric machine operates either as an electric motor or a 

generator (in the case of regenerative breaking) respectively. At each case, the required power is 

described by Eq. 11 and Eq. 12 respectively. 

𝑃𝑚𝑜𝑡_𝑖𝑛 =
𝑃𝑚𝑜𝑡_𝑜𝑢𝑡

𝜂𝑚
          (11) 

𝑃𝑚𝑜𝑡_𝑖𝑛 = 𝑃𝑚𝑜𝑡_𝑜𝑢𝑡 ∙ 𝜂𝑚         (12) 

 

The battery pack unit has been modeled by utilizing the well-established “equivalent 

circuit model” [18, 28], while in this work the work a Nickel-Cadmium battery has been chosen. 

The state of charge of a NiCad battery is described by some former researches [31, 32]. The 

instantaneous current through the battery pack is calculated from the battery power [27]. The 

latter is a sum of power consumption and generation by the motor, the vehicle auxiliaries and the 

thermal engine as explained by Eq. 13. In this work, the vehicle auxiliaries were selected to be 

equal 250 Watt. 

𝑃𝑏𝑎𝑡 = 𝑃𝑚𝑜𝑡_𝑖𝑛 + 𝑃𝑎𝑐 − 𝑃𝑒𝑛𝑔𝑖𝑛𝑒        (13) 

 

2.1.2 Range Extender Electric Vehicle 

The mathematical vehicle model presented in the previous section has been employed to 

simulate an indicative REEV. The model consists of a thermal engine, a battery pack, an electric 

motor and a transmission gearbox, while the energy flow is schematically presented in Fig. 2. 

The studied REEV was configured to be representative to already existing commercial range 

extender vehicles and its respective model parameters as summarized in Table 2. The vehicle has 

a single gear and its weight is higher to conventional vehicles, mainly due to the battery pack and 

the complex powertrain system. 

Table 2: Main REEV parameters 

 



Fig. 2: Energy flows in the vehicle 

Depending on the pedal positions, the controller receives input signals, processes, and transmits 

them directly to the power converter, which controls the power provided by the battery to the 

electric motor or, conversely, the power from the electric motor to the battery when the vehicle 

decelerates. The energy management unit is connected to the controller, the battery, and the 

MGT, and its main aim is to achieve the communication and control of these three components 

in terms of energy input and output to the battery. Finally, the auxiliary system consumes an 

amount of energy from the battery to cover the needs of the driver (radio, headlights, air 

conditioning, heating, etc.) [29-33]. Fig. 3 schematically presents complete simulation process of 

the REEV that has been conducted in this study. 

Fig. 3: Flowchart for the simulation of Range-Extended Electric Vehicle (REEV) 

 

2.1.3 Conventional Vehicle 

The mathematical vehicle model presented in the previous section has been employed to 

simulate a conventional passenger diesel car to compare it with the REEV. This simple 

powertrain model consists of a thermal engine, the transmission gearbox, the differential and the 

wheels. The vehicle and gearbox main characteristics are described in Table 3 and Table 4 

respectively. 

Table 3: Diesel car main parameters. 

 

Table 4: Diesel car transmission characteristics 

 

The conventional vehicle model transforms the driving cycle velocity profile into torque-speed 

profile and utilizes engine maps to calculate the instantaneous fuel consumption and emissions 

values. At the end of the simulation process, the cumulative fuel consumption and NOx 

emissions values are calculated and compared with the performance of the REEV. 



2.2 Micro Gas Turbine Modelling 

Initially, it is required to build a model of Capstone C30 micro gas turbine, to simulate its 

performances both in design point and in all its others operating points. The purpose is to build 

the complete maps of MicroTurbine in order to predict its performances in all operating 

conditions. Capstone C30 can be operated both with gaseous fuels and with liquid fuels, and its 

performances change depending on the kind of fuel used. Firstly it is assumed to supply the 

MicroTurbine by a gaseous fuel, in particular natural gas, which has the Low Heating Value 

(LHV) = 46280 kJ/kg. After, the same procedure is performed by a liquid fuel, and for this case 

only the main results will be presented. Table 5 represents performance of Capstone Model C30 

MicroTurbine operated by natural gas fuel at full load power and ISO conditions (as Capstone 

Turbine Corporation declares), which defines the cycle design point of the MGT chosen [30, 34-

40]. 

Table 5: MGT cycle design point claimed from Capstone Turbine Corporation 

 

Starting from these data, using the commercial software called GASTURB11 (GasTurb11), the 

model of this MGT at the design point is built. So, after calibration of the model, it is validated 

comparing the values of design cycle point obtained from the software with the values declared 

by Capstone Company at nominal point of Model C30 as represented in Table 6. 

Table 6: Performance parameters comparison between simulated MGT and base Capstone MGT 

 

The next step is to define the performances of the MGT in all its operating conditions. In other 

terms, the complete operating maps of main parameters of MicroTurbine are built through an 

Off-Design analysis of MicroTurbine using GASTURB11 software. Accordingly, the compressor 

and turbine maps of the Capstone C30 are built by computerizing data existing in literature, 

using the tools Smooth C and Smooth T. Once the design and the calculation of the maps are 

implemented, it is possible to make the Off-Design analysis of MicroTurbine. The Off-Design is 

followed by choosing only two parameters of MicroTurbine and making these two parameters 

modified in a specific range of values, in accordance with the right operation of machine. Having 

fixed all other parameters (in particular the ambient temperature), the performances of Capstone 



C30 can be calculated varying the Turbine Inlet Temperature (T.I.T.) and the Relative Rotational 

Speed (ratio between rotational speed and rotational speed at design point) into specific ranges 

and with specific Step sizes, as shown in Table 7. 

Table 7: Off-Design parameters analysis of MicroTurbine 

 

The maximum of T.I.T. has been imposed in accordance with the materials resistance used for 

the turbine, and this value of 1200 K is a good value for the common materials used. The results 

of this Off-Design analysis are the performances of the MicroTurbine in all operating points 

defined by the variation of the two parameters T.I.T. and relative rotational speed. Thanks to this 

analysis, the complete operating maps of main operating parameters of C30 are plotted as 

presented in Fig. 4 and Fig. 5. 

Fig. 4: MGT C30 Thermal Efficiency Map 

 

Fig. 5: MGT C30 Brake Specific Fuel Consumption (BSFC) Map 

 

The calculation of the NOx emissions is not performed by GASTURB11, but by a more precious 

and specific calculation code (MGTOFFDES Code). This code is created specifically for 

simulating the combustion process of Capstone C30, so it takes account of the real main aspects 

of the combustor of this MicroTurbine (geometry, air flow distribution) and the way in which the 

combustion process evolves in time (the injection strategies). Fig. 6 and Fig. 7 illustrate the real 

C30 combustion chamber for gaseous fuel, and the fuel injectors. The calculation code used for 

the NOx emissions takes account of these real characteristics of the MGT. 

Fig. 6: MGT C30 combustion chamber for gaseous fuel 

Fig. 7: MGT C30 Fuel Injectors 

The Model C30 MicroTurbine utilizes three pilot injector solenoids, and a single premix solenoid 

to control fuel flow to the engine. Injector operation changes at different power levels: 

 Below 7 kW, the MicroTurbine operates with a single pilot injector. 



 From 7 kW to 22 kW, all three pilot injectors are switched on. 

 Above 22 kW, all three pilot solenoids are turned off, and the premix solenoid is 

switched on. 

So, starting from these real data, the calculation code enables us to calculate the NOx emissions, 

both at design point and in all other operating points of the MGT, through an Off-Design 

analysis, followed the theoretical approach as explained in Table 8. 

Table 8: Theoretical approach developed through Off-Design procedure 

 

The code is based on a Thermo-Kinetic model, linked to the extended Zel’dovich mechanism, for 

the prediction of the thermal NO formation, whose development is briefly outlined bellows by 

Eq. 14, Eq. 15, Eq. 16 and Eq. 17 [1, 13, 23]: 

𝑂 +⁡𝑁2 = 𝑁𝑂 + 𝑁⁡ {
𝑘𝑓1 = 7.6 ∗ 1013⁡exp⁡(−3800/𝑇)

𝑘𝑏1 = 1.6 ∗ 1013
     (14) 

𝑁 +⁡𝑂2 = 𝑁𝑂 + 𝑂⁡ {
𝑘𝑓2 = 6.4 ∗ 109⁡T⁡exp(−3150/𝑇)

𝑘𝑏2 = 1.5 ∗ 109⁡𝑇⁡exp⁡(−19500/𝑇)
     (15) 

𝑁 + ⁡𝑂𝐻 = 𝑁𝑂 + 𝐻⁡ {
𝑘𝑓3 = 4.1 ∗ 1013

𝑘𝑏3 = 2.0 ∗ 1014⁡exp⁡(−23650/𝑇)
     (16) 

𝑑𝑥𝑖

𝑑𝑡
= ∑ [𝑘𝑓𝑘∏ 𝑥̃

𝑗

𝜁𝑓𝑘,𝑗 − 𝑘𝑏𝑘∏ 𝑥̃
𝑗

𝜁𝑏𝑘,𝑗7
𝑗=1

7
𝑗=1 ]3

𝑘=1 ⁡⁡⁡⁡(𝑖 = 1,… . ,7)    (17) 

 

So, the results of this calculation procedure based on these models are illustrated in Fig. 8. It 

should be noted that the code simulates correctly (as shown in Table 9) the combustion process 

of the Capstone C30 for power levels above 22 kW, when all three pilot solenoids are turned off 

and the premix solenoid is switched on. 

Table 9: Prediction of dry NOx by simulation (MGTOFFDES Code) 

Fig. 8: MGT C30 Emission Index NOx Map 

The performances of Capstone C30 are investigated also varying the ambient temperature in a 

specific range and it is focused on its influence on the main operating parameters of the MGT. 



This analysis confirms that the MGT performance is greatly affected by its inlet air temperature, 

tied to ambient temperature. In other terms it endorses a significant limitation on the application 

of micro gas turbines, especially in hot climates (T = 303.15 K/313.15 K), is strongly dependent 

of their performance, namely the power output and the thermal efficiency, on the ambient 

conditions. This inherent disadvantage can be mitigated by the reduction of MGT compressor 

inlet air temperature. This aspect is well represented in Fig.9 , obtained identifying, for each 

ambient temperature, the performances (in terms of BSFC and NOx) of all operating points 

which are on the lines of the maximum power obtainable from the MGT, at that specific ambient 

temperature [41]. Increasing the ambient temperature, both the specific fuel consumption and the 

NOx emissions move to higher values. Instead, for a specific ambient temperature, if the specific 

fuel consumption increases, the NOx emissions decrease and vice versa. It is interesting to 

analyze the vehicle performances at a higher ambient temperature, where the operating 

conditions of the MGT are worse, in order to study this limit of the MGT in this application [42]. 

The operating point chosen for this analysis is shown in Fig. 9, and the MGT performances at 

this point are listed in Table 10. 

Fig. 9. Influence of ambient temperature and MGT operating point chosen 

Table 10: MGT performance at the point chosen in Fig. 9 

 

Certainly one of the most important aspects of the MGT is the “Fuel Flexibility”, so it is 

interesting to study the performances of the Capstone C30, when it is fueled by another fuel, in 

particular by Diesel fuel, using the same procedure followed for the case in which the MGT is 

fueled by Natural gas. So, only the main results of this study are presented here as shown in Fig. 

10 and Fig. 11. 

 

Fig. 10. MGT C30 BSFC Map-Diesel  

Fig. 11. MGT C30 NOx Emission Index Map-Diesel 



2.3 Diesel Engine 

The diesel engine used in this study is a 1.4L engine with maximum power 50kW at 3800 rpm 

and maximum torque 180Nm at 2100 rpm while its fuel consumption and NOx operating maps 

are presented at Fig. 12 and Fig. 13 respectively. It can be seen that there is a limited area where 

BSFC is minimized at 230 g/kWh. 

Fig 12. Diesel engine BSFC map 

Fig 13. Diesel engine NOx map 

3 Results & Discussion 

3.1 Range-Extended Electric Vehicle with MGT Supplied by Natural Gas [MGT1] 

Here the main simulation results of the REEV performances that have the Capstone Model C30 

MicroTurbine as APU are presented. It is firstly analyzed the case in which the MGT is fueled by 

natural gas working in its nominal point at full load power and ISO conditions. It is presumed to 

calculate the CO emissions, and this information of Capstone C30 at operating conditions 

described are taken from the technical reference by Capstone. Eq. 18, Eq. 19, Eq. 20, Eq. 21 and 

Eq. 22 and used in order to have the NOx and CO cumulative emissions in [g], and the fuel mass 

consumption in [kg], at the end of the whole process. 

𝑁𝑂𝑥⁡[𝑘𝑔 𝑠⁄ ] =
𝑁𝑂𝑥⁡[𝑝𝑝𝑚]∙𝑀𝑊𝑁𝑂𝑥∙𝐸𝑥ℎ𝑎𝑢𝑠𝑡⁡𝑀𝑎𝑠𝑠⁡𝐹𝑙𝑜𝑤⁡[𝑘𝑔 𝑠⁄ ]

𝑀𝑊𝑒𝑥ℎ∙10
6      (18) 

𝐶𝑂⁡[𝑘𝑔 𝑠⁄ ] =
𝐶𝑂⁡[𝑝𝑝𝑚]∙𝑀𝑊𝐶𝑂∙𝐸𝑥ℎ𝑎𝑢𝑠𝑡⁡𝑀𝑎𝑠𝑠⁡𝐹𝑙𝑜𝑤⁡[𝑘𝑔 𝑠⁄ ]

𝑀𝑊𝑒𝑥ℎ∙10
6

      (19) 

𝑁𝑂𝑥⁡[𝑔] = (∫ 𝑁𝑂𝑥
𝑡𝑒𝑛𝑔𝑖𝑛𝑒
0

⁡[𝑘𝑔 𝑠⁄ ] ∙ 𝑑𝑡) × 1000      (20) 

𝐶𝑂⁡[𝑔] = (∫ 𝐶𝑂
𝑡𝑒𝑛𝑔𝑖𝑛𝑒
0

⁡[𝑘𝑔 𝑠⁄ ] ∙ 𝑑𝑡) × 1000      (21) 

𝐹𝑢𝑒𝑙⁡𝑚𝑎𝑠𝑠⁡[𝑘𝑔] = ∫ 𝐹𝑢𝑒𝑙⁡𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛
𝑡𝑒𝑛𝑔𝑖𝑛𝑒
0

⁡[𝑘𝑔 𝑠⁄ ] ∙ 𝑑𝑡    (22) 



Where 𝑡𝑒𝑛𝑔𝑖𝑛𝑒 is the time for which the thermal engine is switched and MWNOx = 46 kg/kmol, 

MWCO = 28 kg/kmol, MWexh = 29 kg/kmol. Fig. 14, Fig. 15, Fig. 16 and Fig. 17 represent the 

main results of the whole simulation process (for 10 NEDCs). 

Fig. 14: Power from/into Battery-Output Power of MGT vs. Time 

Fig. 15: Power during a single NEDC in which the MGT is switched-off  

Fig. 16: Power during a single NEDC in which the MGT is switched-on 

Fig. 17: State of Charge (SOC) vs. Time 

Fig. 17 shows that SOC decreases until it reaches the minimum value imposed equal to 0.2. 

When this condition is reached, the MGT turns on and starts to charge the battery. In fact, 

starting from this point, the battery SOC begins to increase almost linearly. The MGT is 

switched on until the SOC of the battery reaches the maximum value imposed equal to 0.8. 

When this condition is reached the battery is considered fully charged and the MGT turns off. 

Table 11 shows the main vehicle performances at the end of the whole simulation process [20, 

21, 40, 42-45]. 

Table 11: Major vehicle performances results from simulation of MGT1 

4 Range-Extended Electric Vehicle with MGT Supplied by Natural Gas, 

Operating at Higher Ambient Temperatures [MGT2] 

Previously it was validated that the performances of the MicroTurbine become worse when the 

ambient temperature increases, because the temperature of the compressor inlet air is higher. 

This is an important limit of the potential of the MGT, so it is interesting to study the 

disadvantages, the bad consequences, at which this limit can conduct in this specific application. 

It assumed to simulate the vehicle performances at ambient temperature of 303.15 K, making the 

MicroTurbine work at operating conditions defined from the point for which the BSFC has the 

minimum value. The simulation results of this case are compared with the vehicle performances 

in the case Ambient T = 288.15 K, in Table 12. 

Table 12. Effect of different ambient temperature on performance of MGT2 



As expected, the vehicle performances, in terms of fuel consumption and NOx emissions, 

become worse when the ambient temperature increases. 

5 Range-Extended Electric Vehicle with MGT Supplied by Diesel Oil [MGT3] 

In this section the main simulation results of the REEV performance, with the MGT fueled by 

diesel oil working in its nominal point at full load power and ISO conditions are presented in 

Table 13. It can be clearly, in this case, seen that the nominal point of the MGT is different from 

that seen for gaseous fuel. It is interesting to make the comparison between the vehicle 

performances obtained with the MGT fueled by natural gas, and the vehicle performances 

obtained with the MGT fueled by diesel. 

Table 13. Major vehicle performances results from simulation; MGT2 vs. MGT3 

6 Range-Extended Electric Vehicle with Diesel Engine (REVD) 

In this section the simulation results of the REEV in which the APU is a diesel engine, instead of 

the MGT, are presented in Table 14. Obviously it is necessary to choose a specific point on the 

engine operating maps to define the operating conditions of the engine inside the vehicle. So, in 

order to compare correctly the several proposed solutions, the operating point of the diesel 

engine must be chosen in such a way as to have an output power close to the power of the MGT 

that is around 30 kW. 

Table 14. Major vehicle performances results; compression between MGT3 and REEV with 

diesel engine 

 

In particular an operating point on the power line of 30 kW for the best value of BSFC is 

selected. The simulation procedure for studying the vehicle performances is the same used for 

the case with MGT, so the simulation results, in terms of diagrams that show the trend of the 

vehicle speed, covered distance, SOC, fuel consumption etc., during the time are very similar to 

those ones previously seen. Here it is interesting to make the comparison between the vehicle 

performances obtained coupling the battery pack to a diesel engine and the vehicle performances 

when the APU is the MGT (fueled by diesel, so the fuel used for the two configurations is the 

same) [28, 41, 42, 46]. 



7 Conventional Diesel Vehicle (CD) 

In this section the simulation results for the conventional diesel vehicle, in terms of fuel 

consumption and NOx cumulative emissions are shown and compared with the performances of 

the range extender hybrid vehicle with diesel engine as seen in Table 15. 

Table 15. Major vehicle performances results; compression between REEV with diesel engine 

and conventional diesel vehicle 

 

It is worth to mention that the simulation results of the conventional vehicle have to be 

considered as indexes of the magnitude order of these parameters. In fact it can be expected that 

the real values are higher than these ones obtained with the calculation seen, because of two 

main approximations of the simulation process: the engine transient conditions and the cold-start 

of the engine. So it can be expected that the real values of the vehicle performances are grater of 

20-30 % than those ones shown in the table above. 

8 Sensitivity Analysis 

The main goal of this analysis is to study what impact the variation of the vehicle mass or the 

battery capacity has on the performances of the REEV in terms of fuel consumption. The 

analysis is made for the REEV with MGT fueled by natural gas. The results are shown in Fig. 18 

and Fig. 19. 

Fig. 18: Sensitivity analysis for the vehicle mass 

Fig. 19: Sensitivity analysis for the battery capacity (Matlab) 

Fig. 18 confirms what expected as the fuel consumption of the vehicle increases with the vehicle 

mass. Fig. 19 shows that in the area of low values of the battery capacity, a small increase of this 

one causes a significant decrease of the fuel consumption. Instead, going to high values of the 

battery capacity, the fuel consumption is almost constant with it. 



9 Conclusions 

The main purpose of this work was to analyze the potential of Micro Gas Turbines (MGT) to be 

used as Auxiliary Power Unit (APU) for Range-Extended Electric Vehicles (REEV). The work 

presented an assessment of a novel hybrid configuration comprising a MGT, a battery pack, and 

a traction electric motor, by mainly focusing the attention on its potential contribution to the 

reduction in fuel consumption and pollutant emissions, respect to equivalent diesel or gasoline 

hybrid propulsion units or to conventional diesel vehicle. Several cases study were defined and 

simulated, so that a complete comparison among them can be outlined in Table 16. 

Table 16. Overall comparable results of vehicle performances in different cases 

 

If making reference to an average cost of the two fuels used, a short analysis of the costs can also 

be made, as shown in Table 19. Fuel Cost-Natural gas: 0.981 €/kg and Fuel Cost-Diesel oil: 

1.238 €/l. 

Table 17. Average cost of Natural Gas and Diesel Oil fuels used in different cases 

 

Both Tables 16 and Table 17 imply that the use of the MGT for REEV applications suggests 

important and attractive results in terms of NOx and CO emissions. Instead, in terms of fuel 

consumption, the competitiveness of this solution respect to the REEV with diesel engine and to 

the conventional diesel vehicle, much depends on the operating conditions of the MGT and on 

the fuel supplied. The sensitivity analysis outlines that the fuel consumption of the hybrid vehicle 

with MGT is much influenced also by the vehicle mass and the battery capacity. It has been also 

showed the strong influence of the ambient temperature on the MGT performances, and the case 

study MGT2 outlines the impact of this limit of the MGT on the performances of the whole 

vehicle. At last, it is interesting to present possible and attractive future developments of the 

technology proposed and of the research work: 

 The sensitivity of the results, in terms of fuel consumption and NOx emissions, to the 

battery capacity means that improvements of this characteristic will lead better 

performances of the technology proposed and analyzed. 



 The approach and the method used for calculating the vehicle performances can be 

improved, attempting to simulate the transient conditions of the engine in the 

conventional vehicle and also to include Worldwide Harmonized Light Vehicle Test 

Procedure (WLTP) beside of NEDC test procedure. 

 As already said, it could be interesting to analyze the influence of the ambient 

temperature also on the performances of the MGT supplied with diesel oil. 

 The REEV technology with MGT is certainly an interesting solution, in the transition to 

the “fully electric vehicle”, which will be a real alternative to the conventional diesel or 

gasoline vehicles only when it will be possible to charge the battery on the board in a 

suitable way at electric charging stations. 
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Tables: 

Table 1: Coefficients used for electrical power of motor 

Coefficients Names Values 

𝑘𝑐 Copper loss coefficient. 0.3 

𝑘𝑖 Iron loss coefficient 0.01 

𝑘𝑤 Windage loss coefficient 5.0 ∙ 10−6 

𝐶 Constant loss coefficient 600 

 

Table 2: Main REEV parameters 

Parameters Values 

Coefficient of rolling resistance 𝜇𝑟𝑟 0.005 

Drag coefficient 𝐶𝑑 0.19 

Frontal area  2.6 𝑚2 

Vehicle mass 1500-2000 kg 

Transmission efficiency 𝜂𝑡𝑟𝑎𝑛𝑠 0.95 

Gearing ratio (G/r) 40 

 

Table 3: Diesel car main parameters. 

Parameters Values 

Vehicle mass [kg] 1110 

Frontal Area [𝑚3] 2.5 

Drag coefficient [-] 0.29 

Differential Ratio 3.65 

Differential Efficiency 0.99 

 

Table 4: Diesel car transmission characteristics 

Vehicle Speed 

[km/h] 

Gear 

Shifting 

Gear 

Ratio 

Gear 

Efficiency 

0 1 3.54 0.99 

15 2 1.85 0.99 

32 3 1.3 0.99 

50 4 0.95 0.99 

70 5 0.7 0.99 

100 6 0.5 0.99 

 

 



Table 5: MGT cycle design point claimed from Capstone Turbine Corporation 

Performance Natural gas fuel 

Rated Output [kW] 30.0 (±1) 

Thermal Efficiency [%] 26.0 (±2) 

Exhaust Mass Flow [kg/s] 0.31 

Exhaust Temperature [⁰C] 275 

Fuel Flow (LHV Based) [kJ/h] 415000 

Rotational Speed [rpm] 96000 

 

Table 6: Performance parameters comparison between simulated MGT and base Capstone MGT 

Performance Capstone GASTURB Error [%] 

Rated Output [kW] 30.0 (+0/-1) 29.8 -0.6 

Thermal Efficiency [%] 26.0 (±2) 26.2 0.77 

Exhaust Mass Flow [kg/s] 0.31 0.31 0 

Exhaust Temperature [⁰C] 275 267 -2.9 

Fuel Flow (LHV Based) [kJ/h] 415000 409855 -1.23 

Rotational Speed [rpm] 96000 96000 96000 

 

Table 7: Off-Design parameters analysis of MicroTurbine 

Parameters Turbine Inlet Temp Relative Rotational Speed 

Start Value 945 K 0.7 (67200 rpm) 

Number of Values 18 11 

Step Size 15 K 0.04 

End Value 1200 K 1.1 (105600 rpm) 

 

Table 8: Theoretical approach developed through Off-Design procedure 

Formulations Procedure of calculation 

𝛽𝑐, 𝜂𝑐 = 𝑓(𝑚̇𝑎, 𝑁, 𝑇1, 𝑝1)  Compressor Map Accessed 

𝑇2, 𝑝2, ℎ2, … = 𝑓(𝛽𝑐, 𝜂𝑐 , 𝑇1, 𝑝1)  Compression Calculation 

𝑇2𝑅 , 𝑝2𝑅 , ℎ2𝑅 , … = 𝑓(𝑇2, 𝑝2, 𝜂𝑟𝑒𝑐 , 𝜀𝑟𝑒𝑐)  Recuperator Calculation 

𝑇3, 𝑝3, ℎ3, … = 𝑓(𝑚̇𝑎, 𝑚̇𝑓 , 𝜂𝑐 , 𝑇2, 𝑝2, ℎ2, 𝜂𝑏 , 𝜀𝑐𝑐)  Combustion Calculation 

𝛽𝑡, 𝜂𝑡 = 𝑓(𝑚̇𝑎 + 𝑚̇𝑓 , 𝑁, 𝑇3, 𝑝3)  Turbine Map Accessed 

𝑇4, 𝑝4, ℎ4 = 𝑓(𝛽𝑡, 𝜂𝑡 , 𝑇3, 𝑝3)  Expansion Calculation 

 



Table 9: Prediction of dry NOx by simulation (MGTOFFDES Code) 

Design points 

Performance Capstone MGTOFFDES Code Error [%] 

Dry NOx [ppm] 9 8.83 -1.88 

 

 

Table 10: MGT performance at the point chosen in Fig. 9 

Performance Value 

Rated Output [kW] 25 

Exhaust Mass Flow [kg/s] 0.278 

NOx [ppm] 9.2 

Fuel Consumption [kg/s] 0.00213 

Specific Fuel Consumption [g/(kW∙h)] 306 

 

 

Table 11: Major vehicle performances results from simulation of MGT1 

Performances Results 

MGT Time ON [s] 2152 

 (Per 100 km) (Per km) 

Fuel Consumption [kg] 4.84 0.048 

𝐶𝑂2 [g] 11784 117.8 

𝑁𝑂𝑥 [g] 5.81 0.058 

CO [g] 23.58 0.236 

 

 

Table 12. Effect of different ambient temperature on performance of MGT2 

Performances 
Results 

Ambient T=288.15 K Ambient T=303.15 K 

MGT Time [s] 2152 2589 

Fuel Consumption [kg/100 km] 4.84 5.05 

𝐶𝑂2 [g/100 km] 11784 12296 

𝑁𝑂𝑥 [g/ 100 km] 5.81 9.60 

 

 

 



Table 13. Major vehicle performances results from simulation; MGT2 vs. MGT3 

Performances 
Results 

Natural gas Diesel oil 

Fuel Consumption [kg/100 km] 4.84 5.39 

Fuel Consumption [l/100 km] - 6.41 

𝐶𝑂2 [g/100 km] 11784 16987 

𝑁𝑂𝑥 [g/ 100 km] 5.81 30.9 

CO [g/100 km] 23.58 5.46 

Fuel Cost 0.981 €/kg 1.238 €/l 

€/100 km 4.75 7.93 

 

 

Table 14. Major vehicle performances results; compression between MGT3 and REEV with 

diesel engine 

Performances 
Results 

Diesel engine MGT fueled by diesel oil 

Fuel Consumption [kg/100 km] 3.66 5.39 

Fuel Consumption [l/100 km] 4.31 6.41 

𝐶𝑂2 [g/100 km] 11422 16987 

𝑁𝑂𝑥 [g/ 100 km] 151.2 30.9 

CO [g/100 km] 68.15 5.46 

Fuel Cost 1.238 €/l 1.238 €/l 

€/100 km 5.33 7.93 

 

 

Table 15. Major vehicle performances results; compression between REEV with diesel engine 

and conventional diesel vehicle 

Performances 
Results 

REEV with Diesel Conventional diesel vehicle 

Fuel Consumption [kg/100 km] 3.66 3.98 

Fuel Consumption [l/100 km] 4.31 4.68 

𝐶𝑂2 [g/100 km] 11422 12397 

𝑁𝑂𝑥 [g/ 100 km] 151.2 39.72 

Fuel Cost 1.238 €/l 1.238 €/l 

€/100 km 5.33 5.8 

 

 

 



Table 16. Overall comparable results of vehicle performances in different cases 

Case 

Study 

Fuel consumption 

[kg/100 km] 

Fuel consumption 

[l/100 km] 

𝑪𝑶𝟐 

[g/100 km] 

𝑵𝑶𝒙 

[g/100 km] 

CO 

[g/100 km] 

MGT1 4.84 - 11784 5.81 23.58 

MGT2 5.05 - 12296 9.60 - 

MGT3 5.39 6.41 16987 30.9 5.46 

REVD 3.66 4.31 11422 151.2 68.15 

CD 3.98 4.68 12398 39.72 - 

 

 

Table 17. Average cost of Natural Gas and Diesel Oil fuels used in different cases 

 MGT1 MGT2 MGT3 REVD CD 

€/100 km 4.74 4.95 7.93 5.33 5.79 

 

 

 

  



Figures: 

 

Fig. 2: Schematic representation for uphill driving [26] 

 

 

 

Fig. 2: Energy flows in the vehicle 

 

 



 

Fig. 3: Flowchart for the simulation of Range-Extended Electric Vehicle (REEV) 



 

Fig. 4: MGT C30 Thermal Efficiency Map 

 

 

 

Fig. 5: MGT C30 Brake Specific Fuel Consumption (BSFC) Map 

 

 



 

Fig. 6: MGT C30 combustion chamber for gaseous fuel 

 

 

Fig. 7: MGT C30 Fuel Injectors 

 



 

Fig. 8: MGT C30 Emission Index NOx Map 

 

 
Fig. 9. Influence of ambient temperature and MGT operating point chosen 



 
Fig. 10. MGT C30 BSFC Map-Diesel 

 

 
Fig. 11. MGT C30 NOx Emission Index Map-Diesel 

 

 



 
Fig 12. Diesel engine BSFC map 

 

 
Fig 13. Diesel engine NOx map 

 

 

 



 
Fig. 14: Power from/into Battery-Output Power of MGT vs. Time 

 

 
Fig. 15: Power during a single NEDC in which the MGT is switched-off  



 
Fig. 16: Power during a single NEDC in which the MGT is switched-on 

 

 
Fig. 17: State of Charge (SOC) vs. Time 

 

 



 
Fig. 18: Sensitivity analysis for the vehicle mass 

 

 
Fig. 19: Sensitivity analysis for the battery capacity (Matlab) 

 

 


