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Abstract: In this paper we demonstrate the potential of combining electric hybridization
with a dual-fuel natural gas-Diesel engine. We show that carbon dioxide emissions can be
reduced to 43 gram per kilometer with a subcompact car on the New European Driving Cycle
(NEDC). The vehicle is operated in charge-sustaining mode, which means that all energy is
provided by the fuel. The result is obtained by hardware-in-the-loop experiments where the
engine is operated on a test bench while the rest of the powertrain as well as the vehicle are
simulated. By static engine measurements we demonstrate that the natural gas-Diesel engine
reaches efficiencies of up to 39.5%. The engine is operated lean at low loads with low engine
out nitrogen oxide emissions such that no nitrogen oxide aftertreatment is necessary. At
medium to high loads the engine is operated stoichiometrically, which enables the use of a
cost-efficient three-way catalytic converter. By vehicle emulation of a non-hybrid vehicle
on the Worldwide harmonized Light vehicles Test Procedure (WLTP), we demonstrate
that transient operation of the natural gas-Diesel engine is also possible, thus enabling a
non-hybridized powertrain as well.

Keywords: transportation; carbon dioxide emissions; hybrid-electric vehicle; dual-fuel;
gas-diesel; natural gas

1. Introduction

Road transportation is responsible for 17% of worldwide emissions of carbon dioxide [1]. Passenger
light-duty vehicles account for 60% of that amount. The number of these vehicles is assumed to double
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between 2010 and 2035 due to their fast growing number in emerging countries [2]. Reducing the
carbon dioxide emissions of passenger light-duty vehicles is thus a major task necessary for achieving
the long-term goal of reducing total carbon dioxide emissions.

1.1. Carbon Dioxide Emissions of a Vehicle

The carbon dioxide emissions of a vehicle (mCO2) depend on the amount of fuel energy required (Ef ),
and the specific carbon dioxide emissions of the fuel (cCO2):

mCO2 = cCO2 ·Efuel (1)

The value of cCO2 is the mass of carbon dioxide emitted per kilogram of fuel burnt, divided by the
lower heating value of the fuel. Using natural gas instead of gasoline or Diesel is the most attractive
option, since it reduces the carbon dioxide emissions by 20%–25% for the same fuel energy [3]. This
reduction is based on the composition of natural gas. Since it mainly consists of methane, it has a higher
hydrogen-to-carbon ratio than gasoline or Diesel. This higher ratio leads to the lower value of cCO2. For
gasoline and Diesel the corresponding value of cCO2 is 73 g CO2 per mega joule of fuel energy, while
the same value for methane is 55 g CO2 per mega joule of fuel energy.

1.2. Required Fuel Energy of a Vehicle

The required fuel energy of a vehicle per distance traveled (Ef ) can be formulated as [4]:

Ef =
1

ηft
· (Ediss + (1 − ηr) ·Ecirc) (2)

whereEdiss andEcirc represent the energy demand at the wheel. More specifically,Ediss is the dissipative
part which is lost in any case, while Ecirc is the circulating part, which is lost only if energy is not
recuperated during braking. The variable ηft represents the fuel-to-traction efficiency, and ηr is the
recuperation efficiency.

1.3. Influence of Hybridization

Electric hybridization is one option available to increase both the recuperation efficiency ηr as well as
the fuel-to-traction efficiency ηft. In [4], we showed that the potential of hybridization can be exploited
with a full parallel hybrid with a moderate hybridization ratio of around 20%. The hybridization ratio
is the ratio of electrical power divided by sum of electrical power plus power of the internal combustion
engine. For that powertrain configuration, the recuperation efficiency (ηr) reaches a value around 65%,
while the fuel-to-traction efficiency (ηft) approaches the maximum efficiency of the engine. That result
is almost independent of the driving cycle. Higher hybridization ratios do not further reduce the fuel
energy required. A further, substantial reduction of the fuel energy required, can be achieved only if the
maximum efficiency of the internal combustion engine is increased.
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1.4. Dual-Fuel Natural Gas-Diesel Engine

Among all possible natural gas engines, the dual-fuel natural gas-Diesel engine is one of the most
promising engine types. It has the potential of achieving Diesel-like efficiencies without the need for a
lean nitrogen oxide aftertreatment system. In the dual-fuel engine, the natural gas is injected into the
intake manifold. Instead of using a spark plug for ignition, the premixed air-gas mixture is ignited with
a small amount of directly injected Diesel fuel. Combustion in dual-fuel engines has been studied by
various researchers, see for example [5–11].

1.5. Contribution

In this paper we investigate the potential of combining all measures mentioned above to achieve
the lowest possible carbon dioxide emissions. First, we use natural gas as the fuel with the lowest
specific carbon dioxide emissions. Second, we use a dual-fuel natural gas-Diesel engine to ensure a high
combustion efficiency. Third, we use a full parallel hybrid with a sufficiently high hybridization ratio to
exploit the potential of hybridization. By hardware-in-the-loop experiments on an engine teste bench,
we demonstrate that this combination enables a reduction of carbon dioxide emissions to very low levels
for all three vehicles investigated.

By static engine measurements we demonstrate that the natural gas-Diesel engine reaches efficiencies
as high as 39.5% without any need for lean nitrogen oxide aftertreatment. The engine is operated lean at
low loads with low engine out nitrogen oxide emissions. At medium to high loads the engine is operated
stoichiometrically, which enables the use of a three-way catalytic converter.

By hardware-in-the-loop experiments of a non-hybrid vehicle on the the Worldwide harmonized Light
vehicles Test Procedures (WLTP), we demonstrate that transient operation of the natural gas-Diesel
engine is also possible.

1.6. Outline

The paper is structured as follows:

• In Section 2, the materials and methods used are described, including details on the engine
test bench, information on engine control, a description of the measurement devices installed
and of calculations based on the measurement results as well as details on hardware-in-the-loop
experiments and a description of the component models used.

• Section 3 contains the results, including those of static engine measurements of the natural
gas-Diesel engine and of the vehicle emulation results.

• In Section 4, a summary is given and conclusions are drawn.
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2. Materials and Methods

2.1. Engine Test Bench

All measurements are performed on a 4-cylinder dual-fuel natural gas-Diesel engine with a
displacement volume of 2.0 L. The engine is based on a standard Diesel engine equipped with a
common-rail Diesel injection system, a turbocharger with variable turbine geometry, and a high pressure
exhaust gas recirculation system. Figure 1 shows a picture of the engine test bench. Table 1 lists
additional details on the engine, while more information on the base engine can be found in [12]. In
comparison with the series production engine, the following modifications have been installed:

• port-fuel injection system for gaseous fuels;
• low-pressure exhaust gas recirculation system; and
• cylinder-pressure sensors in all four cylinders.

Figure 1. Picture of the test bench.

Table 1. Engine specification.

Engine Type Volkswagen TDI 2.0-475 NE (CJDA), industrial engine
Cylinders 4
Displ. Volume 1.968 L
Bore 81.0 mm
Stroke 95.5 mm
Compression Ratio 16.5
Injection System Bosch common rail with piezo injectors
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2.2. Engine Control

In the natural gas-Diesel engine combustion phasing and combustion noise are very sensitive to the
start of injection [5,6]. The start of combustion depends on the injection time and on the ignition delay
of the Diesel fuel. The ignition delay is mainly dependent on the chemical reaction kinetics of the
Diesel fuel. This process is very sensitive to small changes in pressure, temperature or cylinder charge
composition. To overcome this problem and to ensure a stable engine operation also during transients,
we use feedback control of the combustion. The start of injection and the duration of injection of the
Diesel fuel are controlled based on the measured cylinder pressure. More details on the controller design
can be found in [13].

2.3. Measurements and Calculations

2.3.1. Measurements

Consumption measurements are performed with pure methane, while all other measurements are
performed using natural gas from the grid. The measurement data presented in this paper are obtained
using the following measurement devices:

• Engine torque is measured with an in-line torque transducer “Vibrometer TG20BP” with a nominal
torque of 200 Nm and a maximum measurement torque of 400 Nm;

• Engine speed is measured with an incremental angular encoder “Haidenhein ROD 426” with 1800
pulses. The encoder is connected to the crankshaft of the engine;

• Diesel consumption is measured with a scale “Mettler Toledo MS 6002S/01” with a resolution of
0.01 g. The Diesel consumption is the difference of the weight of the Diesel tank between the start
and the end of the measurement;

• Gas consumption is measured with a coriolis mass flow meter “Rheonik RHM015”. Its signal
conditioning unit generates a pulse every 0.1 g. Total gas consumption is obtained by summing up
these pulses. Total gas consumption is additionally measured with another scale “Mettler Toledo
MS 32001L/01” with a resolution of 0.1 g. The consumption is the difference of the weight of the
gas bottle between the start and the end of the measurement;

• Nitrogen oxide emissions are measured with a “Continental Smart NOx Sensor”, and with a
“Cambustion fNOx 400”;

• Air-fuel ratio is also measured with the same “Continental Smart NOx Sensor”;
• Soot is measured with an “AVL Micro Soot Sensor”.

2.3.2. Calculations

Based on the measurements described above, the following quantities are calculated:

• Engine Efficiency is calculated based on the following Equation:

ηICE =

∫
Injection On (TICE ·ωICE) · dt
mD ·HlD +mG ·HlG

(3)
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where mG is the measured gas consumption, mD is the measured Diesel consumption, TICE is the
measured engine torque, ωICE is the measured engine speed and HlD/HlG are the lower heating
values of Diesel and gas, respectively. The lower heating values of the fuels investigated are listed
in Table 2.

Table 2. Fuel Properties.

Parameter Diesel Methane Natural Gas

Lower heating value (MJ/kg) 43.1 50.02 46.11
Mass CO2 emitted per mass of fuel burnt (-) 3.16 2.74 2.61

• Gas Ratio is the energetic gas ratio with respect to the total fuel energy. The ratio is calculated
based on the following Equation:

rG =
mG ·HlG

mG ·HlG +mD ·HlD
(4)

• Nitrogen oxide emissions are measured in parts per million. To convert that value to gram per
kilowatt hour, the following assumptions are made:

– NOx only consists of NO;
– Diesel is represented by C8H18; and
– Air consists of 21% O2 and 79% N2.

The products of a complete combustion with sufficient or excess air thus are:

(nG + 8nD) CO2 + (2nG + 9nD) H2O + (2nG + 12.5nD) · (λ · 3.76 N2 + (λ− 1) O2) (5)

where nG and nD are the mole numbers of gas and Diesel. Therefore,

NOx[g/kWh] =

mG

MCH4
· (9.5 ·λ+ 1) + mD

MC8H18
· (59.5 ·λ+ 4.5)∫

TICE ·ωICE · dt · 1
3600 · 103

·MNO · NOx[ppm]

106
(6)

wheremG is the measured gas consumption,mD is the measured Diesel consumption,M(.) denotes
the molar mass and λ is the measured air fuel ratio.

• Soot is measured in milligram per cubic meter with respect to standard temperature and pressure.
The conversion to milligram per kilowatt hour is similar to the conversion of the nitrogen
oxide emissions:

Soot [mg/kWh] =

mG

MCH4
· (9.5 ·λ+ 1) + mD

MC8H18
· (59.5 ·λ+ 4.5)∫

TICE ·ωICE · dt · 1
3600 · 103

· R ·TSTP

pSTP

·Soot [mg/m3]

(7)
• Carbon dioxide emissions are calculated based on the measured fuel consumption:

mCO2 = νD ·mD + νG ·mG (8)

where νD is the mass of CO2 produced by complete combustion of 1kg Diesel, while νG is the
corresponding value for gas. The actual values are shown in Table 2.
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2.4. Vehicle Emulation (Hardware-in-the-Loop Experiments)

The fuel consumption of a vehicle equipped with a natural gas-Diesel engine is determined with
hardware-in-the-loop experiments, also called vehicle emulation. Figure 2 shows a schematic drawing of
the setup. The figure shows the emulation structure for a hybrid-electric vehicle. The internal combustion
engine is connected to a dynamometer with high bandwidth. The rest of the powertrain as well as the
vehicle are simulated. The measured torque of the engine is fed to the vehicle model. The output of the
vehicle model consists of the actual vehicle speed and the engine speed. The engine speed of the vehicle
model serves as input to the controller of the dynamometer which sets the speed of the dynamometer.
The modelled driver ensures that the vehicle velocity is kept at the prescribed speed of the driving cycle.
The supervisory controller determines the torque split between engine and electric motor and the desired
gear. For more information on vehicle emulation, see for example [14–17].

Figure 2. Vehicle emulation structure.
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2.4.1. Powertrains Investigated

The powertrains investigated are shown in Figure 3. The types of vehicles investigated are a
conventional vehicle with start/stop system and a hybrid-electric vehicle. The hybrid-electric vehicle
is a full parallel hybrid, where the engine can be decoupled from the electric motor. The dashed black
line indicates that part of the vehicle which physically exists on the test bench. The dashed grey line
indicates that part of the vehicle which is simulated. The models used for simulation are described in
detail in the following sections.
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Figure 3. Powertrains investigated: Conventional (non-hybrid) vehicle on the left-hand side.
Hybrid-electric vehicle on the right-hand side.
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2.4.2. Longitudinal Vehicle Dynamics

The longitudinal vehicle dynamics are given by the following Equation:

d

dt
v(t) =

1

mv + Θw · 1
r2w

+ ΘEM · ig2(gear)
r2w

·
(
Tw
rw

− cr ·mv · g −
1

2
· ρa ·Af · cd · v(t)2

)
(9)

where v(t) is the vehicle speed, mv the vehicle mass, Θw the inertia of the wheels, rw the radius of
the wheels, ΘEM the inertia of the electric motor, ig the gear ratio, Tw the wheel torque, cr the rolling
friction coefficient, g the gravitational acceleration, ρa the density of air, Af the frontal area and cd the
aerodynamic drag coefficient.

2.4.3. Gearbox

The gearbox is a 7-speed dual clutch gearbox. The friction is modelled as a constant friction torque
on the engine side of the gearbox (T0) plus a constant efficiency (η). The wheel torque (Tw) can thus be
calculated by:

Tw =
(
−T0 + Tpt · ηsign(Tpt)

)
· ig(gear) (10)

where Tpt is the input torque to the gearbox and ig(gear) is the gear-dependent gear ratio. In the case of
the conventional vehicle, the powertrain torque (Tpt) is calculated by:

Tpt = TICE − TGen (11)
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where TICE is the engine Torque and TGen is the torque of the generator. In the case of the hybrid-electric
vehicle, the powertrain torque (Tpt) is calculated by:

Tpt =

{
TEM + TICE if clutch is closed
TEM if clutch is open

(12)

where TEM is the torque of the electric motor. Table 3 summarises the parameters of the gearbox, Tnom
is the maximum gearbox input torque. The gear ratios are taken from [18], while the efficiency data is
extracted from [19].

Table 3. Gearbox Parameters.

Gear 1 2 3 4 5 6 7

ig 15.943 10.038 6.359 4.335 3.205 2.501 1.995
η 0.97
T0 Tnom · 6 · 10−3

2.4.4. Generator

The generator is used to provide the required electrical auxiliary power in the conventional vehicle.
The generator is assumed to have a constant efficiency of 75%, which is a reasonably good approximation
for a wide range of generator operating points [20]. The generator torque is calculated by:

TGen =
Paux

ηGen ·wICE

(13)

2.4.5. Electric Motor

The model of the electric motor is based on a 20 kW permanent magnet synchronous machine. An
electric power map is used to obtain the electric power either drawn from or supplied to the battery, i.e.,
Pem = fem(ωem, Tem). The electric power map of the motor, maximum and minimum torque, motor
mass, and inertia are scaled linearly with the maximum nominal power of the motor. Figure 4 shows
the efficiency of the electric motor including the inverter. Motor mass and inertia are obtained by the
following Equations:

mEM = PEM · 2 kg

kW
ΘEM = PEM · 0.0011 kgm2

kW
(14)

The mass mEM includes the mass of the motor, the mass of the inverter and the mass of the clutch
between engine and motor.
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Figure 4. Efficiency map of the electric motor, including inverter efficiency.
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2.4.6. Battery

The battery is modeled based on an equivalent circuit model with the nominal capacity Qbat, where
an ideal open-circuit voltage source Voc is placed in series with an internal resistance Ri. The electrical
power to or from the motor Pel and the constant electrical power Paux change the battery state of charge
SOC according to [21]:

d

dt
(SOC) = −η−sign(Pel+Paux) ·

Voc −
√
V 2
oc − 4 ·Ri · (Pel + Paux)

2 ·Ri ·Q
(15)

The battery pack is a series connection of N cells. The parameters of a single cell can be found in
Table 4. The parameters of the battery pack are obtained by the following Equations:

Ri = N ·Rcell Voc = N ·Voc,cell Pmax = N ·Pmac,cell

Q = Qcell m = 2 ·N ·mcell

(16)

The factor 2 in the battery mass compared to the single cell accounts for all necessary auxiliary devices
of the battery pack such as housing, cooling, wiring, and others.

Table 4. Parameters of a single battery cell. (A123 ANR32113M1).

Parameter Value Unit Parameter Value Unit

Voc,cell 3.3 V Pmax,cell 400 W

Qcell 4.5 Ah η 0.98 -
Rcell 5 mΩ mcell 205 g
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2.4.7. Vehicle Parameters

The parameters of the vehicles investigated are summarised in Table 5. Four vehicles are investigated:
a full-size car with a non-hybridized (conventional) powertrain, the same vehicle with a hybrid-electric
powertrain and a compact and a subcompact car, both with a hybrid-electric powertrain. The total vehicle
mass consists of the mass of the base vehicle, the mass of hybridization, the mass of gas and the mass of
the gas tanks. The mass of the base vehicle is the mass of the corresponding vehicle with a Diesel engine
and an automatic transmission. The mass of hybridization contains the mass of the motor including the
clutch and the mass of the battery. The mass of the gas tanks is calculated under the assumptions that the
gas is stored with a maximum pressure of 200 bar and that the tanks have a specific mass of 0.5 kg/L.

Table 5. Parameters of the vehicles under investigation.

Vehicle
Hybrid Conventional

Subcompact Compact Full-size Full-size

Mass base vehicle (kg) 855 1313 1735 1735
Mass hybridization (kg) 41 55 69 -
Mass gas (kg) 12 18 24 24
Mass gas tank (kg) 35 53 70 70
Total mass vehicle (kg) mv 943 1439 1898 1829

Aerodynamic drag coefficient (-) cd 0.25 0.27 0.25 0.25
Frontal area (m2) Af 2.18 2.19 2.21 2.21
Rolling friction coefficient ( · 103) cr 6.5 6.5 6.5 6.5
Auxiliary power demand (W) Paux 200 300 400 400

Wheel radius (m) rw 0.293 0.316 0.326 0.326
Wheel inertia (kgm2) Θw 4 · 0.74 4 · 0.92 4 · 1.05 4 · 1.05
Combustion engine displ. volume (L) Vd 0.8 1.2 2.0 2.0

Electric motor power (kW) 12 16 20 N.A.
Battery number of cells (-) 42 56 70 N.A.
Battery power (kW) 16.8 22.4 28 N.A.
Battery capacity (kWh) 0.62 0.83 1.04 N.A.

Gearbox nominal torque (Nm) Tnom 160 240 400 320

2.4.8. Engine Scaling

The engine size chosen for the full-size car is the same as the engine available on the test bench. For
the subcompact and the compact car, the engine size chosen is smaller than that of the engine available
on the test bench. For the latter two vehicles, the engine is scaled under the assumption that both the
efficiency as well as the gas ratio do not change. The measured torque, the measured gas consumption
and the measured Diesel consumption are therefore calculated by the following Equations:

T̃meas =
Vd,vehicle
Vd,testbench

·Tmeas m̃G =
Vd,vehicle
Vd,testbench

·mG m̃D =
Vd,vehicle
Vd,testbench

·mD (17)
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Variables with a tilde indicate the values of the scaled engine with a displacement volume Vd,vehicle,
while variables without tilde indicate the measured values of the test bench engine with a displacement
volume Vd,testbench.

2.4.9. Gear Shifting

Gear shifting is performed according to a simple, heuristic shifting strategy. The gear is shifted to the
next higher gear if the vehicle speed is higher than a given threshold and if the demanded torque in the
new gear is lower than 75% of the maximum engine torque. The speed thresholds are given by:

vshift [km/h] = [ 14 22 35 51 69 88 ] (18)

The gear is shifted to the next lower gear if the vehicle speed is 10% below the speed threshold or if
the demanded torque is higher than the maximum engine torque.

2.4.10. Energy Management of Hybrid-Electric Vehicle

The optimal control problem of torque split is solved using Dynamic Programming. See [22] for
general information on dynamic programming, [23] for details on the implementation and [24] for
its application for hybrid-electric vehicles. Using Dynamic Programming guarantees that the lowest
possible fuel consumption for the given vehicle and driving cycle is achieved. Dynamic Programming
is non-causal and thus requires perfect information on the full driving cycle. Such a method is not
applicable in a vehicle where full information on future driving is not available. However, it has been
shown in [25] that if the driving cycle has no elevation, the results obtained by using causal energy
management strategies come very close to those obtained by dynamic programming,

3. Results and Discussion

This section presents the experimental results. Subsection 3.1 presents the results of the stationary
engine experiments. Subsection 3.2 presents the results of the vehicle emulation experiments.

3.1. Static Engine Measurements

3.1.1. Consumption Measurements

Figure 5 shows the results of the consumption measurements. The maximum torque measured at low
speeds is limited by the elasticity of the shaft used at the test bench. At higher speeds, the maximum
torque measured is limited by the size of the gas injectors. The top left plot shows the engine efficiency
measured. The natural gas-Diesel engine reaches efficiencies as high as 39.5%. The top right plot shows
the gas ratio rG as defined in Equation (4). The engine is operated with pure Diesel fuel at very low loads
only. With increasing load, the gas ratio rG is increasing. The gas ratio reaches values above 98% at high
loads and low speeds. The bottom left plot shows the CO2 emissions in gram per kilowatt hour. For two
reasons, the CO2 emissions are decreasing with increasing load. First, the efficiency increases with an
increasing load. Second, the gas ratio increases with an increasing load. The bottom right plot shows the



Energies 2013, 6 3583

reduction of CO2 emissions with respect to the base Diesel engine. Compared to the Diesel engine, the
dual-fuel natural gas-Diesel engine reaches CO2 reductions of up to 22% for certain operating points.

Figure 5. Results of the consumption measurements as a function of engine speed and load.
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3.1.2. Nitrogen Oxide Emissions

Figure 6 shows the engine out nitrogen oxide emissions for various operating points. The top left
plot shows the nitrogen oxide emissions for the operating points where the engine is operated lean.
The values are given in parts per million (ppm) as a function of engine load. Each line represents
one engine speed. Nitrogen oxide emissions are below 75 ppm for the lean operating region. The top
right plot shows the engine out nitrogen oxide emissions for those operating points where the engine
is operated stoichiometrically. The nitrogen oxide emissions are strongly increasing with an increasing
load. However, due to the stoichiometric operation, they can be reduced with a cost-efficient catalytic
converter as it is state of the art in stoichiometrically operated spark ignited engines. The bottom plots
show the nitrogen oxide emissions both for the lean region and the stoichiometric region, converted to
gram per kilowatt hour. The results indicate that Euro 6 limitations for nitrogen oxide emissions can be
met without a lean nitrogen oxide aftertreatment.
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Figure 6. Measured nitrogen oxide emissions (engine out). Measurements for the lean
operating region on the left-hand side. Measurements for the stoichiometric operating region
on the right-hand side. Emissions are given as a function of engine load; each line indicates
one engine speed.

−2 0 2 4 6 8
0

25

50

75

Lean operating region

N
O

x
 [

p
p

m
]

6 8 10 12 14 16
0

500

1000

1500

2000

2500
Stoichiometric operating region

−2 0 2 4 6 8
0

0.2

0.4

0.6

0.8

Brake mean effective pressure [bar]

N
O

x
 [

g
/k

W
h

]

 

 

6 8 10 12 14 16
0

5

10

Brake mean effective pressure [bar]

1200 rpm 1600 rpm 2000 rpm 2400 rpm 2800 rpm

3.1.3. Soot

Figure 7 shows the measured engine out soot concentration. The left plot shows the soot concentration
in milligram per cubic meter as a function of engine load. Each line represents one engine speed.
The measured soot concentration is below 3 mg/m3 for all operating points investigated. The right plot
shows the converted values in milligram per kilowatt hour. The results indicate that Euro 6 limitations
for particulate mass can be met without a particulate filter.

Figure 7. Measured soot emissions (engine out), as a function of engine load, with each line
indicating one engine speed.
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3.2. Vehicle Emulation Results

3.2.1. Detailed Results

Figure 8 shows detailed measurement results for the full-size hybrid vehicle on the NEDC.

Figure 8. Measured vehicle emulation results for the Full-size car with hybrid-electric
powertrain on the NEDC.
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Figure 9 shows the same results for the WLTP. The first plot shows the vehicle speed. Both the
reference and the actual speed are shown. The second plot shows the rotational speed of the electric
motor and the engine. The two speeds are identical if the clutch between the engine and the motor is
closed. The third plot shows the torque of the electric motor, the torque of the engine and the total
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gearbox input torque. The total torque is the sum of the torque of the motor and the engine. The fourth
plot shows the state of charge of the battery. The plot confirms that the vehicle is operated charge
sustaining. The final state of charge is even slightly higher than the initial state of charge. The last plot
shows the gas ratio. The gas ratio is obtained from the measured engine operating point and the gas ratio
map obtained from the static engine measurements.

Figure 9. Measured vehicle emulation results for the Full-size car with hybrid-electric
powertrain on the WLTP.
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Figure 10 shows detailed measurement results for the full-size conventional vehicle on the NEDC.
Figure 11 shows the same results for the WLTP. The first plot shows the vehicle speed. Both the reference
and the actual speed are shown. The second plot shows the deviation of the vehicle speed from the
reference speed of the driving cycle. The red lines indicate the maximum allowed deviation, which is
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either two kilometers per hour or one second. The plot shows that the actual deviation is always smaller
than the maximum allowed deviation. The third plot shows the rotational speed of the engine. The fourth
plot shows the measured engine torque. The last plot shows the gas ratio. The measurement results in
Figures 10 and 11 demonstrate that transient operation of the natural gas-Diesel engine is possible, thus
enabling the use of the natural gas-Diesel engine in a non-hybrid powertrain.

Figure 10. Measured vehicle emulation results for the Full-size vehicle with conventional
powertrain on the NEDC.
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Figure 11. Measured vehicle emulation results for the Full-size vehicle with conventional
powertrain on the WLTP.
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3.2.2. Consumption Results

Table 6 shows a summary for all vehicles on the NEDC and on the WLTP. It lists the CO2 emissions
per distance (CO2), the average efficiency of the engine (ηICE), the gas consumption per distance (CG),
the Diesel consumption per distance (CD), the gas ratio (rG), and the deviation of the final battery state
of charge from the initial value (∆SOC). Since all measurements are performed three times, the table
shows the mean value and the largest positive and negative deviation of all three measurements from the
mean value. It has to be repeated at this point that the results of the hybrid electric vehicles have been
obtained using a non-causal energy management strategy. The results for the hybrid electric vehicles
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must thus be regarded as an upper bound on what is achievable. This point has already been discussed
in more details in Section 2.4.10.

Table 6. Summary of the vehicle emulation experiments for all vehicles and driving cycles.
Each measurement is repeated three times. The table shows the mean value together with the
maximum/minimum deviation of all measurements from the mean value.

Vehicle Cycle
CO2 ηICE CG CD rG ∆SOC

(g/km) (%) (kg/100 km) (l/100 km) (%) (%)

Hybrid

Full-size
NEDC 68.8 +0.5

−0.2 35.4 +0.1
−0.2 2.27 +0.01

−0.01 0.25 +0.02
−0.01 92.7 +0.3

−0.4 +0.21 +0.05
−0.06

WLTP 77.7 +0.3
−0.3 34.9 +0.2

−0.1 2.46 +0.01
−0.02 0.40 +0.01

−0.01 89.6 +0.2
−0.3 +1.82 +0.17

−0.16

Compact
NEDC 55.9 +0.4

−0.3 35.9 +0.2
−0.2 1.88 +0.01

−0.01 0.17 +0.00
−0.01 94.0 +0.2

−0.1 +0.86 +0.04
−0.07

WLTP 63.9 +0.1
−0.1 35.9 +0.0

−0.1 2.12 +0.00
−0.00 0.22 +0.00

−0.00 93.2 +0.0
−0.0 +2.37 +0.20

−0.19

Subcompact
NEDC 43.0 +0.1

−0.1 35.9 +0.1
−0.1 1.40 +0.00

−0.00 0.18 +0.01
−0.00 91.5 +0.2

−0.4 +1.37 +0.06
−0.03

WLTP 49.5 +0.0
−0.0 36.4 +0.0

−0.0 1.67 +0.00
−0.00 0.14 +0.00

−0.00 93.1 +0.0
−0.0 +2.50 +0.26

−0.14

Conv. Full-size
NEDC 115.4 +0.8

−1.2 25.4 +0.2
−0.2 2.66 +0.04

−0.04 1.62 +0.07
−0.04 69.6 +0.7

−1.2 N.A.
WLTP 109.1 +0.0

−0.0 29.3 +0.0
−0.0 2.88 +0.01

−0.01 1.14 +0.01
−0.01 77.8 +0.2

−0.2 N.A.

Table 7 shows a comparison of the total fuel energy and CO2 emissions with those of the same
vehicles equipped with a standard Diesel engine. The results for the vehicles with standard Diesel
engines are obtained by simulation. The Diesel engine is represented by a static consumption map,
which is taken from [26]. It it is the automotive version of the engine used at the test bench for natural
gas-Diesel experiments.

Table 7. Comparison with base Diesel engine.

Vehicle Cycle
Fuel energy (J/m) Emissions of CO2 (g/km)

Diesel Gas-Diesel Change (%) Diesel Gas-Diesel Change (%)

Hybrid

Full-size
NEDC 1131 1226 +8.4 82.9 68.8 −17.0
WLTP 1219 1371 +12.5 89.4 77.7 −13.1

Compact
NEDC 924 1000 +8.2 67.7 55.9 −18.4
WLTP 1026 1140 +11.1 75.3 63.9 −15.1

Subcompact
NEDC 708 764 +7.9 51.9 43.0 −18.1
WLTP 807 886 +9.8 59.1 49.5 −16.2

Conv. Full-size
NEDC 1614 1911 +18.4 118.3 115.4 −2.4
WLTP 1635 1853 +13.3 119.9 109.1 −9.0

The first column of the table shows the simulated fuel energy of the vehicles with a standard diesel
engine, while the second column shows the measured total fuel energy for the same vehicles equipped
with the natural gas-Diesel engine. The third column shows the change in fuel energy of the natural
gas-Diesel engine with respect to the standard Diesel engine. The total fuel energy is higher for the
natural-gas Diesel engine than for the standard diesel engine. Increases are in the range of 8.2% to 12.5%
for the hybrid electric vehicles and are in the range of 13.3% to 18.4% for the conventional vehicle.

The fourth column of the table shows the simulated CO2 emissions of the vehicles with a standard
Diesel engine, while the fifth column shows the measured CO2 emissions for the same vehicles equipped
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with the natural gas-Diesel engine. The results in the fifth column are the same as those shown in Table 6.
The last column shows the change in CO2 of the natural gas-Diesel engine with respect to the standard
Diesel engine. Even though total fuel energy is higher for the natural gas-Diesel engine, CO2 emissions
are lower due to the lower specific CO2 emissions of natural gas. Reductions are in the range of 13.1% to
18.4% for the hybrid-electric vehicles and are in the range of 2.4% to 9.0% for the conventional vehicle.

4. Conclusions

In this paper we investigate the potential of combining electric hybridization with a dual-fuel natural
gas-Diesel engine. The engine is operated lean at low to medium loads and is operated stoichiometrically
at medium to high loads. All measurements are performed on a production type 2.0 litre, 4-cylinder
common-rail Diesel engine. The engine is additionally equipped with cylinder pressure sensors, a
low pressure EGR system and a gas port fuel injection system. No further hardware modifications
are installed.

Stationary engine measurement results show that nitrogen oxide emissions are below 75 ppm for all
operating points where the engine is operated lean. The soot concentration measured is below 3 mg/m3

for all operating points measured. The engine reaches a maximum efficiency of 39.5%. The gas ratio
is low for low loads, while at higher loads, the gas ratio is increasing and reaches a peak value above
98%. The high efficiency in combination with a high gas ratio leads to CO2 reductions of up to 22%
with respect to the base Diesel engine.

Vehicle emulation experiments for hybrid-electric vehicles in combination with the dual-fuel natural
gas-Diesel engine show that very low levels of CO2 are achieved. Three vehicles (subcompact, compact,
full-size) are investigated on two different driving cycles (NEDC, WLTP). The CO2 emissions vary from
43.0 g/km to 77.7 g/km. The low CO2 levels are due to the high efficiency of the engine and the high
gas ratio. The average efficiency of the internal combustion engine varies from 34.9% to 36.4%. The
energetic gas ratio lies between 89.6% and 94.1% for the vehicles and driving cycles investigated.

Vehicle emulation experiments for a non-hybrid vehicle equipped with a dual-fuel natural gas-Diesel
engine show that transient operation of the engine is also possible. The natural gas-Diesel engine can
thus also be used in a non-hybrid vehicle. However, the benefit of hybridization is especially large
for the natural gas-Diesel engine. Hybridization drastically reduces the CO2 emissions of a vehicle
with a natural gas-Diesel engine by two effects: First it increases the average engine efficiency by
avoiding engine operation at low load and low efficiency. Second it increases the gas ratio by avoiding
low-load operation, where the gas ratio is low. The resulting CO2 emissions on the various driving
cycles are compared with simulation results for the base Diesel engine. The CO2 reduction of the gas
Diesel-engine is between 13.1% and 18.4% for the hybrid-electric vehicles and between 2.4% and 9.0%
for the conventional vehicle.

Overall, the natural gas-Diesel engine enables a considerable reduction of CO2 emissions with respect
to the base Diesel engine. In contrast to the Diesel engine, the natural gas-Diesel engine does not require
a lean nitrogen oxide aftertreatment. The additional costs of the natural gas-Diesel engine compared
to those of the Diesel engine are moderate, since only little modifications are necessary. Full Diesel
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operation of the engine is still possible because the Diesel-relevant components remain unchanged,
which makes the natural gas-Diesel engine independent for regions with limited gas filling infrastructure.
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alitätsnahe emissions- und verbrauchsanalysen [in German]. ATZextra 2010, 15, 76–79.

17. Chasse, A.; Sciaretta, A. Supervisory control of hybrid powertrains: An experimental benchmark
of offline optimization and online energy management. Control Eng. Pract. 2011, 19, 1253–1265.
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