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ABSTRACT

This study examines the feasibility and benefits of implementing a hybrid electric vehicle
(HEV) equipped with a low-power micro gas turbine (MGT) as an alternative to
conventional battery electric vehicles (BEVs) and contemporary hybrid electric vehicles
(HEVs). The proposed system comprises a hypothetical 25 kW MGT operating at 40%
electrical efficiency, a 10-kWh battery, and a 100-kW electric propulsion system. The
analysis assesses energy efficiency, material sustainability, and environmental impact in

comparison to existing vehicle technologies.

The material and energy efficiency of different vehicles is studied starting from the
manufacturing impact. The proposed HEV with MGT reduces battery dependency up to 80—
90% by utilizing only a 10-kWh battery, significantly cutting down manufacturing emissions
compared to BEVs, which typically require 50-100 kWh battery packs. BEVs rely on
resource-intensive materials such as lithium, cobalt, and nickel, whereas the HEV with MGT

minimizes reliance on these scarce materials.



The hypothetical MGT system, using hydrogen or biomethane, integrates combined heat and
power (CHP) for improved thermal efficiency, making it more efficient in cold environments

without additional battery drain.

The proposed HEV with MGT achieves a well-to-wheel efficiency of around 35% due to the
high efficiency of the micro gas turbine. BEVs have an efficiency of 42-72% when powered
by renewable sources but suffer from substantial energy losses in charging, grid

transmission, and battery degradation.

Traditional hybrid vehicles, using internal combustion engines (ICEs), experience
inefficiencies at lower speeds and variable loads, with peak ICE efficiencies typically at 30-
40% but much lower in real-world driving conditions. In addition, delivering fuels to the
ICEs add the environmental burden of these vehicles. So-called e-fuels are, in principle

possible but not available now.

The proposed vehicle offers an estimated range of 50 km on battery alone and 523 km with
the MGT-powered generator and a 90-1 methane tank, making it competitive with

conventional ICE and hybrid vehicles in terms of long-range usability.

Unlike BEVs, which require extensive charging infrastructure, the HEV with MGT can
refuel quickly using existing fuel infrastructure for methane or hydrogen, reducing

dependency on developing charging networks.

BEVs provide zero tailpipe emissions but face sustainability challenges due to battery
production, possibly emitting power generation and end-of-life recycling issues.
Conventional HEVs still depend on ICEs, which operate very inefficiently at low loads,
leading to unnecessary fuel consumption. The HEV with MGT bridges this gap, offering a
sustainable alternative with lower emissions, better fuel flexibility, and improved overall

efficiency.

The HEV with MGT presents a compelling alternative to both BEVs and traditional hybrids,
combining electric propulsion with a highly efficient, fuel-flexible micro gas turbine. It
mitigates resource scarcity issues linked to battery production, reduces dependency on
charging infrastructure, and enhances efficiency through CHP principles. Additionally, by
enabling the use of e-hydrogen or biomethane as fuel sources, this hybrid system provides a

pathway toward a low-carbon transportation future. As the automotive industry moves



toward sustainability and carbon neutrality, the HEV with MGT stands out as a promising,

efficient, and environmentally responsible solution.
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SYMBOLS AND ABBREVIATIONS

CHP

Symbols

n Efficiency

7D Ideal Efficiency of Diesel Cycle
no Ideal Efficiency of Otto Cycle
Ntp Fuel Production Efficiency
HMGT Micro Gas Turbine Efficiency
)% Pressure

Pac Power of accessories

Prat Battery power

Peng Engine power

Pin Traction motor power input
Prnot Traction Motor power output
Occ Combustion Chamber Heat
Oin Heat Input

Oir Recuperator Heat Input

Qor Recuperator Heat Output

Oout Heat Output

V Volume

Whet Net Work Done
Abbreviations

BEV Battery Electric Vehicle

CC Combustion Chamber

Combined Heat and Power



EV Electric Vehicle

G Generator

GHG Green House Gases

HEV Hybrid Electric Vehicle
HPC High Pressure Compressor
IC Intercooler

ICE Internal Combustion Engine
LCA Life Cycle Assessment

LFP Lithium Iron Phosphate

Li-NMC Lithium Nickel Manganese Cobalt

LiPo Lithium Polymer

LMO Lithium Manganese Oxide
LPC Low Pressure Compressor
LTO Lithium Titanate

MGT Micro Gas Turbine

NMHC Non-Methane Hydro Carbons

PHEV Plug-in Hybrid Electric Vehicle
PM Particulate Matter

PN Particle Number

REC Recuperator

THC Total Hydrocarbons

TWT Well-to-Wheel

WLTP Worldwide Harmonised Light Vehicle Test Procedure



Table of content
Abstract
(Acknowledgements)

(Symbols and abbreviations)

I TNEOAUCTION L.ttt et ettt et e e s 11
2 Brief overview on VEhICle tyPes .......oevuiiiiiiiiiiiiieiieeieeee e 13
2.1 Internal combustion engine Vehicle ...........ccoeoviviieriieiiieiiecieeee e 13
2.2 Battery electric VERICLE .......ccueiviiiiiiiiieieceee e 17
23 Hybrid electric vehicle with internal combustion engine ............ccccevceeveeeienncenee. 18
2.4 Hybrid electric vehicle with micro gas turbine (proposed) ........cccecvevveeveennenne. 19

3 MeEthOdOLOZY....coiiiiiieiie ettt et ettt et et 24
3.1 Manufacturer’s data and [iterature TeVIEW ..........ceevueeviieiiienieeniieeieeieeeee e 24
3.2 Life cycle assessment approach ...........occcevieeiiiiiiiiiieniieiececeeeee e 24
33 Assumptions and calCulations...........cccvieeiuireeiiieeeiie e 25

4 Manufacturing of vehicle With MGT ........cccioiiiiiiiiiiececeeeee e 26
4.1 Impact on CO; emissions from battery production ............cccceeeeeveeeriienieenneennen. 26
4.2 CO; emissions from the production of the vehicle's body.........cccoevviiiiiiennnenn. 26
4.3 Additional components and total mass of the MGT hybrid vehicle..................... 27
4.4 Hybrid MGT vehicle total mass..........coeevuerieniiiiniinieeneeeeeeee e 28
4.5 Total CO2 emissions from vehicle production..........c..cccccevveveeviiniiniencnicnennens 29
4.6 Comparison with other vehicle types.........coceviiviiriiniiiiniiicccce 29
4.6.1 Manufacturing compariSOn SUMMATY ........cc.cecverreerieriereenieereeneeneneeneeneenens 30

5 Vehicle compariSON CIItETIA. .......cvutiruiriiriieieriterieete ettt 31
5.1 CarbOn EIMISSIONS .....eutieiiieiierite ettt ettt ettt et e e bt e e sbeesabeesbeeenbeenaees 31
5.1.1  Production Phase........cecciieeiiieeiiieeiie ettt e 31
5.1.2  Emissions in OPeration Phas€.........cccueeevveeriiieeniiieeniiieenieeenieeeeveesreesveeeeeees 34
5.1.3  CO; emission with respect to mileage ..........cceevveererieeriiieiniie e, 38
5.1.4  End of [ife Phase .....cc.coeiriiiiiiiniiiieeee s 40

52 EA ICIONCY ..ttt ettt e 41
53 Range of VENICIE .......ooiuiiiiieieeee e 43
54 Impact on environment and FESOUITES .........cerueeriieriierieeriieeieeiee e eieeseeeereenenes 44
5.4.1 Infrastructure reqUITEMENTS ......ccuieeruireeiieeeiieeeieeeeteeeereeesaeeesereeesereeennseeeaneas 44

6 CONCIUSIONS ...ttt ettt ettt et e s b e et e bt e st e e bt e esbeesbeeeabeenaeeenee 46

T REIETEIICES e e et e e e e e e e e e e e e e e e e e e eaaaaeeeeaeeraaa 47



Figures
Figure 1: Diesel Cycle, Otto Cycle

Figure 2: Map of specific fuel consumption as a function of internal combustion engine’s

rotational speed and engine pressure

Figure 3: BEV schematic diagram

Figure 4: Series HEV Schematic Diagram

Figure 5: APU50 Micro Gas Turbine

Figure 6: High Efficiency MGT main principles

Figure 7: pV-diagram of an intercooled recuperated double-compressor gas turbine
Figure 8: Energy Flow in HEV with MGT vehicle

Figure 9: Total CO; emission during production

Figure 10: Average CO; emission of vehicles in different regions during operation phase
Figure 11: Average CO2 emission during operation phase of HEV with MGT

Figure 12: CO, emissions as a function of mileage for different vehicles for different regions

Tables

Table 1: EU 07 Standard for Light M1, N1 vehicles including test conditions, lifetime info

and Emission limits

Table 2: Mass of different components of HEV with MGT

Table 3: Total CO2 emissions during production of HEV with MGT
Table 4: Mass of different vehicles and their components

Table 5: Total CO; emission during battery manufacturing assuming 83.5 kg CO; eq.

emissions per kWh
Table 6: Total CO; emissions during vehicle production: ICEV, HEV, BEV

Table 7: WLTP consumption of different vehicles



Table 8: Total CO; emission in operation phase

Table 9: Total CO» generated during operation phase of HEV with MGT in different
regions with fuels: Methane and Hydrogen

Table 10: Mileage of different vehicles
Table 11: CO; emission per 100 km in different region

Table 12: Overall Energy Efficiency of ICE vehicles



1 Introduction

The shift from internal combustion engines (ICE) to hybrid and electric vehicles is driven
by anticipated environmental benefits and resource impacts (EPA, 2024). This thesis
compares ICE vehicles, Battery Electric Vehicles (BEVs), and hybrids using either a piston
engine or a hypothetical micro gas turbine. The comparison covers emissions, efficiency,
range, resource impact, and other factors, utilizing manufacturer data, literature reviews, and

an LCA approach.

BEVs, powered by rechargeable batteries, produce zero tailpipe emissions but face
challenges like limited range, charging infrastructure problems and high emissions produced
during battery manufacturing. BEVs also require carbon neutral electricity to operate
environmentally friendly. ICE vehicles have so far mostly relied on non-renewable fuel
sources and produce high CO;-emissions over lifetime if powered with fossil fuels. The
incorporation of renewable fuel components is rising within the European Union due to

mandates requiring oil companies to blend fossil-based fuels with renewable elements.

In Finland, the proportion of renewable components for vehicle fuels is projected to reach
30% by 2030, with an annual increase expected thereafter (BioFuels, 2016). Alternatively,
also these vehicles may be operated with fully carbon neutral fuels such as e-fuels in the
future. However, ICE-powered cars suffer from low energy efficiency because the
dimensioning of the engine is based on good acceleration and at constant speed cruising at
moderate speeds the engine is almost idling with low efficiency. The best efficiency of a
passenger-car size Otto engine is about 35% and corresponding Diesel engine about 40%
(Ebrahimi, 2010). However, at low torque and moderate speed the efficiency easily drops to
half of the peak efficiency and even lower. These values are desperately low compared to
the efficiency of an electric car propulsion motor that easily peaks 95% and offers over 80%
in practice at all operation points. Therefore, competing in energy efficiency with an electric
vehicle is difficult or impossible. The low-efficiency problem also plagues present-day
hybrid vehicles. After the small battery has discharged the car becomes an inefficient ICE
car because of the normally applied parallel hybrid principle relying on high-power internal
combustion engine. A dramatic reduction in overall fuel consumption could have been seen

if the best efficiency of ICE could have been used in hybrid vehicles.



In this study, there is also a concept for a novel hybrid electric vehicle: A series hybrid
electric vehicle with a micro gas turbine (HEV with MGT) power converter offers a middle
ground. It uses a hypothetical small but efficient turbine with 25 kW power to generate
electricity for batteries and improves range. Of these vehicle types each reflects evolving

efforts to create more efficient and environmentally friendly transportation options.

Gas turbines have been proposed for vehicles several times in the past, but they never have
become in practical use. One of the problems was related to the mechanics. Gas turbines
were driving a step-down gear with a very high gear ratio. GTs also react slowly to power
changes. Without recuperator the efficiency of a GT is very low. Because of these reasons
GTs never made their way to vehicles in practice. However, when used together with an
electric energy storage and an electric traction power train the MGT could exploit its best

features and offer a competitive solution.

To make a micro gas turbine efficient a couple of things must be considered: The gas turbine
must have an efficient recuperator. In addition, to reach 40% efficiency the GT must have a
two-phase compression and intercooling to reduce the compression work significantly. Such
GTs have so far not been on the market except the 400 kW GT by Aurelia turbines (Aurelia,
2025). It, however, seems possible to develop the MGT technology further with a two-phase
compression with p-fogging technology enabling high efficiency (R. Diickershoff, 2020) .
The p-fogging technology refers to a fine water mist injection technique used during

compression to enhance thermodynamic performance.

Micro-fogging is a method of injecting ultrafine water droplets (fog or mist) into the air
stream at the compressor inlet or between compression stages (i.e., during intercooled or
two-phase compression). The droplets evaporate partially or fully, cooling the air and

reducing compression work.



2 Brief overview on vehicle types

There has been a significant shift towards more sustainable transportation in recent years,
with electric and hybrid vehicles gaining attention due to their potential to reduce carbon

emissions. This topic includes a brief introduction to these vehicle types.

2.1 Internal combustion engine vehicle

Internal combustion engine (ICE) vehicles are powered by IC engines — Otto or Diesel and
their variants — in which the combustion process occurs in the closed cylinder where mixture
of fuel and air is ignited, high-pressure gas is produced and that drives the engine’s piston
creating rotational motion with the help of connecting rods and crankshaft. This provides
mechanical power to the vehicle. These vehicles are served by an established network of fuel
distribution, are significantly lower in initial investment and a wide variety of vehicle models
are available in the market. But when operated with fossil fuels, they produce high amounts
of green-house gases (GHG), and nowadays they are still dependent on non-renewable fuel
sources, with high maintenance. Figure 1 illustrates the pressure — volume (p¥) charts of

Otto cycle and Diesel cycle.
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Figure 1: (a) Diesel Cycle pV Diagram and (b) Otto cycle pV Diagram (Shaw, 2008). Oin and Qou are for heat
input and output. For Diesel: a—b: Isentropic compression, b—c: Heat addition at constant pressure, the volume
increases as the piston moves down, Qin, c—d: Isentropic expansion, d—a: Heat rejection at constant volume,
Qout.. For Otto: a—b: Isentropic compression, b—c: Heat addition at constant volume piston stays at top dead
centre, pressure increases, (i, c—d: Isentropic expansion (power stroke), d—a: Heat rejection at constant

volume, Qout.



The efficiency of Otto and Diesel cycles is defined by n = W,et/Qin- The net work done is
represented by the enclosed area of the pV-diagram. The ideal efficiency of Otto cycle can

be calculated using the pV diagram as

(1)

where y = z—p is the specific heat ratio for the working gas (1.4 for air) (Heywood, J. B.

(1988). The practical efficiency of Otto engine is about half of the value got from this
sentence. For example, if Va/Vp, =10 and y = 1.4 the theoretical efficiency is 60%. For Diesel
the corresponding ideal efficiency according to Cengel, Y. A., & Boles, M. A. (2015) is

B\ () “

If Va/Vo = 16, Vo/Vy = 3 and y = 1.4 we get for ideal Diesel efficiency 82%. These ideal

mp=1-

results ignore heat losses to cylinder walls, friction and pumping losses, real gas effects and
incomplete combustion. In practice, the best efficiency of Otto is about 35% and Diesel 40
% 1n the power range used in cars. In the pV-diagram the steeper the compression (a—b) is
the higher compression and the higher efficiency can be got. Heat addition line (b—c) is

vertical for Otto and horizontal for Diesel. It impacts the enclosed area shape and efficiency.

The biggest problem related to ICE vehicles from energy efficiency point of view is that in
normal driving the ICE is running almost at no load which makes the efficiency very poor.
Typical no-load consumption of an ICE is in the range of 10% of the rated consumption
making ICEs very inefficient close to no-load operation. At 10 % load no ICE is efficient.
Practical peak efficiency of Otto ICE in this power level is about 35% (Thermal Engineering,
2025). However, this efficiency is seldom reached in practice and mainly only during
acceleration. Figure 2 illustrates the specific consumption of modern VW 1.4 litre TSI motor

and the power the car needs at different constant operating points.
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Figure 2: Map of specific fuel consumption as a function of internal combustion engine’s rotational speed and

engine effective mean pressure (Aarniovouri.et.al, 2023).

235 g of petrol per kWh of mechanical energy converts into 35% efficiency. However, when
the car is driven at 100 km/h with the sixth gear its specific consumption is 290 g/kWh. The
petrol lower heat value is 44 MJ/kg, i.e. 12.2 kWh/kg (Heat Values of Various Fuels, 2020).
290 g corresponds to 3.54 kWh of energy and the efficiency therefore becomes 28%. The
lower the speed the lower the power needed and at 40 km/h the ICE efficiency has dropped
to about 20%. These numbers are valid at normal operating temperature of the engine. A
cold engine consumes significantly more. At 24°C environment, fuel consumption was 20%
higher during the cold start compared to the hot phase, while at —6.7°C, the penalty increased
to 40%—-80%, reaching 100% at —18°C (Abediasl et al, 2023). Therefore, driving short

distances at cold climate makes an ICE car even more inefficient.

A Diesel engine has a better efficiency but also it suffers from the fact that for constant
moderate speed driving the engine is typically highly over dimensioned and runs with a low
efficiency. These facts suggest a series hybrid where the ICE operates at its peak efficiency
while electric energy storage and electric propulsion manage varying loads and regeneration.
Despite their potential competitiveness in energy and material efficiency, such vehicles have
not hit the market yet and maybe never will as BEVs are gaining very high popularity among
politicians and therefore also among manufacturers. While ICE vehicles emit nearby
pollutants, operating at constant power with high efficiency could enhance exhaust gas

purification systems.



Tailpipe emissions of ICE vehicles are nowadays strictly limited. The following chart gives

the accepted emissions levels according to EURO 6 and 7 standards.

Table 1: EU 07 Standard for Light M1, N1 vehicles including test conditions, lifetime info and Emission
limits (EU Commision, 2022)

Extended (Limits x

Condition Normal 1.6)
Ambient Temperature (°C) 0-35 —10 to +45
Max. Altitude (m) <700 < 1,800
Max. Speed (km/h) <145 <160

Max. avg. P <2 km after cold

< 20% Pmax

>20% Pmax

start
Trip Composition Any
Minimum Mileage (km) > 10,000 > 3,000
Payload All <10%
Lifetime 160,000 km / 8 years
Extended Lifetime 200,000 km / 10 years (Limits % 1.2)
Units Euro 7 Budget
Pollutant (mg/km or ( (fzauslt.)(l)ige (]}:)l;::e?) Limits (Trips <
#/km) ) (No CFs) | 10 km)
NO« mg/km 60 80 60 600
Particulate Matter (PM) | mg/km 4.5 4.5 4.5 45
6x10" >
. 23 nm 6x10'" > 6x10" > | 6x102>
Particle Number (PN) #/km (GDI 23 nm 10 nm 10 nm
only)
Carbon monoxide (CO) | mg/km 1000 500 500 5000
Total_ Hydrocarbons
(THC) mg/km 100 | - 100 1000
Non-Methane HC
(NMHC) mg/km - - 68 680
Ammonia NH; mg/km - - 20 200

Table 1 also indicates that, aside from CO-, the emission standards for other pollutants are

slightly more lenient for light vehicles.




2.2 Battery electric vehicle

BEVs are powered by electrical energy stored in the battery packs. For mechanical power,
BEVs use electrical motor. The battery is charged through external electricity sources such
as home supply or charging stations. These vehicles have zero tailpipe emissions (actually,
there is no tailpipe at all!), low operating and maintenance costs, high own efficiency but the
range of these vehicles is limited and till date the charging infrastructure is limited in many

areas.

BEVs provide many attractive features to customers, yet their purchase comes with multiple
disadvantages to weigh. The main issues in electric vehicles are its manufacturing emissions
and possible emissions of the electricity generation. The main disadvantage of EVs is their
restricted driving distance since charging a battery typically provides less km per hour range
than a fuel tank does for gasoline-powered vehicles which results in fewer convenient long-
distance trips. The current development of charging infrastructure lags gas stations since
there are fewer charging stations available and EV charging so far requires more time than
traditional car refuelling. The initial high price of EVs remains a challenge because battery
technology continues to be expensive which makes these vehicles out of reach for many

potential buyers.

EV batteries age through time which causes both decreased operating range and expensive
replacement costs. The manufacturing process of batteries creates environmental issues
because it requires mining and refining rare earth metals (Earth, 2023). A significant portion
of weight from large EV batteries causes handling issues that lead to excessive tire and brake
wear (Schoeps, 2022). Figure 3 shows the schematic diagram of battery electric vehicles

with high voltage battery (350 — 550 V), inverter, electric motor, transmission and inverters.
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Figure 3: BEV schematic diagram (Ahmed, 2022)

The CO2 emissions of these cars take place in manufacturing and in power plants generating
electricity. The high tare of BEVs increases also different other emissions. For example, the
tyres of BEVs wear faster than the tyres of ICE vehicles emitting more harmful micro
particles than traditional car tyres. Electric vehicle tires have been found to produce up to
20% more pollution compared to those on gasoline vehicles. As a result, more microplastics

are in the city air to be breathed by people instead of ICE emissions (Sexton, 2023).

2.3 Hybrid electric vehicle with internal combustion engine

Present-day Hybrid Electric Vehicle is powered by both internal combustion engine and an
electric motor to increase the fuel economy and decrease exhaust emissions. Today’s electric
motor is powered by a battery that undergoes recharging through regenerative braking or, in
some models, the ICE. Parallel HEVs operate in three modes: electric only, ICE only, or
hybrid form of power. There are two main types of HEVs: Parallel hybrids where both ICE
and electric motor drive the wheels and series hybrids where ICE powers an electric
generator, (AFDC, 2025)Some examples of them are Toyota Corolla Hybrid, Honda Jazz
Hybrid and Hyundai Ioniq Hybrid. Figure 4 shows schematic diagram of series HEV with
ICE engine.
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Figure 4: Series HEV Schematic Diagram (Tran, 2019)

It is also easy to criticize the development of HEVs. In most cases they are Plug-in HEVs
(PHEVs) with a high-power ICE. In many operational conditions such a high-power ICE is
also responsible for the propulsion power and the efficiency of such a vehicle easily falls in
the same category as ICE vehicles. Naturally the larger battery PHEVs takes advantage of

recuperation and are more efficient in city driving than ICE vehicles.

Rarely, car manufacturers have tried to realise a series hybrid with an ICE producing just the
average power needed by the car. If we look carefully the VW TSI motor shown above, we
see that its power at 16 bar average pressure and 3500 rpm would be about 45 kW with the
lowest possible specific consumption of 235 g/kWh. The engine has four cylinders. With
two cylinders it would give 22.5 kW at the same point and most probably also with the same
specific consumption. If this engine were supplying a highly efficient generator the system
could produce about 21.5 kW of electricity with about 33.5% efficiency. Using such a two-
cylinder engine together with an electric power train and a 10-kWh battery would enable an
efficient HEV with significantly reduced fuel consumption compared to present-day PHEVs.

However, such vehicles are not available on the market.

2.4 Hybrid electric vehicle with micro gas turbine (proposed)

A concept HEV with an MGT combines a small micro gas turbine as an auxiliary power unit
that produces electricity to recharge the battery and assists in propulsion power production
during peak loads. The concept can be the following. The MGT power is 25 kW, it supplies
a 10-kWh battery that offers 100 kW peak power for propulsion. This would mean C-rating



10C which limits the applicability of battery chemistries. However, Lithium Titanate (LTO)
batteries are excellent for high C-rates (even 10-20C); They are very safe, have long life,
but offer a lower energy density. Lithium Iron Phosphate (LFP) batteries have commercial
cells supporting 5—-10C with efficient thermal management. Lithium Nickel Manganese
Cobalt (NMC) batteries can reach 10C with special electrode designs and cooling, but such
operation comes with short lifetime. Also, Lithium Manganese Oxide (LMO) batteries can
offer high power but with shorter cycle life. Lithium Polymer (LiPo) batteries are used in
drones; specialized LiPo packs are rated up to 30—60C. Supercapacitors and hybrid Li-Ion
supercapacitors are not strictly batteries but offer very high current capacity idea (B. Liu,
2020), (Cai et.al, 2016), (Zhang. Y et. Al, 2011), (Wang et.al, 2016). So, it seems that a 10C
battery should be available for the proposed hybrid.

The propulsion motor produces 100 kW power. Such a concept HEV should be material and
energy efficient. MGT has capacity to run efficiently at constant speed and run on various
fuels. The latest development of even small MGTs promises 40% electricity production
efficiency which is comparable with the peak efficiency of passenger-car diesel ICEs. The
traditional MGT can reach about 30% efficiency which still cannot compete even with an
Otto engine. To reach a higher efficiency the MGT needs an intercooled compression. Such
an approach needs two compressors and an effective intercooler. Competitive efficiency is
reached with a system that has two compressors an intercooler and efficient recuperator. This
approach reduces the compression work so significantly that 40% efficiency with a MGT

can be achieved. An example of such technology approach is given in Figure 5.



Figure 5: APU50 Micro Gas Turbine (Apugenius, 2025)

Such an HEV has the advantage of high fuel economy and low manufacturing emissions. As
the battery capacity of such a vehicle goes to 10% of that of a BEV the manufacturing
emissions are dramatically reduced close to the same level as with normal ICE cars. In
addition, the electric drive train is capable of mechanical energy recovery. As a result, HEVs
offer very much lower emissions compared to ICE vehicles. The series hybrid design avoids
most of traditional hybrid vehicle drive-train complexity because the propulsion is fully
electric and the MGT can be manufactured as a compact independent unit just to provide
electric power and heat for cold environment use. Using the MGT in a combined heat and
power -manner (CHP) in an electric vehicle helps the energy efficiency a lot as there is no

need to use battery storage for heating the vehicle in cold environments.

One of the big benefits of an MGT is that to reach EURO7 emission levels when correctly
designed it does not need any flue gas treatment as piston engines do. The constant burning
of the fuel is possible without emissions that are problematic to piston engines where the
burning is intermittent. MGTs can also use methane without methane slip which is very

problematic to piston engines (Zhang X et.al, 2022).

Figure 6 illustrates the main principle of an efficient MGT.
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Figure 6. High-efficiency MGT main principles (Dhanasegaran et.al, 2024)

The high efficiency compared to traditional MGTs can be reached by the two-step
compression, intercooling and efficient recuperation — LPC: low pressure compressor, 1C:
intercooler, HPC, High-pressure compressor, REC: recuperator, CC: combustion chamber,
G: generator. The rotational speed of the shaft in case of 25 kW MGT would be in the range
of 100 k-rpm. Figure 7 shows the pressure volume chart of the two staged compressed micro

gas turbine.

A0 o

Figure 7. Intercooled two compressor MGT pV diagram (Pyrhonen, 2025). 1-2 : polytropic compression in the
first compressor, 2-3: cooling at constant pressure in the intercooler, 3-4: polytropic compression in the second
compressor, 4-5: heat addition at constant pressure in the recuperator, 5-6: heat addition at constant pressure
in the combustion chamber, 6-7: polytropic expansion in the turbine, 7-8: same amount of heat transfer at

constant pressure in the recuperator as was between 4-5, and 8-1: heat amount wasted in the exhaust.



Figure 7 shows the principle pV diagram of a gas turbine when two compressors, an
intercooler, and a recuperator are used. The recuperator transfers heat power Qor = Qir from
the exhaust gases between 7...8 to the combustion air between 4...5. The compression work
done by the compressors is calculated with the dashed area left to 1-2-3-4. Without
intercooler and the second compressor the polytropic compression would go to the point 4’
and more work would be needed (Pyrhonen, 2025). The intercooled gas turbine cycle
typically delivers higher output efficiency than both the Otto and Diesel cycles, due to its
multi-stage compression and expansion, as well as intercooling which reduces the

compressor work.

Figure 8 shows the energy flow process in HEV with MGT.
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Figure 8: Energy Flow in HEV with MGT vehicle (A. M. Andwaria, 2022) Pe.,: engine power, Ppa:

battery power, Pin: traction motor power input, Pmot : traction motor power output, Py traction power, Pq:

power of accessories.

In figure 8, the power flow in the hybrid vehicle with MGT is shown. It demonstrates how
the motor and controller control energy from the battery, regenerative braking, and APU
(auxiliary power unit). This energy is then transferred through the gear system and used to

power the road wheels and other vehicle accessories.



3 Methodology

The study assesses the sustainability of several types of vehicles, including ICE vehicles,
HEVs, BEVs and a conceptual HEV with a micro gas turbine (MGT). To compare, data and
literature from the manufacturer are used and an LCA approach looks at the process from
start to finish. The study looks at emissions and energy use for manufacturing, running and
disposal of products in various regions around the world. All assumptions and calculations

use standardized conditions and the features of the chosen model.

3.1 Manufacturer’s data and literature review

For the analysis and comparison, existing vehicle models: three ICE vehicles Toyota
Corolla, Honda Civic, Renault Clio are taken. Similarly, three hybrid vehicles Toyota
Corolla Hybrid, Honda Jazz Hybrid and Hyundai Ioniq Hybrid are taken and for BEV, Tesla
Model 3, Chevrolet Bolt EV and Nissan Leaf are taken and manufacturer’s data have been
followed. Previous papers have been followed for emission, impacts on resources and

infrastructure requirements.

The HEV with MGT is an imaginary vehicle that has the following concept, 1) 25 kW MGT
operating at 40% electricity producing efficiency and using renewable fuel like biogas or
green hydrogen, i1) 10 kWh high power battery enough for 50 km operation without using
the MGT, ii1) 100 kW electric propulsion system.

3.2 Life cycle assessment approach

The impacts from manufacturing, operation and end of life will be assessed using LCA
approach. This provides insights on sustainability of each vehicle type. The vehicle’s
emission during manufacturing, on road operation and end of life stage are discussed. In the
production phase, emissions from raw material extraction, component manufacturing: total
CO; generated during manufacturing of each main components of vehicle and vehicle
assembly are considered. The operation phase accounts for fuel or electricity consumption,

maintenance, and related emissions throughout the vehicle’s use in different regions: Europe,



China, US. The end-of-life phase includes emissions from dismantling, recycling, and

disposal processes. A cradle-to-grave approach is adopted in this study.

3.3 Assumptions and calculations

Estimations of fuel consumption, energy intensity and emissions will be made with reference
to the selected models and standard conditions. For the hybrid vehicle, we consider the micro
gas turbine has capacity of 25 kW and battery pack is of 10 kWh and MGT offers 40%

conversion efficiency.



4 Manufacturing of vehicle with MGT

If the drivetrain of a Tesla Model 3 (Tesla, Inc. 2020) were supplemented with a micro gas
turbine (MGT), the overall efficiency and environmental impact of the vehicle could be
significantly altered. In this modified version, the battery pack would be reduced to 10 kWh,
representing a major decrease from the original Tesla Model 3's battery capacity of 82 kWh
— an 88% reduction. This reduction in battery capacity would lead to a considerable decrease
in the mass of the battery, resulting in an LTO battery mass of approximately 75 kg if the
overhead factors like battery management system, housing, wiring, thermal management

system are also considered.

4.1 Impact on CO2 emissions from battery production

The production of electric vehicle (EV) batteries is one of the most carbon-intensive stages
in the lifecycle of an EV. According to studies, carbon dioxide (COz) emissions associated
with battery production depend heavily on the size of the battery pack. Typically, the CO»
emissions for producing EV batteries are calculated at around 83.5 kg of CO; per kilowatt-
hour (kWh) of battery capacity (Johannes Buberger, 2022). Therefore, with a small 10 kWh
battery pack, the CO2 emissions for battery production would be:

83.5kg CO2/kWh x 10 kWh = 835 kg

This reduction in battery size and CO; emissions from battery production is one of the main
advantages of using a micro gas turbine (MGT) in a hybrid configuration. As the overall
battery capacity decreases, the environmental impact of the vehicle's battery production
becomes more comparable to that of conventional hybrid vehicles, which typically use

smaller battery packs than fully electric vehicles (EVs) (Lof, 2020).

4.2 CO2 emissions from the production of the vehicle's body

Apart from the battery, the mass of the vehicle's body and other components also contributes

to the overall CO2 emissions during production. For a traditional electric vehicle, the body



and other structural components generally account for a significant portion of the vehicle's
total emissions. For the hybrid vehicle with an MGT, we must calculate the CO» emissions

from producing the body and frame of the vehicle.

The CO; emissions from body production are typically estimated at around 4.56 kg CO> per
kilogram of vehicle body mass (EPA, 2022). In this case, the mass of the chassis and body
for the MGT hybrid vehicle is as follows:

o Chassis mass: 200 kg

e Body mass: 750 kg
This gives a total body and chassis mass of:
200 kg + 750 kg =950 kg

Multiplying this total mass by the CO2 emission factor for body production: 950 kg X
4.56 kg CO2/kg =4322 kg COa. Therefore, the total CO2 emissions from producing the body
and chassis of the vehicle would be 4322 kg.

4.3 Additional components and total mass of the MGT hybrid vehicle

In addition to the body and chassis, the MGT hybrid vehicle includes several other critical

components:

1. Methane tank: A 90-liter methane tank used to store methane at high pressure (200
bar) has approximately 90 kg mass. It is capable of storing 14.2 kg of methane at this
pressure. Methane itself is used as fuel for the micro gas turbine, offering a

significant energy density compared to traditional gasoline or diesel (Buchert, 2017).

2. Micro gas turbine (MGT): The 25-kW micro gas turbine itself, including the
recuperator (which recovers heat from the exhaust to improve efficiency), is expected
to have around 100 kg mass in series production. Innovations in manufacturing
technologies, such as 3D printing, are expected to further reduce the mass of these

components by enabling more optimized designs (Miller, 2019).

3. Electric motor and cooling system: The electric motor drive used in this hybrid

system would be like the one in the Tesla Model 3, meaning the mass would be



comparable. However, the cooling system needed to manage the heat generated by
both the electric motor and the MGT is an important consideration. The combined
mass of the electric motor, cooling system, and associated components is estimated

at approximately 80 kg.

Taking all these components into account, the total mass of the hybrid vehicle's powertrain

(excluding the battery) is approximately:

90 kg (methane tank with gas) + 100 kg (micro gas turbine) +
80 kg (electric motor + cooling system) = 250 kg.

4.4 Hybrid MGT vehicle total mass

Now, it is possible to calculate the total mass of the vehicle, including the powertrain,

battery, body, and chassis:
o Battery mass: 75 kg
e Powertrain mass: 250 kg
e Chassis mass: 200 kg
e Body mass: 750 kg

e Inverters and heat exchanger (which can capture heat from the turbine for use in

cabin heating): 100 kg
Thus, the total mass of the hybrid MGT vehicle, excluding the battery, is:

200 kg (chassis) + 750 kg (body) + 250 kg (powertrain) +
100 kg (inverters and heat exchanger) = 1300 kg.

Table 2 lists the estimated component masses for the HEV with MGT including 20 kg mass
of lead acid battery.



Table 2: Masses of different components of HEV with MGT (Buchert, 2017), (Tesla, 2024), (Miller, 2019)

Powertrain Heat Exchanger Total
(Turbine + Chassis and Inverter Battery | Approx.
Body | Gas tank) kg | (kg) (kg) (kg) (kg)
HEV
with
MGT | 750 250 200 100 95 1360

4.5 Total CO2 emissions from vehicle production

To calculate the total CO2 emissions associated with the production of this hybrid vehicle,
the emissions from body production and battery production are summed. We have the
production emission of body of vehicle is 4.56 kg CO2 eq./kg (Johannes Buberger, 2022)
and emission during production of lead acid battery is 50 kg CO: kg eq. per kg (Alistair J.
Davidson, 2016). Taking this value the total CO; emitted during production is calculated in
table 3.

Table 3: Total CO, emissions during production of HEV with MGT (Buchert, 2017), (Buberger, 2022)

Powertrain Heat Exchanger Total
(Turbine + Chassis | and Inverter Battery | Approx.
Body | Gastank) kg | (kg) (kg) (kg) (kg)
HEV
with
MGT 3420 1140 912 456 885 6763

The emissions from body production were calculated earlier as 5928 kg, and the emissions
from battery production were 835 kg. Therefore, the total CO; emission from hybrid vehicle
with MGT production is:

5928 kg CO; (body) + 835 kg CO; (battery) = 6813 kg CO,

4.6 Comparison with other vehicle types

When comparing the hybrid vehicle with a micro gas turbine (MGT) to conventional internal
combustion engine (ICE) vehicles and battery electric vehicles (BEVs), it is clear that while

the CO2 emissions from battery production still remain higher than those from ICE vehicles,



the overall emissions are significantly lower than those associated with BEVs, especially

those with large battery packs.
For comparison:

e Conventional ICE vehicles: The total CO» emissions associated with the production
of conventional vehicles are generally lower than those of BEVs due to the absence
of large battery packs. However, ICE vehicles still contribute significant emissions

during their use phase, particularly from fuel combustion (EPA, 2022).

o BEVs: While BEVs are considered more environmentally friendly in the long term
due to their zero-emissions operation, the high emissions associated with the
production of large battery packs often lead to a larger initial environmental footprint.
This is particularly evident in larger EVs with larger batteries, which have substantial
CO2 emissions during production (Lof, 2020). In addition, to achieve the

environmental benefits BEV electricity must be generated without emissions.

The hybrid vehicle with MGT, therefore, offers a balanced solution, achieving lower
emissions than BEVs while maintaining a lower production cost compared to conventional
hybrids and ICE vehicles. The CO2 emissions of 6813 kg for the hybrid vehicle with MGT
are somewhat higher than those of conventional ICE vehicles but much lower than in case
of BEVs, making it an attractive alternative for reducing overall environmental impact.

These items will be studied in more detail in the following chapter.

4.6.1 Manufacturing comparison summary

In summary, supplementing the drivetrain of a Tesla Model 3 with a micro gas turbine and
reducing the battery size to 10 kWh can significantly reduce both the mass of the vehicle
and the CO; emissions associated with battery production. Although the CO; emissions
during the production of hybrid vehicles with MGT are slightly higher than those of
conventional ICE vehicles, the vehicle still produces considerably lower emissions than
BEVs, offering a promising solution for those seeking a more sustainable transportation

option.



5 Vehicle comparison criteria

The study compares three ICE vehicles (Toyota Corolla, Honda Civic, Renault Clio), three
hybrid vehicles (Toyota Corolla Hybrid, Honda Jazz Hybrid, Hyundai Ioniq Hybrid), and
three BEVs (Tesla Model 3, Chevrolet Bolt EV, Nissan Leaf).

5.1 Carbon emissions

5.1.1 Production phase

For all vehicles, the total mass of the vehicle has been divided into body, powertrain,
transmission, chassis and suspension, battery, generator and inverters. It is mentioned that
the production of body emits approximately 4.56 kg COz eq. per kg (Buberger, 2022). For
easier calculation, CO2 emission for every part of these vehicles expect battery is considered
4.56 kg CO2 eq. per kg. Table 1 collects information of the masses of different vehicles and

their components.

The Tesla model 3 uses Lithium-ion battery pack (EV Database, 2025). The Chevrolet Bolt
pack uses LG Chem pouch cells and has active thermal management via liquid cooling along
a base plate below the cells. The LG Chem cells are most likely NMC 622 (Acrus, 2018).
Table 4 shows estimated CO» generated during production of the vehicles according to the
battery capacity and mass of the vehicles mentioned. In article published by (Buberger,
2022), it is also mentioned that the average emission of battery production when average
impact resources are considered is 83.5 kg COz eq. per kWh. The battery capacity of Tesla
model 3 is 82 kWh, in Chevrolet Bolt EV it is 67 kWh and in Nissan leaf it is 62 kWh. The
production of lead-acid batteries involves emissions from mining, smelting, and
manufacturing. Previous studies indicate that lead-acid battery production emits
approximately up to 2.5 kg of COz per kg of battery (Alistair J. Davidson, 2016). So, the
total amount of CO, generated during production of lead acid battery of 20 kg is 50 kg CO»
eq. per kg. Table 5 shows the CO> emissions during traction battery manufacturing assuming

83.5 kg of CO; eq. emissions per kWh of battery capacity.



Table 4: Masses of different vehicles and their components (Jones, 2023), (EV Database, 2025),
(Ultimatespecs, n.d.), (Volkswagen, 2020)

ICEV masses HEYV masses BEYV masses
Chevro
Re- Volkswagen | Skoda Mercedes -let Nissa

Toyota Honda | nault -gen Golfe- | Superb | Benz Tesla Bolt n Leaf

Corol-la Civic Clio hybrid )\ GLC 300e | Model 3 EV et
Body (kg) 763 763 669 850 900 1000 800 750 750
Powertrai
n (kg) 197 181 147 300 320 400 300 300 280
Transmiss
ion (kg) 92 78 68 100 110 150 50 50 50
Chassis
(kg) 263 279 249 200 220 250 200 200 200
Generator
and
Inverter
(kg) 5 5 5 65 70 59 100 120 100
Battery
(kg) 20 20 20 120 135 170 491 450 430
Total (kg)
approx. 1340 1319 1158 1635 1755 2055 1951 1880 1810

Table 5: Total CO» emissions during traction battery manufacturing assuming 83.5 kg of CO> eq. emissions

per kWh of battery capacity (EV Specs, 2025), (EV Database, 2025), (Volkswagen, 2020)

Vehicle Battery Capacity Total CO2 emitted during
battery manufacturing
(kg)

Tesla Model 3 82 kWh 6847

Chevrolet Bolt EV 67 kWh 5595

Nissan Leaf 62 kWh 5177

Volkswagen Golf e-hybrid | 13 kWh 1086

Skoda Superb IV 13 kWh 1086

Mercedes Benz GLC 300e | 13.5 kWh 1127

HEV with MGT 10 kWh 835

The respective CO2 emission calculated for different vehicles is shown in Table 6.



Table 6: Total CO, emissions during vehicle production: ICEV, HEV, BEV (Buberger, 2022) (Alistair J.
Davidson, 2016)

ICEV manufacturing HEYV manufacturing BEV manufacturing
emissions emissions emissions
Volksw Mercede
agen Skoda | s Benz Tesla Chevro | Nissa

Toyota | Honda Renault | Golfe- | Superb | GLC Model | let Bolt | n Leaf

Corolla | Civic Clio hybrid | IV 300e 3 EV et
Body
(kg) 3480 3480 3051 3876 4104 4560 3648 3420 | 3420
Powertra
in (kg) 900 825 671 1368 1459 1824 1368 1368 1277
Transmis
sion (kg) 420 356 310 456 501 684 228 228 228
Chassis
(kg) 1200 1272 1136 912 1003 1140 912 912 912
Generato
r and
Inverter
(kg) 50 50 50 296 319 269 456 548 456
Battery
(kg) 50 50 50 1136 1136 1177 6897 5645 5677
Total
(kg)
approx. 6100 6033 5265 8044 8522 9654 13510 12127 | 11520

Figure 9 illustrates the average total CO> emissions generated during the production of

vehicles.
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Figure 9: Total CO; emission during production



Figure 9 implies that the CO; emission for production of internal combustion engine (ICE)
vehicles is 5800 kg, for hybrid vehicles it is 8740 kg, for battery electric vehicles (BEV) it
amounts to 12835 kg and for the vehicles with MGT, it is 6813 kg.

5.1.2 Emissions in operation phase

The emissions caused by EVs depends strongly on the area where the vehicle is used. For
instance, the electricity generation in China is more carbon intensive in an average of 727.7
gC0Ozeq./kWh (Jie Wang, 2023) than that in US — 369 gCO2eq./kWh (Voronoi, 2024). EU’s
average electricity generation emission is 242 g/kWh (Ember, 2024).

Table 7 provides WLTP consumption data for various vehicles. The Renault Clio diesel
version is among the most energy-efficient conventional cars, with a fuel consumption of
3.8 1/100 km in the WLTP cycle. When converted to energy, it uses approximately 38.3
kWh/100 km.

Table 7: WLTP Consumption of different vehicles (EV Specs, 2025), (EV Database, 2025), (Volkswagen,
2020)

) Fuel Consumption Electricity
Vehicle Vehicle (L/100 km/kWh/100 | Consumption (KWh/
Type km) 100 km)
Toyota Corolla 5.7/57.5
ICEV Honda CIV.IC . 6.3/63.5
Renault Clio (Diesel) 3.8/38.3
Renault Clio 5.5/55.4
Volkswagen Golf e-hybrid 1.4/14.1 11.6
HEV Skoda Superb IV 1.5/15.1 13.6
Mercedes Benz GLC 300e 0.5/5 20.4
Tesla Model 3 - 14.3
BEV Chevrolet Bolt EV - 17.7
Nissan Leaf e+ - 18.5

The Well-to-Wheel (WTW) emission value in European conditions for gasoline fuel is 2.83
kgCOz eq./litre and diesel fuel is 3.18 kgCO» eq./litre (Simone 1. Ehrenberger, 2019). If the
total distance drive during the lifetime of vehicles is considered 200,000 km, then for Toyota



Corolla, the total fuel consumed will be 5.7 x 2000 = 11,400 litres. Now, total CO> generated
during operation will be 11400 x 2.83 = 32,262 kg.

Among the ICE vehicles, Renault Clio will have the lowest production of CO in its lifetime
1.e. 24168 kg as WLTP consumption of Renault Clio diesel version is less than that of other
vehicles. Similarly, CO, generation for all vehicles is calculated. For hybrid vehicles,
combined energy consumption in kWh is taken to calculate emission. The results are

collected in Table 8.

Table 8: Total CO, emission in operation phase * fossil fuel assumed — no biocomponents

Total Total Total
Vehicle Fuel Electricity Total | Total CO, * CO; CO:
consumpti | consumptio | fuel electricity | emitted emitted | emitted
Vehicle on (L/100 | n (kWh/ used consumed | kg kg kg
Type km) 100 km) (litre) | (kWh) (Europe) | (China) | (USA)
Toyota
Corolla 5.7 11400 32262 | 32262 32262
Honda Civic 6.3 12600 35568 | 35568 35568
ICEV -
Renault Clio
(Diesel) 3.8 7600 24168 | 24168 24168
Renault Clio 5.5 11000 31130 | 31130 31130
Volkswagen
Golfe
hybrid 1.4 11.6 23200 5336 16866 8352
HEV Skoda
Superb IV 1.5 13.6 27200 6256 19775 9792
Mercedes
Benz GLC
300e 0.5 20.4 40800 9873 29661 15055
Tesla Model
3 143 28600 6922 20792 10554
BEV Chevrolet
Bolt EV 17.7 35400 8567 25736 13063
Nissan Leaf
et 18.5 37000 8954 26900 13653

In table 8 it can be taken into conclusion that the average CO: production for ICEV in
European region is 30,782 kg in the lifetime of 200,000 km which gives 153.91 g CO: eq./
km. For hybrid vehicles, it is around 35 g COz eq. /km in EU, 110 g CO; eq. /km in China
and approx. 55 g CO2 eq. /km in US. Similarly for electric vehicles, it is around 88 g CO>
eq. /km in EU, 122 g CO; eq. /km in China and 61 g COz eq. /km in US region. Figure 10
summarizes these findings in a diagram including the emissions from ICEVs, BEVs and

HEVs.
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Figure 10: Average CO, emission of vehicles in different regions during operation phase. All fuel operations
are calculated for tailpipe emissions without recognizing any carbon-neutral fuel components like biogas or e-

fuels. Electricity generation emissions: China: 727.7 gCO; eq./kWh US: 369 gCO,eq./kWh, EU: 242 g/kWh.

For HEV with MGT and 14.2 kg methane tank, the lower heating value of the tank content
is 13.9 kWh/kg x 14.2 kg = 197.4 kWh. We have 40% efficiency of MGT, and therefore it
can produce about 79 kWh electricity from the 14.2 kg of methane. When CH4 burns, it
produces H>0O and COx:

CH4+20; — CO2+2H20

To calculate the CO: emissions, the molar masses of methane and carbon dioxide:
e Molar mass of CHa is 16 g/mol
e Molar mass of COx: is 44 g/mol

We get, from the ratio of molar masses, 44/16 = 2.75

It means that burning of 1 kg of methane produces 2.75 kg of CO;. Burning of 14.2 kg of
methane produces 39.05 kg of COz. So, if the MGT hybrid operates only with methane it
emits 39 kg of CO; per 79 kWh of electricity i.e. 493 g/kWh. If the car consumes e.g. 16.7
kWh/100 km in average, it runs about 473 km with the 90-litre gas tank and emits 39 kg of
CO2 making 82 g/km. However, daily this car can be operated 50% by battery only (10 kWh

should be more than enough for the 50 km average daily commute) and 50% by gas turbine.



It makes combined WLTP consumption of the vehicle (when methane gas is used) 16.95
kWh/100 km. In fully electric mode the WLTP consumption of Tesla Model 3 is 17.2 kWh
/100 km in extreme conditions (Tesla, 2024).

Combined energy consumption = [0.5 x (17.2) + 0.5 x (16.7)] kWh/100km = (8.6 + 8.35)
kWh/100km = 16.95 kWh/100 km.

Now, if EU’s, China’s and US’s electricity generation emission is considered, table 9 shows
total CO> generated while operation for hybrid vehicle with MGT using methane and
hydrogen gas. For, hydrogen gas tailpipe emission while vehicle is powered by gas turbine
is considered zero and WLTP consumption for fully electric mode is taken as 17.2 kWh/100
km and for methane combined WLTP consumption is taken as 16.95 kWh/100 km.

Table 9: Total CO, generated during operation phase of HEV with MGT in different regions with fuels:
Methane and Hydrogen. Electricity generation emissions: China: 727.7 gCO, eq./kWh US: 369 gCOeq./kWh,
EU: 242 g/kWh

. COz2 generated usin CO2 generated using Hydrogen
Regions N%ethane (kg) ; ) (kg) BV
EU 8204 4163
China 24646 12504
USA 12509 6347

Figure 11 shows the result for CO2 generated in g/km for three different regions.
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Figure 11: Average CO; emission during operation phase of HEV with MGT when 50% of driving is powered
by local network electricity. Electricity generation emissions: China: 727.7 gCO;, eq./kWh US: 369
gC02eq./kWh, EU: 242 g/kWh



If EU’s average generation emission is taken, then average emission from MGT vehicle
during operation becomes around 42 g/km. If the MGT operates with renewable hydrogen,
the tailpipe emission is zero and the average emission reduces close to 20 gm/km when 50%
operating with EU energy mix, which is far less than conventional HEVs, ICEV and BEVs
that operate in the EU region. In principle, the same is valid also in case of using carbon-

neutral biogas. This is, however, not recognized by the EU.

5.1.3 CO; emission with respect to mileage

One of the crucial factors that determines how much COz is emitted by vehicle is mileage of
the vehicle. The higher the mileage of the vehicle is, is the lower are the CO> emissions per
km. In case of ICEV and HEV (when running using fuels), more kilometres per litre provides
less CO2 emission and for BEV, the more km per kWh, the less CO> emissions (mainly
during electricity production). In the above studied vehicle, the mileage can be calculated as
100 + (Fuel Consumption / 100 km) and 100 + (electricity consumption/ 100 km) in case of
HEV and BEV. Table 10 provides the mileage of vehicle taking WLTP consumption of
ICEV, combined WLTP consumption of HEV with MGT.

Table 10. Mileage of different vehicles (EV Specs, 2025), (EV Database, 2025), (Volkswagen, 2020)

Vehicle Type Vehicle Mileage
Toyota Corolla 17.54 km/litre
ICEV Honda Civ‘ic ‘ 15.87 km/l%tre
Renault Clio (Diesel) 26.32 km/litre
Renault Clio 18.18 km/litre
Volkswagen Golf e-
hybrid 7.09 km/litre
HEV Skoda Superb IV 6.62 km/litre
Mercedes Benz GLC
300e 20.00 km/litre
Tesla Model 3 6.99 km/kWh
BEV Chevrolet Bolt EV 5.65 km/kWh
Nissan Leaf e+ 5.41 km/kWh
HEV with MGT Proposed 5.90 km/kWh

For the CO; emission as a function of mileage as BEVs do not have direct tailpipe emission

but the CO, generated during production of electricity in different regions has been



considered. Now, to plot the graph of CO; emission as a function of mileage, the fact that
Well-to-Wheel (WTW) emission value in European conditions for gasolene fuel is 2.83
kgCO; eq./litre and diesel fuel is 3.18 kgCO: eq./ litre (Simone 1. Ehrenberger, 2019) and
2.75 kg of COz is emitted in burning of 1 kg of methane. Table 11 summarizes the values of
COz emissions per 100 km as a function of mileage of different vehicles in different regions
and figure 12 gives the graph of CO» emission as a function of mileage taking electricity

generation of different regions EU, China and USA as mentioned above.

Table 11. CO, emission per 100 km in different region * fossil fuel assumed — no bio components

. Mileage (km/I or CO: Emission (kg/100
Vehicle kn%/k(Wh) km) (ke
ICEV (Gasoline) 17.2 16.46
Renault Clio (Diesel) 26.32 12.08
HEV (EU) 11.24 25.19
HEV (China) 11.24 25.19
HEV (USA) 11.24 25.19
BEV (EU) 6.02 4.02
BEV (China) 6.02 12.09
BEV (USA) 6.02 6.13
HEV with MGT (EU) 5.9 4.1
HEV with MGT (China) 5.9 12.33
HEV with MGT (USA) 5.9 6.25

Figure 12 highlights that Battery Electric Vehicles (BEVs) have the lowest CO- emissions
in regions like the EU and US, because of their cleaner electricity production. However, their
emissions rise significantly in China due to a more carbon-intensive electricity generation.
Diesel ICEVs, such as the Renault Clio, show better CO2 performance than average gasoline

ICEVs due to higher fuel efficiency.
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Figure 12. CO, emissions as function of mileage for different vehicles for different regions. Electricity

generation emissions: China: 727.7 gCO, eq./kWh US: 369 gCO,eq./kWh, EU: 242 g/kWh

Figure 12 also shows while most Hybrid Electric Vehicles (HEVs) emit more because of
fuel dependency, the HEV with MGT stands out with very low electricity consumption. It
delivers lower CO: emissions than both BEVs in high-emission regions and traditional
ICEVs. This makes the HEV with MGT one of the most environmentally beneficial options

across different regions. This is, however not recognized by EU.

5.14 End of life phase

The environmental impact of a vehicle extends beyond its operational lifetime to include its
disposal and recycling. The average recycling emission of vehicle bodies is estimated at -
2.93 kg CO: eq./kg, and battery recycling emissions are approximately —48.4 kg CO: eq./kg
(Ehrenberger, 2019). The recycling process offsets some of the emissions from production

by recovering valuable materials.

For conventional ICE vehicles, the primary materials recovered include steel, aluminium,
and plastics, which contribute to reducing net emissions. However, BEVs contain lithium-

ion batteries that require specialized recycling processes. The environmental benefits of



battery recycling depend on the recovery efficiency of critical materials such as lithium,

cobalt, and nickel.

For the proposed HEV with an MGT, the lower battery capacity (10 kWh) reduces battery
recycling emissions compared to BEVs. Additionally, the gas turbine components, primarily
made of metal alloys, can be efficiently recycled, further reducing the net environmental

impact.

5.2 Efficiency

In case of internal combustion engine vehicles, the tank to wheel (TTW) efficiency depends
on various factors like speed, load conditions, vehicle weight, behaviour of driver and the
road conditions. The TTW efficiency of different ICEVs are found to be in the range of 14-
33% for gasoline ICEVs, 28-37% for diesel ICEVs and 14-26% for natural gas ICEVs
(Aiman M Albatayneh, 2020). Similarly in case of ICEVs, the extraction (production) of
fuels includes significant energy consumption, with emissions of 3,140 gCOx/litre gasoline

and 3,310 gCOx/litre for diesel (Rantamaiki, 2022).

BEVs themselves are highly efficient, the use of electric motors and regenerative braking
systems, which recover energy during braking is the reason of high efficiency. The WLTP
consumption of Tesla model 3 in combined (Urban and Highway) condition is 14.3 kWh/100
km which is highly efficient, and in extreme conditions like low or high temperature it

reaches up to 17.2 kWh/ 100 km (Tesla, 2024).

For proposed model of HEV with MGT, we assume 40% electrical efficiency with use of
recuperator. Table 12 summarizes the well to wheel efficiencies of the car types studied in
this analysis. For the calculation of efficiency of HEV with MGT, electric motor efficiency
and battery efficiency are taken 90 % each and the vehicle is assumed to run 50 % with
battery and 50% MGT as above. For the battery system efficiency, the WTW efficiency if
fossil fuels are assumed is 20 %, and if renewable sources are assumed is 57% as mentioned

above.

The fuel production efficiency for methane is assumed 80% and for hydrogen it is assumed
70 % (Aiman M Albatayneh, 2020). With this for MGT alone, overall WTW efficiency is

calculated as:



Case I: When methane gas is taken as fuel for MGT, the efficiency is 0.288 i.e. 28.8 %.
Case II: When hydrogen gas is taken as fuel for MGT, the efficiency is 0.252 i.e. 25.2 %.

Now, overall efficiency of vehicle is 0.5 x Battery efficiency + 0.5 x MGT Efficiency. For
case I, efficiency of vehicle is 0.5 X 0.2 + 0.5 x 0.288 = 0.388 i.e. 38.8 %. The efficiency
for different cases is calculated likewise and listed in table 12. The values are presented in

range.

Table 12: Overall Energy Efficiency of ICE Vehicles (Aiman M Albatayneh, 2020)

Vehicle Efficiency Basis
Gasoline ICEVs (fossil fuel) | 11 -27% Well to Wheel
Diesel ICEVs (fossil fuel) 25-37% Well to Wheel
Natural Gas ICEVs (fossil | 12 —-22 % Well to Wheel
fuel)

BEV (fossil fuels used in | 13-27 % Well to Wheel
electricity generation)

BEV (Renewable sources) 42 -T72 % Farm to Wheel
HEV with MGT, fossil used | 38 —42 % Well to Wheel

in electricity generation and
methane for MGT
HEV with MGT, fossil used | 22 —25 % Well to Wheel

in electricity generation and
biogas used for MGT
HEV with MGT, renewable | 40 — 44 % Well to Wheel

sources used for electricity
generation and fossil
methane used for MGT

HEV with MGT, renewable | 39 — 43 % Well to Wheel

electricity generation and

biogas used for MGT




Table 12 clearly shows that BEVs do not improve the energy efficiency of a vehicle if fossil
fuels are used to generate the electricity used by the car. According to this table, the diesel
engine vehicle seems to be the most efficient if fossil fuels are used and if fossil fuels and
methane gas are used then HEV with MGT vehicle is more efficient than diesel engine

vehicle. However, the BEV is superior when renewable fuels are used.

5.3 Range of vehicle

Range is a crucial factor influencing vehicle adoption, as it directly impacts usability,
convenience, and consumer confidence. The Tesla Model 3, for example, covers
approximately 500 km per charge under optimal conditions (Tesla, 2020), while a Toyota
Corolla ICE vehicle can travel between 600—700 km per full tank of gasoline (Toyota, 2023)
and its range is much less dependent on the environmental issues. However, real-world
conditions, such as terrain, driving habits, and weather, can significantly affect the

achievable range of all vehicle types.

The proposed HEV with MGT offers a unique balance between short-range electric
operation and long-range capability through its gas turbine support. The vehicle is estimated
to travel approximately 50 km on battery power alone, which is sufficient for the average
daily commute in urban areas. Additionally, its 90-liter methane tank allows for an extra 473
km of driving, bringing the total range to 523 km. This setup ensures that the vehicle can
operate as a pure EV for short trips while having an extended range comparable to
conventional ICE vehicles for longer journeys, eliminating range anxiety associated with

BEVs.

The advantage of this hybrid approach is the ability to optimize powertrain efficiency. In
city driving conditions, where regenerative braking is frequently utilized, the electric
drivetrain can recover energy that would otherwise be wasted in conventional braking
systems. On highways, the micro gas turbine operates at peak efficiency, charging the battery
and reducing the reliance on frequent refuelling stops. This dynamic operation allows for

more flexible and efficient energy management compared to BEVs or traditional hybrids.



5.4 Impact on environment and resources

The environmental footprint of any vehicle extends beyond its operational emissions to
include the resources consumed in its production and disposal. BEVs, despite their zero
tailpipe emissions, require extensive mining and processing of materials such as lithium,
cobalt, and nickel for their battery packs. The extraction of these materials is energy-

intensive and often linked to ecological degradation and social challenges in mining regions.

ICE vehicles, on the other hand, contribute to air pollution through direct emissions of COx,
nitrogen oxides (NOy), and particulate matter (PM). However, EURO7 allows minimal
environmental burden for ICEVs excluding CO; emissions. Their reliance on fossil fuels
leads to carbon-intensive supply chains, from crude oil extraction to fuel refining and
distribution. While ICE vehicles may have lower production emissions compared to BEVs,

their operational emissions make them unsustainable in the long run.

The proposed HEV with MGT presents an alternative that balances resource efficiency and
emissions reduction. By incorporating a smaller 10 kWh battery pack, the need for rare-earth
materials is significantly reduced compared to BEVs, lowering the environmental impact of
battery production. Furthermore, the micro gas turbine can operate on a variety of low-
carbon fuels, including biogas and hydrogen, offering a pathway toward net-zero emissions.
Unlike piston engines, the continuous combustion process in a gas turbine produces lower

levels of NOy and particulate matter, further minimizing air pollution.

Additionally, the HEV with MGT can leverage combined heat and power (CHP) principles
by utilizing waste heat for cabin heating in colder climates, thereby reducing the need for
additional energy consumption for temperature control. This aspect improves overall system

efficiency and enhances passenger comfort without sacrificing range or performance.

54.1 Infrastructure requirements

The availability of refuelling and charging infrastructure is a key factor in vehicle adoption.
ICE vehicles benefit from a globally established network of fuel stations, allowing for rapid
refuelling within minutes. In contrast, BEVs rely on an expanding but still limited network

of charging stations, with charging times varying from 30 minutes (fast charging) to several



hours (home charging). The need for widespread charging infrastructure remains a major
challenge for BEV adoption, particularly in rural areas and regions with weak electrical

grids.

The HEV with MGT circumvents these challenges by integrating an onboard power
generator in the form of a micro gas turbine. This eliminates the dependency on external
charging stations, as the turbine can generate electricity for the battery while driving.
Additionally, the use of methane or hydrogen as fuel can align with existing and emerging

refuelling infrastructure, making the transition to alternative fuels more feasible.

Another advantage is the ability to refuel in a matter of minutes, similar to ICE vehicles,
while still benefiting from electric operation in urban environments. This hybrid approach
provides flexibility in energy sourcing, making it a practical solution for regions where

charging infrastructure is limited or underdeveloped.



6 Conclusions

This study compares ICEVs, BEVs, and HEVs with a focus on efficiency, emissions,
environmental impact, and infrastructure requirements. ICEVs, while benefiting from
established infrastructure and low initial costs, suffer from low efficiency and high lifetime
emissions. BEVs offer zero tailpipe emissions and high efficiency but come with challenges
such as battery resource dependency, high manufacturing and electricity generation

emissions, and limited charging infrastructure.

HEVs provides a middle ground by combining internal combustion and electric propulsion.
However, conventional HEVs still struggle with inefficient ICE operation at low loads. The
proposed HEV with hypothetical MGT offers an innovative alternative by integrating a
highly efficient micro gas turbine with a compact battery system. This configuration

achieves:

e Lower manufacturing emissions than BEVs due to the reduced battery size,

decreasing reliance on scarce materials.

o High operational efficiency with the flexibility to use renewable fuels like biogas or

hydrogen, leading to potential net-zero emissions.

e Independence from extensive charging infrastructure, as the onboard turbine can

generate electricity as needed.

e A well-balanced range, ensuring practical use for both urban commutes and long-

distance travel without range anxiety.

Series HEV with a high-efficiency low-power MGT emerge as a promising technology that
bridges the gap between ICEVs and BEVs, providing a viable solution for energy efficiency,
emissions reduction, and resource sustainability. As transportation policies evolve toward
carbon neutrality, this hybrid approach could play a crucial role in facilitating a smoother
transition toward cleaner mobility solutions without the immediate constraints of full

electrification.
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