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Abstract 

The transition to low-carbon mobility could lead to drastic increases in critical mineral requirements 

risking adverse ecological and societal impacts. Assessments of climate change mitigation potential of 

new technologies often pay less attention to the criticality of the enabling minerals. We assessed the 

effects of adopting 4 hybrid architectures on the life-cycle GHG emissions of an emerging fuel and 

powertrain solution: the use of a novel high-reactivity fuel in an advanced compression-ignition engine 

(GCI). The 4 hybrids were contrasted against conventional fuels/engines, and a comparable battery 

electric vehicle using regionally-explicit power mixes in the 3 biggest automotive markets worldwide 

(China, USA and Europe). The use of larger batteries enabled higher degrees of electrification and it could 

lead to lower overall emissions. However, there is diminishing returns for every kWh of increasing battery 

size: a mild hybrid resulted in more than 50% GHG reduction per kWh of battery, whereas an electric 

vehicle only reduced emission by 4% per kWh given its much larger battery requirement. Given the 

sustainability constraints of critical raw minerals supply, and the heterogeneity of regional power grids, 
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advanced GCI hybrid architectures, with varying degrees of electrification, can bridge the gap in the 

interim.   

Keywords: Life-cycle assessment; gasoline compression ignition; electric vehicle; critical metals 

1.0 Introduction 

The challenges facing future mobility are as complex as they are diverse. On the one hand, consumers 

increasingly demand cars with higher performance, better mileage, improved drivability, and lower cost 

[1]; while on the other hand, environmental and health concerns are driving regulators to impose ever-

stringent controls on emissions of greenhouse gases and criteria pollutants such as NOx and particulates 

[2]. Further complicating these dynamics is the rapid unfolding of risky and uncertain markets, in an 

industry that is already intensely competitive – an increasingly unfavorable business environment for 

many of the automakers [3]. 

Given the aforementioned circumstances, it is imperative that any debates on mobility transition has 

to be guided by sound-science, based on evidences [4], and taking into account business and market 

realities. It is this recognition that has led the IEA to utilize the ASI (A – avoid; S- shift; I – improve) 

framework for sustainable transport [5, 6]. The framework calls for the avoidance (A) of unnecessary 

motorized journeys, a shift (S) to lower carbon mobility solutions and, last but not least, to improve (I) 

existing fuel and powertrain technologies [5]. This is a comprehensive framework that promotes a more 

balanced approach towards sustainability – one that emphasizes equally the importance of availing better 

transport modal choices, the development of disruptive transport solutions, as well as incremental and 

radical improvements to existing and proven technologies. The framework discriminates neither between 

technological and non-technological solutions, nor between technologies – that is, it considers all 

solutions leading to an overall reduction in transport emissions whilst not inadvertently shifting the 

emissions burden from one sector to another [6].     
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It is unfortunate, however, that today the debates on future mobility often pits electric vehicles (EV) 

against the combustion engines [7] – as if it is an either-or dilemma. The reality is far more nuanced with 

both solutions playing critical roles [8] depending on the specific requirements of a given market and 

transport sector [9]. In markets where the stationary electric power generation sector is sufficiently 

decarbonized, indeed an EV has the potential to reduce transport emissions on a life-cycle basis [10, 11, 

12]. Conversely, an efficient combustion engine could offer larger reduction in emissions in markets where 

the electricity supply is derived from carbon-intensive generation sources [13, 14, 15, 16]. Whilst it is 

comparatively easier to electrify the passenger transport sector, it has proven to be more challenging for 

other transport modes [17, 18]. For instance, the long-haul heavy-duty sector requires higher energy 

density, so an efficient combustion engine [17] and/or a hydrogen fuel-cell truck [19] are likely to be a 

more practical solution until battery technologies are further developed to offer comparable utility levels.    

Furthermore, positioning EVs as rivals to combustion engines ignores the reality that both powertrains 

are not necessarily mutually exclusive. Increasingly, advances in battery technologies have enabled a more 

efficient combustion engine by allowing the different powertrains to complement each other for a more 

optimal overall operation [20, 21]. Considering that different optimization strategies can be adopted, 

typical configurations of hybrid powertrains often fall into 3 main categories, namely series, parallel, and 

parallel/series architectures (more details are provided in the next section) [22, 23].  Recent developments 

in different hybrid architectures offer varying degrees of electrification [22, 23] and, when combined with 

an advanced and efficient engine [24, 25], are likely to unlock a larger emissions reduction potential. This 

is a vital enabler in the global journey towards more sustainable transport, particularly in regions where 

the power sector is not sufficiently decarbonized, or in markets where there is limited availability of 

charging infrastructures.   

The role of a hybrid powertrain in driving down emissions from the transport sector will be ever more 

critical, particularly in a world that is witnessing growing constraints on many of our limited resources [26, 
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27, 28, 29]. The transition to a low-carbon energy system will be considerably more metal-intensive than 

traditional energy systems [30, 31, 32, 33], and alarms have been raised that such transition, if not 

managed sustainably, could lead to the deterioration of the United Nation’s (UN) wider Sustainable 

Development Goals (SDG) [30]. The increase in total materials required to meet the projected demand for 

critical minerals is particularly striking for the transport sector; it has been estimated to increase by 350-

700% between 2015 and 2050 under the different IEA scenarios [32]. Another study recently projected 

that, due to the rise in transport electrification, the amount of lithium flow in 2050 can be as much as 20 

times greater compared to what it was in 2015 [34]. Such drastic increases pose significant environmental 

and societal risks associated with the generation of mine waste and changing landscapes in the mining 

countries [32, 35]. This is especially concerning for the transport sector given the criticality of the metals 

currently used in existing battery technologies [33, 30, 34]. Given that climate change and mineral 

resourcing are inextricably linked, there is a growing call for international governance of global resources 

to ensure adequate and sustainable supply to meet the UN’s SDG [36].     

In this paper, we explore the efficacies of different hybrid architectures in reducing the climate 

impacts of the transport sector. Starting with an advanced gasoline compression ignition (GCI) base engine 

that was optimized for a new fuel formulation, we quantified the life-cycle emissions benefits of different 

hybridization strategies. The paper then investigates the emissions reduction potentials of adopting 

different hybrid architectures, and contrast these against a comparable EV in mainland China, USA and 

Europe. As far as we are aware, this is the first time the two emerging transport technologies are 

compared at detailed provincial and state levels in the 3 biggest automotive markets in the world. By 

analyzing the efficiency of the battery in reducing life-cycle emissions, we provide critical insights on the 

opportunities offered by an advanced GCI hybrid technology particularly in a world that is witnessing 

growing constraints on sustainable supply of critical mineral resources.  
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2.0 Methodology 

This paper mainly investigates the climate mitigation potential of an electrified GCI powertrain adopting 

varying non-plug-in hybrid architectures. As the GCI engine technology is not yet fully commercialized, the 

engine performance, and overall vehicle efficiency, can only be evaluated using simulation tools. This 

study has adopted the outputs of vehicle simulations to quantify the life-cycle greenhouse gas (GHG) 

emissions of the different powertrain options.  

In the following sections, we describe the methods and assumptions that were adopted throughout 

this study. More details are provided in the Supporting Information.   

2.1 Vehicle simulations 

Details of the modelling approach, vehicle simulation techniques, and optimization strategies were 

recently reported by Won et al. [37]. Briefly, the simulation tool was developed using MATLAB® and 

Simulink®, based on test results obtained from GCI engine experiments. The vehicle that was considered 

in this assessment is a typical medium-sized European C-segment passenger car that is equipped with a 

GCI engine platform, and it is capable of achieving 95 gCO2/km, consistent with the EU requirements for 

2021.  

A GCI engine combines the advantages of gasoline spark-ignition and diesel compression-ignition 

engine characteristics. Like a diesel compression-ignition engine, the compression ratio is high, it delivers 

lower pumping losses by eliminating intake throttling, and the mixture is lean for improved ratio of specific 

heats leading to better thermodynamic efficiency [38, 39]. But unlike a diesel compression-ignition 

engine, a GCI engine can operate with a new lower-reactivity fuel for better fuel mixing time and thereby 

produce lower emissions of NOx and particulates [40]. For this reason, it was considered appropriate to 

adopt an advanced GCI base engine with a novel fuel to assess the potential for reducing emissions via 

hybridization.  
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In this study, we adopted the New European Drive Cycle (NEDC) and the Worldwide Harmonized Light 

Vehicle Test Procedure (WLTP) to assess fuel consumption and CO2 emissions from passenger cars. The 

vehicle speed is converted to rotational speed of the wheels based on the standard vehicle dynamics 

equation, and subsequently translated into demands for engine speeds and torques according to the 

gearbox model. Based on the engine-operating map, the efficiency of the engine, and therefore the 

specific fuel consumption, can be determined.  

The Supervisor module optimizes the operational mode of the vehicle depending on various 

requirements and conditions. The control strategy takes into consideration the power demands from the 

motor, the torque requirements of the engine, the vehicle speed and the battery’s current state-of-charge 

(SOC). These control parameters were used as inputs to determine the operation, or drive mode, of the 

vehicle. The control logics in the Supervisor block was performed using State-flow®, in which the 

optimization algorithm aims to maximize efficiency, whilst minimizing emissions, by varying the hybrid 

operation mode. Depending on the hybrid architectures, 9 operation modes were available as options 

within the simulation. More details on the control logics and energy management strategies for the 

different hybrid systems are provided in the Supporting Information and in reference [37].   

2.2 GCI hybrid architectures 

Several hybrid architectures have been engineered over the years, each with its own unique 

characteristics, and offering different advantages. Four different non-plug-in hybrid architectures were 

considered in this analysis (Table 1), those were: 

a) 48-V Mild Hybrid – P0 & P2 

The electric motor in a mild hybrid is typically there to provide assisted acceleration and 

regenerative braking [41]. It delivers minimal tractive power and so, unlike a full hybrid, it is does 

not provide exclusive power to the wheels independent of the combustion engine. There are 
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several architectures for a mild hybrid depending on the location of the electric motor/generator 

within the propulsion system. In this study, we evaluated a P0 and P2 mild hybrid system, in which 

the P0 architecture has a belt-driven starter generator (BSG), whereas a P2 system has a more 

efficient (and more costly) architecture with an integrated starter generator (ISG) mounted on 

the gearbox input shaft. The mild hybrid has a 48V electrical power to cater for increased 

electrification, but still staying below the 60V safety limit. Given its limited role, the traction 

battery and electric motor are substantially smaller than a full hybrid vehicle. In this study the 

Lithium-ion battery was estimated to be 0.48 kWh, which is comparable to several mild hybrids 

announced by automakers lately, such as the 2018 Kia Sportage (0.46kWh Li-ion battery) [42], the 

2018 Hyundai Tuscon (0.44kWh Li-ion battery) [43], and the facelifted Mercedes S-Class (0.9kWh 

Li-ion battery) [44].       

b) Parallel Hybrid (full hybrid) 

In a parallel hybrid, the combustion engine and the electric motor are both capable of providing 

power to the drivetrain [20]. Depending on the torque demand of the vehicle and the battery’s 

SOC, the electric motor and the combustion engine can power the wheels either independently 

or simultaneously. Since the engine is directly connected to the wheels, a parallel hybrid tends to 

perform more efficiently on the highway as it avoids the inefficiencies of having to go through 

multi-step energy conversions from mechanical energy to electrical energy, and back to 

mechanical energy to drive the vehicle. Further, a parallel hybrid typically requires a smaller 

battery pack to complement its larger engine capacity [45]. Based on literature survey and market 

assessment, a 1.5 kWh Lithium-ion battery was used in this study, similar to a 2017 Hyundai Ioniq 

[46] and Kia Niro [47]. For comparison purposes, we also assessed a parallel hybrid vehicle 

equipped with a 5kWh Lithium-ion battery capacity as part of the sensitivity analysis.   

c) Series Hybrid (full hybrid) 
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In a series hybrid, the wheels are exclusively powered by the electric motor, which derives all of 

its energy either from the traction battery or from an engine-powered generator. The combustion 

engine is also used to generate electricity as a means to recharge the battery on-board the vehicle, 

in addition to the use of regenerative braking. A significant advantage of this configuration is that 

the engine can be calibrated to run steady-state at several of its most efficient operating points 

given that it functions primarily as a generator. Therefore, it is less susceptible to the efficiency 

fluctuations typically seen in engines that operate in a much wider operating region. However, 

since the traction battery in a series hybrid plays a substantial role, it tends to be equipped with 

a larger battery capacity, typically between 10 to 20 kWh [48], and complemented by a smaller 

engine size [45]. In this study, the Lithium-ion battery was estimated to be about 18 kWh.      

d) Parallel/Series (2-Mode) Hybrid (full hybrid) 

A parallel-series hybrid, or a 2-mode hybrid, effectively combines the advantages, and complexity, 

of a series and parallel hybrid drivetrains. With the option of switching between a series mode 

and a parallel mode, the engine has the ability to run near optimum efficiency in a much wider 

operating region. At a lower speed, city-like driving, it operates more like a series hybrid, whereas 

it tends to operate as a parallel hybrid at higher speeds in a highway-like driving. Given the 

complexity of the architecture, a power-split hybrid is relatively more costly, and has a battery 

capacity that tends to be larger than a parallel hybrid, but lower than a series hybrid configuration. 

In this study we estimated that the Lithium-ion battery has a capacity of about 5 kWh – this lies 

between a 2019 Toyota Prius Prime (8.8 kWh) [49] and a 2010 Ford Fusion HEV (1.5 kWh) [50].           

The hybrid architectures above affects the size of the battery. The battery system has to be designed to 

deliver sufficient traction power at any given moment, and at the same time it has to have adequate 

storage capacity to avoid power failure as a result of deep charge depletion. For the purpose of this study, 

the battery pack simulation was performed using the generic battery model that is available in the 
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MATLAB® and Simulink® libraries based on the nominal voltage (V), rated capacity (Ah) and initial state-

of-charge (% SOC). More details can be found in [37].         

2.3 Reference vehicles 

For comparison purposes, vehicle simulations were similarly performed for 4 equally-sized European 

C-segment passenger cars as reference vehicles (Table 1). The reference vehicles were equipped with the 

following powertrain options: (a) gasoline spark-ignition (SI) engine, (b) diesel compression ignition (CI) 

engine, (c) non-hybridized GCI engine running on a new high-reactivity fuel, and (d) fully electrified battery 

electric vehicle (BEV).    

The curb weight for a European C-segment passenger car is approximately 1300 kg, and a comparable 

full electric vehicle is about 1500 kg, with the additional weight attributable to the overall battery package 

and thermal management system [51]. The size of the battery for a full BEV typically depends on several 

factors including energy density, battery cost and the desirable full electric range. The longer the all-

electric range desired, the higher the battery capacity it needs. A recent market survey conducted by the 

International Council on Clean Transportation (ICCT) on electric vehicles available in the U.S. and China in 

2017 revealed the relationship between electric range and battery size; for medium sized passenger cars, 

with all-electric range between 150 to 200 km, the battery capacity corresponds to about 20-40 kWh [52]. 

For this study, our medium-sized BEV was estimated to have a battery capacity of 26.6 kWh, which lies 

within the range reported in ICCT’s market survey [52], and is reflective of a typical European C-segment 

as reported in [51]. It has to be noted, however that automakers are trending towards larger battery size 

as one of the means to provide longer all-electric range, in addition to improved vehicle efficiency [45].   

 Table 1 A summary of all the reference and test vehicles evaluated in this study. 

  
Reference Vehicles 

(Combustion Engines)  
GCI Hybrids (non-plug-in) with different architectures 

Reference 
BEV 

Powertrain 
Options 

SI  
Engine 

CI 
Engine 

GCI 
Engine 

GCI Mild 
Hybrid - 

P0 

GCI Mild 
Hybrid - 

P2 
GCI Parallel Hybrid 

GCI Parallel/ 
Series 
Hybrid 

GCI 
Series 
Hybrid 

Full BEV 
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2.4 Analysis of well-to-wheels (WTW) GHG emissions  

For the WTW analysis, the vehicle tailpipe CO2 emissions (i.e. Tank-to-Wheels, TTW, emissions) were 

obtained from the vehicle simulation exercise. In this study, the GCI engines were calibrated to run on an 

optimized fuel formulation specially designed using gasoline-like refinery streams but with much lower 

octane (~ RON 80) than current market gasoline. The emissions intensity of the GCI fuel was obtained 

from Argonne National Laboratory’s (ANL) 2018 GREET model [53], and cross-checked against a recent 

analysis of low-octane/high-reactivity fuel production for the refining industry in the U.S. as reported by 

Lu et al. in 2016 [54]. The new GCI fuel is mainly composed of straight-run hydro-treated naphtha [54], 

which means that it requires less refinery processing compared to traditional gasoline fuels, and therefore 

it carries a lower carbon intensity than conventional gasolines (Table 2). Similarly, the carbon intensity for 

conventional gasoline and diesel fuel were also obtained from ANL’s GREET model [53]. Although the fuels 

production pathways in GREET are based on the refining industry in the U.S., the differences between 

geographical regions worldwide are relatively small [55] especially when taken into consideration that 

refining emission typically only accounts for about 10-15% of the overall WTW GHG emissions [53]. For 

completeness, we report the effects of varying the emissions due to fuels manufacturing on the overall 

WTW GHG emissions in the Supplementary Information as part of the sensitivity analysis. 

Fuel Types Gasoline Diesel New Fuel New Fuel New Fuel New Fuel New Fuel New Fuel New Fuel Electric 

Battery 
Size (kWh) 

- - - 0.48 0.48 1.5 5 5 18 26.6 

Electric 
Motor 1 
(kW) 

- - - 25 25 50 50 75 100  

Electric 
Motor 2 
(kW) 

- - - - - 32 32 32 32  

Engine Size 
(L) 

1.2 
(turbo) 

1.6 1.6 1.6 1.6 1.6 1.6 1.6 1.6 - 

NEDC 
Electric 
Range (km) 

- - - - - - - - - 164 
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Table 2 Summary of fuel properties and carbon intensity values adopted. 

  

Density LHV 
Carbon 
Content 

Fuels 
Production 

Carbon 
Intensity 

Power 
Generation 

Carbon 
Intensity 

 
kg/L MJ/kg % wt gCO2eq/MJ gCO2eq/kWh References 

Gasoline Fuel 0.74 43.4 0.86 21.5  
 
 

[53] 

Diesel Fuel 0.85 42.6 0.87 16.8 [53] 

GCI Fuel 0.75 44 0.85 16.8 [53] 

China 
(GHG emissions 

range) 

 

96 (Yunnan) 
– 749 (Anhui) 

[56, 57, 58] 

US 
(GHG emissions 

range) 

4 (Vermont) 
– 976 

(Wyoming) 
[59, 60, 57, 58] 

EU 
(GHG emissions 

range) 

14 (Sweden) 
– 874 

(Estonia) 
[61, 57] 

 

Although an electric vehicle has zero tailpipe emission, its climate impact can only be properly 

assessed on a life-cycle basis, which means that the source of electricity plays a substantial role. The 

biggest challenge here is in sourcing reliable power generation data for the different regions globally 

based on similar scope, assumptions and methodology. Often, there can be substantial differences in 

assumptions made by the various studies [62]. For example, some studies have estimated the carbon 

intensity of the electricity at the point of charging, which include the transmissions and distribution losses 

as well as internal plant consumption and regional power trades [63]. In some cases, the emission intensity 

only takes into account of the combustion emission at the power plant, which ignores the indirect 

emissions associated with the production of the feedstock (i.e. coal, natural gas, etc.) [59]; meanwhile 

others may include the upstream emissions [56].  

As this study aims to provide a consistent assessment down to the provincial and state levels, and not 

aggregated on a country basis, availability of credible data at such granular levels often poses a significant 

challenge. However, a consistent methodology was applied for all provinces and states in mainland China, 

U.S. and the EU, based on data from Li et al. [56], Shivley et al. [59] and the European Environmental 
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Agency (EEA) [61] respectively. Data from Shivley et al. [59] for the U.S. were also cross-checked against 

the U.S. Energy Information Administration (EIA) [60]. Emissions data for the provinces in mainland China 

from Li et al. had to be re-calculated to ensure similar scope and methodology was consistently applied 

across the different regions. Tibet and Taiwan were excluded from mainland China given the limited 

availability of reliable data. Emissions due to transmission and distribution losses were incorporated using 

country average-data as reported by the World Bank [57], and cross-checked against the World Energy 

Council (WEC) [58]. More details on the assumptions, methodology and final carbon intensity data 

adopted for electric power generation in all the states and provinces in mainland China, U.S. and the EU 

are listed in the supporting document.          

3.0 Results and discussion 

3.1 Vehicle efficiency and tailpipe emissions 

The vehicle simulations provided the estimated fuel consumptions and tailpipe CO2 emissions for the 

9 vehicles evaluated in this study (Figure 1). The vehicle efficiency and tailpipe emissions for the different 

GCI architectures are also presented under the WLTP drive cycle for comparison purposes.   

Here it can be seen that a diesel CI and a GCI could lead to 11% and 17% reduction in CO2 emissions 

respectively on a tailpipe CO2 emissions basis compared to a typical SI engine vehicle. It is interesting to 

note that although an un-hybridized GCI has a comparable efficiency to a CI engine, the fuel used in the 

GCI vehicle has a lower carbon content per unit energy given that it is mainly composed of lower density 

components similar to a gasoline fuel. What this means is that, it is possible to unleash an additional 6% 

reduction in CO2 emission today simply by using a new fuel formulation that can be viably produced in 

many refineries with existing configurations and infrastructures.  

However, the improvements afforded by hybridizing a GCI are substantial. In a mild hybrid case, this 

leads to a further 6% reduction in tailpipe emissions. A full GCI hybrid, on the other hand, offers larger 
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emissions improvement potentials where the magnitude depends on the hybrid architecture adopted, 

but more importantly, on the size of the batteries utilized. When all else are kept constant, the capacity 

of the installed battery has a larger influence on the efficiency improvement and tailpipe emissions 

reduction of the vehicles than the choice of hybridization architecture alone. For example, when the 

parallel and 2-mode GCI hybrids are both equipped with an identical battery size (i.e. 5 kWh), the resulting 

tailpipe emissions and vehicle energy consumption are very similar. However, the 2-mode GCI hybrid 

tends to have a slightly better vehicle energy consumption, and produce marginally lower tailpipe 

emissions, given that the engine has the ability to run near optimum efficiency in a much wider operating 

region. However, the larger the battery capacity, the longer the total electric distance achievable, and 

therefore the lower the total tailpipe CO2 emitted per km travelled. Whilst a parallel and a 2-mode GCI 

hybrid, with battery sizes ranging between 1.5 and 5 kWh, provides an additional 14-20% reduction in 

tailpipe emissions, a GCI series hybrid, with an 18 kWh battery, has the potential to reduce CO2 emissions 

by more than 40% relative to an un-hybridized GCI.  

To put this into context, the newly announced CO2 emissions standard in the EU requires that by 2030 

the emissions of passenger cars sold has to be 37.5% lower compared to 2021, thus aiming to reduce the 

emissions from 95 gCO2/km in 2021 to about 59 gCO2/km by 2030. Therefore, the 45 gCO2/km achieved 

by the GCI series hybrid, which represents a 40% tailpipe CO2 reduction, is a highly attractive proposition 

considering that the emission level falls within the zero-and low-emissions vehicles (ZLEV) classification 

under the new EU vehicle standard. And this, too, can be achieved without the costly government 

expenditure on infrastructures.     

Although many policymakers worldwide today continue to regulate on the basis of tailpipe emissions, 

in reality this ignores the emissions associated with the production of the energy used to power the 

vehicles. A case in point is the full electric vehicle as shown in Figure 1, which consumes about 16 kWh of 

electricity per 100 km driven on the NEDC cycle, but it has zero tailpipe emissions given that the CO2 was 
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produced further upstream during electricity generation by the power plants. It is therefore, an imperative 

that any technology solutions for the transport sector are evaluated on a life-cycle basis lest we risk 

outsourcing our emission problem to a different industry. Shifting the responsibility at a time when there 

is a growing call for urgent response to mitigate our impacts on the global climate is a misplaced policy 

priority, which only serves to delay action further. 

 
Figure 1 Outputs of the vehicle simulations. TTW CO2 emissions and energy consumption per km on 
the NEDC (top) and WLTP (bottom) cycles. 
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3.2 Well-to-wheels (WTW) emissions 

Figure 2 illustrates the GHG emissions reduction potentials that can be achieved per km travelled by 

the different powertrain options on a WTW basis. Given that tailpipe CO2 emissions can account for up to 

80% of the overall WTW GHG emissions [53], it is not surprising that a similar trend can be observed here 

as shown in the TTW comparison. However, the productions of diesel and GCI fuel are less emissions 

intensive than the manufacturing of gasoline [54]. And so, there are slight increases in the overall 

emissions benefits observed for GCI and CI powertrains when measured using a WTW approach as 

opposed to on a simple TTW basis. Further, significant GHG reductions can be realized with higher degrees 

of electrification as seen with the different GCI hybrid architectures: in the best case, up to 55% (relative 

to gasoline SI, or 43% relative to an unhybridized GCI) is attainable by adopting a series hybrid 

configuration.   

 
Figure 2 WTW GHG reduction ranges afforded by the different GCI hybrid architectures. 

 

For comparison purposes, we also contrasted the GHG emissions of the GCI hybrids against 

comparable full battery electric vehicles using a WTW approach (Figure 2). However, in the case of a BEV, 
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the WTW emissions is highly sensitive to the source of electricity. And therefore, contrary to many 

previous studies, we also quantified the WTW GHG emissions of a BEV at provincial and state levels for 

mainland China, USA and the EU, as opposed to just aggregating it using geographic averages. By doing 

so, we shed more light on the regional differences in power generation approaches and therefore allow 

for opportunity differentiations for the technologies based on how far ahead the grid has progressed 

towards de-carbonization.    

Figure 3 contrasts the GHG savings potential of a full BEV against a GCI series hybrid, for provinces 

and states in the EU, China and the U.S. In geographical regions where electricity are mostly sourced from 

renewables - such as the heavy reliance on hydroelectric in the Chinese Sichuan province and the states 

of Idaho and Vermont in U.S.A, or the use of nuclear power in France – we see big potentials for BEVs to 

reduce overall emissions from WTW. However, in many other regions (Figure 3), the de-carbonization 

rates have not been as effective. Therefore, for these regions, there is a bigger opportunity that comes 

with the use of an advanced hybrid engine to reduce the climate impacts from the transport sector. 

It is also important to note the large variation within a region, which clearly demonstrates the 

importance of taking into account, as detailed as possible, the power generation profile within a particular 

geographical scope. Approaching the grid mix as a geographical average tends to mask the disparities 

between power generation approaches within a region, particularly if the averaging involves a large and 

disparate geographical areas. For instance, the average grid mix in the EU today seems to be sufficiently 

de-carbonized such that it would appear as if a BEV and a GCI series hybrid could offer similar emissions 

performances throughout the region. But on a state-by-state level, we see that some EU states have not 

made sufficient progress in de-carbonizing the grid, and for these EU states a GCI series hybrid is a more 

viable climate change mitigation option in the near-term.  
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Figure 3 WTW GHG emissions comparison between a GCI series hybrid and a comparable full battery 
electric vehicle (BEV) in different states and provinces in the EU, China and the U.S. A positive value 
denotes that a BEV has lower WTW GHG emissions, whereas a negative value means that a GCI series 
hybrid has lower WTW GHG emissions. Only in regions with low carbon electricity sources that BEVs 
could offer larger emissions reduction than a GCI series hybrid. 

 

While it is clear that the geographic location for vehicle charging plays a critical role, an equally 

important parameter that has recently gained traction within the scientific literature is the time-of-day 
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for when the BEVs are charged [64, 65, 66]. This has to do with the fact that the diurnal and seasonal 

power generation profiles may result in a non-uniform emissions intensity throughout the day and year 

[65, 66]. Simultaneous BEV charging during high load may lead to higher peak demand resulting in greater 

utilization of residual or marginal electricity sources, which can be more emissions intensive to produce 

[66]. Although this could lead to higher WTW GHG emissions for vehicles that are grid dependent, it could 

partly be avoided through policy-induced shift in consumer behaviors, for instance, by varying the 

electricity prices throughout the time-of-day as a means to induce off-peak and lower emissions charging. 

This however, would still require the availability of adequate power generation capacity from cleaner 

sources.        

Coal has been the predominant fuel used for generating electricity worldwide for more than 30 years 

(Figure 4a). Natural gas, which is less GHG intensive than coal, has gained significant market share within 

the power sector, and likewise renewables has increased substantially particularly in the last 10 years. 

Despite the growth in gas and renewables, the market share for coal has not changed much: the share of 

coal-based power plants has stagnated at about 38% (Figure 4a). On the contrary, the share of nuclear 

electricity, a cleaner power generation source, has declined over the years. As a result, fossil-based power 

plants consistently account for about 65% of the total electricity generated in the last few decades, and 

the carbon intensity of worldwide electricity production has reportedly changed very little [67, 68]. 

Despite recent progress and uptake in renewables, particularly solar and wind, the IEA has reported that 

the expected output from low-carbon power investments is not keeping pace with demand growth (Figure 

4b) [69].            

An immediate priority for policymakers should be to expedite the transition to cleaner power 

production as a means to enable a more sustainable BEV use in the future. Concurrently, this would also 

reduce emissions from other industries that are equally dependent on the grid as a power source. With 
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time the electricity supplies worldwide are expected to become cleaner especially given the growing 

intergovernmental climate accords for reducing global GHG emissions. Correspondingly, the WTW 

emission from a BEV is also expected to diminish progressively, however the rate of improvement depends 

on the energy transition speed within the power sector, and its effectiveness in de-carbonizing the 

electricity grids worldwide.  

Using the power generation projections from IEA’s 2017 World Energy Outlook (WEO) [70], we 

estimated the WTW GHG emissions for the same BEV and contrasted against the GCI series hybrid (Figure 

5) for several key regions worldwide in 2040. Whereas large improvements in the WTW emissions from a 

BEV can be seen in many regions, it is still likely to emit larger emissions than a comparable GCI series 

hybrid in a significant part of the world. This is particularly striking in most of the developing nations, 

which incidentally is also where most of the future growth in demand for mobility and vehicle ownerships 

are expected to occur. Therefore, it does not seem prudent for developing economies to pursue 

aggressive electrification agenda if it is done at the expense of advanced and efficient hybrid technologies, 

especially where it is unlikely to lead to the intended reduction in overall GHG emissions.                 

 
(a) 
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(b) 

Figure 4 (a) the evolution of electric power generated worldwide from the year 1985 to 2018 (data 
sourced from [71], and (b) the expected electricity generation from low-carbon power investments 
compared to electricity demand growth in the last 5 years [69].  

 

 

 
Figure 5 WTW GHG emissions comparison between a GCI series hybrid and a comparable full battery 
electric vehicle based on IEA’s projected grid mix in 2040 [70]. 
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3.3 Vehicle life-cycle emissions 

The analysis thus far has evaluated the effectiveness of different hybrid architectures in reducing the 

emissions of GHG from the transport sector on an energy/fuel life-cycle basis by adopting a WTW 

approach. This was subsequently contrasted against a similarly-sized full BEV. The approach, however, 

does not take into account of the emissions associated with the manufacturing of the vehicles, in which 

previous studies have shown that it can account for about 10-30% of the overall life-cycle emissions [53].  

Detailed assessment of manufacturing emissions is beyond the scope of this study and is further 

complicated by the fact that there is no commercially available GCI engine in the market today. However, 

a quick sensitivity analysis was performed to estimate the differences in total life-cycle emissions between 

a GCI series hybrid and a comparable BEV using data and methodology recently reported by Ellingsen et 

al. [51]. Briefly, the manufacturing intensity for a C-segment medium-sized passenger car was reported to 

be about 4.3 ton CO2eq/ton vehicle [51], while battery production intensity was shown to be about 12.6 

kgCO2eq/kg [51], and vehicle end-of-life (EOL) was scaled linearly by weight using data inventory from 

Hawkins et al. [10].  

Figure 6 illustrates the estimated cumulative emissions for a GCI series hybrid from vehicle 

production, to use phase and recycling, and contrasted against a similarly-sized BEV operating in different 

regions in China, USA and the EU. Given the disparity in power generation profiles across the geographical 

regions, the life-cycle emissions for BEVs are distributed within a large envelope. The manufacturing 

emission for a BEV is larger than the GCI series hybrid given that it has a significantly bigger battery 

capacity, which has been shown to involve emission intensive production processes [72].  

However, in regions with low-carbon electricity sources, the cumulative emissions for GCI series 

hybrid eventually surpasses the cumulative emissions for BEVs (Figure 6). The crossover occurs at different 
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vehicle distances travelled depending on the grid emissions intensity, and therefore the region the 

vehicles operate in. For instance, a BEV has to be driven a minimum distance of 50,000 km in Yunnan, 

China, 80,000 km in Denmark, or 150,000 km in New Jersey, before its total life-cycle emission becomes 

competitive against the GCI series hybrid. Interestingly, in a large majority of provinces and states in China, 

USA and the EU, the GCI series hybrid will have lower overall GHG emission throughout the entire vehicle 

life-cycle given that the power sectors are not sufficiently de-carbonized for it to be competitive against a 

highly-efficient hybrid vehicle.        

 
Figure 6 Estimated cumulative GHG emission of a GCI series hybrid throughout the entire vehicle life 
cycle, and contrasted against a comparable BEV in China, USA and the EU. BEVs would have to run 
50,000 km in Yunnan, China, or 150,000 km in New Jersey, U.S., before having lower a life-cycle 
emissions than a GCI hybrid. But for most regions in China, USA and the EU, a GCI series hybrid will have 
lower overall GHG emission throughout the entire vehicle life-cycle.   

 

3.4 Discussion 

This study has demonstrated that a GCI series hybrid has a significant potential to reduce the WTW 

emissions in the transport sector. However, it also requires a substantially bigger battery capacity than 

the other hybrid architectures given that the traction battery plays a more significant role in driving the 
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vehicle. Similarly, in regions with low-carbon electricity sources, a full BEV has been shown to offer 

significant GHG emission reduction potential, but at the expense of a much larger battery size.  

A wide array of applications will continue to compete for the available battery production capacity 

and the base commodities used to manufacture it. A key sector has been the consumer electronics, and 

now more and more batteries are used within on-road and off-road transport sectors, which include the 

2/3-wheelers. This has led to price spikes in recent years, and placed significant burden on the miners and 

the environment as seen with the extraction of cobalt in the Democratic Republic of Congo (DRC) [35].  

Lithium battery technologies are heavily dependent on several critical metals; lithium, nickel and 

cobalt are typical cathode materials for batteries used in electric and hybrid vehicles, while graphite is 

primarily used as the anode material. The geographical distributions of these metal reserves are uneven, 

with current productions concentrated in only a few countries [73, 74, 75]; recent estimates by the U.S. 

Geological Survey (USGS), for instance, revealed that in 2018, 2 mining countries accounted for about 70% 

of lithium (Chile and Australia), cobalt (DR Congo and Australia) and graphite (China & Brazil) supplies 

worldwide (Figure 7).           
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Figure 7 Global productions and reserves of critical materials typically used in batteries for electric and 
hybrid vehicles. Data based on USGS estimates for 2018 [73]. 

 

Due to its regional concentration, battery technologies are vulnerable to risks associated with 

geopolitical instability and supply disruption. Furthermore, insufficient timely investments [31, 36] to 

meet the aspirational EV sales targets could lead to projected supply lagging behind anticipated demand. 

All of these may manifest itself through price and supply volatility [76, 77], or worse still, greater 

sustainability burdens (i.e. ecological and societal impacts) throughout the supply chain, particularly in 

the mining sector [32, 30] (as was also recently reported in the news for cobalt mines in DR Congo [78, 

79] ). The constraint in resources, the risk of supply disruption, its growing economic importance and the 

current lack of substitutability imply that strategic governance [36] of critical raw materials is necessary 

to maximize the intended goal of reducing the impacts of mobility on the global climate [80, 81].  

 
Figure 8 The effectiveness of a battery in reducing the WTW GHG emissions of a passenger car reduces 
with increasing battery size, which calls for a more optimal resource allocation in a supply constraint 
world. 

       

Figure 8 illustrates the diminishing effectiveness for every kWh of increasing battery capacity 

deployed to reduce the WTW GHG emission of a passenger car through electrification. The most effective 
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means for a battery to reduce emission is through mild hybridization, in which more than 50% GHG 

emissions can be reduced per kWh of Li-ion battery installed. A full BEV requires a much larger battery 

size – this study has adopted an estimated 26 kWh of battery capacity, which could easily be deployed 

into more than 50 mild-hybrid vehicles, with each only requiring about 0.5 kWh of battery. Hypothetically, 

even in cases where the BEV is fully powered by renewables, and there is close to 100% emissions 

reduction, this still has an effectiveness of about 4% WTW GHG emission reduction per kWh of battery 

deployed. And, with the growing trend towards larger battery sizes for use in longer-range BEVs, we are 

increasingly favoring the less efficient use of our limited resources.  

Battery technologies are rapidly evolving towards lower cost, higher energy density and improved 

stability to meet the growing demands for longer-range EVs. The material composition of a lithium battery 

can vary vastly between manufacturers. Competing battery technologies for passenger cars today include 

lithium iron phosphate (LFP), lithium nickel cobalt aluminum oxide (NCA) and lithium nickel manganese 

cobalt oxide (NMC). China, which accounts for the largest number of EVs sold worldwide, had historically 

preferred LFP due to its lower cost; however, today the market share of LFP has decreased from 73% in 

2016 to less than 40% in 2018 [82] accentuated by the need for higher energy density to meet increasing 

demands for longer electric range. Whilst Tesla has shown preference for NCA, most other manufacturers 

have tended towards NMC [83] with varying ratios between nickel, cobalt and manganese. Therefore, the 

metal contents in a battery can differ substantially between technologies and specific chemical 

composition.  

By taking into account the range in mass of lithium and cobalt exploited for every kWh of battery 

technologies, as reported by Olivetti et al. [83], we were able to estimate the effectiveness of every kg of 

lithium and cobalt in reducing the WTW GHG emissions for the different hybrids and electric vehicles 

assessed in this study (Figure 9). Here we see similar diminishing marginal utility trends with each kWh 

increase in battery capacity: every additional increase in kWh of battery reduces the effectiveness of 
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lithium and cobalt in lowering the overall WTW GHG emissions of the vehicle. Therefore, it is reasonable 

to expect that the efficacy of GHG-reduction-per-kg-of-metal exploited would continue to decline as 

automakers trend towards larger battery size to meet growing demand for vehicles with longer all-electric 

range.   

 

Figure 9 The effectiveness of every kg of lithium (left) and cobalt (right) in reducing the WTW GHG 
emissions of a passenger car reduces with increasing battery size. The WTW GHG emissions reductions 
were calculated relative to conventional SI engine. The range in lithium and cobalt contents for every 
kWh of battery were taken from [83]. 

         

When all of this is taken into consideration together with earlier findings, which demonstrated that 

the power grid in many geographical regions are not yet sufficiently decarbonized (Figure 3), it becomes 

immediately clear that any mobility roadmap has be based on scientific evidences and market realism.  

4.0 Conclusions and policy implications 

We investigated the effects of adopting 4 different hybrid architectures with varying battery sizes on 

the life-cycle GHG emission performances of a novel GCI powertrain running on a new, higher reactivity, 

fuel formulation. Hybridized GCIs could lead to 26-55% lower WTW GHG emissions compared to a 

conventional gasoline SI engine, and 7-43% reduction relative to an unhybridized GCI.  
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The use of larger batteries enabled greater electrification leading to lower overall emissions for GCI 

hybrids. A full BEV, with a much larger battery size, has significant GHG emission reduction potential but 

only if it is powered by low-carbon electricity sources. However, there is diminishing returns for every 

kWh of increase in battery size: a mild hybrid resulted in more than 50% GHG reduction per kWh of 

battery; in contrast, a similarly sized BEV only reduced emission by 4% per kWh given its much larger 

battery requirement. This suggests that the efficacy of every additional kg of critical metals, such as lithium 

and cobalt, deployed to reduce the WTW GHG emission of a vehicle diminishes with each kWh increase 

in battery capacity. 

In a world where there is a supply constraint due to either production lagging, limitation on our natural 

resources, or the sustainability concerns associated with raw minerals mining, it is imperative that we 

develop a more optimal allocation of our available battery capacity to maximize the effectiveness of every 

kWh (and every kg of scarce metals) in reducing the impacts of mobility on the global climate. Policy 

coordination is needed to ensure that our resources are produced and consumed in the most ecologically 

and economically efficient way. 

Here we propose a mobility transition roadmap that begins with an expedited mass-hybridization of 

passenger vehicles equipped with modern and highly efficient engine technologies, such as an advanced 

GCI engine. The deployment can be rapid, as it neither requires external charging infrastructures nor is it 

reliant on the power grid to be appropriately de-carbonized for it to enable an overall reduction in 

emissions. Particularly in cases of battery supply constraints, this has to take precedence over a full BEV 

given that the latter will consume a bigger share of the limited battery capacity available, but with a larger 

uncertainty in its climate mitigation potential. 

When constraints have gradually eased – due to developments in new battery chemistries, or supply-

side investments have caught up with demand, and sustainable mining and production of battery 
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becomes the industry norm – resources can be re-allocated accordingly. Thus, a further transition towards 

a full hybrid/BEV would be necessary to take advantage of its greater emissions reduction ability.  

In parallel, policymakers have to continue to incentivize the de-carbonization of the power grids. 

Depending on the rate of de-carbonization and its effects on the carbon intensity of the electricity 

generated, a differentiated technology deployment pathway can be developed. In some cases, where the 

grid is sufficiently de-carbonized, and charging infrastructures are widely available, a direct transition to 

BEV could be a feasible option; but in other cases, an advanced GCI hybrid technology can be the 

transitionary technology to bridge the gap in the interim period.  
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