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Abstract

:

Electric powertrains in terms of battery electric vehicles (BEV) are considered to be very interesting for heavy truck transportations. The challenge is the need for very large onboard energy and batteries. Long-term fuel cells (FCs) are considered an interesting support system for heavy-duty BEV, but in the short term, a range extender (REX) is also interesting. A heavy-duty BEV with 970 kWh batteries installed can handle 27% of all possible missions for the Scania fleet considering daily recharging. The back-up range extender (BUREX) can expand this figure to 55% utilized 20 days per year. If a customer has a few very energy-demanding use cases each year and does not want to pay for all the batteries needed, the BUREX may be an especially good option. The BUREX reduces life-cycle CO2 emissions, irrespective of the generation mix of the grid supplying the electricity used in vehicle manufacturing and battery charging. The BUREX reuse of the existing electric components of the BEV powertrain enables the installation of a 10% larger battery pack while being 80% less costly. The BUREX also adds redundancy to the BEV concept while recharging infrastructure improves, especially in rural places. These results indicate that the BUREX concept is a powerful short-term solution that could enable greater use of HD FC and BEV trucks while charging infrastructure and FC technologies gradually become more mature.
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1. Introduction


1.1. General Push for BEV-Supporting Systems


The decarbonization of the automotive industry is needed to mitigate global climate change, and several automotive companies have accepted the challenge it presents by joining the Science Based Targets initiative [1]. Promising potential zero-tailpipe-emission technologies for vehicles include battery electric and fuel cell (FC) systems. Although these technologies are less mature than conventional drivetrains, global sales of electric vehicles are steadily increasing [2]. A major limitation of battery electric vehicles (BEVs) for heavy-duty (HD) applications is that they require large energy storage systems (i.e., batteries), especially for applications involving highly energy-consuming long-distance driving over hilly terrain. If the set of driving cycles for a given HD BEV application includes only a few such extremely energy-intensive driving events, it becomes necessary to equip the vehicle with a much larger and more costly energy storage system than it will usually need to ensure that these events can be accommodated. It might be possible to use a smaller battery if two recharging events per day could be accepted, but it is usually preferable to only recharge vehicles overnight.




1.2. Batteries Are Expensive and Less Energy-Dense Than Fuel, and Depend on Recharging Infrastructure


Despite important technological advances, batteries are rather expensive and are currently around 60 times heavier than oil-based fuels with the same energy content [3]. In addition, large amounts of energy are needed to produce batteries [4]. Consequently, the CO2 footprint of a BEV depends strongly on the carbon intensity of the electricity consumed during its usage and production, which in turn depends on the generation mix of the local electric grid. Another practical factor to consider is the availability of recharging stations along the vehicle’s expected routes and their power output, which may be especially important if the route passes through rural areas where the number of available and functioning charging stations may be uncertain. A final issue is that a lack of recharging opportunities could be harmful or even fatal to a vehicle’s driver if it is caught without power during an extreme weather event. These issues can be avoided by equipping HD BEVs with an onboard recharging system such as an REX or FC, which makes it possible to use a comparatively small and inexpensive battery while still being able to complete occasional extreme driving cycles. However, in a situation where few recharging stations are available during a more normal driving cycle, neither an REX nor an FC will greatly increase a BEV’s robustness.




1.3. FC Is the Long-Term Solution and REX Can Cover the Transfer


The most common FC type used in automotive applications is the proton-exchange membrane fuel cell (PEMFC), which produces electricity directly through an electrochemical process using hydrogen as the fuel and emitting only water. The PEMFC is seen as the long-term solution to onboard BEV recharging because it produces no toxic emissions, has a small carbon footprint, and can be highly efficient compared to an internal combustion engine (ICE) [5]. However, the infrastructure and technology required to support the widespread use of FCs is currently lacking. Moreover, current PEMFCs for HD vehicles have limited power density, and hydrogen is challenging to store on a vehicle because of its low density [6]. An REX is an ICE that is linked to a generator and placed onboard the vehicle. An REX is more flexible than a PEMFC in terms of fuels because both compression ignition (CI) and spark ignition (SI) engines can be used. The power density of an REX also exceeds that of an FC, but its reliance on carbon-based fuels means it will emit pollutants and greenhouse gases. Light-duty (LD) BEVs have been available for some time now and several publications have described the use of REX in LD-BEVs. However, the onboard energy storage requirements of LD BEVs are much smaller than those of HD BEVs. Lotus, Mahle, AVL, and other firms [5,7,8,9,10,11,12,13] have conducted several interesting studies on LD REX applications, and it appears that concepts using 2-or-3-cylinder four-stroke SI engines having power outputs of around 20 kW are preferred for such systems.




1.4. Can the BUREX Challenge the More Traditional REX?


All published concepts have been in-use REX (IUREX) systems with a separate genset unit in which the ICE is linked to an independent electric machine serving as a generator. The IUREX for an LD BEV can be rather small, but that for an HD BEV would need to be much larger because an REX for rapid battery recharging in an HD BEV would need a power output of 150 kW to achieve thermal balance and an acceptable recharging speed. A suitable ICE for this purpose would be a 2.0 L SI or CI engine from a light-duty vehicle operating in conjunction with a large low-speed generator (~4000 rpm). However, the installation volume on an HD vehicle is limited, and such a solution would occupy space that could otherwise be used for a larger battery. An alternative would be a backup range extender (BUREX) system where the ICE is installed directly on the existing electric machine of the BEV powertrain, and this electric machine and its power electronics serve as the generator. The available installation volume around the electric transmission in an HD BEV is limited; therefore, only a single-cylinder two-stroke engine with a small displacement (e.g., 425 cc) could be considered. Figure 1 compares the proposed layout of a BUREX system in an HD BEV to that of a pure BEV and two other range-extending BEV support systems.



A two-stroke engine can be made smaller than a single-cylinder four-stroke engine and the power density can be higher. We have previously shown that a power density of 400 kW/L swept volume can be achieved with a 125 cc two-stroke engine while maintaining acceptable durability for REX applications [14]. It was also concluded that a specially engineered air charging system is needed to achieve this power density and that an afterburner-supported turbocharger system could meet this requirement. Other studies have also investigated the use of two-stroke engines for similar purposes [10,11,12,15,16,17,18] but have not focused on single-cylinder applications. Because it was shown that the desired power density could be obtained, simulations were performed to investigate the performance of an upscaled 425 cc engine delivering the 150 kW power output desired for HD REX applications [18]. The upscaled engine was predicted to deliver the target peak power, and it was concluded that one cylinder from an existing 850 cc two-cylinder snowmobile engine could serve as a practical starting point for the development of such an engine. Figure 2 presents the basic principles of the BUREX two-stroke engine and its charging system.



The purpose of this article is to compare the BUREX concept to other REX concepts and FC systems in order to answer the following questions:



How does the BUREX concept compare to the IUREX and FC concepts in terms of installation factors?



How does the BUREX concept compare to the IUREX and FC concepts in terms of cost?



The CO2 footprint of an REX system does not depend solely on combustion during operation (as is the case for an ICE); it also depends on the carbon intensity of the electric grid supplying the power used in the production of powertrain components and when recharging during operation. How do these factors compare in actual driving cycles and for different generation mixes?





2. Materials and Methods


2.1. ICE Development


Although the BUREX concept has been described in detail elsewhere [14], it is a new concept, and thus a short summary of the earlier publication is provided here to help readers follow the forthcoming discussion. As stated in the Introduction section, a single-cylinder two-stroke SI engine is the preferred ICE type for an REX based on the system’s installation and performance requirements. One-dimensional engine simulations and engine dynamometer (dyno) experiments were performed to evaluate the gas exchange and charging system of a single-cylinder crank-case-scavenged two-stroke SI engine. The simulations revealed that some kind of charging system is needed to achieve the required specific performance levels. Since a two-stroke engine is neither self-aspirated nor self-exhausting, it uses the crank case as a scavenge pump. This scavenging system makes such engines highly sensitive to the pressure balance between the air and exhaust sides; the exhaust pressure cannot be as low as in a mechanically driven supercharger system, but it also cannot be as high as is common in turbocharger systems. The exhaust temperature is also limited because of hardware component constraints in the engine and significant thermal losses in the very specific exhaust systems needed in engines of the intended type. On the positive side, the exhaust gases of the proposed engine are rich in hydrocarbons (HC) and air, which can be converted into heat in an afterburner system using an oxidation catalyst and can thus improve both the performance of the turbocharging system and the engine’s emissions profile. The system is shown in Figure 2; its design was tested experimentally using a small 125 cc engine and in 1D engine simulations. The hardware used in the system (in particular, the turbocharger) was chosen on the basis of the 1D model shown in Figure 3.



Engine dyno experiments were performed in an engine dyno, and the test object was a motorbike-type engine whose power output is shown in Figure 4. A two-stroke engine can operate at up to 12,000 rpm, which made it convenient to use an engine with a step-down gear so that the dyno could be operated at lower speeds in the engine experiments. A step-down gear is a standard component in a motorbike engine and similar commercial two-stroke engines.



Most of the engine experiments were conducted with engine-speed-resolved output, but crank-resolved data were also recorded because the heat release in the cylinder was not actually modelled in the 1D engine simulation software and had to be calibrated against crank-resolved pressure traces from engine experiments to improve the quality of the simulations. Because the exhaust pipe in a two-stroke engine behaves as a charging system operating with finite pressure waves, it was important to calibrate the 1D engine simulation model using pressure traces recorded close to the cylinder to obtain meaningful simulation results. The performance at high speeds for this type of two-stroke engine is highly dependent on the gas dynamics in the exhaust pipe. Small discrepancies in exhaust temperature between the 1D model and the experimental engine are leveraged in the power curve. On top of this, the charging system rebalances the pressures on the air and exhaust side, which impacts exhaust temperature. As an example, the simulation model generates less power at 11,500 rpm compared to the experimental engine. The reason is a drop in torque in the model because the average exhaust temperature in the tuned exhaust pipe drops more quickly in the model than in the experimental engine. This occurs because some fuel and air oxidates in the transport through the pipe, which is not covered in the model.



The research on the 125 cc engine showed that a specific power of 400 kW/L could be achieved. Subsequent efforts therefore focused on scaling the engine up from 125 cc to 425 cc to reach the target power output of 150 kW needed for an HD REX [18]. The upscaling process was achieved by taking a single cylinder from a two-cylinder 850 cc two-stroke snowmobile engine as a reference for the desired turbocharged single-cylinder engine. Figure 5 shows that the engine’s maximum power output comfortably exceeded the target value, providing a large engineering margin.




2.2. Installation of the Range Extender


It was assumed that a total volume of 3 m3 was available to accommodate the BEV powertrain including the range extender or fuel cell system. Assuming that the electric powertrain components have a volume of 0.125 m3, the remaining volume of 2.875 m3 would be available for battery installation. Based on the expected volume-to-energy ratios of batteries that will be available in the year 2025 [19,20], this would give a pure BEV truck a possible total installed energy storage capacity of 970 kWh, which allows a reasonable range of missions to be performed without imposing excessive costs. The REX and FC systems were all dimensioned to provide a total energy storage capacity of 1580 kWh including the battery. The IUREX system requires a larger installation volume than the BUREX system because it includes a conventional ICE and a separate electric motor/generator and power electronics capable of supporting the 150 kW power output needed to recharge the battery at an acceptable speed. The ICE in this case would be a four-cylinder four-stroke SI or CI engine. The BUREX ICE is smaller and can be mounted directly on the existing powertrain without requiring an additional electric motor (EM) or power electronics (MGU). Therefore, the BUREX design can carry a greater volume of batteries while achieving a comparable output power to the IUREX. However, the ICE of the BUREX is less efficient than that of the IUREX; a larger fuel tank is thus required. The FC is more efficient than the REX systems but requires a bulky hydrogen storage system. Electric powertrains are easier to optimize for city applications or distribution because the daily energy consumption in such applications is lower than in long haulage. Distribution driving and bus driving cycles also involve a lot of braking, which conveniently allows for energy regeneration through the electric transmission. Long haulage therefore presents the greatest challenge in terms of energy storage, especially if the haulage route includes hilly terrain and only overnight charging is accepted. Another challenge arises if the customer’s driving cycles are not homogeneously distributed over time; consider a customer whose driving cycles are usually shorter than 400 km but are occasionally 800 km long. To meet all the needs of such a customer, a BEV would require a large and expensive battery back whose capacity would mostly go unused.




2.3. REX Utilization


An often-overlooked issue when evaluating powertrains and energy storage solutions is the day-to-day variance in energy usage. In a pure BEV, this variance means that the battery must be dimensioned based on the worst case, i.e., the day with the highest energy usage, resulting in a battery that is oversized under all other operating conditions. This oversizing is expensive and increases both CO2 emissions and raw material consumption during battery production, potentially reducing the rate at which the world’s vehicle fleet can be electrified.



Because the space for battery installation is limited, this variance means that a significant number of vehicles will be more or less impossible to electrify; it will not be possible to install a battery large enough to provide the amount of energy consumed on the most energy-intensive days, even if those days occur only a few times per year. This may hinder the transition to electric propulsion. Note that such highly energy-consuming vehicles generate a large proportion of CO2 emissions, and so their electrification is urgently needed to control climate change.



A vehicle with a range extender, on the other hand, does not necessarily need the installed battery capacity to have enough capacity to cover every single use case. Instead, the batteries can be dimensioned for maximum utilization while the range extender covers the occasional days where energy consumption is much higher than usual. This also means that a range extender could expand the population of vehicles that can be electrified to encompass a greater number of the most energy-intensive use cases that produce high CO2 emissions.



To study the effect of a range extender on the required battery capacity and the proportion of the current vehicle fleet that can be electrified, data from the existing fleet of Scania trucks was used. The daily usage of energy of every vehicle in the fleet was estimated for every day during one year of operation, and the implications for fleet electrification were evaluated.



The daily propulsion energy need of each vehicle was calculated from the daily fuel consumption, which is available through the fleet management system, using the following expression:


   E i  =  V  f u e l , i   ∗  E  f u e l   ∗  η  I C E    











Here,    E i    is the propulsion energy on day i,    V  f u e l , i     is the volume of fuel consumed by the vehicle during day i,    E  f u e l     is the energy density of the used fuel, and    η  I C E     is the assumed mean efficiency of the vehicle engine.



The proportion of the current fleet that can be electrified ( α ) for a given installed battery capacity    E  b a t t     can be estimated using the following equation if we state that a range extender can be used on n days:


  α =    N  b e l o w    (   E  b a t t   , n  )   N   











Here,    N  b e l o w    (   E  b a t t   , n  )    is the number of vehicles in the fleet for which the daily energy usage during a year exceeds    E  b a t t     at most  n  times, and  N  is the total number of vehicles in the fleet.




2.4. The CO2 Footprint


The materials used in the production of heavy-duty vehicles, notably steel, contribute significantly to their life-cycle CO2 emissions. Consequently, initiatives such as HYBRIT [21] have been established to reduce these CO2 emissions. The CO2 footprints of the different range-extension concepts evaluated in this work were estimated by accounting for several different contributions.



First, the production of both batteries and fuel generates a CO2 footprint. The CO2 contribution from battery production is estimated to be 85 kg CO2/kWh if produced in countries with low-carbon-intensity electricity [22].



The same is true for the production of fuel cells and hydrogen storage, for which the CO2 footprints are estimated to be 30 kg CO2/kW and 30 kg CO2/kWh, respectively [23]. Once manufactured, these systems generate electricity on the vehicle using hydrogen that is independent of the local electricity generation mix.



Diesel production is estimated to have a carbon footprint of 60 g CO2/kWh, and its combustion generates emissions of 265 gCO2/kWh, giving a total footprint of 325 g CO2/kWh [24,25].



Hydrogen can be produced in several ways. The CO2 footprint of hydrogen production by the steam reforming of methane (the SMR process) is 210 g CO2/kWh. This is the most widely used hydrogen production technology at present, and it has been analysed in detail [24].



In our calculations, we assume an average fleet distance of 200,000 km/year, and that 5 tons of steel are needed to build a truck, generating 9 tons of CO2 per vehicle [21]. A BEV truck is assumed to consume 1.3 kWh/km. The IUREX ICE is assumed to have an efficiency of 40% and the BUREX ICE an efficiency of 20%. Battery recharging generates a CO2 footprint that depends on the local electricity generation mix. In our comparisons, we use electricity obtained from three different countries: China (900 g CO2 /kWh), France (105 g CO2/kWh), and Sweden (47 g CO2/kWh). These values influence the operational CO2 emissions in the BEV case [26].




2.5. Cost and Redundancy


FC-based solutions are currently rather costly because FC technology is at an early stage of development. Hydrogen can be distributed and produced in different ways. The cost estimates presented here are based on a 150 kW FC unit for comparative purposes. Such a unit is expected to cost EUR 40,000 in 2025 [27]. The additional cost of a 1296 kWh hydrogen storage system is estimated to be EUR 19,000 in 2025 [28]. The IUREX design including the exhaust after treatment (EATS) and additional electric components is estimated to cost EUR 8000. The BUREX is not a fully developed solution but, since a single-cylinder two-stroke engine has fewer parts than the ICE of the IUREX system and the rest of the design uses existing electric components, this system is estimated to cost EUR 1500. The BUREX design could thus be implemented at around 20% of the cost of the IUREX design.



The redundance aspect is based on the potential absence of available external charging once the truck’s stored energy has been consumed. There are many reasons why an external charging station may be unavailable. First, the electric network may be down or malfunctioning because of adverse weather or seismological events. Additionally, the distances between charging stations in rural areas may be large, exacerbating the problem. If this situation is combined with extreme weather conditions such as extreme heat or cold, the situation may become very challenging for the vehicle’s occupants. It is important to note that recharging may require preheating of the batteries, which will prolong the recharging process. Redundancy can be achieved by having an onboard back-up system available to support thermal management of the electrical system and the cabin, providing an opportunity to recharge the batteries and travel onwards to the next charging station.





3. Results


3.1. Installation Aspect


A total installation volume of 3 m3 was permitted for each of the BEV concepts. The volume allocated to different powertrain and energy storage components in each concept is shown in Table 1. The ICEs of the two REX systems had different efficiencies and thus required differently sized fuel tanks. Both REX candidates reduced the battery volume by around 20% while increasing the range by approximately 50% when compared to the pure BEV concept because of the greater energy density of fuel when compared to batteries. The BEV concept had 970 kWh electrical energy stored in the batteries. Because of the volume occupied by the range extender components, the electric battery energy was slightly reduced for the range extender candidates. However, stored fuel will more than compensate for this, and both REX candidates will have the same total stored energy as the FC to make a fair comparation. The BUREX is a very small engine and is stored directly on the existing electric powertrain, which saves room for batteries. The efficiencies were taken into account, and so the stated total energy is electric energy (see Table 1).




3.2. REX Utilization


The relationship between expected driving cycles and onboard energy storage is shown in Figure 6. The results plotted in this figure are based on the analysis of Scania’s truck fleet and show that the vehicles with the highest energy demand would need 3000 kWh of onboard energy storage to complete 100% of their current missions. This is feasible with current ICE powertrains and large fuel tanks but would be very costly for a pure BEV truck, while also requiring an extremely heavy and volume-intensive battery system. Current data suggest that a total battery capacity of around 970 kWh is more realistic, which is consistent with the installation volume assumed in this work. This amount of energy storage would be sufficient to meet the needs of 27% of all existing vehicles, as shown in Figure 6b: enter the diagram at 970 kWh (available battery energy in the BEV) in Figure 6b and go up to the blue curve for 0 days per year usage of the BUREX and proceed from here horizontally and read 27% share of the fleet. Moreover, try to go from 935 kWh (available battery energy in the BUREX) in Figure 6b and proceed to the magenta curve for 20 days per year usage if the BUREX is used and from here horizontally and read 55% share of the fleet. A 150 kW REX could be significant in this context, depending on how frequently it is permitted to be engaged. Allowing the range extender to be used for 20 days each year would expand the driving cycle coverage to almost 60% of all vehicles despite slightly reducing the battery capacity of the REX vehicle relative to that of a pure BEV. The inclusion of an REX or FC system also solves the problems posed by occasional driving cycles in rural areas where recharging stations are scarce.




3.3. The CO2 Footprint


The CO2 emissions of the pure BEV truck and trucks using REX and FC systems are compared for different electric grid generation mixes in Figure 7. Surprisingly, the range extender vehicles were found to emit less CO2 than the pure BEV truck. Although counter-intuitive at first glance, this is explained by the fact that the REX vehicles carry fewer batteries; less CO2 is therefore emitted during their production. Since the range extenders are only used a few times per year, the decrease in CO2 emissions during production offsets the increased emissions during operation. The difference in CO2 emissions between the BUREX and IUREX concepts when compared to the pure BEV concept depends heavily on the generation mix of the electric grid used to recharge the batteries. The BUREX can be fuelled with CO2-neutral ethanol, which makes the situation even better. This could especially be the case in markets such as Brazil and USA, where the bioethanol production is based on local feedstock such as sugar cane and corn, respectively [29]. The IUREX performed a little better because of the improved efficiency of its ICE compared to the BUREX ICE. Both REX concepts increase the vehicle’s CO2 footprint when used. However, the BUREX is only to be used under emergency conditions at a standstill, when the CO2 footprint may be a secondary concern; it is designed to provide robustness under extreme and rare conditions where external charging is unavailable. In addition to providing onboard charging, it is used for the thermal management of electric powertrain components, which is important for charging under cold conditions.





4. Discussion


REX and FC are interesting supporting systems for HD BEV applications involving occasional long-distance driving with heavy loads on hilly terrain. The energy storage capacity needed for such driving cycles would necessitate the inclusion of an unfeasibly large battery in a pure BEV, but it can be provided relatively easily by using an REX or FC system to complement a battery that is used in less energy-intensive driving scenarios. The back-up range extender (BUREX) concept described in the article is a very cost-effective REX that requires a relatively small installation volume. Because REX technologies are seen as short-term solutions to be used until FC systems become more mature and cost-effective, the BUREX design is attractive since it uses existing technologies and is relatively straightforward to implement. It has the notable drawback that it can only be used outside the driving cycle, but it still provides redundancy for BEVs that must be used in rural areas where external charging stations are scarce.




5. Conclusions


A heavy-duty BEV truck with a total installation volume for the powertrain of 3 m3 can store up to 970 kWh. This energy is sufficient for 27% of all possible use cases for the Scania HD fleet considering one recharging event per day.



The BUREX system makes 50–60% more electric energy available in the same installation volume and can manage 55% of all possible use cases utilized 20 days per year.



The BUREX concept is a very good option for customers who do not want to pay extra money for a large enough battery to cover only a very few extra energy-demanding uses cases each year.



The BUREX system reduces life-cycle CO2 emissions, irrespective of the generation mix of the grid supplying the electricity used in vehicle manufacturing and battery charging.



The BUREX system compared to a IUREX has room for more batteries and is more cost effective.



The BUREX system is considered to improve the redundancy for heavy-duty BEV in the short term when recharging systems and infrastructure are developed. This is especially important in rural regions in combination with extreme weather conditions.



Both BUREX and IUREX are considered short-term solutions while the FC matures in terms of cost and size and a clearer understanding is formed about hydrogen infrastructure.



REX and FC technologies both add redundancy to the BEV concept, which is needed while fuel cell and electric powertrain technologies are maturing and the infrastructure for external charging is still being constructed. The BUREX concept studied here increases the range of HD BEVs and the proportion of the HD truck fleet that can be electrified while also reducing life-cycle CO2 emissions, irrespective of the generation mix of the grid supplying the electricity used in vehicle manufacturing and battery charging. Importantly, the BUREX solution is also much more cost-effective than alternative range-extending concepts such as IUREX and requires a lower installation volume, leaving more space available for batteries.
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Definitions/Abbreviations




	BUREX
	Back-up range extender



	REX
	Range extender



	IUREX
	In-use range extender



	FC
	Fuel cell



	BEV
	Battery electric vehicle



	PTO
	Power take-off



	ICE
	Internal combustion engine



	BSFC
	Brake-specific fuel consumption



	CI engine
	Compression ignition engine



	SI engine
	Spark ignition engine



	MGU
	Power electronic unit or inverter



	H2
	Hydrogen



	EM
	Electric machine
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Figure 1. A pure HD BEV and BEVs with different range-extending support systems. 
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Figure 2. The BUREX engine is a single-cylinder two stroke engine with an afterburner-assisted turbocharged system that increases power density and reduces exhaust emissions. The target power of 150 kW can be achieved using a cylinder with a swept volume of 425 cc. 
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Figure 3. The 1D engine model generated using the GT-Suite software package including turbocharger and afterburner objects. 
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Figure 4. Uncalibrated and calibrated simulation model results and experimental validation. 
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Figure 5. The upscaled 425 cc engine comfortably exceeded the desired power output of 150 kW, giving a large engineering margin. 
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Figure 6. (a) Onboard energy storage needed to cover different fractions of the vehicles of the Scania fleet using BEV trucks showing how increasing REX utilization can either expand the coverage of vehicles that can be electrified or reduce the battery size while maintaining constant vehicle coverage. (b) Expansion of the results plotted in (a) focusing on the region around 1000 kWh. 






Figure 6. (a) Onboard energy storage needed to cover different fractions of the vehicles of the Scania fleet using BEV trucks showing how increasing REX utilization can either expand the coverage of vehicles that can be electrified or reduce the battery size while maintaining constant vehicle coverage. (b) Expansion of the results plotted in (a) focusing on the region around 1000 kWh.



[image: Wevj 13 00102 g006]







[image: Wevj 13 00102 g007 550] 





Figure 7. The local electricity generation mix strongly affects the potential of REX and FC systems to reduce CO2 emissions. 
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Table 1. Volume occupied by different components of the BEV, BUREX, IUREX, and FC systems.
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	Item
	
	BEV
	BUREX
	IUREX
	FCEV





	Total installation volume
	(m3)
	3
	3
	3
	3



	Volume occupied by electric powertrain
	(m3)
	0.1
	0.1
	0.3
	0.1



	Volume occupied by ICE or FC
	(m3)
	0
	0
	0.2
	0.4



	Volume occupied by fuel storage
	(m3)
	0
	0.13
	0.06
	1.6



	Volume occupied by batteries
	(m3)
	2.9
	2.5
	2.4
	0.8



	Estimated efficiencies
	(%)
	90
	20
	40
	60



	Battery energy stored onboard
	(kWh)
	970.3
	935
	810
	281



	Fuel energy stored onboard
	(kWh)
	0
	728
	784
	1296



	Total energy stored onboard
	(kWh)
	970.3
	1563
	1594
	1577



	Emitted CO2
	(kWh)
	283
	916
	482
	338
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