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The automotive industry is undergoing an 
unprecedented transformation due to increasing 
concerns about air quality and global warming. 
Reducing emissions and the carbon footprint of 
our society have become imperatives. They require 
the automotive industry to adapt and develop new 
technologies responding to the need both to strive 
for a cleaner sustainable transport system and for a 
sustainable economic prosperity.

In Europe, heavy duty trucks will need to contribute 
towards a carbon dioxide (CO2) reduction of 15% by 
2025 and 30% by 2030 with respect to the 2019 level: 
in some countries, major political parties and pressure 
groups are aiming for a carbon neutral society within 
the next 15 or 20 years.

The heavy duty transport sector is not exempt from 
this pressure and faces an even harder challenge 
considering the specificity of long haulage transport 
in terms of power and range required from long haul 
trucks.

The broad road map for the decarbonisation of long 
haul trucks needs to look at the whole transport 
system. This includes alternative fuel sources 
(including synthetic fuels from renewable energy 
sources), new powertrain systems (hybrid, battery 
electric, innovative thermodynamic cycles), potential 
updates in the legislation (allowing higher gross 
vehicle weight), connected and autonomous driving 
technology (smart traffic assistance and smart 
logistics), innovation in the truck architecture (as 
result of alternative powertrain and logistic system 
technologies) (ERTRAC, 2019).

This paper will look at various types of powertrain for 
heavy duty 44 tonnes gross vehicle weight (GVW) 
trucks and their sustainability from an operational and 
environmental point of view. The 2030 targets require 
a sustainable long-term strategy which is based on 
hybrid electric powertrains, use of renewable liquid 
fuels and electric vehicles. Two solutions which are 
topical in the current technical debate will be analysed 
for total cost of ownership (TCO): a full battery electric 
truck and a fuel cell truck. 

Despite uncertainty about the future cost of batteries, 
fuel cells and the future price of hydrogen, results 
show that fuel cell technology is a viable technical 
solution for the long haul transport sector giving 
around 20% better total cost of ownership when 
calculated on a $/(km x tonne) basis, with respect to a 
fully electric truck.

The paper will provide an overview on current best 
practice in fuel cell technology looking at Polymer 
Electrolyte Membrane (PEM) fuel cells and Solid Oxide 
Fuel Cells (SOFC), highlighting the pro and cons of 
those technologies for automotive applications.

A holistic approach is necessary during the 
engineering phase of a new fuel cell heavy duty 
truck. This allows specific challenges to be addressed; 
offering comparable performance with respect to an 
existing diesel truck particularly for power, range and 
reliability. The paper will discuss these challenges and 
offer a way successfully to overcome them.

1 Summary
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2 Policy landscape

The European Union has set a clear target to make 
a reduction in CO2 of 20% by 2020 (European 
Commission, 2019a) and 40% by 2030 (European 
Commission, 2019b) with respect to the 1990 level. The 
long-term strategy to 2050 is to embrace the vision 
to keep the global temperature increase well below 
2°C and endeavour to contain it to 1.5°C (European 
Commission, 2019c), meaning a CO2 reduction of up 
to 95%. In the transport sector, within the legislative 
proposal for heavy duty trucks, this translates into a 
15% reduction of CO2 by 2025 and at least 30% by 2030 
with respect to 2019 levels (European Commission, 
2019d).

With regard to air quality, Euro VI legislation has proven 
to be effective in reducing drastically particle matter 
(PM) and NOx emissions. Ricardo has verified this in 
various heavy duty truck road tests using Portable 

Emissions Measurement Systems (PEMS): the European 
Euro VI trucks tested comfortably met the emissions 
legislation. Nevertheless, following the diesel scandal, 
the loss of trust in the automotive industry, the rising 
pressure from media and bans by local authorities 
of diesel vehicles has prompted the adoption of 
actions to limit the use of diesel vehicles, over-riding 
central government regulations. Bans are already in 
place for old diesel vehicles in some German cities 
and in Paris. The state of California has mandated the 
purchasing of heavy duty zero emissions vehicles (ZEV) 
by the California Department of General Services and 
they need to cover 15% by 2025 and 30% by 2030 
(Dieselnet, 2017). To sell vehicles in California and nine 
other US member states, OEMs must manufacture 
a percentage of zero emissions vehicles and plug-in 
hybrid vehicles (CARB, 2018).

Figure 1: Overview of the C40 Cities climate leadership group around the world

• The C40 Cities climate leadership group is a consortium of governments representing 94 of the world’s largest cities

• C40 Cities have pledged to purchase only zero-emission buses by 2025 and establish zero emission areas in city centres by 2035

• Restriction on commercial transports within these cities may force logistics companies to consider the use of e-trucks
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3 Powertrain options for heavy 
duty commercial vehicles   

The medium and heavy duty commercial vehicle 
sector is dominated by diesel engines while natural 
gas (mainly compressed) remains marginal. Ricardo 
predicts that evolutionary technical improvement will 
allow substantial CO2 reduction in the next few years 
and an up to 20% reduction is expected by 2030 when 
considering improvement on base engine (table 3) 
in combination with hybrid systems. This means that 
internal combustion engine-powered trucks will be 
far from achieving the 30% CO2 reduction target even 
when accounting for improvements on the vehicle 
side (Bulut O., 2019).

Hybrid and fully electric medium and heavy duty trucks 
are not available on the market yet but major OEMs 
are developing prototypes with the aim of acquiring 
knowledge and promoting a ‘green’ brand awareness 
among the public. 

Among established truck manufacturers, Daimler, Fuso, 
DAF, MAN, Volvo and BYD in China are known to be 
developing products up to 26 tonnes GVW. Tesla and 

Nikola are the only manufacturers having announced 
trucks up to 40 tonnes: the former being a fully battery 
vehicle, the latter using fuel cells.

The necessity of a very large battery pack is the main 
factor preventing fully battery electric trucks from 
entering the market of the long haul sector.

The energy density stored in batteries is a factor of 10 
times less the energy stored in the diesel, hence large 
battery packs are necessary to guarantee acceptable 
range. Currently, an 800km range 44 tonne-truck 
would require nearly 9 tonnes of batteries with clear 
impact on the available payload, not mentioning the 
cost.

Similarly, the relatively low energy density of 
compressed natural gas (CNG) has been the limiting 
factor to mass adoption of natural gas (NG) trucks. 
Conversely, recent progress in the technology of 
storage and injection of liquid natural gas (LNG) has 
enabled the development and industrialisation of a 
few LNG long haul trucks such as the Iveco Stralis and 
the Volvo FH. Within this sector Ricardo has recently 
demonstrated high potential for short term CO2 
reduction: up to 18% CO2 reduction has been achieved 
by adopting innovative lean burn combustion system.
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Table 3: Estimated CO2 reduction through diesel engine technology to 2030

Figure 2: Energy density of energy sources
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Current status Diesel CNG LNG Gasoline HEV PHEV BEV FC

Range **** ** *** **** **** *** * ***

Time to refill **** *** *** **** **** *** * **

Payload **** *** *** **** **** *** * ***

CO2 TTW / f.c 
2030 outlook * * * * ** ** **** ****

NOX ** ** ** *** ** ** **** ****

First buy cost **** *** ** **** ** ** * *

TCO **** *** ** *** ** ** * *

Tech maturity **** **** *** **** **** **** *** **

Market readiness **** **** *** **** **** ** * *

Noise ** ** ** ** ** ** **** ***

Table 4: Powertrain technology for heavy duty commercial vehicles
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As OEMs need to plan the product line for the next 
truck generation, hybrid electric powertrains using 
a diesel and natural gas internal combustion engine 
appear to be viable transitional technical solutions. The 
long-term answer for 2030 and beyond, however, will 
require more radical options.

With that in mind, consideration needs to be 
given to an electric battery fuel cell truck and new 
thermodynamic cycles as the split cycle currently being 
developed in the Dolphin engine (Owen N., Treccarichi 
F., Atkins A., Selvaraj A. et al., 2019).

Figure 5: Heavy duty powertrain road map

In the next section, we will analyse the battery electric vehicle (BEV) and fuel cell options for long haul trucks 
looking at payload capability and Total Cost of Ownership (TCO).
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4 Why fuel cells are 
a good solution  

The average journey of international road freight 
transport in Europe is about 600 km (Eurostat, 2018). 
Depending on the payload, the standard range for a 
long haul truck is about 800 to 1000km although this 
can be extended further with extra capacity tanks. This 
is the required range of a long haul truck and this is the 
range any new concept of truck must deliver. 

To assess the viability of a fully battery truck and a fuel 
cell truck, Ricardo has considered a range of 800 km 
with a load of 44 tonnes. At this load level, according 
to Ricardo tests, the average energy consumption is 
about 2kWh/km, meaning a battery with capacity of 
1600 kWh must be used.

At the forecasted price for 2020, this translates to a cost 
of about US $397,000 just for the battery pack with a 
forecast of US $200,000 in 2030 (APC UK, 2018). Battery 
pack weight can be estimated as 8,900 kg in 2020 and 
4,000 kg in 2030.

From a sizing perspective, setting the dimensions 
and specification of the fuel cell and the battery pack 
requires careful consideration of the truck duty cycle, 
the relative cost between fuel cell and battery, and the 
transient response requirements.  

As a rule of thumb and for first dimensioning, the 
batteries of a fuel cell truck can be assumed to be 1/10 
of the corresponding fully electric vehicle. This means 
that for an 800km range, a fuel cell system of about 
200kW and a 160kWh battery pack can be considered 
in the first instance. This matches the typical 
performance of a 44 tonne-heavy duty truck which 
typically is equipped with a 13L 6-cylinder internal 
combustion engine of 320 to 380kW with an average 
fuel consumption at full load condition of about 50L for 
100km.

With those settings, when comparing the available 
payload of diesel engine powered, fully battery 
and fuel cell trucks, the typical internal combustion 
engine available payload is about 31,000kg while 
the battery electric vehicle is 23,000kg in 2020 and 
28,000kg in 2030 (when accounting for the forecasted 
improvement in battery energy density). The fuel cell 
truck allows a payload of 29,500 kg in 2020 and up to 
30,000kg in 2030. 

The maximum available payload is highly reduced on a 
fully electric battery truck with impact on the operational 
profitability. A fuel cell truck requires relatively small 
batteries with minimal impact to the payload.
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Table 6: 44 tonne truck GVW – weight breakdown
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Total cost of ownership (TCO) is the principal measure 
by which to assess the economic viability of different 
technical solutions, and payload capability is a key 
factor within that overarching measure. 

When looking at the forecasted TCO in 2020 and 2030, 
some important variables can impact the prediction 
especially for a battery electric vehicle and a fuel cell 
truck, the main being: price of the fuel cell, price of 
battery pack, price of hydrogen, and taxation policy.

Table 7 summarises the main assumptions on price for 
a fuel cell system, battery pack and hydrogen in 2020 
and 2030 (from Ricardo analysis and APCUK, 2019; 
Sunita S., 2019; Hydrogen Europe, 2018).

The taxation policy which aims to promote electric 
transport (tolls, tax relief) is highly unpredictable and is 
not included in the calculation.

An average price for Europe has been used for diesel 
and electricity costs and a 50% price increase in 
electricity cost has been considered to account for a 
possible government tariff increase to mitigate the 

possible diesel excise reduction in the scenario where 
electric mobility will take off by 2030.

Despite great uncertainty on the future price for fuel 
cells, battery packs and hydrogen, figure 7 shows the 
advantage by 2030 of a fuel cell truck compared to a 
fully battery powered truck (60% average load factor 
is considered across the life time of the truck). As the 
price of a fuel cell and hydrogen decline, the battery 
pack cost quickly becomes the dominant factor and 
the fuel cell truck takes advantage of the much smaller 
battery requirement.

The total cost of ownership calculated does not 
account for a likely taxation policy designed to favour 
zero emission vehicles. Furthermore, possible diesel or 
internal combustion engine bans in local regions may 
disqualify diesel powered trucks from being used in 
those areas.

When accounting for those factors, fuel cell trucks 
appear to be the viable sustainable solution for long 
haul transport. 

Table 7: Summary of main assumptions on price for a fuel cell system, battery pack and hydrogen in 2020 and 2030

 

2020 forecast 2030 forecast

Fuel cell system $/kWh 350 200

Battery Pack $/kWh 248 125

Hydrogen cost in EU $/kg 10 5

Figure 8: Advantage by 2030 of a fuel cell truck compared to a fully battery powered truck
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5 Technology road 
map for fuel cells

Most hydrogen and fuel cell technologies are still 
in the early stage of commercialisation with two 
main technologies competing: polymer electrolyte 
membrane (PEM) and solid oxide fuel cell (SOFC). 

PEM are the most common fuel cells for automotive 
applications thanks to the short start-up time and zero 
emissions at vehicle tailpipe (typically only water). On 
the down side, they require extremely high hydrogen 
gas purity (>99.99%) with no detectable oil, organic 
particulates, phosphate, carbon monoxide and sulphur. 
The current availability of hydrogen refill stations is 
another factor limiting an immediate market share 
take-off.

The main advantage of SOFC is that it can use not 
only hydrogen but also light hydrocarbon fuels such 
as methane, propane and butane can be internally 
reformed within the anode owing to the high 
temperature operation. SOFC can also be fuelled 
by externally reforming heavier hydrocarbons, such 

as gasoline, diesel, jet fuel or biofuels with suitable 
hardware in the balance of plant. The biggest 
disadvantage for vehicle applications is the start-up 
time (minutes) and the NOX and CO2 emissions when 
using hydrocarbon fuels.

For that reason, a PEM fuel cell appears a more 
sustainable solution when considering specific 
automotive needs and with a view to a carbon 
neutral economy (Hydrogen Europe, 2019), especially 
considering the rapid expansion of hydrogen 
infrastructure: as of February 2019, 152 hydrogen filling 
stations were available in the EU, 136 in Asia and 78 in 
North America. By 2030 more than 3,000 filling stations 
are forecasted to be in operation (Research and 
Markets, 2019).

Table 9 provides an overview of the advantages and 
disadvantages of PEM and SOFC fuel cell technologies 
while table 10 represents the Ricardo view on the fuel 
cell technology road map up to 2030.

Pros Cons

PEM • Zero emissions

• Start-up time, seconds

• High efficiency (50-60%)

• Very sensitive to contaminants

• Under-developed H2 infrastructure 

• Volume of H2 tank

• Water management

• Waste heat recovery at low temperature (low 
grade heat)

SOFC • Fuel flexible 

• Can be combined with waste heat recovery 
(high grade heat)

• Existing fuelling infrastructure

• NOX and CO2 emissions

• Start-up time, minutes

• Lower efficiency with external fuel reforming 
(30-40%)

Table 9: Comparison of PEM versus SOFC technology
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2020 2030

Fuel cell type PEM / SOFC PEM

Storage system 350bar / 700bar 700bar gas / liquid

Batteries Li-ion LFP/NCA NCA / Solid state / Li-Air

Cooling system 65-75°C liquid cooling (deionised water) • 80-90°C liquid cooling

• Elimination of humidifier

• Use waste heat from fuel cell for other 
components heating (cabin, battery)

Compressor Single stage (roots, scroll or radial) Dual stage compressor

Blower for anode recirculation Side channel blower or roots compressor Combination of blower (side channel or roots) 
and jet pump

Table 10: Fuel cell road map
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6 Best practice in engineering fuel 
cells for vehicles

A holistic approach is necessary during the engineering 
phase for a new fuel cell heavy duty truck. This 
allows specific challenges to be addressed: offering 
comparable performance with respect to an existing 
diesel truck particularly for power, range and reliability. 
The design and integration of the fuel cell system into 
a truck platform requires careful consideration of four 
main aspects: packaging, vehicle electrification, thermal 
management and safety.

Packaging
The packaging of hydrogen is one of the most 
significant challenges in integrating fuel cell systems into 
an existing truck platform. A heavy duty truck requires 
10 to 12 kg of hydrogen for 100km, meaning a range 
of 800km will require 80 to 90 kg of hydrogen which 
according to current best practice in 700 bar storage 
systems means 2.1 m3 (42kg/m3) tanks. 350 bar tanks are 
widely available as well, but they are not the preferred 
option for trucks as this would require more than 3m3 
storage (27kg/m3). Cryogenic storage of liquid hydrogen 
(at -253 °C) would allow the same mass to be stored in 
1.3 m3 (71kg/m3), which is comparable to long range 
diesel tanks, but the technology is not predicted to be 
available for the automotive sector before 2030.

The balance of plant and integration of multiple heat 
exchangers is also a significant challenge as it requires 
optimal component positioning, considering hose 
routing, wiring harness and thermal implications. As in 
one of the few examples of fuel cell trucks – recently 
developed by Ricardo - a rigid tractor offers the best 
platform for conversion into a fuel cell as it allows the 
necessary space for hydrogen storage behind the cab.   

Vehicle electrification 
Batteries and fuel cells are the two systems with the 
highest impact on the final product cost and total cost of 
ownership. Having the right relative sizing based on real 
vehicle emission profiles is key for the success of the final 
product on the market. It is therefore essential to identify 
during the concept phase the optimum architecture 
configuration considering the cost of parts in addition to 
power, energy, range, and transient response. A model-
based approach allows the optimum architecture, 
sub-system parameters and high-level control strategy 
to be identified early in the design phase, enabling a 
significant reduction in development time and cost. 

Table 11: Ricardo Architecture Independent Modelling (AIM) 

Report final output

Top level 
Candidate level

Optimisation level

Drive cycle simulation level

Vehicle model

Select  
architecture

Define vehicle 
requirements

Examples: range, 
gradeability, Vmax

Establish  
design space

Examples: 
architectures of 

interest, FC stacks, 
E-machines, number 

of gears, vehicle

Input data: fixed 
vehicle parameters

Examples: Stack 
efficiency, 

e-machine(s) 
efficiency, Vehicle 

Definition

Input data: variable vehicle/
control parameters

Examples: battery size, no. stacks, 
e-machine size, contribution, 

gear ratios

Optimiser

Iterate with set objective  
and constraints

Simulate model  
over drive cycle

Predicted cycle 
quantities

H2 [kg/100km] & ∆SOC [%]

• Minimum cycle H2 achieved
• System cost
• Associated parameter settings
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Using Ricardo’s Architecture Independent Modelling 
(AIM) tool, several thousand cases are run in a few 
hours not only to predict the optimum dimensions of 
e-powertrain components, but also to identify the best 
operational strategy for the management of fuel cells 
and batteries. 

With regard to electrification, the development of the 
appropriate control software can consume a lot of time 
and resources especially for manufacturers with limited 
experience of an electrified platform. The Ricardo 
Vehicle Integrated Control & Simulation (VICS) control 
platform can be used to provide quick and effective 
control solutions for fuel cell vehicles.

VICS is Ricardo’s own set of supervisory control libraries 
for xEV applications, integrated with a comprehensive 
model-in-loop test facility, that is available to 
customers. The software is mature and proven in-use 
in multiple production xEV vehicles currently in the 
market. As well as supporting the fuel cell powertrain, 
the software is designed with inherent flexibility and 
modularity to support a wide range of powertrain 
architectures. New control functions necessary for 
specific fuel cell systems can be integrated rapidly 
and benefit from the comprehensive and mature 
platform that has been developed and refined across 
multiple previous projects. Typically, less than 12 weeks 
are needed to configure, integrate and calibrate the 
software for a new vehicle and deliver a fully working 
and reliable battery electric vehicle.  

Thermal management
Despite the fact that the level of heat rejected from a 
fuel cell truck is not much different from an equivalent 
diesel powered one, there are various challenges 
which are specific to the fuel cell application that must 
be addressed carefully otherwise the performance and 
range of the final product will be compromised.

Current PEM fuel cells operate at medium 
temperatures (65-75°C ) which leads to sizing a large 
cooling pack due to the low temperature difference 
between ambient air and deionised water. The 
compressor and charge air need also to be cooled at 
low to medium temperature. Conversely, the electric 
components such as electric motors, inverters and 
DC/DC converters are installed in a low temperature 
cooling system that operate at c. 50-60°C. 

The battery, assumed to be liquid cooled, is installed 
in a cooling circuit that can be combined with the 
e-motor and DC/DC cooling circuit by using a coolant 
valve. The battery is also using a heat exchanger 
between the refrigerant and the coolant to cool the 
battery’s coolant at lower than ambient temperature.

It is possible to group all those circuits by using valves 
or heat exchangers and use different fluids to manage 
their temperature: ethylene glycol water (or dielectric 
liquid in future) for the e-motor, inverter and battery, 
and deionised water for the fuel cell. 

An example of a cooling circuit layout for the fuel cell 
stack is presented below.

Table 12: Example cooling circuit layout for the fuel cell stack

Waste heat recovery HX with 
coolant for cabin/battery

Valve

Radiator
Expansion 

tank

FC intake air 
intercooler

Fuel cell

Filter

FC intake air 
compressor

Coolant 
pump

Deionizer
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ITM

Fuel CellTransmission PE / Motor / Battery

Heat storage

Water recovery

Variable pumps + �ow control valves

Temperature sensors + model predictive control

Cabin

Plug-in charger

Charge air cooling

Heating

Cooling

Application
control

Waste heat recovery HVAC - HeatingTransmission oil

Deionised liquid 
warm - up

HVAC - Cooling

Heat storage

LT Circuit + Radiator

Motors + PE

Battery pack

eHorizon – e.g. Ricardo Sentience/Imperium projects use GPS data to improve energy management

Final drive oil

Intermediate HX

FC Radiator

Heat pump

The challenge here is the definition of the appropriate 
sizing and management of the cooling system as this is 
key for optimal energy utilisation, hence performance 
and range, and to minimise component ageing.  

What is required is a holistic approach: looking at the 
multi-temperature cooling of all the fuel cell vehicle 
components. Ricardo’s solution uses Model Predictive 
Control software with advanced thermal control for 
pumps, fans and valves. Additionally, the navigation 
information (called E-Horizon) can be used to provide 
a prediction of different driving scenarios (downhill, 
uphill, traffic jams, traffic lights at red, tunnels, and so 
on) which will greatly help to reduce the electrical 
power absorbed by the ancillaries such as the positive 
temperature coefficient (PTC) of heaters (for battery, 
cabin, fuel cell), air conditioning compressor(s) and 
fan(s).

As part of the thermal management system of the fuel 
cell, humidification also plays an important role. Two 
solutions exist: external humidification which uses a 

humidifier (exchanging the humidity of the inlet air 
with that of the exhaust) and internal humidification 
that, for example, is used by Toyota Mirai with new 
stack and membrane designs allowing better control 
although requiring higher hydrogen mass flowrate 
(hydrogen recirculation) (Yoshida T. & Kojima K., 2015).

Safety
A strict safety case is necessary to ensure compliance 
with ISO 26262 and prove that safety has been 
considered and engineered into the product, 
specifically in the following areas: hydrogen system 
protection in particular for 700 bar systems, HV battery 
and cable protection and routing, thermal event 
suppression systems. Ride and handling need to be 
assessed and optimised as the mass and centre of 
gravity may change significantly: springs and dampers 
may need to re-specified. A combined knowledge of 
both components and vehicle system engineering is 
essential to ensure all the safety requirements are met.

Table 13: Integrated Thermal Management (ITM) of a Fuel Cell truck
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Greenhouse gas reduction policies across the world 
have imposed strict CO2 targets with significant 
financial penalties for OEMs which do not comply 
with the new limits. In Europe, the legislation for 
heavy duty vehicles will require a 15% CO2 reduction 
in 2025 and a 30% reduction in 2030 compared 
to the 2019 level. Additionally, pressure by local 
authorities and the public on air quality policies are 
pushing the automotive industry, commercial vehicle 
manufacturers, transport and retail industry to look for 
clean transport systems and supply chains.

Internal combustion powered trucks (diesel and 
natural gas) will still dominate in the next decade as 
CO2 targets can be achieved with a combination of 
evolutionary improvement to the combustion system 
and adoption of hybrid electric systems or full electric 
systems for short haul or for city delivery. However, 
2030 targets require a more sustainable long-term 
strategy which is based on hybrid electric powertrain, 
use of renewable liquid fuels and electric vehicles.

In Ricardo’s view, electric long haul trucks are 
economically viable only when considering the use 
of fuel cells as this allows relatively small batteries, 
minimal payload reduction and range in line with the 
long haul sector needs. 

Developing a reliable and competitive fuel cell truck 
requires specific competencies that must not be 
underestimated, in the domain of the subsystems 
(chemistry and engineering for the development of the 
appropriate fuel cell and e-powertrain components) 
and in the full vehicle integration, especially packaging, 
optimisation of energy and thermal management 
systems and development of new control functions. 

A close co-operation among manufacturers, suppliers, 
energy companies and policy makers is necessary to 
explore fully the most promising technologies that can 
help achieve the ultimate goal of an environmentally 
and economically sustainable transport and mobility 
system.   

7  Conclusions
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