
Heavy-duty vehicles (HDV) can 
leverage PEM fuel cell technology 
to great effect — but require 
new solutions to address 
their demanding operating 
requirements. We spoke to Simon 
Cleghorn, currently a Global 
Product Specialist in Gore’s Clean 
Energy business unit with 28 
years’ fuel cell experience, about 
how Gore’s advanced materials 
expertise can deliver high 
performance while lowering total 
cost of ownership (TCO).

What is the current status of PEM fuel 
cells in the transportation sector?
Proton exchange membrane (PEM) fuel cells have 
been in development for passenger vehicles for over 
two decades, with many technical and commercial 
successes. As a result, PEM fuel cells can offer 
an attractive alternative to conventional internal 
combustion engines (ICE), with similar driving 
experience, range and fueling times — and zero 
tailpipe emissions.

More recently, PEM fuel cells have started to generate 
more interest in the heavy-duty vehicle (HDV) and 
commercial transport sectors, thanks to their unique 
benefits in terms of both power and energy¹ compared 
to lithium-ion batteries². Combined with their lower 
mass and volume, short refueling times and long 
range, PEM fuel cells provide a major opportunity 
to decarbonize the long-haul, heavy-duty transport 
sector.

Several niche markets, such as material handling 
applications (i.e. forklifts) and some focused 
commercial transportation applications (passenger 
buses, trucks, and vans) are already in operation. Given 
that road freight vehicles account for 5% of all global 
carbon emissions³, the race to replace conventional 
HDV diesel engines is on.

What are the requirements for 
commercializing fuel cells in HDVs?
The operating requirements of HDV use cases 
present far greater challenges for PEM technology 
compared to passenger vehicles. With longer lifetimes, 
higher-temperature operation, and greater power 
requirements, the current limitations and failure 
mechanisms of PEM in light-duty vehicles (LDVs) can be 
exacerbated in HDVs.
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Figure 1 illustrates some of the high-level differences 
in requirements for fuel cell systems when comparing 
heavy-duty and passenger vehicles. Typically, fuel 
cell engines for heavy-duty vehicles (FCHDVs) may 
require 3x greater power output (300kW) than fuel cell 
passenger vehicles (100kW) with an expected lifetime 
almost four times longer (30,000 hours vs. 8,000 
hours)⁴ to achieve the service life of the incumbent 
diesel technology of 1 million miles of operation.

From a cost perspective, the focus for passenger 
vehicles is typically initial purchase price. For HDVs, the 
total cost of the asset over its operational life — or the 
total cost of ownership (TCO) — is considered the most 
critical metric to define business attractiveness.

This results in more demanding requirements for 
vehicle efficiency to minimize fuel cost, but a relaxation 
in the acceptable purchase cost for the engine. 
According to the US Department of Energy (DOE) 
estimates, the fuel cell systems cost target increases 
from $3,000 (or $30/kW) for a passenger car to 
$18,000 (or $60/kW) for a HDV.

We estimate that currently, the TCO for today’s fuel 
cell HDVs is approximately 2-3 times higher than 
ICE (Figure 2)⁵ based on a simple model developed 
with publicly available data from fuel cell truck OEM 
announcements, industry reports and DOE published 
targets. (Based on the lack of industry experience for 
operating fuel cells, we assume that maintenance cost 
and other costs such as drivers, insurance and tolls are 
independent of the technological solution.)

This graph highlights that lowering TCO to achieve 
cost parity requires a multi-faceted approach, driven 
by action and engagement throughout the value chain 
from product development through to public policy 
and industry regulation.

From the perspective of innovation, addressing the 
following factors is important to achieving cost parity 
with diesel engines:

	▪ Decrease hydrogen fuel cost over the life of 
the vehicle by increasing the fuel cell system’s 
fuel efficiency above the estimated⁶ 7.2 miles/kg 
of hydrogen, alongside the assumed decreases 
in hydrogen unit cost to $5/kg (from the current 
estimate of $15/kg).

	▪ Decrease initial systems cost to offset the 
future elimination of subsidies which are available 
today⁷. We assume this can be accomplished by a 
combination of decreasing fuel cell systems cost 
($160/kW)⁸ and hydrogen tank costs ($1000/kg of H² 

stored) to achieve the DOE published targets⁹  
($80/kW and $400/kg of H² stored).

Figure 1.

Comparison of fuel cell system 
requirement for passenger vehicles and 
long-haul heavy-duty vehicles.

Figure 2.

Results of a simple total cost of 
ownership model comparing diesel and 
fuel cell long haul heavy duty vehicles.

4 - 5. Leveraging Advancements in Proton Exchange Membranes to Address the Challenges of Replacing Diesel Engines, Simon 
Cleghorn, W.L. Gore & Associates presentation for Mobex.io. May 11 2023 
6. Nikola matures as an electric truck manufacturer, FreightWaves, March 17 2023, https://www.freightwaves.com/news/nikola-
matures-as-an-electric-truck-manufacturer 
7. Clean Heavy-Duty Vehicle Program, EPA, August 30 2023, https://www.epa.gov/inflation-reduction-act/clean-heavy-duty-vehicle-
program 
8. Hydrogen Program Record, DOE, May 23 2023, https://www.hydrogen.energy.gov/docs/hydrogenprogramlibraries/pdfs/23002-
hd-fuel-cell-system-cost-2022.pdf 
9.Hydrogen Storage Cost Analysis, DOE, June 2022, https://www.hydrogen.energy.gov/docs/hydrogenprogramlibraries/pdfs/
review22/st235_houchins_2022_p-pdf.pdf?Status=Master

100kW Fuel Cell Power

Lifetime

Efficiency Target

Fuel Cell Systems 
Cost Target

200 - 300kW

8,000 hrs. 30,000 hrs.

$30 per kW $60 per kW

65 % > 70 %

Key Assumptions

Fuel Cell Cost ($ /kW)

Fuel Cost ($ / Kg)

Fuel Efficiency (Mile / Kg)

System Life (years)

Rebate / Subsidy

160

15

7.2

3 - 5

Yes

80

5

9

10

No

Current
Fuel Cell

Fuel Cell
2035

Cost / mile

$0.15

$0.46

$0.56

$0.24

$0.15

$0.46

$0.54

$0.16

$0.15

$0.46

$2.08

$0.46

Fuel Cell 
2025

Current 
Diesel

Fuel Cell 
2035

TCO
$1.4 / mile

TCO
$3.1 / mile

TCO
$1.3 / mile

CAPEX
Fuel Cost
Maintenance Cost
Other Costs
(driver, insurance, tolls etc.)

https://www.freightwaves.com/news/nikola-matures-as-an-electric-truck-manufacturer
https://www.freightwaves.com/news/nikola-matures-as-an-electric-truck-manufacturer
https://www.freightwaves.com/news/nikola-matures-as-an-electric-truck-manufacturer
https://www.epa.gov/inflation-reduction-act/clean-heavy-duty-vehicle-program
https://www.epa.gov/inflation-reduction-act/clean-heavy-duty-vehicle-program
https://www.epa.gov/inflation-reduction-act/clean-heavy-duty-vehicle-program
https://www.hydrogen.energy.gov/docs/hydrogenprogramlibraries/pdfs/23002-hd-fuel-cell-system-cost-2022.pdf
https://www.hydrogen.energy.gov/docs/hydrogenprogramlibraries/pdfs/23002-hd-fuel-cell-system-cost-2022.pdf
https://www.hydrogen.energy.gov/docs/hydrogenprogramlibraries/pdfs/23002-hd-fuel-cell-system-cost-2022.pdf
https://www.hydrogen.energy.gov/docs/hydrogenprogramlibraries/pdfs/review22/st235_houchins_2022_p-pdf.pdf?Status=Master
https://www.hydrogen.energy.gov/docs/hydrogenprogramlibraries/pdfs/review22/st235_houchins_2022_p-pdf.pdf?Status=Master
https://www.hydrogen.energy.gov/docs/hydrogenprogramlibraries/pdfs/review22/st235_houchins_2022_p-pdf.pdf?Status=Master


    3

	▪ Increasing systems life (miles driven) to achieve 
a 10-year lifetime. Today we are not aware of any 
publicly available data reported on the life of current 
FCHDVs. Demonstrations are underway, such as 
drayage trucking fleets in Southern California10 and 
food distribution trucks in Texas11, both serving 
real-world customers to prove commercial viability. 
Therefore, we have assumed current fuel cell life is 
about 30 to 50% of the ultimate service life.

What are the development challenges 
and how does Gore approach TCO?
The fuel cost is the largest single contributor to the 
TCO of the FCHDV across all modeled scenarios — 
indicating that developers should focus their future 
investments in this area.

At the same time, we also recognize that significant 
time and money is required to determine the material 
requirements and operational strategies that can 
enable 10 years of FCHDV operation.

As OEM systems developers work towards solving 
the problem of minimizing TCO, they will very likely 
encounter trade-offs to optimize the needs for fuel 
efficiency and operational lifetime in this complex and 

multi-dimensional system. This is made even more 
challenging by the relative immaturity of fuel cell 
technology as it is applied to HDV applications.

At Gore we have over 25 years of fuel cell industry 
experience and PEM material expertise. Our goal 
is to apply this PEM capability and partner with 
R&D engineers to accelerate the development of 
competitive fuel cell stacks and systems which 
optimize trade-offs and create a compelling 
competitive TCO.

As one of the only PEM manufacturers integrated into 
commercial fuel cell vehicle production in the world, we 
understand our customers’ challenges and the markets 
they are operating in.

How can Gore’s PEM help lower TCO?

As a PEM developer, we see multiple pathways in this 
complex system where PEM attributes can impact the 
key contributors to TCO for HDV applications (Figure 3).

At Gore we believe that there are five critical PEM 
attributes — membrane resistance, mechanical 
durability, chemical durability, gas permeability and 
price — that can influence TCO by impacting system 
design, efficiency and cost.

These are examples of potential pathways and how 
different attributes affect TCO:

	▪ Decreased proton resistance of the PEM can result 
in reducing the stack size and therefore systems 
cost — and ultimately, vehicle cost. Alternatively, 
decreased proton resistance can also increase 
voltage efficiency, thus increasing fuel efficiency and

Figure 3.

Multiple pathways where PEM attributes can impact the key contributor to TCO.
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	▪ decreasing fuel costs over a vehicle’s lifetime. This 
highlights how enhancing a single PEM attribute can 
optimize TCO in several different ways.

	▪ Likewise, higher PEM mechanical durability can 
enable simplification of fuel cell systems through 
reducing system controls to protect the PEM or 
allowing for a small battery and putting greater 
reliance on the load following  capability of the fuel 
cell. Here, TCO may be impacted by the decreased 
weight of the systems or the decreased systems 
cost.

	▪ Higher PEM chemical durability allows the FC 
stack to withstand harsh operating conditions, 
and therefore the systems controls or the cooling 
systems’ design can be simplified.

These examples illustrate that this is a complex and 
multi-faceted problem, where any advancement in any 
single PEM attribute can be leveraged in multiple ways 
to lower the vehicle TCO — while managing potential 
performance trade-offs, such as PEM resistance and 
mechanical durability in the two previous examples.

Gore’s expertise lies in our engineering capabilities. We 
understand how to optimize PEM attributes and reduce 
trade-offs depending on key customer requirements, 
based on data and insights from advanced testing and 
development experience over the last few decades.

Our goal as a PEM developer is to provide systems 
engineers a choice of materials and design solutions, 
and therefore potential engineering pathways to solve 
for TCO when considering the needs of their different 
HDV use cases.

We believe this process can unlock multiple approaches 
to reducing TCO, which may be use-case dependent or 
contingent upon the availability of regional subsidies 
or local hydrogen fuel costs.

How else can Gore help lower TCO?

Gore’s fuel cell experience and enterprise-wide 

capabilities offer our customers highly valued fuel cell 
solutions beyond the material attributes of our PEM.

Our global supply security and production output can 
deliver industry-leading volumes of high-quality PEM 
to lower manufacturing and raw material costs for 
OEMs.

Our recent process innovations and subsequent 
capital investments in precise coating have enabled 
the rapid production of GORE-SELECT® Membranes 
with increased quality, greater uniformity and wider 
width. This gives fuel cell stack manufacturers greater 
flexibility over their downstream processing and 
ultimately increased confidence in the performance of 
their products over the desired service life.

Our advanced testing and failure mode analysis 
capabilities — carried out in close collaboration 
with our customers — provide critical insights into 
problem solving and the future vectors for product 
development. A deeper understanding of our products’ 
fitness-for-use helps identify the right investment 
strategy and accelerate time-to-market.

In a dynamic, competitive and rapidly-evolving fuel cell 
industry, this can make all the difference.

What is the future outlook for  
Fuel Cell HDVs?
Given its major contribution to global greenhouse gas 
emissions, and in line with worldwide commitments 
to net-zero targets, the traffic in the transportation 
sector is moving in one direction: zero-emission.

However, despite their environmental benefits, fuel 
cell HDVs will only achieve large-scale adoption if they 
can deliver economic benefits, and prove to be a viable 
commercial alternative to diesel engines.

Despite the challenging and complex ecosystem, 
the signs are positive. A McKinsey report projects 
significant reductions in TCO for fuel cell HDVs by 
2040, thanks to advancements and associated cost 
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reductions in technology, increased vehicle production 
scale, and infrastructure deployments.

Under the right market conditions, 85% of new 
medium- and heavy-duty truck sales in US, EU, and 
China could be zero-emission powertrains (both 
battery and fuel cell) within two decades.12

At Gore, we’re passionate about partnering with our 
customers to solve their development challenges. 
With a high-performance PEM that helps lower TCO, 
stack and system manufacturers can feel confident in 
cost-effective fuel cell solutions that succeed in harsh 
operating conditions — and a competitive market.

12. Preparing the world for zero emission trucks, McKinsey Center for Future Mobility, 
September 2022, https://www.mckinsey.com/industries/automotive-and-assembly/our-
insights/preparing-the-world-for-zero-emission-trucks
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