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About Hydrogen Mobility Ireland

Hydrogen Mobility Ireland is a group of stakeholders looking to develop the use of
hydrogen for transport in Ireland to help meet the challenge of decarbonising transport
whilst keeping transport practical and affordable. Hydrogen Mobility Ireland includes
industry members from across the transport and energy industries and has been
informed by input from a range of policy stakeholders from the Republic of Ireland and
Northern Ireland.
The opinions expressed in this publication are those of the author. They do not purport to
reflect the opinions or views of individual member companies.
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Required infrastructure for 1,000 fuel cell and battery heavy goods
vehicles each to travel 100,000 km in 2050
Quantifiable components
Fuel cell
Primary renewable capacity

Battery

63Primary
MW renewable capacity

Hydrogen thermal capacity

0

Hydrogen thermal capacity

BioEnergy & CCS capacity

0

BioEnergy & CCS capacity

Interconnectors capacity

0

Interconnectors capacity

Nuclear capacity

0

Nuclear capacity

Electrolysis capacity

63 MW Electrolysis capacity

Electrical energy storage

0

Electrical energy storage

Vehicle to grid storage

0

Vehicle to grid storage

62 MW
4 MW
2 MW
8 MW
2 MW
16 MW
45 MWh
39 MWh

Unquantifiable components
Fuel cell

Battery

Technology to maintain inertia on the grid

-

✔

Hydrogen storage for grid electricity

-

✔

Grid enhancements

-

✔

Uranium mining, processing, and transport

-

✔

Bioenergy harvesting and transport

-

✔

Carbon capture and storage for bioenergy

-

✔

Electrolysis demand side response

-

✔

Demand side responses

-

✔

Thermal storage demand side response

-

✔

Hydrogen storage

✔

-

Water usage

✔

✔

Underlying data sources: ‘Future Energy Scenarios 2021’, National Grid ESO; ‘Comparison of hydrogen and battery
electric trucks’, Transport & Environment, June 2020
Note: These numbers are derived from a scenario where nuclear is assumed as part of the generation mix in 2050.
Replacing the 2MW of nuclear would require at least 4MW of additional renewable capacity, plus extra storage
resources. The 66MW in the Executive Summary includes this additional 4MW because nuclear is not assumed an option
in Ireland and in many other countries.
Analysis: J Hogan
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Executive Summary
Purpose of this paper
This paper looks at how zero CO2 electricity will be produced for 1) battery and 2) fuel cell
electric vehicles in 2050 (electricity to charge batteries and to generate hydrogen from
water respectively), primarily focusing on heavy duty vehicles.
Battery vehicles have better Energy Conversion Efficiency than fuel cell vehicles, so they
require less electricity, but from an environmental perspective, how much electricity is
less important than what it takes to produce that electricity. We define the latter as ‘Total
Resource Requirement’ and call on policymakers and companies to use this efficiency
metric when evaluating energy and transport options.
Electricity for battery electric vehicles will not come from primary renewable sources
(e.g., wind and solar) alone—it is simply unrealistic to think that a commercial vehicle will
only charge when they are generating, in our view. Secondary production, secondary
generation, secondary storage, and various other technologies will be required in
addition. Evaluating all these components—Total Resource Requirement—is more
important than citing Energy Conversion Efficiency. For hydrogen fuel cell vehicles, we
must calculate how much wind generation, electrolysis, and storage are required.
We undertake a real-world scenario to demonstrate the efficiency advantages of
hydrogen fuel cell vehicles, which ultimately results from hydrogen’s instant resolution of
energy storage…

OBJECTIVE 1
Use Total Resource Requirement to assess energy, transport,
and infrastructure decisions for zero CO2 futures
In the context of vehicles, if you were asked what efficiency is, you might come up with
an answer along the lines of: ‘efficiency is the energy used at the wheels of the vehicle,

divided by the energy that was originally generated (or delivered to the vehicle)’. This
definition, Energy Conversion Efficiency, forms the basis of current and future planning
of many policymakers and companies across Europe. The thinking goes that the most
energy efficient project will have the least environmental impact and therefore cost the
least. There are other ways of thinking about efficiency, however.
Let’s leap forward to 2050 and think about the environmental impacts of an
infrastructure project, or a building project, or consumer goods, or just about anything
for that matter. If net zero has been achieved, they will all be constructed/delivered and
operated without CO2 emissions. The main environmental impacts that we must consider
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become what must be mined, what habitats are damaged, what are the waste products
of construction and operation and so on.
Imagine we are evaluating two projects that produce the same result, i.e., they both
move the same vehicle the same distance, we would like to choose the project that:
1) Has the least environmental impact; and
2) Costs the least
Logically, this will be the one that requires the least amount of construction. Total
Resource Requirement produces this answer whereas Energy Conversion Efficiency does
not. One way to think about Total Resource Requirement is that it is a measure of

construction efficiency, and it is defined as simply the summation of everything that must
be constructed to deliver a specific result.
In the example below, Option 1 has a higher Energy Conversion Efficiency—it does not
lose any energy—but it requires more material to construct. Once both options deliver the
same product, 700 MWh, the decision is not what one has the highest energy conversion
efficiency, but what one requires less material. Option 2 is better for the environment
and would cost less. Note that Energy Conversion Efficiency (or losses in this case) is
needed to determine Total Resource Requirement.
Example evaluation parameters for Total Resource Requirement
Energy Conversion
Efficiency
Option 1

100%

Material
(Total Resource
Requirement)
1,000 kg

Option 2

70%

700 kg

Generated
electricity

Losses

Net electricity
delivered

700 MWh

0%

700 MWh

1,000 MWh

30%

700 MWh

When comparing battery vehicles with fuel cell vehicles, the latter need more energy due
to the conversion efficiency advantages of batteries. In this case, we must ensure that
the energy delivered (more for hydrogen) results in the same output, e.g., moving the
same vehicle type the same distance.

OBJECTIVE 2
Demonstrate hydrogen fuel cell efficiency advantages with a
real-world 2050 scenario
For both battery and fuel cell electric vehicles in the future, the need of consumers to
access energy on demand will mean energy storage must be cracked.
Industry observers may point to battery electric vehicles charging overnight when
demand is low and supply from renewable sources is high. This should be encouraged,
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but it cannot be relied upon. Heavy goods vehicle (HGV) operators will almost certainly
need to charge vehicles at times when primary renewable electricity (e.g., electricity from
wind or solar) is unavailable, for instance, during the day when wider electricity demand
is high and renewable generation might be limited, or indeed overnight when the wind is
not blowing. If large scale storage of electricity and all the associated additional
infrastructure do not exist, there will be periods when battery HGVs will not be able to
operate—this is the message we hear from operators. As a result, battery HGVs are
dependent—today and in the future—on the wider infrastructure of the electricity system
and not just the output from primary renewable energy facilities such as wind farms.
For fuel cells, energy storage is resolved at the point that hydrogen is created. Let’s not
pretend that developing all the relevant infrastructure will be easy, but it may well be
easier to do than 100% decarbonising the electricity system, as this report will outline.

Scenario highlights limitations of Energy Conversion Efficiency
This paper considers the following real-world scenario: What infrastructure/resources are

required to move a) 1,000 fuel cell and b) 1,000 battery HGVs each 100,000km in 2050?
The fuel cell HGVs require 63MW of wind generation, while the battery HGVs require
more renewable capacity, 66MW. This is a staggering result, given that commentators
talk about fuel cell vehicles requiring four times as much wind. It is driven by the
overcapacity of renewables required to deliver zero CO2 electricity 100% of the time,
electricity storage losses and that hydrogen can be generated using only wind (higher
load factor) versus the electricity system’s use of wind and solar (lower load factor).
An interesting distinction between the two is that electricity networks are designed so
that they can always meet demand at a point-in-time, whereas for storable fuel systems,
such as hydrogen, the key parameter is that they can meet demand over a period of

time. In effect this means that there is less stress on the hydrogen system.
Over and above the renewable generation requirements, each option requires additional
infrastructure, as highlighted on page 4. This approach (for now at least1) has qualitative
aspects (see lists on page 4) so it is not possible to say, “A is more efficient than B”. It is a
judgement call, but the results of the scenario are much more favourable for fuel cell
vehicles than if one uses energy conversion efficiency alone.

Eliminate not Abate
An observation frequently used in energy planning is that hydrogen and fuel cells may be
useful in sectors where emissions are difficult to abate, such as heavy-duty transport.

To produce a fully quantitative answer would require evaluating every component in each
scenario to a very granular level, a major undertaking given the range of technologies utilised!
1
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First, the focus of this paper is squarely on decarbonisation. Achieving ‘zero emissions’
(no tailpipe emissions), while incredibly important does not mean zero CO2, which is much
harder to achieve. The focus on zero CO2 explains why this paper emphasises 2050.
Moving back to ‘difficult to abate’, this paper demonstrates the ironic situation that
sectors that are harder to abate may be easier to eliminate. Take light duty vehicles
(cars) and heavy-duty vehicles. Light duty vehicle CO2 emissions are falling thanks to the
introduction of battery electric vehicles that benefit from 1) superior efficiency vs
combustion engines and 2) can leverage off existing electricity infrastructure. They are
’easy to abate’.
Heavy duty vehicles are less technology ready, and currently costly—their CO2 emissions
are hard to abate. Decarbonising with hydrogen is hard at first because the infrastructure
does not exist, but once it does, thanks to hydrogen’s storage solution, it can be a zero
CO2 from the outset. Eliminating CO2 emissions for heavy duty vehicles may be easier
than it is for light duty vehicles that are dependent on a fully decarbonised electricity
system.

Closing thoughts
Whether technology option A is more efficient than option B is not the most important
thing or the final word. The technology must be right for the application, and I am
confident that both batteries and fuel cell electric vehicles will co-exist. It is hoped that
this paper will shine a light on one aspect of transport futures, enabling a greater level of
common sense.

Additional key findings
 Using Energy Conversion Efficiency for a system that has been constructed (today’s
electricity system) is correct as all infrastructure exists—it is akin to a sunk cost from
an environmental perspective. For a system to be constructed (the energy system of
2050), Total Resource Requirement must be used. Government’s must plan today
based on 2050, not 2040 or 2030, so that everything we construct for the energy
system from now also makes sense for 2050.
 The analysis in this paper focusses on electricity and hydrogen production. More
resources are required for distribution, charging/refueling and the vehicles themselves.
Due to energy density advantages, fuel cell vehicles may have advantages here too.
 The price of green hydrogen will almost certainly fall relative to today (drivers being
the price of wind turbines and electrolysers). Electricity prices will benefit from those
trends, but also face upward pressures due to the expansion of required infrastructure.
 The components of the electricity system in 2050 will predominantly be fixed cost (i.e.,
upfront capital costs), so the notion of ‘free’ surplus energy for hydrogen generation or
vehicle charging is not a given.
Executive Summary
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Introduction
Call for common sense discourse
Across social media, polarised arguments for and against hydrogen fuel cell vehicles are
often observed that often centre on issues of efficiency. This paper highlights benefits of
hydrogen fuel cell vehicles, but more important than giving the gold medal to the most
efficient option, is that this paper contributes to increasing common sense within the
debate. Whether you agree with the methodology used in the real-world scenario is less
important than acknowledging that we must think about efficiency differently, and
readers of this paper are asked to read it with an open mind.
Will hydrogen fuel cells be the only option for future heavy goods transport in 2050? No,
renewable electricity is the primary tool for decarbonising society, and battery electric
vehicles should leverage off that when the application is correct.

Understanding the nature of the ‘Energy Transition’
This paper is a comparison of energy production for two different methods of transport.
Historically, automobile manufacturers have not had to worry significantly about where
the fuel for the vehicles they produce comes from, while differences in fuel types (e.g.,
petrol and diesel) were straightforward.
Energy delivery can no longer be assumed as a given and there is a steep learning curve
for automobile manufacturers on this journey. This paper suggests that energy and
transport policies cannot be viewed in isolation, and to achieve the most efficient system,
energy policy should lead transport policy in the first.

National Grid ESO, Future Energy Scenarios
National Grid ESO is the electricity system operator for Great Britain. This paper
leverages its ‘Future Energy Scenarios 2021’ work:

‘Our Future Energy Scenarios (FES) outline four different, credible pathways for the
future of energy between now and 2050. Each one considers how much energy we might
need and where it could come from.’2
Congratulations to National Grid ESO for publishing such a thorough, transparent, and
rounded assessment of potential energy futures. I recommend all readers of this paper to
review its work and the associated data. It considers the whole energy system, not just
the electricity system. In this paper the ‘Leading the Way’ pathway is used for analysis.

2

https://www.nationalgrideso.com/future-energy/future-energy-scenarios/fes-2021
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Total Resource Requirement
Environmental impacts in 2050 will not be measured in CO2
One of the energy system requirements for 2050, is that it must have zero carbon
emissions. If this is achieved, infrastructure projects and vehicles in 2050 will be
constructed without embedded carbon emissions, so the environmental impacts that we
must concern ourselves with are what must be mined, the impact on habitats, waste
products—in general, what impact the projects have on the planet. The best projects will
be the ones that, for a given purpose, utilise the least amount of infrastructure.
This is different from the situation today. Consider a newly constructed wind farm and
gas power station. The environmental impacts of the wind farm are the measures
described above (e.g., impact of mining, habitat), plus the embedded carbon emissions of
construction. For the gas power plant, the environmental impacts are the measures
described above, plus the embedded carbon emissions of construction, and the lifetime
emissions of using natural gas.

The problem with Energy Conversion Efficiency
Are battery electric vehicles more efficient than fuel cell electric vehicles (EVs)? Yes, the
thermodynamics tell us that, the results on the ground tell us that. A calculation by
Transport & Environment highlights this.
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Figure 1: Efficiencies of fuel cell and battery vehicles (by Transport &
Environment)

Source: Efficient pathways to electrifying UK transport, Transport & Environment, Mar 2021

It appears that this result and other similar ones, guide policymakers and companies
across Europe and the world.
The ‘Overall efficiency’ in the figure can be called ‘Energy Conversion Efficiency’. For
vehicles this is the amount of energy used—at the wheels—divided by the amount of
energy at the start of the process. The use of the term ‘efficiency’ on its own will be
avoided in the rest of this paper.
Do we care about Energy Conversion Efficiency if all energy used is zero-carbon? Yes,
because the important real-world consequence of higher Energy Conversion Efficiency is
that it leads to less resources being utilised; building one wind turbine is better than, say
building four. It is an intuitive and a compelling argument.
If we care about the quantity of wind turbines used, we must surely concern ourselves
with everything else that is needed to deliver that power? In short, Energy Conversion
Efficiency does not do this, it concerns itself only with the amount of electricity delivered
and not how it will be produced in a real-world scenario. This significantly underestimates
what must be constructed by 2050 and beyond.
Delivering 100% renewable electricity, one the greatest challenges facing humanity,
cannot happen by building wind turbines alone.

Total Resource Requirement
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Enter Total Resource Requirement
Consider two renewable systems which produce the same amount of useful energy:
 System 1 has a 64% energy conversion efficiency and requires 500 kg of material.
 System 2 has a 36% energy conversion efficiency and requires 400 kg of material.
System 2 will be cheaper to construct, cheaper for consumers, requires less mining of
materials, it is the logical choice. The decision is based solely on the amount of material
required; Energy Conversion Efficiency does not factor in the decision once it has been

used to determine what is required.
The step of determining the total resources required (the mass of the materials in the
above example) is named in this paper as ‘Total Resource Requirement’.
This decision process is demonstrated graphically in Figure 2.
Figure 2: Process for determining Total Resource Requirement

A

Energy used at the
wheels
(MWh)

Use efficiency of motion
and charging efficiency
Energy stored on
vehicle
(MWh)
Evaluate transport and
generation losses

A

÷

B

Energy to be generated
(MWh)

B

Energy Conversion
Efficiency
(%)

Does not tell us total
resource requirements

Use Energy Conversion
Efficiency to determine
all system requirements
Total Resource
Requirement
(qualitative, quantitative)

We are now in a better
position to assess the most
efficient solution

Source: J Hogan

Total Resource Requirement is not a percentage in the way that Energy Conversion
Efficiency is. It is quantitative without defined units, though we can say that less is better.
In the earlier example, the Total Resource Requirement evaluation is undertaken by
evaluating the mass of the two systems.

Total Resource Requirement
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There are qualitative aspects as well. In a real-world scenario, one would have to dig
further to understand what is required to deliver the materials used in each option, e.g.,
what metal types were used (does 1kg of steel have the same impact as 1kg of lithium or
1kg of iridium?), where does the metal come, what is water usage, what are the waste
products, what is the replacement cycle?
Total Resource Requirement is not only more important in measuring the environmental
impact of zero CO2 options but is also much more closely correlated to costs than Energy
Conversion Efficiency is, in our view. That will be explained further later.

Stop, higher Energy Conversion Efficiency is better!?
If I have 100 units of energy, surely I should use it where it provides the most benefit;
100 units of energy will enable a battery HGV to travel further than a fuel cell HGV so
give them to the battery HGV? This view is correct from a perspective where the energy
system already exists, i.e., 2022. In this perspective, Total Resource Requirement is less
relevant because the system has been constructed so all components of it are akin to a
sunk cost. It does have some relevance, because the way we use the system today may
dictate what the system looks like in 20-, and 30-years time.
Let’s assume that when the wind blows, every unit of electricity demand can be met with
wind generated electricity. But the wind can stop blowing at any time, so there must be
an additional unit of capacity that sits in the background ready to fire up when called
upon. Today that is primarily thermal generation (e.g., coal, gas, and oil power stations).
But because that backup has been constructed, the environmental impact of its
construction does not feature in Energy Conversion Efficiency.
But if you want to construct the most efficient system in 2050 that is yet to be built, that
is a different story—one that demands the use of Total Resource Requirement. We will
need to build new backup generation for 2050, because coal, gas and oil cannot be used.

‘Efficiency’ in energy policy is unclear
In the European Green Deal in December 2019, the Commission set out: ‘a new growth

strategy that aims to transform the EU into a fair and prosperous society, with a modern,
resource-efficient and competitive economy where there are no net emissions of
greenhouse gases in 2050 and where economic growth is decoupled from resource use.
It also aims to protect, conserve and enhance the EU's natural capital, and protect the
health and well-being of citizens from environment-related risks and impacts’.
The term ‘resource-efficient’ could be said to speak to Total Resource Requirement. It is
not clear, however. The Green Deal goes on to say that to reach these objectives ‘energy

efficiency must be prioritised’. It appears that prioritising energy efficiency in this context
Total Resource Requirement
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relates to the use of energy and that resource-efficiency relates to the construction of,
say, buildings.
So where does the EU sit on energy efficiency? It appears that Energy Conversion
Efficiency is its priority right now.
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Electricity system in 2050; complex
but achievable
Quantifying Total Resource Requirement is difficult, but it is not an excuse for ignoring or
disregarding it. What the rest of this paper outlines is an attempt to quantify it for
hydrogen fuel cell and battery HGVs in a net zero world in 2050.

The inefficiency of today’s grid
Electricity grids are wonders of the modern age and there is little doubt that they will be
in 2050 and beyond. For clarity, the term ‘electricity system’ is used in this paper to
encompass generation sources and the networks that transport the generated electricity
to consumers.
Figure 3: Schematic of electricity system

Generation

Electricity system
Network
(transmission &
distribution)

In this section we look at what the electricity system of 2050 will look like, but before
that, it is helpful to understand an inherent inefficiency of the electricity system.
Renewable electricity sources are fantastic at generating electricity without carbon
emissions. It is worth stating and not for the last time: wind and solar are the future of

the energy system, the primary component of achieving net zero.
A well documented problem of renewable sources is that they are intermittent and do not
respond to demand, however. It can be said that they are ‘inefficient in time’. Consider
the electricity system in Ireland. In Figure 4, the following are displayed:
 peak and average power demand
 total installed renewable capacity
 total installed capacity of all generation sources.

Electricity system in 2050; complex but achievable
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Figure 4: Electricity supply and demand in Ireland
Installed capacity is significantly higher than demand… it must be

Underlying data sources: ‘All-Island Ten Year Transmission Statement 2019’, EirGrid &
SONI (2019 figures); ‘All-Island Generation Capacity Statement 2019-2028’, EirGrid &
SONI (2019 figures)
Analysis: Jonathan Hogan

Wind & solar collectively have enough capacity to meet average demand and are close to
being able to provide enough capacity to meet peak demand (which generally occurs in
winter, in the middle of the day). But because the sources are intermittent, and there is
limited electricity storage, they cannot be relied upon to meet demand. This is time
inefficiency. How do we get around this? In effect a second system is required, which we
can broadly consider as thermal generation capacity. The delta between ‘Total installed
capacity’ (12.1GW) and ‘Wind & solar capacity’ (4.5GW) in Figure 4 is largely thermal
generation capacity.
Take thermal generation capacity away and the electricity system will not function
correctly. For clarity, this is not a redundancy, i.e., a backup generator in case a main
generator fails, it is fundamentally more that. Two systems are required to provide the
same service, which by any normal measures, one would not class this as ‘efficient’, but
it is a reality and a necessity.

Take a journey to 2050…
To understand what it takes to deliver 100% CO2 free electricity in 2050 consider the
following scenario:

‘Imagine life was frozen in 2022, then 28 years later in 2050, there is a great thaw and
life resumes. But before the thaw, all electricity generation sources were removed, so all
that remains of the electricity system is the electricity transport network as it was in
2022.

Electricity system in 2050; complex but achievable
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New generation sources and network infrastructure must be constructed to meet the
world’s need, but because it is 2050, whatever is undertaken, must result in no carbon
emissions.’
This scenario would give people an incredible opportunity to construct a system with little
legacy issues and one fit for purpose; we would build the system in the most efficient
manner, in a way that uses the least resources.
The scenario is not as outlandish as it may seem. Most existing electricity generating
sources (e.g., wind farms, gas turbines, solar farms) will have past their useful economic
lives so they will need to have been replaced by 2050. Because we know what we must
achieve in 2050, we can plan new generation and enhancements to the electricity system
today, and over each of the next 28 years, that are correct for the electricity and energy
systems of 2050.
If we are smart—looking to 2050 and working back—we can end up with a system that
looks identical to the system that would be built in the imagined scenario.

Quantifying the electricity system of 2050
To describe what the electricity system of 2050 might look like, we use the work of
National Grid ESO and its ‘Future Energy Scenarios 2021’ (FES). It is no great mystery as
to what is required, but what the work does so well is to begin to quantify what is
needed…

1) Primary renewable energy sources generate the electricity…
First up, lots of zero-carbon electricity will needed. This will come from offshore wind,
onshore wind, and solar power; intermittent renewable electricity sources are the start of
the solution, the work horses of the system. These sources will always generate when
they can.

Electricity system in 2050; complex but achievable
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Table 1: Primary renewable energy sources in 2050
Primary Generation
Onshore wind
Offshore wind
Solar
Hydro
Others
Source: ‘Future Energy Scenarios 2021’, National Grid ESO
Analysis: J Hogan

But they do not always generate, so something else is required. Because their capacity
outstrips demand, the energy they harvest, over and above demand, must be stored for
later use.

2) … Secondary sources generate when there is no wind or sunshine…
Generation options where the energy vector can be stored are needed, so that electricity
can be generated on demand when renewables cannot generate. Batteries will do this,
but their energy capacity will be limited in the context of daily consumer demand, so
longer-term storage options will be required, for longer periods with little wind or solar.
Hydrogen can be used in thermal generation stations, and bioenergy (thermal generation
using plant or other biological material) will also provide thermal backup. In Britain,
nuclear power is an option on the table. In a fleet, this will generate non-stop to provide
‘baseload’ to the electricity system. It is not considered as a primary source because while
it is practically zero carbon, it is not considered as green due to nuclear waste. Nuclear
power is not considered an option in Ireland or much of the rest of the world, something
that will be returned to later.
Lastly, pumped hydro will be used as a source of fast response power, as it is today.

Electricity system in 2050; complex but achievable
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Table 2: Secondary electricity generation sources in 2050
Secondary Generation
Hydrogen thermal
Battery storage
Pumped hydro
Bioenergy carbon capture and storage
Nuclear
Source: ‘Future Energy Scenarios 2021’, National Grid ESO
Analysis: J Hogan

3) … Secondary sources need inputs…
Hydrogen needs to be created, so electrolysers will need to be connected to the
electricity system and the hydrogen that they produce will have to be transported and
stored. The bioenergy sources will need infrastructure to grow, harvest, process, and
transport the bioenergy to generation sites. Because burning bioenergy generates CO2,
carbon capture and storage can be utilised (this will have the benefit of making the grid
potentially negatively carbon emitting). Lastly, where nuclear power is used, Uranium will
have to be mined, processed, and transported.
Table 3: Secondary generation production in 2050
Secondary Generation Production
Electrolysis
Hydrogen storage & transport
Carbon capture and storage
Bioenergy creation and transport
Uranium mining, processing, and transport
Source: ‘Future Energy Scenarios 2021’, National Grid ESO
Analysis: J Hogan

4) … And major grid infrastructure will be needed
There is a physical feature of the grid today that is very important to its stable operation,
namely ‘inertia’. This is provided by the physical rotation of thermal generation sources
such as gas and coal. It is so important that if gas or coal do not need to generate—
because there is sufficient renewable generation to meet demand—they may still need to
switch on to provide the electricity system with inertia. For a better explanation see the
link in the footnote3.

3

https://www.nationalgrideso.com/electricity-explained/how-do-we-balance-grid/what-inertia
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According to the National Grid, renewables like wind and solar do not synchronise with
the grid in a way that provides inertia. Additional infrastructure will be required to
provide this in 2050.
As demand increases and more smart uses of electricity are deployed the electricity
system will need upgrading to facilitate that, particularly in urban areas where today’s
distribution grids are. Smart use of electricity will require more computational power and
switching equipment, which, by its nature, may need replacing more often than the main
transport wires.
Additional interconnection to grids in other countries will be needed, facilitating flow in
both directions, and helping to deal with excess renewable generation in respective
countries.
Massive consumer side responses will be required, such as only charging cars at night
(when demand is lowest), installing thermal heat stores in houses, and consumers being
prepared to delay their supply until a different time will be asked to do so.
Table 4: Additional grid resources in 2050
Supporting grid resources
Inertia systems
Grid enhancements
Interconnectors
Supply side response
Consumer response
Source: ‘Future Energy Scenarios 2021’, National Grid ESO
Analysis: J Hogan

Summary of required components
The table below summarises all the required components to enable the electricity grid to
deliver zero carbon electricity, 100% of the time. What should become apparent is that it
is not just a case of constructing a wind farm, massive additional infrastructure
requirements are required, with the vast majority of it having to be constructed new.

Electricity system in 2050; complex but achievable
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Table 5: Summary of electricity system components in 2050
Primary Generation

Secondary Generation

Secondary Production

Supporting resources

Onshore wind

Hydrogen thermal

Electrolysis

Inertia

Offshore wind

Battery storage

Hydrogen storage

Grid enhancements

Solar

Pumped hydro

Carbon capture

Interconnectors

Hydro

BECCS

BECCS creation

Supply side response

Others

Nuclear

Nuclear mining

Consumer response

Source: ‘Future Energy Scenarios 2021’, National Grid ESO
Analysis: J Hogan

National Grid has pulled this together in an energy flow diagram, Figure 5.
Figure 5: Energy demand and supply, Leading the Way scenario (TWh)

Source: National Grid ESO, ‘Future Energy Scenarios 2021’

This diagram gives an excellent overview of how primary renewable generation
dominates energy generation in the FES.

Discussion of electricity system in 2050
Thanks to FES, we can put numbers on the electricity system of 2050 and compare it
with 2020. In Figure 6, peak system demand and capacity are displayed for both 2020
and 2050.
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Figure 6: Supply demand position (GW)

350
300
250

3.6x

200

Capacity

150
100

1.8x
Capacity

50
Demand

Demand

0
2020

2050

Underlying data source: National Grid ESO, ‘Future Energy Scenarios 2021’
Notes: Demand is based as average cold spell peak

There is a major increase in the size of capacity over demand, 2050 vs 2020, reflecting
the changing nature of the electricity system as it becomes predominantly renewables
based. First, capacity is needed to ensure that the system will be able to create the
secondary sources described above. Secondly, some renewables, such as solar, have a
low load factor, which accentuates the delta relative to today.
In Figure 7 the breakdown of renewable and secondary generation is presented. In 2050,
total renewable generation is 222GW. Comparing that with peak demand, in Figure 6, of
95GW demonstrates how total renewable capacity will be greater than point in time
demand.
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Figure 7: Breakdown of generation sources (GW)
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Underlying data source: National Grid ESO, ‘Future Energy Scenarios 2021’

Total secondary generation in 2050 is 97GW, enough to meet peak demand of 95GW.
There is additional flexibility assumed, which would reduce peak demand to 61GW, that
looks necessary because 28GW of the secondary generation is interconnection capacity,
which cannot be relied upon to deliver electricity.

Total Resource Requirement considerations
National Grid ESO forecast’s 15 GW of thermal hydrogen capacity will be required in 2050
as part of the secondary generation—a major infrastructure deployment. The load factor
is forecast to be just 6% but is essential to ‘keep the lights on’. If we look at the future
solely using Energy Conversion Efficiency, the construction of this major asset does not
need to be considered which feels both incorrect and unfair. In contrast, it is a
fundamental consideration for Total Resource Requirement.
The above discussion is in no way a criticism of renewable electricity or National Grid
ESO’s work, it is simply the reality of a future system built around renewable generation.
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1,000 HGVs, 100,000km in 2050
Quantifying a 2050 scenario
Using National Grid ESO’s Future Energy Scenarios (FES), it is possible to begin to
quantify what resources, beyond wind turbines, will be needed in 2050 to deliver zero
carbon electricity 100% of the time. The following scenario is assessed:

‘What infrastructure/resources are required to move a) 1,000 fuel cell and b) 1,000
battery HGVs each 100,000km in 2050?’.
The answer in each case will be a list of assets that will begin to outline the Total
Resource Requirements.

Battery HGV scenario
In the case of battery heavy goods vehicles (HGVs), the calculation to undertake is: for
every incremental MWh of demand that the HGVs require, what incremental resources
will be needed to maintain 100% CO2 free electricity by the electricity system?
Another way of thinking about this is that every MWh of demand requires a proportionate
share of all electricity grid resources. This leads to a concept of electricity consumers
being ‘responsible’ for their share of grid resources.

Fuel cell HGV scenario
For fuel cell HGVs there are several scenarios that could be considered. For instance,
electrolysers, that create hydrogen, could be connected to the grid where they would use
excess renewable generation. In National Grid’s Future Energy Scenarios, this does
happen. The scenario considered here though is the case of an electrolyser directly
connected to a wind farm—the electrolyser is said to be ‘off-grid’.

Return to transportation later
The respective energy vectors must be transported and dispensed. For battery HGVs this
will be done via the electricity network and charging points. For fuel cell HGVs this will
probably be via HGVs with tube trailers and hydrogen refueling stations (some stations
may generate hydrogen onsite). We will address the implications of these systems later.
It is nuanced, but at this point we must still consider what additional resources the
battery HGVs will have upon the electricity network. Think of a charging station on a
major road. The electricity connection to that station may have to be built specifically for
that purpose. We do not consider this infrastructure in this report. But by building the
charging station, the increased local demand may put increased pressure on the local
electricity network, and this may mean that it needs to be reinforced. There is a less
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direct association in this case because the network already exists, but nonetheless the
increased demand has an impact on the local network in this scenario. We do not
quantify this impact in this paper, but we do highlight it as an impact upon the electricity
system.

Data sources and method
To ensure consistency, most inputs are taken from FES. For HGV efficiency data, figures
are taken from Transport & Environment4. Battery HGVs have a higher energy conversion
with a consumption of 1.15 kWh/km, versus 1.95 kWh/km for fuel cell HGVs.
In both cases, the approach taken is to work backward from the vehicle to determine
what supporting infrastructure is required. In the case of the battery HGVs, the first step
is to calculate what amount of energy is required to be stored in the batteries to move
1,000 HGVs 100,000km. We now know how much energy must be delivered to the
vehicles. This enables the calculation of a ‘resource factor’, which is the proportion of end
consumer electricity demand that these vehicles would consume.
Moving back through the system, transportation and generation losses are accounted for
enabling various quantities to be calculated, such as the amount of primary renewable
generation and required secondary sources of power generation. Some components
cannot be quantified such as bioenergy supporting infrastructure or incremental inertia
requirements. These components are listed, however.
For the 1,000 fuel cell HGVs after calculating how much hydrogen is needed in their
tanks, transportation and energy conversion losses are accounted for to determine how
much wind and electrolysis is needed to create that amount of hydrogen.

A largely mechanical exercise; judgement around use of electrolysers
The approach to this exercise is to be as mechanical as possible, for instance, the inputs
taken from FES and Transport & Environment eliminate the need for judgement. Some
judgement is necessary in relation to electricity grid system principles, however. This is
mostly straightforward, with the largest source of judgment relating to the use of grid
connected electrolysers and whether electricity consumers should be ‘responsible’ for
them, i.e., do electricity consumers need them?
Significant amounts of electrolysis are forecast in the FES, 58GW. It could be said that the
time inefficiency of the grid permits this, i.e., because at times there will be so much
excess generation relative to demand and because other storage methods are limited in

‘Comparison of hydrogen and battery electric trucks’, Transport & Environment, June 2020
(stored energy required to travel 1km)
4
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duration (batteries, pumped hydro), there will often be times when significant excess
generation which can be utilised by electrolysers.
Looking again at Figure 5, most of this hydrogen is ‘removed’ from the grid, i.e., it is not
converted back to electricity but used in other applications (heat, industry, transport).
There two ways of considering this:
1) Consider a scenario where hydrogen stores are low and there is due to be a long
period of low primary renewable generation. In that scenario, the entire fleet of
electrolysers might need to be put to work for the benefit of the electricity
consumers. In this case it can be argued that electricity consumers require the

total electrolysis capacity, even though they do not require all the hydrogen all the
time. In this scenario, hydrogen that leaves the electricity system is a ‘free’
resource benefit.
2) The amount of generated hydrogen re-used by the grid in thermal generation is
low. It could be argued that electricity consumers are only responsible for a

proportion of the total electrolysis capacity that is the same proportion as the
hydrogen re-used by the electricity system.
Option 1 implies that electricity consumers are responsible for the whole electrolysis fleet,
whereas Option 2 might imply that they are not (only the portion relating to the hydrogen
used to generate electricity). But this simplifies the nature of renewable generation.
Intermittent renewable sources rarely generate at 100% of their capacity, they will often
generate between a range of zero and 100%. This increases the number of times when
electricity consumers will need 100% of the actual output of these sources. Electricity
users might not need all the electricity and electrolysis resources all the time, but they
might need all of the resources some of the time.
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Figure 8: Histogram of total installed wind load factor in Ireland
Wind rarely operates at maximum output
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Underlying data source: EirGrid
Analysis: J Hogan
Note: data covers 15-minute intervals from 1 Jan to 30 Sep, 2021

This tallies with how grids are planned and operated; operators’ resource and manage
them so that they can cope with periods of maximum stress. Ultimately this is for
National Grid ESO to answer more fully based on its planning. But it is worth noting a
quote from its report (page 112): ‘Increased electricity peak demands compared to FES

2020 mean we will need more generation capacity, particularly renewables, as well as
flexible technologies and demand side response’. More demand means more generation is
required; it is not a case that increased demand can be smoothed over by more stored
energy.

Results
Wheels to tank
The first task is to calculate how much energy is required in the tanks and batteries of the
respective vehicles. As Transport & Environment’s tank-to-wheels efficiency assumptions
are used and we know how far the vehicles must travel, the task here is a ‘wheels-totank’ calculation (we typically see tank-to-wheels calculations!).
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Table 6: Energy required to move 1,000 battery and fuel cell EVs, 100,000km
Unit
Energy consumption of 1 HGV to travel 1km

kWh/km

Battery

Fuel Cell

1.15

1.95

Energy for 1,000 HGVs to travel 100,000km

kWh

115,000,000

195,000,000

Energy for 1,000 HGVs to travel 100,000km

GWh

115

195

Underlying data source: Comparison of hydrogen and battery electric trucks, Transport & Environment, June 2020
Analysis: J Hogan
Notes: Energy consumption of 1 HGV to travel 1km, is the stored energy required

The battery HGVs require less energy because they have a higher energy conversion
efficiency (from on-board storage to the wheels).
The remainder of the exercise is to calculate what infrastructure is required to generate
115 and 195 GWh for battery and fuel cell EVs respectively. At this point the calculations
for battery and fuel cell EVs diverge. Each is be presented separately.

Requirements to move 1,000 Battery HGV EVs 100,000km
We know how much energy is required to move the 1,000 HGVs, 115 GWh, so we can
calculate what share of the total end electricity consumer demand this represents. We
call this the ‘grid resource factor’ and its calculation is presented in Table 7.
Table 7: 1,000 battery HGVs grid resource factor in 2050
Unit
Energy for 1,000 HGVs to travel 100,000km

GWh

115

Electricity - annual consumer demand 2050

GWh

411,000

Grid resource factor - 1,000 battery HGVs

0.03%

Underlying data sources: Comparison of hydrogen and battery electric trucks, Transport &
Environment, June 2020; National Grid ESO, Future Energy Scenarios 2021
Analysis: J Hogan

The grid resource factor is applied to the quantifiable components of the whole electricity
system. For instance, the grid resource factor multiplied by the total installed hydrogen
thermal capacity represents the share of hydrogen thermal capacity that the 1,000
battery HGVs account for; the incremental hydrogen thermal capacity that is required
because of the HGVs. The quantifiable components are those elements identified
previously in Table 5, that have been quantified in the Future Energy Scenarios work
Using the grid resource factor calculated above, the components identified in Table 8 are
required to deliver zero carbon electricity to 1,000 battery HGVs in 2050.
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Table 8: Quantifiable electricity system components required for 1,000 battery
HGVs
Unit

Value

Primary renewable generation
Intermittent renewable electricity generation

MW

62

Hydrogen thermal

MW

4

BECCS

MW

2

Nuclear

MW

2

Electrical energy storage

MWh

45

Vehicle-to-grid storage

MWh

39

MW

16

MW

8

Secondary generation

Secondary production
Electrolysis
Supporting resources
Interconnectors

Underlying data source: ‘Future Energy Scenarios 2021’, National Grid ESO
Analysis: J Hogan

The unquantifiable components are elements that will be needed by the electricity system
in 2050, but which at this time cannot be precisely quantified.
Table 9: Unquantifiable electricity system components required for 1,000 battery
HGVs
Technology to maintain inertia on the grid
Hydrogen storage for grid electricity
Grid enhancements
Uranium mining, processing, and transport
Bioenergy harvesting and transport
Carbon Capture and Storage associated with bioenergy
Electrolysis demand side response
Demand side responses
Thermal storage demand side response
Water usage
Underlying data source: ‘Future Energy Scenarios 2021’, National Grid ESO
Analysis: J Hogan

Requirements to move 1,000 fuel cell HGVs 100,000km
As a reminder, it is assumed that the hydrogen for the fuel cell HGVs is generated by
electrolysers that are directly connected to a combination of onshore and offshore wind
farms, with a load factor of 47%, the same load factor used in the Future Energy
Scenarios and the same load factor used in the battery HGV calculations.
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The stored energy required in the hydrogen tanks has been calculated, 195 GWh. Working
back, it is possible to determine how much hydrogen that equates to, 5.85 mkg. To
produce that, more electricity than is stored in that amount of hydrogen is required due
to compression and transportation losses and the inefficiency of the electrolysis process.
The compression and transportation losses assumption are 11%, taken from Transport &
Environment’s ‘Efficient pathways to electrifying UK transport’ report, and the electrolysis
process is assumed to be 80% efficient, taken from National Grid ESO’s Future Energy
Scenarios.
The result is that 292 GWh of electricity is required, which compares with 195 GWh of
hydrogen required in the tanks. Lastly, a single conversion benefit for electrolysis
connected to wind farms is assumed. Wind farms generate electricity with a low
alternating current (AC). For use on the electricity system this needs to first be rectified
to DC and then inverted to 50 Hz AC. Electrolysers use direct current electricity, so only
the rectification is required, avoiding the losses of the inversion.
Table 10 displays the quantifiable components required for the fuel cell HGVs.
Table 10: Quantifiable components required for 1,000 fuel cell HGVs
Unit

Value

Intermittent renewable electricity generation

MW

63

Electrolysis capacity

MW

63

Underlying data source: ‘Future Energy Scenarios 2021’, National Grid ESO
Analysis: J Hogan

There are unquantifiable components, displayed below.
Table 11: Unquantifiable components required for 1,000 fuel cell HGVs
Hydrogen storage
Water usage

Hydrogen storage in this case is not storage at refueling locations, as with charging
points for battery vehicles, they are outside the scope of this report. Because wind farms
generate more electricity in winter and because road fuel consumption is relatively
consistent across a given year, hydrogen storage will be required to balance this
mismatch in addition to the general operational year-round buffer to accommodate for
periods of low wind generation.
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Summary of battery and fuel cell requirements
Having presented the results for battery and fuel cell HGVs individually, it is helpful to line
up all the results to compare.
Table 12: Required components for 1,000 battery and fuel cell HGVs
Unit

Battery

Fuel cell

Quantifiable components
Intermittent renewable electricity generation

MW

62

63

Hydrogen thermal

MW

4

-

BECCS

MW

2

-

Nuclear

MW

2

-

Electrical energy storage

MWh

45

-

Vehicle-to-grid storage

MWh

39

-

Electrolysis

MW

16

63

Interconnectors

MW

8

-

Technology to maintain inertia on the grid

✔

-

Hydrogen storage for grid electricity

✔

-

Grid enhancements

✔

-

Uranium mining, processing, and transport

✔

-

Bioenergy harvesting and transport

✔

-

Carbon Capture and Storage associated with bioenergy

✔

-

Electrolysis demand side response

✔

-

Demand side responses

✔

-

Thermal storage demand side response

✔

-

-

✔

✔

✔

Unquantifiable components

Hydrogen storage
Water usage

Underlying data source: ‘Future Energy Scenarios 2021’, National Grid ESO
Analysis: J Hogan

The difference between the two scenarios is stark. The future system requirement for
fuel cell vehicles looks a lot more straightforward.
It has been said that four times as many wind farms are required for a hydrogen vehicle.
It is not four times, but 1.02x according to this analysis (and there is a further adjustment
to come…). This is a staggering difference. How can this difference be explained despite
the Energy Conversion Efficiency advantage that battery HGVs have?


To start, the Energy Conversion Efficiency of electricity produced for the
electricity system (i.e., the amount of energy delivered to the network divided by
the amount of energy produced or used to generate that electricity) is not 100%
as is often assumed. It is calculated to be 80% in FES 2021 due to the use of
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hydrogen thermal, bioenergy and battery storage which all have energy
conversion losses associated with them. Transport losses are in addition, c. 4% in
FES, and are generally taken account of, as is the case in Transport &
Environment’s analysis.


The time inefficiency of intermittent renewable means that a generation capacity
of 277 GW (including 28GW of interconnection) is required to deliver an average
demand of 47 GW. There will be periods when more electricity is generated than
can be used by electricity consumers, so some energy ‘leaves’ the electricity
system.



Because electrolysis solves the time problem of intermittent renewables, albeit at
an energy cost, it makes sense to use the renewable technology that generates
with the highest load factor. This is wind, rather than solar, with load factors of
47% (onshore and offshore average) and 10% respectively in FES. For the
electricity system, diversification of sources is important, so while solar has a
lower load factor than wind, it generates in the daytime when demand is highest
and that it generates more in summer months is a useful counter to wind’s lower
summer output (it is windier in winter than it is in summer). If solar was replaced
with wind on the electricity system, so that the load factor of intermittent
renewables in the battery and fuel cell scenarios becomes the same, that would
make the electricity system more variable, and this would need to be
compensated with more storage and more secondary generation.

Total Resource Requirement of additional components
In addition to 63MW of renewable capacity, the fuel cell HGVs will require an equal
amount of electrolysis capacity and seasonal storage.
How does that stack up against the requirements for battery HGVs? Looking at Table 12, it
is clear to see that it is difficult to determine with confidence what option has the lowest
Total Resource Requirement, particularly as there are so many unquantifiable
components for battery HGVs.
It is not correct to add up the capacity of the additional components and compare that
with, say, the capacity of electrolysis required for fuel cell HGVs. This is because 1 MW of
each nuclear, BECCS and interconnection arguably have a worse Total Resource
Requirement than 1 MW of either wind energy or electrolysis using capital costs as a
proxy5. 1 MW of hydrogen thermal arguably has a better Total Resource Requirement
than wind, based on the capital costs of Combined Cycle Gas Turbines being lower than
Example capital costs are demonstrated in: ‘Capital Cost and Performance Characteristic
Estimates for Utility Scale Electric Power Generating Technologies’, U.S. Energy Information
Administration, Feb 2020
5
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wind (the levelised cost of electricity for a CCGT may be higher once gas costs are taken
account of).
Producing a non-subjective answer is possible, but is not an easy task, the materials, and
endeavours to produce all the requirements in Table 12 would have to be quantified. This
is beyond the scope of this exercise.

The nuclear benefit
Nuclear is an option on the table in Britain, reflected in 5 GW being deployed in the FES in
2050. For electricity systems, nuclear is very valuable because power stations typically
generate with an annual load factor of 70%. Operated in a fleet, where outages for
maintenance are planned, nuclear power stations can collectively provide a highly
consistent and reliable source of electricity. Based on the discussion that has proceeded
this, we have seen that there is a negative resource implication to operating intermittent
renewable sources, whereas nuclear power is at the other end of the spectrum.
For Ireland and many other countries, nuclear is not an option, with cost, demographics,
waste concerns, security of supply (uranium not indigenous) all being valid reasons
against. If we remove nuclear capacity from the analysis, the required intermittent
renewable energy capacity to replace it would have to be greater. It is estimated that at
least an additional 4 MW would be needed to replace 2 MW of nuclear. The associated
storage and secondary generation would need to increase as well.
This would put the total intermittent renewable capacity required in the battery scenario
at 66MW, meaning more renewable capacity would be required for battery HGVs than is
required for fuel cell HGVs, 63MW.
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Future characteristics of the electricity
system
Electricity prices will become more fixed
The cost of electricity today is largely set by the cost of the marginal generator. Let’s say
100 units of electricity are needed and 70 can be delivered by wind and solar. Because
these sources generate with almost no variable cost, all 70 units of their generation will
be used. Let’s say the remaining 30 are delivered by natural gas (methane) power
stations. The marginal generator is the last generator to be deployed on the system,
natural gas power in this scenario. The cost of all 100 units of electricity will be set based
upon the price of electricity generated by the marginal generator. The upshot is that the
cost of electricity is variable, and in this scenario it will follow the price of natural gas.
Now, let’s return to 2050 and consider the system components that we identified.
Table 5: Summary of electricity system components in 2050
Primary Generation

Secondary Generation

Secondary Production

Supporting resources

Onshore wind

Hydrogen thermal

Electrolysis

Inertia

Offshore wind

Battery storage

Hydrogen storage

Grid enhancements

Solar

Pumped hydro

Carbon capture

Interconnectors

Hydro

BECCS

BECCS creation

Supply side response

Others

Nuclear

Nuclear mining

Consumer response

Source: ‘Future Energy Scenarios 2021’, National Grid ESO
Analysis: J Hogan

The cost of electricity today is variable because the input costs of marginal generators
are variable. There are few assets in the table above that have significant variable costs
associated with them; the majority are capital intense. This is the case for all primary
generation.
For hydrogen thermal one could argue that the cost of the hydrogen will be variable. If
we look at the components above, hydrogen will be generated from excess wind (largely
fixed cost) and electrolysis (largely fixed cost), so it follows that the hydrogen itself will
be a largely fixed cost.
Looking across the rest of the system, arguably only BECCS and nuclear have meaningful
variable elements to them.
This fixed nature can be viewed as a positive, particularly against the backdrop of high
commodity prices. As work on future energy systems evolves, cost estimates of all
components will improve, and it may be possible to determine future electricity prices.

Future characteristics of the electricity system

34

Upward pressures on electricity, downward on hydrogen
What else does this mean for future electricity prices? The basis of electricity pricing used
today will probably not be valid; regulators and grid operators may need to determine
prices or pricing structures. What looks more certain is that the price of electricity relative
to hydrogen will increase.
It has been identified that the electricity system of 2050 will need significant
infrastructure—more than today—all of which will be looking for a capital return. Contrast
that to today, where a lot of the electricity system does not achieve capital returns, think
coal, and gas power stations over the last decade that have seen massive asset
impairments.
On the plus side, the cost of individual wind farms and solar installations are expected to
continue to fall. This is referred to as the ‘learning rate’.
Hydrogen is not expected to see such significant upward costs pressures. The main costs
of hydrogen are renewable electricity and electrolysers, both of which are expected to
fall, so hydrogen prices will almost certainly fall relative to today (in the case of
electrolysers connected directly to renewables). This position is summarized in Table 13.
Table 13: Hydrogen and electricity price pressures relative to today
Learning rate of

Learning rate of

Infrastructure
(relative to today)

renewables

electrolysis

Hydrogen







Electricity







Note: inflation ignored
Note: infrastructure relative to today is based on 1 unit of the respective products. 1 unit of electricity in
2050 will require more infrastructure relative to 2022 (see Figure 6). 1 unit of hydrogen will require less
infrastructure than today because efficiency improvements in electrolysis and storage per unit will
benefit

For clarity, this is not to say that the cost of electricity will increase, but that the cost of
hydrogen in 2050 is expected to fall relative to the cost of electricity from today’s levels.
The good news for consumers is that electrification and increased efficiency of some
processes, such as heat, will help keep bills down overall.
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Figure 9: Total energy consumed (TWh)
Energy Conversion Efficiency will result in less end energy consumed
1,600
1,400
1,200
I&C

1,000
800

Transport

600
Residential
400
200
0
2020

2050

Data source: National Grid ESO, FES 2021

Is the notion of free electricity plausible?
There is significant commentary on the possibility of excess renewable electricity (i.e.,
when demand is low, and supply is high) being a free resource to generate hydrogen or
store energy in batteries in the future. These conditions will probably happen more in
2050 than they do today due to the system having greater variable capacity, and this
means there will be more occasions when electricity generated by wind farms cannot be
sold at ‘market prices’, based on today’s pricing structures. If we assume that all owners
of wind farms want to achieve a capital return—wind farms will not be built if this does
not happen—this shortfall in revenue will have to be made up and a logical conclusion is
that prices will increase when demand is high and supply is low, so the average price a
wind farm sells electricity at is at the required level for achieving capital returns.
In this scenario, consumers of electricity that are time insensitive to when they use
electricity would pay less than consumers that need their electricity on demand and
without fail. That may sound fair, but on further consideration it does not look as good.
The most important users of electricity such as schools, hospitals, offices, retail, essential
infrastructure, houses, heat will have to pay more than, say, people charging vehicles or
generating hydrogen overnight, meaning that the most important users will be
subsidising other users. There is a strong argument that electricity prices will have to
undergo some degree of socialisation. This will be a choice for governments, regulators,
and system operators.
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Storage capacity in the FES will be pushed
The estimated deployment of battery storage in 2050 is huge, 43GW of grid storage
capacity plus 39GW from vehicle-to-grid in the FES. The 43 GW of grid storage can store
160 GWh of energy according to FES. At a country level, we talk about energy used in in
terawatt hours; the estimate in 2050 for total electricity usage by end consumers is
411TWh.
Based on constant demand across the year, those 43GWs of batteries provide 3 hours of
consumer demand, demonstrating that they are unlikely to be suitable for long-term
storage.
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Sense checking
Charge overnight for maximum efficiency?
It is often highlighted that charging EVs is best done overnight when demand is low. This
logic holds for generating hydrogen as well and it makes sense; options where storage
results (e.g., vehicle batteries or hydrogen) should be encouraged when demand is low.
If an HGV is charged exclusively overnight, using excess wind, then is there a case to be
made that this is ‘free’ energy from a resource perspective; is the HGV just using
infrastructure that exists eliminating the point of this paper?
To run with this argument, we have to say the HGV will only charge overnight and when

there is excess wind. This presents an issue for prolonged periods without wind. In 2020
there was a period of 22 days in April when wind was not at anything like its full output
and 15 days in August (see Figure 10)! Can a commercial operator, or any other vehicle
user for that matter, live with this uncertainty and restriction? That can be debated, but
the answer is a resounding no in my opinion and those of operators spoken to.
Figure 10: Wind generation in Ireland (2020, GWh)
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Data source: EirGrid
Note: there is a period of c.22 days between Apr and May with very low output and a period in August
of c. 15 days

Leaving aside the issue of whether there is enough wind generated electricity to charge
overnight, can HGV operators provide their service exclusively using nighttime charging,
i.e., can they operate without charging during the day when the required electricity is
more likely to come from secondary generation sources? The European Automobile
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Manufacturers’ Association (ACEA) is calling for 40,000-50,000 higher power charges to
be installed in the EU for medium and heavy-duty vehicles. The purpose of those is so
that vehicles can charge when they must. It seems completely implausible that an HGV,
or any vehicle can charge exclusively overnight using either excess wind or electricity
generated from secondary sources.
As soon as the HGV taps into the electricity system and uses electricity that might
otherwise be stored in readiness for secondary system purposes or uses electricity that is
generated by secondary sources, the argument of this paper, Total Resource
Requirement, comes into play. If it charges 99% of the time using excess wind, the 1%
from other sources means that it relies upon the secondary systems and associated
infrastructure deployed by the electricity system.

The benefit of hydrogen generated for other purposes
The FES contains some helpful energy flow charts, as highlighted earlier.
Figure 11: Energy demand and supply, Leading the Way 2050 scenario (TWh)

Source: National Grid ESO, ‘Future Energy Scenarios 2021’

This figure highlights the significant amount of primary renewable electricity that is used
for hydrogen production, and how it is then used in aviation & shipping industrial &
commercial, road & rail transport, and residential. It is for National Grid ESO to explain the
process behind this, i.e., is the oversupply of wind unavoidable for meeting consumer
electricity demand or has additional wind been built specifically to enable hydrogen
generation?
This makes a difference on the Total Resource Requirement discussion. For instance, if it
comes from oversupply, it is a consequence that falls out from having to supply
consumers with electricity.
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For hydrogen the argument is positive either way because National Grid ESO see it as
part of the transport solution in 2050.
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Next steps
Do not plan for 2050 thinking it’s 2022
As we stand today, it appears that Energy Resource Efficiency is the main motivation of
policy makers for prioritising the adoption of future vehicle technologies.
This perspective misses the point of this paper, but if we look at it from the viewpoint of
2022, it is easy to see why this happens. Today we have an already constructed system
with a finite capacity, so yes, we must use it as leanly as possible. The crucial difference
between today and 2050 is that the secondary system (largely thermal capacity) exists
due to historic investments, so we do not have to worry ourselves with what additional
storage may be required.
But this view is no longer good enough as we move into the future with a largely clean
slate (if we act fast enough). We must radically alter how we plan energy systems by
looking at whole of system considerations, and we must plan based on what the best
system in 2050 is, not what it looks like in 2022, or what it might be in 2030, or 2040.

Layer charging and vehicles into further analysis
In this paper we are only considering the generation of electricity and hydrogen, except
for some transport of electricity via the existing grid. There are two more important
considerations for completing the Total Resource Requirement of the two vehicle types.
First, we need to consider distribution more fully and secondly, we need to look at the
construction of the vehicles and how they will operate.
In relation to distribution, it is tempting to think that this problem has been resolved for
battery vehicles due to existing electricity networks. Charging batteries will benefit from
this, but there is still lots to be done. Electricity will have to go to new locations, the more
vehicles that charge, the larger the connections will have to be and charging points will
have to be constructed.
For hydrogen, how hydrogen will be distributed will have to be answered and there is the
option of onsite charging to consider. Could hydrogen be distributed via pipelines in the
future?

Next steps
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