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Abstract: Water electrolysis is a process which converts electricity into hydrogen and is seen as a key
technology in enabling a net-zero compatible energy system. It will enable the scale-up of renewable
electricity as a primary energy source for heating, transport, and industry. However, displacing
the role currently met by fossil fuels might require a price of hydrogen as low as 1 $/kg, whereas
renewable hydrogen produced using electrolysis is currently 10 $/kg. This article explores how mass
manufacturing of proton exchange membrane (PEM) electrolysers can reduce the capital cost and,
thus, make the production of renewable power to hydrogen gas (PtG) more economically viable. A
bottom up direct manufacturing model was developed to determine how economies of scale can
reduce the capital cost of electrolysis. The results demonstrated that (assuming an annual production
rate of 5000 units of 200 kW PEM electrolysis systems) the capital cost of a PEM electrolysis system
can reduce from 1990 $/kW to 590 $/kW based on current technology and then on to 431 $/kW and
300 $/kW based on the an installed capacity scale-up of ten- and one-hundred-fold, respectively.
A life-cycle costing analysis was then completed to determine the importance of the capital cost of
an electrolysis system to the price of hydrogen. It was observed that, based on current technology,
mass manufacturing has a large impact on the price of hydrogen, reducing it from 6.40 $/kg (at
10 units units per year) to 4.16 $/kg (at 5000 units per year). Further analysis was undertaken to
determine the cost at different installed capacities and found that the cost could reduce further to
2.63 $/kg and 1.37 $/kg, based on technology scale-up by ten- and one hundred-fold, respectively.
Based on the 2030 (and beyond) baseline assumptions, it is expected that hydrogen production
from PEM electrolysis could be used as an industrial process feed stock, provide power and heat
to buildings and as a fuel for heavy good vehicles (HGVs). In the cases of retrofitted gas networks
for residential or industrial heating solutions, or for long distance transport, it represents a more
economically attractive and mass-scale compatible solution when compared to electrified heating or
transport solutions.
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1. Introduction

National governments are now beginning to follow the well established scientific con-
sensus on climate change and are establishing net-zero greenhouse gas emissions targets [1].
One of the solutions is to increase the production of renewable energy sources (RES) and
displacing the use of fossil fuels. This has been one of the most positive developments in
the past few years and has been made possible by the rapidly installed cost reductions of
RES, as presented in Figure 1, and in more detail for electrolysis in Figure 2. The observed
trend is that, as more renewable technologies are deployed, the installed capacity has
increased and, in almost all cases, there has been a corresponding reduction in the installed
cost of the technology.
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Figure 1. Historical and projected cost reductions across a range of net-zero transition technologies
as a function of installed capacity relative to a 2019 baseline. Key technology market size and cost—
offshore wind, onshore wind, Li-ion batteries, photovoltaics (PV), and electrolysis out to 2030 and
2050. Cost reduction made on the basis of a simple power law extrapolation through historical data
and estimates of market sizes [2–6].

Figure 2. Historical and projected cost reductions across a range of net-zero energy technologies as a
function of installed capacity relative to a 2019 baseline. A more detailed view of the cost reductions
expected for a scaled-up electrolysis market. Raw data from large scale electrolysis systems [7], as
well as projections of future costs and scale from Bohn, et al. [8], Hydrogen Council (2021) [9], and
IRENA 2020 [6].
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As a result of mandated targets, the benefits of mass manufacture, and their corre-
sponding cost reductions, it is expected that global renewable energy production will
continue to increase 2.3% year on year, from 2100 GW in 2016 to 3700 GW in 2040 [10].
These high rates of deployment have begun to be realised and exceeded in 2020, with 3%
recorded and a further 5% expected by the International Energy Agency [11].

However, overcoming (or taking advantage of) the intermittent nature of renewable
energy supply is now an increasing challenge, for example in 2017, GBP 67 million worth
of electrical energy was lost in the UK energy system as a result of curtailed wind energy
in times of excess supply [12]. A lost opportunity which is likely to increase in frequency
and scale as more renewable energy supply technologies are deployed.

One promising prospect for storing and utilising the excess energy produced by
renewable energy supply is power-to-gas (PtG), a technology which directly converts
electrical power to hydrogen via electrolysis and utilises it at scale. Hydrogen is a clean
and sustainable energy carrier which emits only water as a by-product with zero exhaust
carbon dioxide emissions. In an era of increasing de-fossilisation, it is seen by many as
a solution which brings some of the energy system flexibility and resilience delivered
presently by fossil fuels whilst taking advantage of the cost benefits of utilising existing
fossil-based energy infrastructure.

As presented in Figure 3, hydrogen has the potential for large scale deployment and
use across the transport, heat, industry and electricity sectors [13,14]. As we progress
toward a scaled-up net-zero energy system, the opportunity for hydrogen-based solutions
is expected to open up significantly [14] with opportunities across various areas:

Storage: Hydrogen can be stored readily as compressed gas, as a liquid, or absorbed into
materials. The former has the most potential to bring resilience and scale to energy
networks. At scale, geological hydrogen storage could potentially be deployed by
utilising depleted gas fields [15];

Gas network: There is an opportunity for hydrogen to be used for heating and power
in buildings. Using the existing (and future) gas network infrastructure including
blending with natural gas. This is a potential pathway to bringing forward a means
for distribution;

Industry—feedstocks: Hydrogen is a key feed stock for steel, ammonia, and methanol
production, as well as for refineries offering a competitive alternative to natural gas
and coal as the primary energy source. It can also offer mid- to high-grade thermal
energy for industry, in competition with electrical heating and heat pumps;

Transportation: There is scope for hydrogen to fuel trains, heavy and medium-duty trucks,
vans for urban delivery, coaches, long and short distance urban buses, small and
large ferries, taxis, large passenger vehicles, sports utility vehicles (SUVs), mid-size
short and long range vehicles, small urban cars, syn-fuelled aviation and forklifts. All
applications would be expected to have competition from battery vehicles, bio-fuels,
and electric catenary systems. Nevertheless, some studies point to the fact that,
on-balance, a typical driver would prefer hydrogen [14];

Buildings: Buildings would benefit from using gas in boilers or in hydrogen fuelled
combined heat and power systems. Renewable hydrogen potentially represents a
cost competitive alternative to the use of biogas and in the long term natural gas with
carbon capture;

Electric power: Hydrogen offers the potential for utility scale electricity production via
fuel cells, simple cycle and combined cycle turbines, as well as for back-up and
remote generation;
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Figure 3. The opportunity for producing hydrogen from renewable electricity and its potential
applications across a net-zero energy system.

1.1. A Growing Opportunity for Renewable Hydrogen

Whilst not widely abundant on earth in high concentrations, there are multiple dif-
ferent processes to produce high purity hydrogen. Currently, 96% of the global hydrogen
production comes from non-renewable fossil fuels, predominantly via steam reforming of
natural gas [16]. It is widely [6] recognised that, at least in the short term, hydrogen pro-
duced from natural gas will be the most cost effective mode of production and can rapidly
be decarbonised at scale through the integration of carbon capture and storage technology.

However, in the longer term, water electrolysis is widely expected to become a cheaper
option for producing decarbonised or so-called ‘green hydrogen’ [6]. Currently, electrolysis
only makes up 4% of the global hydrogen production at around 19.8 GW [5], however
as presented in Figure 2, compared to a 2019 baseline, various estimates, such as those
by Bohn, et al. [8], Hydrogen Council (2021) [9], and IRENA 2020 [6], generally consider
that this figure could increase ×5–50-fold by 2030 and by 2050 more than ×100-fold. This
would represent an unprecedented rate of growth relative to 2019, even compared to those
expected by other renewable-related technologies, such as those presented in Figure 1, such
as Li-Ion batteries, photovoltaics (PV) and wind power.

As might be expected, most publications [6–9], etc., point out that, whilst there is a
growing demand for hydrogen, the growth of this opportunity will ultimately be driven
by its cost and the demands of our transition to a net-zero energy system. The cost of
hydrogen from electrolysis is mainly driven by the use and price of electricity, as well as
the capital cost of an electrolyser system itself. The raw data presented in Figure 2 obtained
from Most, et al. [7] set out how the installed cost (i.e., the price of the electrolyser per kW)
has reduced for alkaline electrolysis systems as a function of the total installed capacity.
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It is quite common practice to present these data in the form of learning and experience
curves. A learning curve typically relates to labour saving activities brought forward
through doing repetitive operations, whereas an experience curve relates to the cost savings
brought forward from increasing production volumes. These have been considered by
researchers such as Bohn et al. [8]. Based on historical trends from across the renewable
energy sector (Figure 1) and beyond [17], it would be expected that a similar trend would
also be expected to continue for electrolysis systems. Indeed with the current price of
hydrogen not competitive with fossil fuel equivalents, and with at least 228 large-scale
hydrogen projects worth $70 billion across 30 countries now underway [9], a significant bet
has been placed by national governments that this and other renewable energy trends will
continue over the next 30 years. By following its extrapolation, the analysis demonstrates
that hydrogen electrolysis systems could be expected to reach 60%–80% of their current
prices as the installed capacity increases toward a hundred-fold scale-up.

Whilst there are different methodologies for developing experience and learning
curves [8], they do represent a useful (albeit simplified) model for estimating a future
installed price. For example, as in the case of those presented in Figure 1, Figure 2 is used
to present a power law that has been fitted through historical data of electrolysis systems.
This law is then used to extrapolate forward and out to the projected market sizes expected
in 2030 and 2050.

When taking a more specific look at electrolysis, Figure 1 sets out different projections
for the scale of the sector in 2030 and 2050 and the likely corresponding costs. The power
law extrapolation shown is the same as that presented in Figure 1, albeit with a wider
range of uncertainty shown with shading. The blue uncertainty band presented in Figure 2
has been added to demonstrate how sensitive the power law fit is to smaller and more
recent datasets. For example, the upper bound is a fit only to the most recent five years
and the lower bound only to the most recent three years. The fact this results in such a
significant variance, with such significant implications to cost illustrates how sensitive
these evaluations are to a narrow dataset followed by extrapolation.

The analysis by Bohn, et al. [8] (carried out for a PEM based system) typically follows
a similar tend to the simple power law. Others, such as those by the Hydrogen Council
(2021) [9] and IRENA 2020 [6], put forward alternative analysis which indicate a more
aggressive reduction in price. In both cases, the authors suggest that a more optimistic
learning rate should be put forward especially in the short term. This was justified on the
basis that historically other renewable energy technologies have gone though a period of
more rapid leaning at a similar development time to that currently observed across the
electrolysis market.

1.2. The Electrolysis of Water to Produce Hydrogen

Water electrolysis has been around for about 200 years [18]. However, only in recent
decades has it received significant interest for use in the energy sector.

Water electrolysis is a fundamental process relevant to all PtG concepts. When a direct
current is applied to water, it is spilt into hydrogen and oxygen gasses. The theoretical
minimum energy required to split a water molecule is equal to the Gibbs free energy of
formation of water (∆G = 237.2 kJmol−1 at room temperature) [13], also known as the
lower heating value. The reversible voltage is calculated using Equation (1) [13].

Erev =
−∆G

nF
= −1.23 V (1)

where n is the number of electrons required, each mol of water requires two moles of electrons,
hence n = 2. F is Faraday’s constant which equals 96,500 C/mol [13]. An electrolytic cell
operates at a negative potential because the reactions require the addition of energy, hence
∆ > 0 [19]. Entropy is also generated when the water is split, hence the potential necessary
for water electrolysis without withdrawing heat from the surroundings should be calculated
using the change in enthalpy, (∆H = ∆G + T∆S = 237.2 + 48.6 = 285.8 kJmol−1) [13] rather
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than just ∆G. Using ∆H as opposed to ∆G from Equation (1). This gives the heat of water’s
formation (also known as the higher heating value) and, hence, the practical water voltage
required by electrolysis to be−1.48 V [19]. The voltage required from the T∆S term (−0.253 V)
occurs on the hydrogen evolution reaction at high pH and on the oxygen side at low pH [19].
The ideal electromechanical efficiency for water electrolysis is 39.39 kWh/kgH2, a number
corresponding to the higher heating value [19]. PEM electrolysis systems operating at a low
current density have a higher efficiency, however this results in less hydrogen being produced.

1.2.1. Electrolysis Types

There are three common types of electrolysis: proton exchange membrane electrolysis
(PEM), alkaline water electrolysis (AEL), and solid oxide electrolysis (SOEC).

AEL was first introduced in 1789 [13] and is a well-established method of producing
hydrogen with non-noble and low-cost materials [20]. However, AEL has a slow loading
response and, therefore, takes a long time to start up (60 min [13]). This is not ideal in
use alongside RES, as the electrolyser needs to be turned on as fast as possible to take
advantage of periods where RES are producing an excess of power.

SOEC was first introduced in the 1980s by Donitz and Erdle [21]. It offers the potential
for high efficiency and many other advantages. However, it is yet to reach the scales of PEM
systems and only limited data are available to complete a techno-economic analysis [22].

In a PEM, water is pumped to the anode and splits into oxygen, hydrogen ions
(protons), and electrons. The hydrogen ions selectively move via a proton conducting
membrane to the cathode. The electrons flow through an external circuit and provide the
cell voltage for the reaction. The electrons and protons then combine at the cathode to
form hydrogen gas. A schematic containing a PEM cell can be seen below in Figure 4.
The half-reactions can be seen in Equation (2) [23].

Anode: 2 H2O −−→ O2 + 4 H+ + 4 e−Cathode: 2 H+ + 2 e− −−→ H2 (2)

Figure 4. Schematic of a polymer electrolyte membrane (PEM) electrolyser cell.

A big challenge that PtG technology faces is the cost of the electrolysis process. Despite
uncertainties regarding the cost of hydrogen production via electrolysis, it currently costs
approximately $10/kgH2 compared to steam reforming, which costs $2.27/kgH2[13].

One of the reasons for this high cost is the high capital cost associated with PEM
electrolysis systems. However, it is expected that the capital cost of a PEM electrolysis sys-
tem can be significantly reduced by achieving economies of scale via mass manufacturing.
Currently the largest global PEM electrolysis factory can produce only 30 MW of capacity
output per year [24] (equivalent to 150 units of 200 kW PEM systems). However, ITM
Power have recently announced a project to develop a manufacturing factory to produce
1 GW of PEM electrolysis systems annually [24] (equivalent to 5000 units of 200 kW PEM
electrolysis systems).
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1.2.2. The Contribution of This Research

The challenge remains that whilst much of the analysis summarised in Figure 2
indicates that costs will reduce, it offers no direct physical basis or implementation plan for
how many of these cost savings might be achieved in practice—it is generally assumed that
they just happen regardless of the laws of physics or practical considerations. Furthermore,
they also assume that there is no specific reason why the price of a system cannot continually
become cheaper for example they may be limited by increasing scarcity of commodities,
raw material, manufacturing or other design-related factors.

This article sets out to understand how hydrogen electrolysis and renewable hydrogen
might achieve the benefits of reduced cost on a practical basis. This article presents a
technical and economic model of a proton exchange membrane (PEM) electrolyser system.
The model links the fundamental commodities required to build the sub-components,
components, and system as a whole. It can be used to compute energy demand and
expected performance. Each component has been costed and its future price estimated to
quantify what cost savings might be achieved on a practical basis.

Ultimately, the outcome is novel as it represents a more “physics-based” evaluation of
what a PEM electrolyser system cost might be feasible in the near to medium term at a ×10
and ×100 scale-up compared to a 2019 baseline. The analysis sets out the key sensitivities
and demonstrates them in terms of their impact on the likely installed costs, as well as the
future price of renewable hydrogen and its implications for the wider energy system.

The article then combines the results from the capital cost financial model with operat-
ing costs to provide a levelised cost of hydrogen (LCOH) from a life-cycle costing analysis.
These results are then analysed to determine the importance hydrogen could play in the
energy sector.

2. Methodology

The techno-economic model developed in this research was initially based on a
similar methodology developed and then published by the National Renewable Energy
Laboratory [25]. This work was carried out in 2015 and, as described in the introduction
and visualised in Figure 2, a significant amount has now been learned and the scale and
viability of the opportunity has grown notably in that time.

The model outlined below combines the results from a techno-economic model of a
200 kW PEM electrolyser manufacturing process, a 200 kW PEM electrolyser produced
during that process, together with operating costs to provide a LCOH from a life-cycle
cost basis. The technical details of the 200 kW PEM electrolyser being manufactured are
set out in Table A7. The specific size of the system considered was identified on the basis
that it was large enough to benefit from the economies of mass scale manufacturing whilst
representing a single module in a larger system.

2.1. Capital Cost of an Electrolyser System

The capital costs (CAPEX) of an electrolyser system comes from the sum of the
installation, balance of plant (BOP), and stack and indirect costs.

The indirect costs (such as research and development, administration, sales and
marketing) were added to the total stack cost with a 50% mark-up [26]. Installation costs
were also added to the system cost with a 33% mark-up [25].

2.1.1. Stack Cost

An activity-based bottom-up direct manufacturing costing model was used to calculate
the cost of manufacturing the key components in the stack [25,27]. The cost of the stack
($/kW) is dependent on the power density of the cell, the material cost per cell area and
the assembly cost. Activity based costing assigns overhead and indirect costs related to
each component manufacturing process [28]. The key manufacturing components required
to build the stack are: catalyst coated membrane (CCM), porous transport layer (PTL),
seal/frame, bipolar plates (BP), and stack assembly (SA).
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The key manufacturing cost parameters used were based on those of a U.S.-located
manufacturing system [25] and are summarised and justified in Table A1 (Appendix A).
The manufacturing model structured around the production of multiple 200 kW PEM elec-
trolysis systems, these units are assembled using 102 individual electrolysis cells. The direct
costs included in the model were associated with the materials, capital (manufacturing
equipment), labour, energy, and scrap [25].

It was assumed that there was a separate assembly or manufacturing plant for each
component of the stack, and that all plants were constructed from an empty building, i.e.,
equipment had to be bought and installed, etc.

The fixed cost components associated with the manufacturing process, including the
capital cost of the plant (manufacturing equipment) and the building cost, were annualised,
Ccap,a, using the capital recovery factor (CRF) [29]. Where i is the interest rate and n is the
number of accounting periods.

CRF =
i(1 + i)n

(1 + i)n − 1
(3a)

Ccap,a = Ccap ·CRF (3b)

The variable stack costs include material and labour costs. The labour costs [25]
were estimated based on the hours of labour required to make a certain number of units.
However, it seems unlikely to be able to employ a skilled worker in such a niche area on
a temporary contract. Therefore, in this model the labour cost was estimated based on
the minimum number of full-time workers (paid an annual wage) required to complete a
certain number of units. The minimum number of workers required to run each factory
line is shown in Appendix B.

Material costs were based on the average spot prices of commodities in 2019 and the
total amount of material used.

All of the assumptions for each manufacturing process in the stack can be seen
in Appendix B. Where there was limited information on the future parameters of each
manufacturing process, a 20% improvement was assumed where reasonable. It was also
assumed that the power density of a PEM electrolysis cell would increase by 2030 from
2.89 W/cm2 to 4.4 W/cm2 without hindering efficiency [30].

As a result, fewer cells would be required to make a 200 kW system, as shown in
Equation (4), where N is the number of cells in the stack, S is the system size (W), Pd is the
power density (W/cm2) and A is the cell active area (cm2)

N =
S

Pd A
=

200,000
4.4× 680

= 66.9 (4)

Therefore, the number of cells required to make a 200 kW system were estimated to
be 67 cells in 2030 compared to 102 in the current case. The total annualised cost of each
manufacturing process in the stack was then calculated by summing the fixed and variable
costs associated with each process.

The cost per kW of each stack process was then calculated using Equation (5).
Equation (5) uses the PTL as an example but the same equation was applied to all of
the stack processes. CPTL,a is the total annual cost of the PTL manufacturing plant, n refers
to the number of units manufactured annually.
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CPTL =
CPTL,a

nS
(5)

The total cost of the stack was then calculated by summing each manufacturing
process, as shown in Equation (6). The balance of stack cost (CBS) covered the cost of wires
and stack housing and was assumed to be 13% of the total stack cost [25].

Cstack = CCCM + CPTL + Cframe + CBP + CSA + CBS (6)

2.1.2. Balance of Plant Cost

The BOP is made up of the equipment and auxiliary systems that allow the stack to
function [31] ranging from the water supply at one end to the hydrogen storage at the
other. The cost of the BOP was based on relevant data published elsewhere [25]. In turn,
these costs were based on quotes from parts suppliers and from experts in the industry (see
Appendix E). It was assumed that for every ten times more units purchased there would
be a 20% reduction in the cost of the BOP parts, similar to the average learning rate applied
to PEM fuel cells [25].

2.2. Total System Costs

The BOP and stack costs were then combined along with the markup and installation
cost to give the total capital cost of a 200 kW PEM system.

2.3. Life-Cycle Costing Analysis

Next, this research builds on this analysis by combining the CAPEX of the PEM
electrolysis system with a life-cycle costing analysis (LCC) to provide a levelised cost of
hydrogen (LCOH). An LCC involves the analysis of the costs of a system over its entire life
span, including capital, operational, and management costs [32].

The operational costs (OPEX) of a PEM system consists of the feedstock costs and the
operational and management costs. The feedstock cost is made up of the cost of water
(which was found to be negligible) and the cost of electricity ($/kWh). The operational
and management costs comprise general maintenance and the labour required to run the
system and was assumed to be 5% of the total capital cost of the system each year [33].

When it came to calculating the annual cost of electricity, Ce,a Equation (7) was used.

Ce,a = CeEH2,a
ηideal

η
(7)

where Ce is the cost of electricity ($/kWh), EH2,a is the amount of hydrogen (kg) produced
annually, ηideal refers to the ideal efficiency of the PEM system (39.39 kWh/kgH2) and η
refers to the efficiency of the electrolyser (%).

The cost of electricity was based on producing electricity from offshore wind since it
is the UK’s most abundant and scaleable renewable energy source [34]. The levelised cost
of electricity and capacity factor from offshore wind targets were published recently be
IRENA [35] and were used directly in the analysis. These are presented in Table 1 alongside
key electrolysis operating assumptions used for 2020 and various ×10 and ×100 scale-up
assumptions [13,36].
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Table 1. Operating parameters of current and future electrolysis systems.

Parameter Scenario Year Scale-Up Scale-Up
2020 ×10 ×100

upper 0.03 0.02
Electricity cost [$/kWh] [35] baseline 0.06 0.04 0.03

lower 0.05 0.04

upper 55.0 55.0
Capacity factor [%] baseline 34.0 44.5 44.5

lower 34.5 34.5

upper 90,000 150,000
Operating lifetime [hours] baseline 60,000 80,000 125,000

low 70,000 100,000

upper 90 95 [37]
Efficiency [% of HHV] baseline 80 86 92.5

low 82 90

The total capital cost of the PEM system (calculated from the CAPEX financial model)
was annualised based on the total lifetime of the system to get the annual investment cost
of the electrolyser, Cinv,a, the annualised total cost of the PEM electrolysis system was then
calculated using Equation (8).

CLCC,a = Ce,a + Cinv,a + CO&M,a (8)

The LCOH was then calculated below using Equation (9).

LCOH =
CLCC,a

EH2,a
(9)

The life-cycle costing methodology was chosen as it is a holistic universal method to
evaluate investment opportunities.

However, critics say that it can lead to uncertain results due to the fact it includes
future estimation [38]. However, this is necessary in this situation as hydrogen production
from electrolysis is still in the development stage and as a result many of the fundamental
costing data are based on uncertain assumptions.

3. Results
3.1. Capital Cost of PEM System
3.1.1. Individual Stack Process Costs

It was found for each stack manufacturing process that cost reductions were substan-
tial with economies of scale. The results from the CCM manufacturing model in the 2020
case are shown below as an example. The results from the other manufacturing processes
can be seen in Appendix C and follow very similar outcomes.

It can be seen from Figure 5a that fixed costs (building and capital) dominate the cost of
the CCM process (and all the other stack processes) at a low number of units. For example,
at a production rate of 10 units per year, the fixed costs account for approximately 75%
of the total process cost. However, economies of scale can significantly drive down the
manufacturing cost of the CCM and other stack processes by splitting the fixed cost
over a larger number of units. It can be seen from Figure 5a, that at a production rate
above 300 units per year, the material costs (platinum group metals, ionomer and Nafion
membrane) completely dominate the CCM manufacturing cost and there are no longer any
cost reductions to be made from economies of scale beyond this manufacturing rate.
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(a) Catalyst coated membrane (CCM) manufacturing
(b) Capital costs of the overall PEM stack

Figure 5. Capital cost breakdown for the CCM and stack based on the manufacturing scale-up of a 2020 system.

3.1.2. Overall Stack Process Costs

The overall stack cost (sum of each manufacturing process) for the current case can be
seen in Figure 5b.

The life-cycle costing methodology was chosen as it is a holistic universal method to
evaluate investment opportunities.

It can be seen from Figure 5b that economies of scale can reduce the total capital cost
of the stack by 90% from an annual production rate of 10 units (695 $/kW) to 5000 units
(80 $/kW). Once economies of scale have been achieved (>300 units) the total cost of the
stack is dominated by the materials required, all variable costs, in the CCM, PTL, and
bipolar plates manufacturing processes.

The stack assembly process has minimal variable costs and, therefore, benefits most
from economies of scale. The stack assembly process reduces from 140 $/kW based on
10 units per year to 0.10 $/kW based on manufacturing 5000 units per year.

3.1.3. Overall System Cost

The stack cost was then combined with the BOP cost, the installation factor and
markup factor to produce a total system cost ($/kW) for a PEM electrolyser system, as
shown in Figure 6.

It can be seen from Figure 6 that the total capital cost of the system can reduce by 70%
from 1990 $/kW (10 units per year) to 590 $/kW (5000) units per year. This is equivalent to a
learning curve of 13%, the same value as published in a McKinsey report commissioned by
the Hydrogen Council [14]. It can also be seen that the BOP cost accounts for approximately
80% of the total system cost beyond 200 electrolysis system units per year once economies of
scale have been realised in the stack. Figure 7 shows the breakdown of the BOP cost ($/kW)
based on the production of one unit per year, i.e., no price scaling has been performed.

Figure 7 shows that the deionised water circulation accounts for 32% of the total BOP
cost. This is because an oxygen separator tank was chosen (see Appendix D). An alternative
cheaper tank that simply releases oxygen to the atmosphere is about 25% the cost of the
separator tank [25]. Based on a production rate of 10 units per year, using the alternative
tank would reduce the capital cost of the system by 4 $/kW. However, whilst capital
savings are made the oxygen can no longer be sold as a by-product.

This is an example of how various options exist for BOP parts and how they have a
large influence on the total PEM electrolyser system cost.
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Figure 6. Capital cost of PEM electrolyser system (2020).

Miscellaneous
(30$/kW)

3.9%

Power supplies
(223$/kW)

29%

Deionised
water

circulation
(244$/kW)

31.8%

Hydrogen
processing
(182$/kW)

23.7%

Cooling
(88$/kW)

11.4%

Figure 7. Breakdown of the balance of plant (BOP) costs (2020).

3.1.4. Comparison of Current and Future System Capital Costs

A comparison of the future and current system costs can be seen in Figure 2.
The capital cost is 590 $/kW for the 2020 current case. Two further scenarios were a

CAPEX of 431 (±50) $/kW for the ×10 scale-up in installed capacity case and a CAPEX of
300 (±50) $/kW for the ×100 scale-up in installed capacity case.
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The most credible estimates for this scale-up are detailed in Table 1 alongside the
explanations and justifications as follows:

Improved balance of plant (BOP) cost and efficiency: These benefits will come through a
BOP capital and operational cost reduction. As presented in the breakdown presented
in Figure 7, gas processing, cooling, power supplies, and water processing would all
be considered to be well established in conventional industrial or power generation
sectors and typically become more cost effective as they are scaled up. The ×10
scale-up in installed capacity case assumes that the BOP costs can be improved by
60 $/kW;

Symbiosis and heat recovery: Additionally, as low-grade heat is the principle waste prod-
uct, opportunities for heat recovery and utilisation can also be exploited [39]. Hydro-
gen compression via sorption technology also represents an opportunity for direct
recovery and utilisation of heat from the PEM system [40]. The ×100 scale-up in
installed capacity case assumes that the installation of symbiotic technology costs can
be improved by 20 $/kW. The ×100 scale-up in installed capacity case assumes that
further savings can be achieved through larger systems increasing by 30 $/kW;

Advanced electrolysis system operational pressures: It is likely that improved PEM elec-
trolysis systems could deliver a higher pressure hydrogen gas as an output, as such
there is the potential to reduce the need to perform mechanical compression (in total
or in stages) to achieve practical storage pressures (current included in BOP costs).
This would improve the overall system energy consumption and reduced CAPEX for
the hydrogen compressor. The ×10 scale-up in installed capacity case assumes that
the BOP costs can be improved by 79 $/kW and a further 79 $/kW at ×100 installed
capacity scale-up;

Novel electrolysis system designs: Electrolysis systems based on the PEM stack arrange-
ment presented in Figure 4 has been the focus of this article. Fundamentally, a stack
arrangement for PEM stack systems have reached a sufficient level of maturity such
that it can be scaled-up. However, the layout and its design is material intensive and
it has the limitation that it typically scales-up in a modular and linear way;

In the long term, there is the possibility that other electrolysis technologies and
arrangements, such as those presented by Grader et al., [37] may well offer more
potential for deployment at the 1MW+ scale. These designs perform water electrolysis
process in two stages. By decoupling the two reactions, this could potentially offer a
greater efficiency (95%), with the co-benefits of being more scaleable and operating
at higher hydrogen production pressures (up to 100 bar). The ×100 scale-up in
installed capacity case assumes that the stack and wider BOP costs can be improved
by 80 $/kW.

A comparison of these results, and the results from other literature [33], can be seen
in Figure 2. This shows the results to be towards the middle of these estimates especially
when considering the ranges of uncertainty that come along with these estimate.

3.2. A Levelised Cost of Hydrogen Analysis
3.2.1. The Value of Increasing to Mass Manufacturing Scale

The results from the life-cycle costing analysis were used to plot the LCOH versus
the number of units to determine the impact that mass manufacturing has on the cost of
producing renewable hydrogen from PEM electrolysis.

The key operating assumptions associated with the PEM electrolysis system and the
operation it uses are shown in Table 1.
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The data presented in Figure 8 set out the LCOH as a function of manufacturing,
installation, mark-up, operational, and electricity costs as a function of manufacturing
capacity (kW). At smaller manufacturing capacity, the overall proportion of the cost associ-
ated with the PEM electrolysis system itself has a larger contribution and this diminishes as
capacities grow. Indeed, once capacities have exceeded 104 kW per year, the contribution
associated with electricity cost is the most dominant factor for hydrogen production.

In the analysis, there is an assumed fixed price of 3.00 $/kg, based on a LCOE of
0.06 $/kW and an efficiency of 50 kWh/kg (see Table 1). This is an external cost and, thus,
is irrespective of the number of units produced.

The overall cost reduction due to the savings met by mass-manufacture is summarised
in Figures 8 and 9. The LCOH can come down from 6.40 $/kg, based on an annual
production rate of 10 units, to 4.16 $/kg, based on 5000 units, which is a 37.5% reduction in
cost. The results for the LCOH in this report are similar when compared to the results of
other techno-economic analyses performed for PEM electrolysis systems and the prospects
for scale-up [25,35,41].

As presented in Figure 6, the opportunities for improved savings as a function of
manufacturing scale-up in terms of the stack, mark-up, and installation costs appear to be
limited. Most notably the costs associated with the stack remains generally flat beyond
the 105 kW annual capacity scale—indeed much of this cost is associated with the cost of
raw materials.

It then follows that the most promising candidates for achieving further cost savings
are primarily associated with improving lifetimes, reducing energy cost (or use) and the
balance of plant (BOP).

Figure 8. Breakdown of LCOH (2020) versus manufacturing rate.
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Figure 9. Waterfall chart illustrating the various contributions to reducing the levelised cost of hydrogen (LCOH) in 2020,
×10 scale-up and ×100 scale-up.

3.2.2. The Impact of a Ten-Fold Scale-Up of Installed Capacity

To explore the possibilities associated with what are largely technical advancements
into PEM electrolysis technology and its wider system, the 2020 scenario was then com-
pared with two further scenarios based on a 2030 (and beyond) timescale and a ten-fold
and one-hundred-fold installed capacity scale-up.

The assumptions are detailed in Table 1. Any assumption estimating the potential
future performance of an engineering systems is subject to uncertainty. As such, an upper
and lower bound have been included to demonstrate the sensitivity of the estimates
to their assumptions. These assumptions have been applied on the basis of expected
system technical advancements, operational parameters, and any perceived variances in
these figures. The figures are loosely based on similar parameters put forward by other
authors [25,35,41].

The result of the baseline scenario is summarised in Figure 9. The analysis shows that
the LCOH will reduce significantly as installed capacity increases. During this time, it is
assumed that manufacturing plants would typically continue to have an annual production
of 5000 units. However, whilst the production line would remain largely unmodified
(and its value), the technology would benefit from some further savings to capital costs,
a reduced offshore wind cost, improved overall efficiency and an extended lifetime.

As presented, the largest factor responsible for the drop in the LCOH from a current
scenario compared to the ten-fold scale-up is the improved costs and capacity factor
associated with parallel developments in offshore wind turbine technology (see Table 1)
based around a 2030 timeline. Improvements in wind turbine technology are responsible
for reducing the cost of hydrogen by 1.00 $/kg which makes up 65% of the reduction in
the LCOH.

The increase in the lifetime of the PEM stack (from 60,000 to 80,000 h) reduces the
LCOH by 0.23 $/kg. In other terms, this means that the installed system produces 33%
more hydrogen over its lifetime, spread across the same capital investment.

The next largest factor in the reduction of the LCOH is the improvement in the
efficiency of a PEM system, reducing the LCOH by 0.16 $/kg. Improvements in the
efficiency of an electrolyser reduces the amount of electricity required to produce a kg of
hydrogen (46 kWh/kg for an 86% efficiency compared to 50 kWh/kg for an 80% efficiency).

The reduction in the capital costs of a PEM system were taken from the installed costs
mainly associated with the BOP and this was responsible for a 0.14 $/kg reduction in
the LCOH.
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3.2.3. The Impact of a Hundred-Fold Scale-Up of Installed Capacity

The current timescale set-out by those nations leading the transition to net-zero is the
middle of the 21st century. As such, the opportunity associated with a 2050 scenario has
also been explored. Nominally, as presented in Figure 2, the installed capacity for hydrogen
electrolysis in 2050 would represent more than a hundred-fold scale-up.

As would be expected, the assumptions associated with a hundred-fold scale-up
scenario carry an even greater degree of uncertainty than those of a ten-fold scale. Nev-
ertheless, beyond the the design of the electrolysis stack itself, utility scale renewable
hydrogen production shares a significant number of key sub-systems which are common
within conventional thermal engineering industrial or power generation plants.

As with the scale-up by ten-fold, electrolysis cost savings will come from an improved
electrolysis efficiency, improved system lifetimes, and a reducing cost of renewable electric-
ity. Nevertheless, there are further opportunities which can be advanced in terms of the
scale-up of the electrolysis plants themselves from the 1 MW to 100 s MW scale.

The results of the baseline hundred-fold scale-up scenario are presented in Figure 9.
Again, the contribution associated with CAPEX savings, renewable energy cost reductions,
efficiency improvements, and system lifetime improvements are presented.

The baseline scenario indicates a LCOH of 1.57 $/kg with a range between 0.95 $/kg
and 2.22 $/kg.

4. Discussion
4.1. Implications on the Wider Energy System and Reaching Net-Zero

The implications of the techno-economic analysis presented above on future energy
systems is discussed in this section. Developing pathways to achieving net-zero is com-
monplace and often there are multiple competing technical solutions which can deliver
this as part of a decarbonised national energy system [1]. In general terms, it is generally
considered that the lower the price of ’green’ hydrogen that can be achieved, the easier our
transition to net-zero is as some of flexibility and resilience currently offered by fossil fuels
can be retained.

Nevertheless, comparisons between fossil fuel, hydrogen, or electric (usually Li-ion
battery)-based solutions require a notable number of additional assumptions about local
infrastructure, energy prices, and policy. This is often because these competing solutions
are not likely to deliver quite the same value or benefits as each other and a unique choice
may need to be made.

Additionally, much like that presented in this article, many of these technologies are
competitive for the same renewable electricity and are also on a rapidly advancing learning
curve, such as those in Figure 1 which make any comparison challenging. Neverthe-
less, simplified life-cycle costing analysis-based comparisons are presented in Figure 10b.
The figure presents the levelised cost of hydrogen (LCOH) at production for both the
ten- and hundred-fold scale-up in the baseline (represented by a line) and then the most
promising and pessimistic views as shaded regions.

The nominal target of 1 $/kg for hydrogen is also commonly considered by investors
and policymakers as it represents a cost of energy lower than conventional fossil fuels and
serves as a benchmark scenario for energy services at zero emissions with no additional cost.

Additional sector-by-sector data are also presented mainly from two sources. The first
is a report recently published by the Hydrogen Council [14] which has considered the
the LCOH required for the solution to become economically competitive against low-
carbon alternatives in various sectors. The second is analysis published by the Australian
Hydrogen Roadmap [42].
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Figure 10. Break even levelised cost of hydrogen (LCOH) to the consumer for various end users. Sources: [14,42].

4.1.1. Residential Heating

Analysis presented by the Hydrogen Council [14] explored a life-cycle costing analysis
for various residential heating technologies based on a 2030 timescale. Various key uncer-
tainties were considered indicating that based on a 10 MWh/year thermal energy demand
for a single residence in Northern Europe, an annual cost of $600 for a conventional natural
gas system, $1100–1800 for a bio-methane system, $1100–1300 for a heat pump (new house
well insulated) and $1900–2600 for a heat pump (old apartment conventionally insulated)
were estimated.

The cost of hydrogen boilers could fall to about $900–1600 per household per year by
2030. Three hydrogen boiler scenarios were explored which including using a boiler with a
high-utilisation hydrogen network (costing $900–1600 a year), a low utilisation hydrogen
network ($1300–2000) and a hydrogen boiler plus small heat pump system ($1300–2000).

The results demonstrated the need to consider more than the price of the primary
fuel, energy conversion, and efficiency of the heating system alone. Whilst operating
costs were lower for heat pump technology, wider system costs proved a critical barrier,
as there are further implications upon the energy distribution networks, the amount of
existing insulation the building may have and any additional insulation measures that
may need to be installed. To the same degree, if natural gas pipelines can be reused
then the cost benefits push hydrogen forward as the most practical and cost-effective
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solution for mass scale adoption. They offered a very favourable distribution cost at about
1 $/kg. In Figure 10a, the production costs presented in Figure 9 have been added to this
distribution cost to enable the comparison between end-user break even costs and the
levelised cost of hydrogen for heat.

When compared to heat pumps at a hydrogen price of 5.40 $/kg and below, the role
for hydrogen appears strongest for retrofitting existing residences. Given that this price is
quite viable for renewable hydrogen (and other hydrogen sources) and the alternative is a
mass insulation retrofit of almost all properties, if there is already natural gas infrastructure
ready for re-purposing, renewable hydrogen via a re-purposed gas distribution network
does appear to be a promising route.

However for new builds which meet higher energy efficiency standards, the Hydrogen
Council/McKinsey [14] and Bloomberg [43] analysis have indicated there is still a more
promising role for heat pump technology. Similarly the International Council on Clean
Transportation [44] presented a 2050 comparison which concluded a lower cost for heat
pumps over hydrogen boilers albeit with a hydrogen price of 7.00 $/kg.

However, again driven by a high capital cost of a heat pump, hydrogen would again
offer a more cost competitive solution on a total cost of ownership with a hydrogen price
of 3.00 $/kg or lower. With all this in mind, it must be mentioned that when compared
directly with the price of natural gas, only a hydrogen price of 1.00 $/kg or less would
represent a cost effective alternative to what society currently pays for heating. All of the
above indicate higher heating bills for all and this will have huge implications on dealing
with fuel poverty and its wider associated impacts on health.

4.1.2. Industrial Heating and Power Generation

Presented in Figure 10a, are nominal figures for the beak even price for hydrogen
when compared to natural gas in power generation and industrial heating applications.
The analysis only compares hydrogen as a direct alternative to natural gas, alternative
decarbonisation options based on increased electrification, such as resistive heating and
heat pumps have not been compared.

Estimates have been made on the basis that the distribution of hydrogen is via a
re-purposed gas network. However, it must also be noted that electrolysis could also be
directly carried out on-site. The required break-even price is close to the nominal target
for hydrogen. It would not be expected that renewable hydrogen will achieve cost parity
with natural gas at the ×10 scale-up installed capacity. Only the most optimistic scenarios
would be close to price parity at the ×100 scale-up installed capacity.

4.1.3. Transport

The transport sector is diverse and a collective powertrain/fuelling solution for de-
carbonisation is unlikely. Typically, transport is almost exclusively fuelled by diesel and
gasoline with some electrification of railways and, to date, a very limited number of
on-road applications.

A decarbonised transportation sector means the increased use of the direct combustion
of bio-fuels, synthetic fuels, and, also, electric vehicles (EVs). EVs have two major types
both with more electrified powertrains powered by renewable electricity carried in a battery
(battery electric vehicles, BEVs) or with energy carried as hydrogen and converted to power
via a hydrogen fuel cell (fuel cell electric vehicles, FCEVs). Factors such as the vehicle’s
peak power, fuelling times, size, weight, expected range, and its duty cycle all contribute
to the decision of what the most appropriate solution might be [45].

Nevertheless, the potential for hydrogen is most significant particularly outside the
urban car (and smaller) sector which may well be dominated by the use of BEVs. Hydrogen
can be used in existing internal combustion engines [45], potentially even as a retrofit
solution, internal combustion engines have already reached a high level of maturity and
have already benefited from mass-scale manufacturing and have extensive well established
supply chains.
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Over the last fifteen years, the costs associated with EVs have benefited from mass-
scale manufacturing and extensive supply chain development. A new generation of FCEVs
will benefit from sharing the same core technology (batteries, power electronics, motors,
etc.) but with the addition of a fuel cell and hydrogen storage.

Similarly (and directly complementing) the scale-up in manufacturing of electrolysis
(due to their similarity), expected cost reductions to fuel cell design, performance, and
on-board storage technologies are also expected [45,46].

Hydrogen distribution from production to nozzle would be expected to be via a tanker
and dispensed in a forecourt, this would increase the cost of hydrogen by 2.1–2.3 $/kg.

In Figure 10, the production costs from Figure 9 have been added to this distribution
cost to enable the comparison between end-user break even costs and the levelised cost of
hydrogen for transport.

As noted above, there are multiple ways that the cost of a FCEV system can be
compared with respect to an BEV based system. The results of a total cost of ownership
evaluation carried out by Hydrogen Council/McKinsey [14], who compare hydrogen-
fuel cell powertrain solutions directly with BEVs. They indicate that, in 2030, hydrogen at
6 $/kg at the nozzle, i.e., including distribution, would be cost effective for 15% of transport
energy demand, at 4 $/kg it would be the most cost effective solution for 50% of transport
energy demand. This corresponded to trains, heavy duty and medium duty trucks, long-
distance buses, taxis, and large passenger vehicles. Similar figures and conclusions have
been put forward by other researchers [42].

These results show that once renewable hydrogen deployment reaches a ×10 scale-up,
it is likely to offer a cost effective alternative to a BEV system, especially for heavier duty
applications. As scale-up continues up to the ×100 scale, there is a greater opportunity for
mass market transport applications, including longer range passenger cars.

Nevertheless, achieving cost parity with conventional fossil fuels or using hydrogen
to produce synthetic fuels would remain challenging even beyond the hundred-fold-scale
up. This would have significant implications on the likely costs for long distance travel for
people and goods.

5. Conclusions

The results show that the total capital cost of a PEM electrolysis system can be reduced
by 70% as a result of mass manufacturing. By increasing production from 10 units to 5000
units a year, the capital cost of manufacturing a PEM electrolysis system will be reduced
from 1990 $/kW to 590 $/kg. These substantial savings can be achieved as a result of
the large capital cost of the plant and labour cost being spread across a greater number
of units. Once economies of scale have been achieved (>300 units), the capital cost of the
overall system is dominated by the BOP. It was then found that, due to mass manufacturing,
the levelised cost of hydrogen produced by a PEM system, connected to electricity produced
by offshore wind, would reduce by 37.5%. Based on a manufacturing rate of 5000 units per
annum, the cost per kg of hydrogen would fall from 6.40 $/kg to 4.16 $/kg, after which
point the LCOH is dominated by the fixed feedstock cost of electricity.

In addition, the results show that further cost reductions were considered on the basis
of predicted technological improvements associated with an installed capacity scale-up of
ten- and one-hundred-fold. Based upon a production rate of 5000 units per year, and on the
baseline assumptions based around a 2030 timeline (and beyond), the LCOH is predicted to
reduce to 2.63 $/kg at a ten-fold scale-up in installed capacity. The largest factor responsible
for this would be improvements in wind turbine technology. Similar observations were
made on the basis of a ×100-fold-scale up yielding a hydrogen price of 1.57 $/kg.

These figures were then taken forward to evaluate their contributions and impact on
the wider energy system, and to understanding the implications on the decarbonisation
of heating and transport. The corresponding cost of hydrogen was added to the cost
of distribution, and break-even costs were determined for comparison with alternative
decarbonisation options, i.e., heat pumps, electric vehicles, etc. Results demonstrated that
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renewable hydrogen represents a scaleable and cost effective solution (compared to fully
electrified energy systems) but not compared to existing fossil-based solutions.

The opportunity for hydrogen is significant but it is also changing rapidly. It is
recommended that the research and analysis carried out and presented in this article is
repeated frequently to refresh any assumptions and conclusions.
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Appendix A. Manufacturing Cost Parameters

Table A1. Manufacturing cost parameters.

Parameter Value Unit Comment

Operating hours Variable hours 8-h shifts, 2 per day

Annual operating days 250 days 5 working days per week and 10 public holidays

Inflation rate 2.6 % Data from world bank

Discount rate 10 % Similar to other literature [25]

Tool lifetime 15 Years [25]

Floor space cost 880 $/m2 [25]

Building recovery 31 years U.S. bureau of Economic Analysis rates [25]

Building footprint Variable m2 See Appendix B

Hourly labour cost 23.63 $/h [25]

Appendix B. Manufacturing Model Assumptions

Table A2. Manufacturing parameters for spray coating of catalyst coated membrane.

Parameter Current ×10 Unit Comment
System Scale-Up

Nafion membrane cost 500 50 $/m2 [47]

Coating line cost 1,000,000 800,000 $ Similar spray coatings are used in the PV sector [25]
(Ultrasonic spray)

Coating manufacturing 90 95 % [25]
line footprint

Manufacturing line speed 0.5 1.0 m/min [48]

Web width 1.09 1.09 m [25]

Platinum group metal 7 0.4 g/m2 [47]
loading Pt only

Platinum group metal 4 0.3 g/m2 [47]
loading Pt and Ir (1:1) ratio

Platinum price 30.7 30.7 $/g 2019 Spot price [49]

Iridium price 47.0 47.0 $/g 2019 Spot price [49]

Nafion ionomer 1.53 1.0 $/g [25]

Solvents 10 10 $/gallon [25]

Workers/line 2 2 workers [25]

CCM area 0.068 0.068 m2 [25]
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Table A3. Manufacturing parameters for porous transport layer via powder metallurgy process.

Parameter Current ×10 Unit Comment
System Scale-Up

Titanium powder cost 35 35 $/g Average price of high purity titanium [25]

Powder metallurgy 1,500,000 1,200,000 $ [25]
production line

Gold coating layer 100 50 nm 50% reduction in thickness of layer [50]

Gold price 45 45 $/g 2019 spot price [51]

Carbon cloth cost 400 50 $/m2 [52]

Physical Vapour 400,000 320,000 $ A 20% learning rate curve applied [25]
deposition machine

Production line 150 150 m2 [25]
footprint

Powder metallurgy 99 99 % [25]
process yield

Coating process 99.9 99.9 % [25]
yield

Line throughput 2.0 2.0 units/min [25]

Workers/line 4 4 workers [25]

Useful area 0.068 0.068 m2 [25]

Mass of Titanium/unit 29 23.2 kg A 20% reduction in material use via improved design [25]

Table A4. Manufacturing parameters for the frame via injection moulding process.

Parameter Current Future Unit Comment
Value Value

Distance of frame from 0.625 0.625 cm Used for MEA frame bonding (injection moulding) [25]
edges of MEA

Total frame width 2.445 2.445 cm [25]

Polyphenylene mixed with 5.95 5.95 $/kg [25]
40% glass fibre resin

Injection moulding 700,000 560,000 $ [25]
production line

Production line 100 100 /m2 [25]
footprint

Process yield 99 99 % [25]

Production line 2 3 units/min [25]
throughput

Workers/line 2 2 workers [25]
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Table A5. Manufacturing parameters for bipolar plates.

Parameter Current ×10 Unit Comment
System Scale-Up

Stainless steel (316L) 5.0 5.0 $/unit Based on plate area of 957.44 cm2 [25]

Gold coating layer size 100 50 nm 50% reduction [50]

Gold coating layer cost 41 41 $/g 2019 average price [51]

Consumables 0.6 0.6 $/unit [25]

Production line 1,500,000 1,200,000 $ [25] with 20% technological improvement

Footprint 100 100 m2 [25]

Stamping process 95 96 % [25] with 20% technological improvement
yield

PVD coating process 99.9 99.9 % [25]
yield

Stamping line 11 13 % [25] with 20% technological improvement
throughput

Workers/line 3 3 workers [25]

Plate area 957.44 947.44 cm2 [25]

Table A6. Manufacturing parameters for stack assembly process.

Parameter Current ×10 Unit Comment
System Scale-Up

Assembly line type
Manual 500,000 400,000 $ [25]
Semi-automatic 1,000,000 800,000 $ [25]
Automatic 2,000,000 1,600,000 $ [25]

Production line 150 150 m2 [25]
footprint

Assembly yield 99.5 99.5 % [25]

Line throughput 11 11 % [25]

Assembly line staff
Manual 4 4 workers [25]
Semi-automatic 3 3 workers [25]
Automatic 2 2 workers [25]

Maximum throughput
Manual 100,000 100,000 units [25]
Semi-automatic <700,000 <700,000 units [25]
Automatic >700,000 >700,000 units [25]
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Appendix C. Manufacturing Model Results

The results of the manufacturing model are presented in Figure A1.

(a) Powder Transport Layer (PTL) sub-
system

(b) Frame sub-system

(c) Bi-polar plates sub-system

(d) Stack sub-system

Figure A1. Manufacturing model results for stack components in 2020.
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Appendix D. Operating Parameters of PEM System

Table A7. Operating parameters of PEM system. Data from [25,36].

Parameter Current ×10 Unit
System Scale-Up

Power 200 200 kW

Gross system power 220 220 kW

H2 production rate 30 30 Nm3/h

H2 production rate 80 80 kg/day

Turndown ratio 0–100 0–100 %

Operating pressure 0–30 0–30 bar

Total plate area 957 957 cm2

CCM coated area 748 748 cm2

Single cell active area 680 680 cm2

Gross cell inactive area 9 9 %

Single cell current 1156 1156 A

Current density 1.7 2.1 A/m2

Reference voltage V

Power density 2.89 4.4 W/m2

Single cell power 1956 1956 W

Cells per system 102 102 -

Stacks per system 1 1 -

Water pump power 5 5 kW

Other parasitic power 15 15 kW

Appendix E. Balance of Plant Capital Costs

Table A8. Balance of plant capital costs.

System Sub-System Cost
$

Power supply Power supply 44,000
DC voltage transducer 225
DC current transducer 340

Deionised water circulation Oxygen separator tank 20,000
Circulation pump 7053
Polishing pump 2289
Piping 10,000
Valves and instrumentation 7500
Controls 2000
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Table A8. Cont.

System Sub-System Cost
$

Hydrogen processing Dryer bed 13,860
Water/hydrogen separator 10,000
Piping 5000
Valves and instrumentation 5000
Controls 2500

Cooling Plate heat exchanger 9000
Cooling pump 1500
Piping 1000
Valves and instrumentation 2000
Dry cooler 4000

Miscellaneous Valve air supply-nitrogen 2000
Ventilation and safety 2000
Gas detectors 2000
Exhaust ventilation 2000

Total costs BOP total capital cost for 200 kW system 153,267
BOP capital cost per kW 766.34
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