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Abstract
Modelling and simulation are essential tools for concept evaluation and for predicting
the performance of a hybrid energy system, since prototyping and testing each candidate
design for such a complex system would almost always be prohibitively cumbersome,
expensive and time consuming. To meet the modelling and simulation objectives, the various
components of the system (sources, storage, loads, and converters) need to be characterised
and modelled in a tractable way. The tuning of the models to reflect the actual system
components is a key milestone in this process and requires reliable and comprehensive
experimental data. Furthermore, environmental conditions such as ambient temperature may
have a significant impact on the performance, which has to be taken into account.
The complexity of hybrid energy systems and their dependence on embedded control
software increases the difficulty in predicting interactions among the various components and
subsystems. A modelling environment that can model not only the components but also
control algorithms (such as Matlab/Simulink, Homer etc.) is therefore advantageous.
Effective diagnosis of faults in an installed system also presents a challenge, because of the
interactions between the components and the control system. Modelling may play an
important role in diagnosis of the operating components. For example, running an electrolyser
model and comparing actual electrolyser operating variables with those obtained from the
model may help to diagnose a fault in the real electrolyser.
This thesis focuses on modelling the principal components of hybrid solar energy
systems that include energy storage in the form of hydrogen: a large photovoltaic array
subject to manufacturer’s variability and temperature inhomogeneity; two types of
electrolyser as commonly found in hydrogen energy systems; a metal-hydride hydrogen
storage tank; a fuel cell. Attention is given here to building physics-based component models
ii

with minimum empiricism and to critically analysing the state of the art in modelling such
components. The models have been realised in Simulink, so that they are mutually compatible
and can be linked into a whole of system model. All the models were validated against
experimental data and performed at least as well as models found in the literature. The thesis
is based on six papers, four already published and two submitted.
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Chapter 1

Introduction
1.0 Hydrogen energy technology for off-grid electricity supply
About 2 billion people live without grid electricity around the world. There are many
islands communities, where fuel prices are high and the energy supply is unreliable but
renewable energy resources are plentiful in these places. Renewables based hybrid energy
systems with energy storage are the most feasible solution for reliable electricity supply in
many of these places, because the cost of bringing the grid to the location is prohibitive. On
the other hand, the investment firm Lazard estimated in 2016 that the cost of generating
electricity from wind and solar had declined by 58 % and 78 %, respectively, since 2009 [1].
Renewable energy sources typically are available only intermittently, often with a
significant unpredictability. Some, such as solar radiation and wind, may have
complementary profiles. Stand-alone hybrid energy systems may take advantage of this
particular characteristic by combining, for instance, photovoltaic (PV) panels and wind
turbines. It has been shown that a hybrid energy system in stand-alone applications is
economically viable and can improve the system’s performance relative to systems utilising a
single type of primary energy (details in chapter 2).
Because of the intermittency of the primary energy supply, a major driver of the design of
off-grid energy systems is achieving reliable power supply. The required availability of
supply, varying from being grid-like to being tolerant of outages lasting some hours, becomes
a very important factor in the design and cost of the stand-alone energy system.
In order to ensure grid-like reliability for autonomous systems which rely on intermittent
sources, storage of an energy carrier is needed. Owing to its flexibility as an energy carrier,
long-term storage medium and fuel, hydrogen energy technology is seen as an essential part
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of a low-carbon global energy economy as proposed, for instance in the 2°C climate change
scenario of the International Energy Agency. Hydrogen can be produced from a wide variety
of resources and can be used in a wide range of applications, such as electricity generation, in
fuel-cell-electric vehicles, and in the chemical industry. Moreover, hydrogen is already used
extensively in the chemical industry, so industry is familiar with its production, handling and
distribution on a large scale. For all these reasons, many experts see hydrogen as a key
enabler of the needed low-carbon energy system.
The optimal integration of hydrogen storage with renewable energy sources and the
control algorithm of such systems has received considerable attention [2-9] to ensure high
systems efficiency and high reliability with least cost. Proper sizing of each component in a
hybrid energy system is a key factor for its technical and economic feasibility [3, 4, 10]. The
key to successful component sizing is realistic modelling. This is the focus of this Thesis.

2.0 Renewable based hybrid energy systems
Gray et. al. [11] have proposed an energy storage system for reliable, year-round off-grid
sustainable electricity supply based on a photovoltaic (PV) array driving an electrolyser to
generate hydrogen, which is stored as a metal hydride for later use to generate electricity in a
fuel cell. Many metals and alloys are well known to absorb hydrogen atoms from hydrogen
gas at room temperature and modest pressure. Some alloys take up so much hydrogen that
they may be used for energy storage with much smaller volume for the same energy stored
than the best batteries [11]. While these alloys are almost always too heavy to be used in
automotive applications, they are very satisfactory for stationary applications. Metal-hydride
storage is very safe and compact, with a long cycle life, no self-discharge and no problem
with deep cycling.
Applications include communities with no connection to the electricity grid, such as
remote settlements and islands, remote industries and portable use by military and
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humanitarian organisations. One such system has been installed to power the Sir Samuel
Griffith Centre (SSGC) at Griffith University [13] shown in Figure 1. A second prototype at
the Henn-na Hotel, Huis Ten Bosch (near Nagasaki), Japan [12], is shown in Figure 2.

Figure 1: Installed hydrogen-based energy system: Sir Samuel Griffith Centre, Griffith
University, Brisbane, Australia [13].

Figure 2: Installed hydrogen-based energy system: Henn-na Hotel, at the Huis Ten Bosch
theme park near Nagasaki, Kyushu, Japan [12].
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In these systems, metal-hydride hydrogen storage is combined with battery storage to
give fast short-term response to load fluctuations and safe long-term storage. The advantage
of hydrogen storage over batteries comes from decoupling the energy storage from the power
rating, whereas in a battery bank these are proportional owing to the intrinsic modularity of
the individual batteries. The disadvantage of hydrogen – the inefficiency of the electrolyser
and fuel cell – is minimized by using the primary energy directly when available and storing
the excess first in the battery and second as hydrogen.

3.0 Modelling hybrid energy systems
Unit sizing and technology selection can be based on meeting requirements such as
using the available generation technology and not exceeding the equipment power rating; or
on satisfying constraints and achieving multiple objectives such as minimizing environmental
impact and installation and operating costs reducing payback periods on investment and
maximizing reliability.


A second key requirement is to address the complex interactions among the various

critical design and natural elements in planning high performing hybrid energy systems.
To satisfy these requirements in a hybrid energy system, the components of the
electrical network (sources, loads, converters) need to be characterized and modelled in a
tractable way for implementation in a whole-of-system model. The tuning of the models is
a milestone in this process and requires reliable and comprehensive experimental data
for testing and validation purposes.

4.0 Thesis scope and objectives
In the literature, many models of energy system components have been presented to
explore their characteristics, which is necessary in order to understand the detailed behaviour
of the individual elements of system components such as electrolyser, fuel cell and so on.
However, most of the published models are based on empirical equations, with coefficients
5

lacking physical significance, that only describe the characteristics of the particular
component under consideration, perhaps with no applicability to the greater class of such
components. In contrast, the design parameters for a real component are physical in nature.
This disconnect can be overcome by placing the equations that embody the characteristics of
the various elements of the system components on a proper physical basis, by embedding the
theory of the underlying physical mechanisms. Doing this has significant advantages: firstly,
it makes the model more generic in its application; secondly, a sound physical basis for the
model better allows the effects of changing materials, dimensions etc. to be predicted in the
quest for enhanced performance, by performing sensitivity analyses, as demonstrated in
Chapters 3 – 7. A further benefit is that a physical model could be used to diagnose problems
in the modelled component or system via changes in the fitted parameters arising from, for
instance, degradation of an electrode of fuel cell/electrolyser.
One reason for the widespread use of empirical equations is to avoid complexity in the
model. Generally, a multi-dimensional model is useful to understand the details of the
individual components of an energy system in order to optimise their mechanical and
electrical design. However, for an entire hybrid energy system this would be very
cumbersome, because the indeterminate and fluctuating renewable energy supplies and load
demand mean that predicting the behaviour of the hybrid energy system in detail becomes a
complex multi-physics problem. Thus, simplified modelling and simulation may play a
significant role in engineering complex systems. The needed approach relates component
performance to meaningful physical parameters, yet is not overly computation-intensive, so
that a whole-of-system model becomes feasible with commonly available computing
resources.
Therefore, a software platform compatible with the creation of a whole-of-system model
in a continuation of the project – the Matlab−Simulink environment for multidomain
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simulation – was chosen for the creation of component models. This approach accesses the
high computational capability of Matlab, but retains a modular structure compatible with
linking component models together at system level.
The overall aim of the project was to construct component models, on a physical basis
where feasible, for the major components of a hybrid energy system based around hydrogen,
such as the Sir Samuel Griffith Centre [13]. Realistic simplified individual component
models are presented in Chapters 3 – 7, provides a framework not only for analysing the
overall performance of the system components but also for studying their mutual influences.
All the models were validated using real data from the SSGC or the literature.
Since the system components span a wide range of physics and chemistry, each model is
presented in a single chapter in which the state-of-the-art in modelling that particular
component is critically reviewed and the modelling approach is articulated.
The specific objectives of the project were:
◇ Construct physics-based models in which empirical equations would be used as little as
possible, so that parameters would be related to physical quantities;
◇ Develop mutually compatible models for large PV arrays, PEM and KOH electrolyser
cells, metal-hydride tanks and PEM fuel cells;
◇ Explore the effects of changing physical parameters (such as exchange current density,
surface roughness, effective thermal conductivity and so on) to demonstrate their utility in
research to develop efficient system components as well as solar-hydrogen hybrid energy
system.

5.0 Thesis outline
The thesis contains eight chapters:
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Chapter 1 explains the background and motivation of this study and contains the
thesis scope, objectives and outline.
Chapter 2 presents a critical review of renewables based hybrid energy systems for
off-grid electricity integrated with hydrogen storage and discusses the need for authoritative
system modelling in order to size the system components for minimum cost at a designated
availability of supply.
Chapter 3 presents the real time analysis of large PV arrays, exploring the effect of
temperature inhomogeneity across the array and manufacturer tolerance on the module
performance (paper submitted).
Chapter 4 presents an enhanced one-dimensional physics based model of a PEM
electrolyser based on linked modular mathematical models of the anode, cathode, membrane
and cell voltage (paper published).
Chapter 5 presents an enhanced one-dimensional model for an alkaline electrolyser
cell based on linked modular mathematical models of the anode, cathode, separator and cell
voltage (paper published).
Chapter 6 presents a one-dimensional model of metal hydride tank for hydrogen
storage. Particular attention is given to embedding a realistic model of the effective thermal
conductivity (paper submitted).
Chapter 7 presents an advanced one-dimensional model of a PEM fuel cell based on
linked modular mathematical models of the anode, cathode, membrane and cell voltage
(paper published).
Chapter 8 summarises the main outcomes of the work along with the suggestions for
further work.
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Chapter 2

A critical review of solar-hydrogen hybrid energy systems
1.0 Introduction
The primary focus in this chapter is on renewable and sustainable electricity supply to
consumers with no connection to the electricity grid and secondly on the use of hydrogen as
the forward vector. Several reasons can be advanced for analysing this particular niche in the
global energy supply system. Firstly, inequity of energy (especially electricity) supply
relative to major population centres is most keenly felt in areas with no grid connection,
including many thousands of villages across the globe. For example, it has been reported that.
it has been reported that some 25,000 villages in India will likely never be grid-connected
owing to their remoteness [1]. Secondly, legislation will increasingly mandate a comparable
or even equivalent availability and reliability of electricity supply in off-grid communities
compared to grid-connected cities. Thirdly, the high cost of extending the electricity grid to
areas currently off-grid necessitates the use of alternative energy production systems.
Fourthly, the high cost of transporting fossil fuels (principally diesel) to remote areas
constitutes a financial driver for using renewable and sustainable approaches to electricity
supply, in addition to environmental considerations. Fifthly, although hydrogen-based energy
technology is in its infancy and still expensive, technological arguments can be advanced [2]
in its favour where reliable off-grid electricity supply, necessitating massive energy storage,
is required to be based on renewable and sustainable energy technologies
World energy consumption is growing at about 2.3% per year [3]. Carbon dioxide
(CO2) emission levels and the consequent adverse effects on the environment are growing
with global energy demand. If the world is to minimise the adverse effects of global warming
and consequent climate change, then the utilization of sustainable and renewable energy
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technologies is imperative. Specifically, clean, sustainable and renewable energy sources
must be harnessed, along with vectors, or energy carriers, usually in the form of a fuel at
some stage of the energy supply chain.
Fossil fuels have commonly been described as energy sources, because they exist in
nature. A more careful consideration identifies them as energy carriers, forward energy
vectors generated from solar energy via photosynthesis and consumed much faster than they
are regenerated from the reverse vector, CO2, which is building up in the atmosphere in
consequence.
This example underlines the need to harness both energy sources and energy vectors
that are sustainable in the long term. Solar energy (including wind, which is basically of solar
origin) is the obvious candidate for the principal energy source, because the global energy
demand is small compared to the solar resource [4].
Solar/wind energy and hydrogen fuel are natural partners, since they can be combined
in a closed energy cycle in which both the forward vector (hydrogen) and reverse vector
(water) are produced sustainably. On the other hand, hydrogen (H2) must be isolated or
generated from a chemically bound state before it can be used. Among solar fuel candidates,
hydrogen holds a prominent position because of its high energy content and flexibility in
methods of production, storage, distribution and end use. These characteristics are the basis
of the concept of the Hydrogen Economy [5]. Although it is very unlikely that a single energy
vector, such as hydrogen, will continue to dominate the global energy market once fossil
fuels are phased out, solar hydrogen does have excellent potential as an energy storage
medium to overcome the variability of solar/wind energy [6]. Currently, the most widely used
solar hydrogen production method is to obtain hydrogen by electrolysing water [7].
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An example of the small-scale application of hydrogen-based energy technology is
the integration of a stand-alone fuel cell with sustainably produced hydrogen to improve the
reliability of electricity supply. A growing interest has indeed been observed in small-scale
power generation in remote areas that cannot be easily served by the public grid. Here fuel
cells could be used to supply all the required electricity or to cover only the base load, with
other smaller storage units covering the peaks. Incorporating hydrogen storage overcomes the
problem of the fluctuating primary energy supply, making the H2 production profile to some
extent independent from the power production, which must follow the electrical load [8].
While at larger scales of power supply around 96% of hydrogen has been produced
from fossil fuels i.e. natural gas, but if we want to reduce the CO2 emission, then in the long
term hydrogen will need to be produced from renewable energy sources [3].
Recently, the renewable energy technologies, market, investment and policy
frameworks have progressed quickly. As of 2015, renewable energy sources contributed an
estimated 19.3% of global final energy consumption and growth in capacity and production
continued. In the power sector, by the end of 2016, total renewable power capacity
worldwide exceeded 2017 GW, up ≈9% compared to 2015. Of newly installed power
capacity in 2016, solar PV represented approximately 47%, wind contributed 34%, and
hydropower accounted for 15.5% with 3.5% other (ocean, CSP and geothermal power). At
the end of 2016 renewables comprised an estimated 30% of world’s total power-generating
capacity (estimated ≈6724 GW) which is enough to supply approximately 24.5% of global
electricity [9]. Renewable energy development is increasingly supported by government
policy in many countries especially in many developing countries [9]. However, there are still
serious barriers to the widespread use of renewable energy sources, e.g. (i) capital costs and
(ii) their intermittent availability for power production. Overcoming the cost issues depends
mainly on the success of research and development in these areas. Extensive public and
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private research and development efforts to achieve technological breakthroughs are required
to bring these technologies to commercial maturity.
Hence, the focus in this chapter is on sustainable hybrid energy systems, where
renewable energy sources are combined with storage to overcome the problem of
intermittency and satisfy the required electrical and thermal loads of the consumer. The case
of off-grid electricity supply is particularly relevant, since the absence of a multiply
connected and supplied grid mandates the inclusion of storage at a scale matching the needed
reliability of supply. Hydrogen production, storage and conversion to electricity in an
integrated hybrid energy system are considered. The need for modelling and the state of the
art in modelling such systems will also be briefly addressed, since realistic modelling allows
the integration and operating strategies for a proposed system to the explored and the needed
capacities of the system elements to be reliably established before committing capital
investment. Because of the commercial availability of its components, the hybrid system in
which solar electricity is used to electrolyse water and a fuel cell consumes stored hydrogen
to produce electricity will receive closest attention.

2.0 Hydrogen as an Energy Vector
The term energy vector refers to an energy-rich material (including, perhaps, its
associated extraction and processing technologies) that allows the translocation and/or
storage of energy so that it can be used at a distance in time and/or space from the primary
energy resource [10]. A primary energy resource is a source (something that produces energy,
e.g. the sun) or repository (e.g. fossil fuels, uranium oxide) of energy found in nature that has
not been subjected to any man-made conversion or transformation process. Examples of
primary energy sources are solar-derived thermal, electrical (e.g. photovoltaic) and kinetic
(e.g. wind) energy, gravity-derived kinetic (e.g. tidal) energy and nuclear decay (natural
fission and geothermal) energy. As mentioned, the inclusion of solar-derived chemical energy
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in the form of fossil fuels as an energy source is dubious, since their creation rate is miniscule
compared to the needed rate of consumption.
An energy system then consists of at minimum a primary energy resource, one or
more forward vectors and end uses. To close the energy system, a reverse vector chain
leading back to a primary resource is required. Thus the existence of a reverse vector is
prerequisite to the energy system being sustainable and to the energy resource being
renewable.
True sources (such as the sun and wind) are "renewable" by definition, in the sense
that they are available anyway and cannot be exhausted through usage. Their energy enters
the system and is transformed as necessary to make it available, via one or more vectors. A
repository-type primary resource could be renewable, through reprocessing of the products of
usage to create a reverse vector that renewed the primary resource, e.g. reprocessing of CO2
to make petroleum by solar energy technology. In this context, it is noted that "clean coal"
technology that separates CO2 pre-combustion for subsequent sequestration is not renewable
because there is no regeneration of the forward vector, and is not sustainable because the
primary resource, coal, is finite.
Against this conceptual background, primary energy resources can be classified into
two main groups: renewable and non-renewable resources. The US Energy Information
Administration (EIA) estimates that in 2016 the primary sources of energy consisted of
petroleum 36.1%, coal 18%, natural gas 26%, nuclear 9.8% and others 10.1% (hydro,
geothermal, solar, tidal, wind, biomass) [3]. This makes totals of 80.1% of primary energy
consumption in the world from fossil fuels and 19.9% from non-fossil sources. The energy
vectors encompassing the fossil fuels are also primary energy resources and fossil fuel
derivatives (such as electricity, fuel oil etc.) are commonly defined as secondary resources.
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Many of the energy vectors currently in use are able to directly transfer energy in a
form suitable for the end use. Hydrogen is an exception because it is not a natural primary
energy resource, being unavailable as H2 in nature, and must be produced using primary
energy resources, e.g. by using solar energy to split water. Thus, hydrogen is an energy vector
and not an energy source.
Hydrogen is considered to be an attractive solution as a forward energy vector in
sustainable energy systems, that is, those based on renewable primary resources. The
advantages of hydrogen as a vector are (i) it is emission-free (other than water) at the point of
end use, except for minor NOx production if combusted with air; (ii) it can be produced from
many energy resources, including renewable sources; (iii) it is highly flexible in its end uses,
being suitable for air transport, shipping, rail transport, vehicles, electricity generation and
industrial and domestic consumption. Not even electricity shares this universality. Thus
hydrogen can contribute to a diversification of transport fuel sources and offers the long term
possibility of being produced solely from renewable sources. Creating a large market for
hydrogen as an energy vector offers effective solutions to environmental damage from
mining, emission control and security of the energy supply.
Moreover, the energy captured from renewable sources (such as wind and solar) can
be stored as hydrogen to produce electricity during the scarcity of renewable sources and as
an energy vector for areas requiring off-grid electricity supply (such as islands or remote
areas).
The two-degree scenario of the International Energy Agency [11] attributes more than
300 Gt of avoided CO2 emissions up to 2050 to a revolution in electricity generation. Industry
is supposed to contribute about 150 Gt, with transport just behind at about 140 Gt. The
challenge to meet the goals in all sectors is immense, especially in electricity generation [12].
Hydrogen has a vital role to play in this revolution because of its flexibility as an energy
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vector, nowadays many countries are interested to introduce solar hydrogen hybrid energy
systems to improve the overall sustainable energy scenario. For example, as of January 2017,
around 274 hydrogen filling stations have been installed around the world [13]. Recently, a
Japanese consortium of major automakers and energy firms declared that by 2020 they will
install 160 hydrogen filling stations across Japan [14].

3.0 The Off-grid Supply Problem
Currently, the majority of island and remote-area energy systems are highly
dependent on the import of fossil fuels [15]. The fact that fossil fuel prices gradually increase
over time due to dwindling supply, high demand and global politics impacts further on the
long-term sustainability of fossil fuel-based remote area energy systems. Currently the power
systems in island or remote areas typically use petroleum products, mostly diesel and typical
electricity costs charged to consumers are in the range of US $ 0.3 to 0.6/kWh [16]. For more
remote communities, this is even higher due to the substantial transportation costs unless
subsidised. In island or remote areas, approximately 60-75% of all petroleum fuel used is for
transport, while the remainder is for electricity generation and process heat [17]. Using
locally available resources, e.g. renewable energy resources (such as solar, wind, tidal,
biomass, etc.) can help to diversify the energy mix of islands or remote areas, improve energy
security and reduce fuel import bills and this reduces electricity costs and the dependency on
fossil fuels. As a result, renewable energy projects can directly improve the quality of life and
economy in these areas. Contrary to the trend in fossil-fuel energy prices, it is not expected
that the cost of clean energy from renewable sources should continuously increase, because
these sources are not affected by the exhaustion of fossil fuels or local volatility due to civil
unrest or political instability [18].
Worldwide interest in solar-hydrogen hybrid energy systems for electricity supply has
been gradually increasing, especially in remote areas or other stand-alone applications. This
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kind of hybrid energy system has no CO2 emission, low maintenance cost and energy can be
stored as hydrogen for a long time, enabling stand-alone operation over extended periods
[19].

4.0 Solar Electricity Generation
Where hydrogen is a vector, it is necessary to distinguish the possible need for
electricity to generate hydrogen, as well as to directly supply the load, from the generation of
electricity using hydrogen produced on demand or retrieved from storage. In the longer term,
energy systems delivering electricity could produce hydrogen directly using solar energy. At
present, however, the dominant technology is electrolysis, which requires electricity.
The use of solar photovoltaic (PV) technology for electricity supply is becoming
widespread at the scale required for many off-grid applications, with PV arrays now having
peak capacities in the MW range [20]. PV energy production, which is a large net energy
producer and thus a net CO2 emission reducer, represents an environmentally beneficial and
sustainable method of maintaining an energy intensive standard of living [21]. Although the
cost of PV systems is still high, interest (and investment) in these systems is growing because
of their zero emissions, low maintenance and stand-alone operation over extended periods of
time [22].
Solar electricity may also be generated by a solar-thermal plant that concentrates
sunlight to achieve a high enough temperature of the working fluid to obtain acceptable
efficiency in a thermodynamic machine which generates electricity. Recently, several authors
[23-26] used thermal oils as new heat transfer fluid to drive a steam turbine, other authors
[27-30] suggested that molten salts can provide higher temperature than thermal oils, and a
few authors used air and different gases to drive gas turbines [31-33]. Thermally effective
heat transfer fluid has been used for solar thermal plants for absorb higher temperature ranges
from 500 °C to 1000 °C, improving the overall energy conversion efficiency from thermal to
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electric by 30-60%. The University of Ontario Institute of Technology (UOIT) conducted a
study on solar thermal plants and found that in concentrated solar power system the
efficiency of capturing solar radiation is typically higher than 70% [34-36]. Hence, they
concluded that the integration of high temperature electrolyser with solar thermal power plant
can deliver higher hydrogen production efficiency (16-32%) than a low-temperature
electrolyser with PV modules, for which the efficiency ranges from 10 to 20% [37-39].
A reason for the low efficiency of PV panels of less than 20% is that it does not
capture the whole solar spectrum. But research is ongoing to enhance the efficiency of PV
panels to capture the more solar spectrum [40] by introducing new PV materials and
techniques. But at the moment, the maximum overall efficiency of hydrogen production is
below 16% of the solar radiation falling on the cells [41].
The wind-turbine industry is relatively mature, with individual units commercially
available in the MW (electric) range and a long history of grid-connected wind farms which
aggregate the output of multiple wind turbines [42]. As of 2016, the total installed capacity of
global wind power reached 486.8 GW, with an average annual growth of 11.8% (17.2 % in
2015) [43]. Wind and PV energy are particularly attractive to the one-third of the world’s
population that lives off-grid. Among the developing countries, for example as of 2016,
China installed 168 GW and India installed 28 GW, this compares to 161.3 GW across
Europe. Currently, Denmark produces more than 40% of its electricity from wind energy. In
terms of total installed capacity, China is the leader with 168 GW and the USA occupies
second place with 82 GW (close to Germany, 50 GW and Spain, 23 GW) [43].
In reality, sole reliance on wind in stand-alone energy systems is rare; installed solarhydrogen energy systems in particular almost always include a PV array (see Table 2). Standalone wind energy systems are problematic because of their intermittent availability
(associated with high cut-in speeds), which mandates large energy storage capacity to supply
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the load with acceptable reliability. Moriana and Sanchis [44] studied the feasibility of a
hybrid wind−PV power system to meet the load requirements for off-grid electrification and
developed a strategy to optimize the size of the energy generation and storage subsystems.
The results showed that the more reliable solution was that in which 80% of the load was
covered by PV and the other 20% by the wind turbines.

5.0 Solar Hydrogen Production
A significant challenge for the hydrogen economy is to produce sustainable and
environmentally benign hydrogen. Different approaches are in use to produce hydrogen, as
shown in Figure 1. Presently, electrolysis, steam reforming of coal and natural gas,
fermentation and thermochemical and photochemical water splitting are the dominant
methods for hydrogen production [45]. The world’s principal hydrogen production route is
therefore from fossil fuels. Hydrogen production from renewable sources is obviously
preferred over natural gas and coal in the interest of long-term energy sustainability.
By comparison, with routes starting with fossil-fuel feedstocks, electrolysis is clean but
expensive due to the large amounts of electricity which are required to generate hydrogen.
However, renewable sources for this electricity, such as solar, wind or hydro are particularly
promising [46]. Among solar hydrogen production methods, water electrolysis using
photovoltaic electricity is the most practical for stationary and transportation applications at
present [7].
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Figure 1: Hydrogen production methods, through storage to various end-users.

5.1 Alternatives to water electrolysis
Although steam methane reforming (SMR) is a widely used, economical process for
industrial hydrogen production [47], it produces significant CO2 emissions owing to its
carbon-containing feedstock. However, SMR could be promising in the short term for
hydrogen production if it is efficiently developed to reduce CO2 emissions or through a
carbon sequestration process [47]. Hydrogen production by steam reforming of methanol [48,
49] also provides a low-cost route to hydrogen, but also produces significant amounts of CO2.
High-temperature processes supplied with heat from solar concentrators or nuclear
reactors can be utilised to split water. In addition, biological processes using microbes (e.g.
green algae) can produce hydrogen in the presence of sunlight [50]. Moreover, hydrogen
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generation by photocatalysis [51] and photoelectrochemical cells [20] using sunlight are
potential future hydrogen production methods [45]. Photoelectrolysis and photobiological
processes are still at an early stage of development and, while cost and practical issues are the
major concerns for the former, the latter has low conversion efficiencies [7]. Hydrogen
production by fermentation is an environmentally safe process and has huge potential in a
sustainable development strategy, but limitations and challenges (such as low H2 yield, side
reactions that convert the H2 into undesired products before it is harvested and production of
greenhouse gases) remain to be addressed [52-54].

5.2 Water electrolysis
Hydrogen production via water electrolysis using renewable energy is attracting
increased interest as the only presently practicable route to producing large amounts of
hydrogen with neither emission of pollutant gases nor consumption of fossil or nuclear
resources [55]. This is because renewable energy sources, mainly hydropower, wind and
photovoltaic can be easily coupled with water electrolysis [56]. Thus electrolysis is currently
the principal method for production of hydrogen from water.
Electrolysis is a mature technology, based on the application of a direct electric
current to water to dissociate the water (H2O) molecules. The hydrogen obtained with this
technology has a high purity that can exceed 99.999 vol% once the produced hydrogen has
been dried and oxygen impurities have been removed. Importantly, electrolytic hydrogen is
suitable for direct use in low-temperature fuel cells, which are susceptible to impurities in the
hydrogen stream, in contrast to hydrogen produced from fossil fuels and biomass.
In water electrolysis, the current passes through electrodes (anode and cathode)
immersed in water. Hydrogen is produced on the surface of the cathode when the electric
potential is sufficiently high. The reactions at the electrode surfaces are shown in Eqs (1) and
(2). "Water electrolysis”, implying that electricity is the only energy source, is to be
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distinguished from photo-assisted electrolysis or direct photocatalysis of the water
dissociation reaction.
Anode: 2H 2O =O 2 + 4H + + 4e− , Ea0

(1)

H 2 , Ec0
Cathode: 2H + + 2e− =

(2)

Here, Ea0 = 1.23 V is the standard potential of the anode surface (oxidation) and it indicates
the theoretical minimum required. Ec0 = 0.0 V is the standard potential on surface of the
cathode (reduction) [57].
Figure 2 shows the basic components of the electrolytic hydrogen production unit.
The overall efficiency of the hydrogen production depends on the electricity-to-hydrogen
efficiency of the electrolyser and the solar-to-electricity conversion efficiency. Table 1 shows
the power consumption and efficiency of different industrial electrolysis systems employed in
the US, Europe and China. The efficiency of a commercially available electrolyser lies in the
range of 50-80% (Higher Heating Value; 73-64% Lower heating Value [55]) 1 using either
alkaline or polymer electrolyte membrane electrolysers. Nevertheless, improvements are
possible and being sought, e.g. [58].
Aside from the engineering maturity and flexibility of integration with various solar
power generation technologies, another advantage of water electrolysis is that where
desirable, e.g. refuelling stations, hydrogen production can continue using other renewable
sources of power when sunlight is not available. Since electricity forms the forward vector
from the energy source to the electrolyser, the electrolytic facilities do not need to occupy
space where solar capture is optimal. In addition, unpredictable mutual safety impacts are

1
Here I consider the entire electrolysis system. The energy required to produce 1 kg of hydrogen is 33 kWh/kg
(LHV) or 39 kWh/kg (HHV). For example, the Stuart IMET 1000 series electrolysers are calculated to be 64%
efficient (LHV) or 73% (HHV).
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minimized by the flexible distance between the solar thermal power plant and the
electrolyser.
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Table 1: Power consumption and efficiency of different industrial electrolysers [28].
Country Electrolyser model

USAa

Electricity required for
system, kWh/m3(H2)

Electricity required for
Electrolyser only, kWh/m3(H2)

HHV efficiency of electrolysis
system (electricity-to-H2), %

Stuart: IMET 1000

4.8

4.2

73.9

Teledyne: EC-750

5.6

-

63.3

Proton: HOGEN 380

6.3

4.3

56.3

Norsk Hydro:
Atmospheric

4.8

-

73.9

5.4

-

65.7

8.8

-

40.1

Amalgam

11.3

-

31.4

Diaphragm

9.4

-

37.7

Membrane

8.9

-

39.8

Reference

[52]

Type No.5040 (5150
Amp DC)
Avalence: Hydrofiller
175
Europeb Membrane

Chinab
a

KOH electrolyte; designed for hydrogen production from water electrolysis.
b
NaCl electrolyte; also produces Cl2 and NaOH.
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[52]
[53]

There are relatively few demonstration projects worldwide on the integration of
electrolytic hydrogen production systems with renewable energies. These have been reviewed
in Ref. [59] .

Figure 2: Electrolysis of water.

6.0 Hydrogen Storage
Energy storage is the key to reliable off-grid power supply based on fluctuating
sources. Hydrogen storage is therefore an important central topic in this review. Furthermore,
any large-scale hydrogen distribution system must deal with storage, to provide a buffer
between production facilities and fluctuations in demand. Economically viable,
environmentally benign and sustainable mass storage techniques are therefore major research
goals.
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While liquification or cryo-cooling of hydrogen gas is possible [60], current storage
systems, such as for fuel cell vehicles, onsite storage or stand-alone applications are mostly
limited to compressed gas storage in cylinder/canisters. Compressed hydrogen has the draw
backs of transportation cost (i.e. if the fuelling station is at certain distance), energy
consumption to perform the compression work required as well as safety concerns and low
volumetric energy density. Solid state hydrogen storage in metal hydride or complex hydride
could be a potential option for stand-alone or stationary use due to favourable characteristics
such as the decoupling of power and energy ratings, low operating pressure, safety, and high
volumetric energy density. However, various challenges, depending on the nature of the
storage material, remain to be solved, including the overall weight of the storage system,
limited capacity of the storage material used, degeneration with cycles and cost.

6.1 Compressed hydrogen
The simplest storage system is compressed H2 gas. The advantages of this method
include the ease of operation at ambient temperature and simplicity of storage and retrieval.
But this method has low energy density (e.g. less than 0.5 kg H2 in a typical laboratory gas
cylinder pressurised to 15 MPa). To increase the gravimetric and volumetric storage
capacities of compressed gas tanks, cryo-compression and liquefaction methods are used.
Cryo-compression increases the amount of gas at the same temperature due to the inverse
relation between gas density and temperature. The volumetric capacity increases by a factor
of >3.5 when the tank temperature is lowered from room temperature (∼300K) to liquid
nitrogen temperature (77 K). However, the overall system volumetric and gravimetric
capacity decreases due to additional materials required for the cooling system. Another
limitation of this system is compression work, as a result around 20% of the energy content
of hydrogen is lost [61].
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Liquification of hydrogen is also possible but around 25% to 45% of the energy
content of hydrogen is required to liquefy the hydrogen. The energy density is increased, but
due to the low boiling temperature (-253K) of hydrogen, it requires bulky insulation or a
sophisticated cooling system [62]. Remaining challenges include hydrogen boil-off, the
energy required for liquefaction, the total system volume and weight, the high cost of the tank
and the ortho-para conversion [63].

6.2 Physisorption
Hydrogen can be stored in its molecular form by physical adsorption on the surface of
a porous solid material. Dalebrook et al. [64] reviewed different new techniques of hydrogen
absorb and desorb and categorized as physisorption storage (e.g. zeolites, Metal Organic
Frameworks (MOFs)) and chemical storage (e.g. amines, formic acid). In physisorption,
hydrogen remains in its molecular form and is adsorbed and desorbed reversibly. In this
process, the surface density is higher than the bulk gas concentration due to gas-solid
interactions [62].
Carbon based materials have received significant attention due to their low weight,
high surface area and chemical stability [65]. Therefore, carbon-based materials for
physisorption e.g., activated carbon, graphite, carbon nanotubes and carbon foams are
included in the group of hydrogen storage materials [66]. Graphene is a single layer of
graphite and has a theoretical surface area of 2630 m2g−1 [67, 68], making it a suitable
candidate for physisorption storage. Burress et al. [69] showed that by using different
activation techniques rather than heat treatment could reduce the oxygen-to-carbon (O/C)
ratio, which help to improve the surface area and hydrogen uptake of graphene oxide
frameworks (GOFs).
Microporous organic polymers (MOP) are very attractive for energy storage due to
their high specific surface areas and tailored porosity. Wood et al. [70] introduced a series of
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synthetic routes to enhance the interaction with hydrogen molecules . Recently, Polymers of
intrinsic microporosity (PIMs) [71] and hyper-cross-linked polymers (HCPs) [72] have been
investigated for physisorption based hydrogen storage at low temperature. Covalent organic
frameworks (COFs) shows much finer control over the crystallinity and porosity properties,
in comparison to HCPs and PIMs [73]. Ding and Wang [73] critically reviewed on COFs
which covers from materials design to applications. Zeolites contain well-defined open-pore
structures, often with tuneable pore sizes and demonstrating notable guest-host chemistry
with important applications in catalysis, gas adsorption, purification and separation [74].
Additionally, these materials are inexpensive and have been widely used in industrial
processes for many decades. An extensive experimental survey has shown that the hydrogen
storage capacity of zeolites to be <2 wt% at cryogenic temperatures and <0.3 wt% at room
temperatures and above [75]. Recently, novel nanoporous materials such as MOFs have been
applied to hydrogen storage [76-78]. MOFs are porous materials constructed by coordinate
bonds between multidentate ligands and metal atoms or small metal containing clusters and
are highly crystalline inorganic-organic hybrid structures that contain metal clusters or ions
(secondary building units) as nodes and organic ligands as linkers [79]. MOFs can generally
be synthesized via self-assembly from different organic linkers and metal nodules. Due to the
variable building blocks, MOFs have very large surface areas, high porosities, uniform and
adjustable pore sizes and well-defined hydrogen occupation sites. These features make MOFs
promising candidates for hydrogen storage based on physisorption.

6.3 Chemisorption
Storing hydrogen as a chemical metal hydride or complex hydride can provide high
volumetric densities and low absorption pressures during hydrogen uptake.
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6.3.1 Metal Hydrides
The light-weight metals, such as Li, Na and Mg all form hydrides with high
gravimetric hydrogen capacities. Because of the high enthalpy of formation, however, high
temperatures are needed (>650 °C for Li, for example) to release the hydrogen. Magnesium
hydride offers the greatest potential with 7.6 wt%

and good reversibility, but desorption is

kinetically limited. Webb [80] studied MgH2 to improve the hydrogen sorption through
mechanical modification of the material and through the addition of catalytic materials [80].
Alloying of different metals can modify the enthalpy of the hydride and this has been
investigated for hydrogen storage applications. Most useable alloys are AB5 intermetallic
compounds (e.g. LaNi5) for hydrogen storage with 1.4 wt% and equilibrium pressure is less
than 2 bar at room temperature [81]. AB2 compounds are derived from the Laves phases with
a hydrogen storage capacity of up to 2 wt% [78]. Body-centred cubic (BCC) alloys have
maximum hydrogen capacities up to 4 wt% with reversible capacities of more than 2 wt%
[82-84].
Mechanical modification can provide fresh surfaces and defects for fast hydrogen
diffusion. Ball-milling is a mechanical process which is widely used with metal hydrides to
enhance the surface area, to create micro/nanostructures and annealing treatment of the
material [85]. In addition, ball-milling can provide a synthesis path for new alloys, for
example, the milling of magnesium and titanium with different ratios under hydrogen,
produces a ternary hydride, 3.7 wt% and also it helps to improve the desorption kinetics [86].
The crystalline Mg2Ni alloy achieved improved surface properties by ball-milling in
comparison with conventional metallurgical method [87]. Nanostructuring techniques, such
as ball-milling, cold-rolling, thin films and nano-confinement all positively influence the
reaction kinetics [88, 89].
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6.3.2 Complex hydrides
Complex hydrides are metal salts, typically containing more than one metal or
metalloid, where the anion contains the hydride. These complex metal hydrides typically
have higher hydrogen gravimetric storage capacities and the volumetric density than simple
hydrides. For example, the hydrogen content of LiBH4 is 18 wt% [81]. Low weight complex
hydrides include the alanates [AlH4]–, amides [NH2]–2, imides [NH4]+1 and borohydrides
[BH4]–. The alanates and borohydrides received attention due to their light weight and
hydrogen capacity per metal atom. But both have issues with poor reversibility and high
stability, decomposing only at elevated temperatures.
Sodium alanate is a complex hydride of aluminum and sodium (NaAlH4).
Theoretically, NaAlH4 contains 7.4 wt% of hydrogen [90]. However, the decomposition to
release hydrogen is a multi-step reaction, the details can be found in Refs. [91, 92]. The
kinetics of the sodium alanate sorption can be improved with transition metal additives such
as Ti [93].
Lithium alanates are very attractive due to the higher hydrogen content, the hydrogen
10.5 and 11.2 wt% for LiAlH4 and Li3AlH6, respectively [94]. It has been theoretically
predicted that Lithium nitride (Li3N) can store 10.4 wt% hydrogen and but the reversible
hydrogen capacity is only 6 wt% [95].
Schlesinger and Brown [96] deveolped lithium borohydride (LiBH4) from ethyl
lithium and diborane, yielding a material containing 18.3 wt% hydrogen [97, 98]. Many
attempts to destabilise the highly stable complex hydrides have been made by doping,
catalyst addition, Hδ+/Hδ–coupling, size effects, partial cation substitution or direct reaction
with another hydride materials [99]. A quaternary hydride system (i.e. Li3BN2H8) with a
theoretical hydrogen capacity of 11.9 wt% was prepared by ball-milling [100, 101]. Solid
sodium borohydride exhibits adverse thermodynamic effects for use as a recyclable hydrogen
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storage material [102]. Other borohydrides of potassium, magnesium, calcium and zinc also
decompose to hydrogen, details in Refs. [103-107]. Beryllium borohydride claims the highest
hydrogen content ≈20.7 wt% hydrogen but the high toxicity and cost of the metal discourages
its use in hydrogen storage applications [108]. A mixture of lithium borohydride, calcium
hydride and magnesium hydride has also been studied by Zhou et al. [109].
Recent review papers provide much more detail on complex hydrides. Paskevicius et
al. [110] report that there are now well over 200 known compounds in the borohydride class
of complex metal hydrides. Other articles highlighting the wide range of metal hydrides
include a review of B-N and Al-N compounds [111], a review of metal boranes [112] and
reviews of complex transition metal hydrides [113-116]. This is a non-exhaustive list that
does not include amide/imide compounds.

7.0 Electricity generation from hydrogen
The use of hydrogen as an energy carrier for electricity generation is mostly
associated with fuel cells. A comparison between the energy efficiencies for electricity
generation by the principal energy conversion systems (such as photovoltaic panels, thermal
solar power plants, waste incineration, gas turbines, diesel engines, gas engines, Rankin
cycles, combined Rankin-Brayton cycles, nuclear power plants, wind turbines, hydroelectric
plants and fuel cells) used today has been described by von Spakovsky and Olsommer [117].
From this comparison it is apparent that fuel cells have the highest energy efficiencies among
the energy conversion devices.
However, the hydrogen internal combustion engine (H2ICE) can be used for
electricity generation and it can attain high power output and high efficiency [118].
Currently, Germany is emphasising the renewable hydrogen hybrid energy technology and
has the goal of generating 80% of its electricity from renewable energy sources by the year
2050 [119]. With this technology, electricity is converted into hydrogen by water electrolysis,
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hydrogen stored in pressure tanks and when needed can be reconverted into electricity with
fuel cells, hydrogen internal combustion engines or combined-heat-and-power (CHP)
applications. The various pilot plants have been summarized by Gahleitner [120] and detailed
information is provided about the nominal power of the electricity generating device that are
used. From this summary it is observed that among these plants 83% of the systems generated
electricity with fuel cells and 10% of the systems also generated electricity with an internal
combustion engine or a CHP plant.

7.1 Alternatives to fuel cells
The H2ICE combines the fuel and oxidant producing electricity in a multi-step process
that involves combustion to produce thermal energy from the internal chemical energy of the
fuel. This thermal energy is then converted into mechanical energy and finally this
mechanical energy is converted into electrical energy through the use of a generator.
Eventually, system efficiency decreases due to number of energy conversion process and
H2ICE is limited by the Carnot efficiency between low and high working temperatures. CHP
plants are another alternative [121] and for this system, heating and electricity demand must
remain fairly consistent. Efficiency claims are sometimes overstated since heat energy and
electricity are not equivalent.

7.2 Fuel cells
A fuel cell is an electrochemical device that converts the chemical energy (i.e.
hydrogen plus oxygen) into electrical energy and provides an efficient, sustainable and
environmentally benign mechanism for energy conversion. The static nature of fuel cells and
their inherent modularity allows for simple construction and a diverse range of applications in
portable, stationary and transportation power generation.
A fuel cell is composed of three active components: a fuel electrode (anode), an
oxidant electrode (cathode) and an electrolyte sandwiched between them. The electrodes
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consist of a porous material that is covered with a layer of catalyst. Figure 3 shows the
schematic of the fuel cell.
Depending on the choice of fuel and the electrolyte, fuel cell technologies can be
divided into alkaline (AFC), phosphoric acid (PAFC), solid oxide (SOFC), molten carbonate
(MCFC), proton exchange membrane (PEMFC) and direct methanol (DMFC) fuel cells.
AFCs utilize an alkaline electrolyte in a water based solution, operate at temperatures
between 60 and 90 °C, have an electrical efficiency of about 60% and are available up to 20
kW. They have simple structures and utilize low-cost catalysts, but as they easily are
contaminated by carbon dioxide, purified air or pure oxygen has to be supplied [122].
PAFCs have a liquid phosphoric acid electrolyte, operate between 150 and 220 °C, achieve
electrical efficiencies ranging between 40 and 50% and are commercially available up to 200
kW. They can be operated with air and have the advantage of long-term stability, but their
initial costs are high, since a Pt catalyst has to be used. PAFCs are used for CHP applications
with high energy efficiencies. Molten carbonate fuel cells (MCFCs) and solid oxide fuel cells
(SOFCs) are high-temperature fuel cells appropriate for cogeneration and combined cycle
systems. MCFCs have the highest energy efficiency attainable from methane-to-electricity
conversion in the size range of 250 kW to 20 MW, while SOFCs are best suited for base-load
utility applications operating on coal-based gasses. PEMFCs are the most promising
candidates for stand-alone applications due to their high power density, fast start-up time,
longer lifetime, high efficiency, low operating temperature (between 60 and 100 °C), easy
and safe handling. PEMFCs achieve electrical efficiencies of between 40 and 60% and are
available up to 250 kW [123].
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Figure 3: Cross-sectional view of a PEMFC.

8.0 Solar hydrogen hybrid energy systems
Hydrogen-based electricity supply technology is now discussed at the system level.
Published reports on installed solar hydrogen hybrid systems were surveyed and are
summarised in Table 2.
Nearly all the systems recorded in the literature include batteries whose storage
capacities range from ~1 kWh to ~1 MWh. Batteries serve two purposes. Some battery
storage is generally necessary to stabilise the DC bus voltage and is desirable to smooth
fluctuations in the load (for instance power demand spikes when machinery starts) that are
reported to shorten fuel-cell life [124]. Batteries may also serve as extra energy storage. In
some of the systems surveyed [125-127], the included battery capacity was sufficient to
supply the same power as the fuel cell for many hours.
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While necessary to some degree, batteries suffer disadvantages compared to stored
hydrogen that suggest that they are not universally suitable for off-grid electricity supply
systems [2]. The lead-acid types used in nearly all of the demonstration projects reviewed
(Table 2) suffer fairly rapid self-discharge, making them unsuitable for season-to-season
energy storage. Furthermore, lead-acid batteries have very low energy density, making them
impractical for realising the high storage capacity needed for season-to-season storage [128].
Even the best-performed lithium-ion batteries (which are also the most demanding in
their need for management, the most expensive and the most hazardous) are unlikely to
perform well for season-to-season storage, owing to self-discharge. They are, of course, an
excellent choice for short-term storage with modest capacity.
Whether hydrogen is stored as a gas or solid, no "self-discharge" occurs if the vessels
and pipework are leak-tight. To set this requirement in context, consider a storage vessel and
associated pipework containing n moles of hydrogen (or any gas), from which gas leaks at a
molar rate n . If the relative leak rate from the storage is r (expressed as % of capacity per
month, for example), then the required system capacity to achieve a specified relative leak
rate, knowing the molar leak rate, is n =

n
. Suppose that a molar leak rate of 4.52×10–5
r

mol.s–1 is achieved for the system, equivalent to 1.00 mbar-litre/second. The system capacity
required to achieve a relative leak rate of 1% per month (2.6×106 s) is then 1.2×104 mol H2 or
24 kg H2. Now a leak rate of 1 mbar-litre/s is very readily achievable for a system with a
modest number of leak points with available gas handling technology, so the goal of 1%
hydrogen leakage per month seems very achievable [129].
Stored as hydrogen, the energy can therefore be retained for long periods relative to
batteries. discusses in detail a comparison of hydrogen storage (metal hydride) and batteries
(Li-ion) in terms of their effective energy densities. The conclusion is that in addition to the
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relative absence of "self-discharge", hydrogen storage can match the energy density per mass
of advanced batteries and easily exceed their energy density per volume, inclusive of the
electrolyser and fuel cell.
Hydrogen storage can also be highly efficient. For solid-state hydrides, in which an
exothermic enthalpy accompanies the absorption reaction, the efficiency depends (i) on the
severity of pressure hysteresis discussed by Gray et al. [2] and (ii) whether we count the heat
of absorption as useful heat or waste heat. For compressed-gas storage, the efficiency
depends on adiabatic heat loss during compression and the efficiency of the compressor.
Metal-hydride storage systems in particular can match the efficiency of high-performance
batteries. The principal efficiency penalty with hydrogen-based storage systems comes from
the electrolyser (if present) and the fuel cell.
The economic viability of the stored-hydrogen approach to solving the intermittency
problem of renewable sources thus depends critically on factors specific to the intended load,
especially the need for highly reliable power across the seasons.
Worldwide, hydrogen energy infrastructure is steadily being developed, as illustrated
in Figure 4 and developments in other situations, such as refuelling stations, have carry-over
benefits for the type of stand-alone system discussed here. Demonstration and pilot projects
are vitally important to obtain real performance data and gain public acceptance. As of 2015,
nearly 28 renewables-based hydrogen fuelling stations have been installed around the world
[130].
Based on the electrolyser connectivity three types of energy systems can be
categorised for off-grid electricity supply as shown in Figure 5 [7]. Generally for small scale
systems, DC type electrolysers could be connected directly to the PV panels, but it is difficult
to synchronize the electrolyser characteristics with PV panels. To provide an appropriate
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voltage to the electrolyser, a DC-DC converter can be introduced aligned with the PV panel.
Recently, AC type electrolysers have been used to connect to the grid and so the DC-AC
must match the electrolyser characteristics. It is obvious that the proper sizing of PV modules
is very important based on electrolyser features. However, a battery bank can also be used to
store the surplus energy and meet the short-term energy demand. Table 2 lists the solar
hydrogen hybrid energy systems for electricity supply and their specifications which have
been installed around the world up to date.
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Figure 4: Hydrogen Energy infrastructure.
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Figure 5: Off-grid solar hydrogen hybrid energy system with (a) direct coupled electrolyser,
(b) DC electrolyser and (c) AC electrolyser after [7].
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Table 2: Solar hydrogen hybrid energy systems for power production and their specifications.
Source

Electrolyser

Battery

Hydrogen Storage

Fuel Cell

Project
duration

Reference

Type

Installed
power
(kWp)

Type

Power
(kW)

Type

Energy
Capacity
(kWh)

Equivalent
hrs(i)

Type

Volume
capacity
(Nm3
H2)

Equivalent
hrs(ii)

Type

Power
(kW)

PV

370

Alkaline

100

-

-

-

PT,
30bar

5000

93

PAFC

80

19891996

[131]

PV

330

Alkaline

200

Liion

1310

22

MH,
10bar

1502

37

PEM

60

2013OP

[125]

PV

8.5

Alkaline

5

-

-

-

MH/PT,
200bar

24/-9

4/2

PAFC/
PEM

10/7.5

19891997

[127]

PV-windMicrohydro

13-503.2

Alkaline

36

Leadacid

120

17

PT,
137bar

2856

1068

PEM

7

2004OP

[132]

PV

43

Alkaline

26

Leadacid

304

46

PT,
120bar

3000

691

PEM

6.5

19932003

[126,
127]

PV-wind

1-10

Alkaline

5

Leadacid

42

8

PT,
10bar

40

12

PEM

5

2001OP

[133]

Wind

6300

Alkaline

320

-

-

-

PT,
10bar

90

-

-

-

2009OP

[120]

PV-wind

10-3

PEM

4.2

Leadacid

144

36

PT,
30bar

54

20

PEM

4

2008OP

[134]

PV

4.2

PEM

2

Leadacid

20

6

PT,
bar

171

PEM

3.5

19921995

[135]

PV

5.6

Alkaline

5

Leadacid

51

17

PT,
200bar

60

PEM

3

19941997

[126]

41

28 400
120

PV

20

Alkaline

50

-

-

-

PT,
15bar

8

5

Alkaline

2.5

2000OOP

[136]

PV

5

PEM

3.35

Leadacid

28

12

MH,14
bar

5.4

3

PEM

2.4

2007OP

[6]

PV

9.2

Alkaline

6

Leadacid

5.8

4

PT,
8bar

60

60

PEM

1.5

19891996

[137]

PV

6

PEM

1

Leadacid

4.4

3

MH,
5bar

7

7

PEM

1.5

-

[138]

PV

8.6

PEM

4

Lead
acid

1.7

1.7

-

-

-

PEM

1

2009OP

[139]

PV

1.98

PEM

-

Leadacid

3.6

3

PT,
13.8bar

2

2

PEM

1.2

-

[140]

PV

1.3

Alkaline

0.8

Leadacid

12

24

PT,
25bar

200

598

PAFC

0.5

19901992

[141]

PV

1.4

PEM

1.5

Leadacid

20

47

MH,
30bar

70

249

PEM

0.42

20002004

[126]

Abbreviations: PV= Photovoltaic; MH = metal hydride; PT = pressurized tank; OP = in operation; OOP = out of operation;
PEM = Proton Exchange Membrane; PAFC = Phosphoric Acid Fuel Cell.
(i) Battery equivalent hours: hours of supply from battery at full power as defined by listed fuel cell power.
(ii) Hydrogen storage equivalent hours: hours of supply from hydrogen storage at listed fuel cell power, assuming 50% efficiency (LHV basis).
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8.1 Prototype Systems
Yilanci et al. [7] surveyed installed systems in 2009. In the updated survey below,
these systems are also briefly mentioned to give a complete picture as of 2017.which are
listed below;
In 1989 an industrial hydrogen demonstration project “Solar-Wasserstoff-Bayern
(SWB)” was installed in Germany to investigate solar electricity production without CO2
emission [131]. In 1989, the Spanish National Institute for Aerospace Technology (INTA)
installed a hydrogen project to produce solar electricity and to assess the reliability of an
integrated energy system for space missions [127]. From 1989 to 1996 a stand-alone solar
energy system was in operation at Telonicher Marine Laboratory, Humboldt State University
(HSU), named as the Schatz Solar Hydrogen Project (SSHP), where energy was stored as
hydrogen and at low supply a PEM fuel cell was used to produce electricity [137]. In Finland,
the Solar Hydrogen Pilot Plant Project (SHPPP) was demonstrated in two phases. The first
phase (1990-1992) demonstrated the technical feasibility of the system components and the
second phase (1992-1994) demonstrated how to improve the energy storage efficiency [141].
In 1992, a self-sufficient solar house was installed by the Fraunhofer Institute for Solar
Energy Systems in Freiburg, Germany to supply the electric and thermal energy to the
residents [135]. From1993 to 2003 the Central Library in Forschungszentrum Julich,
Germany demonstrated a plant called PHOEBUS, with renewable and hydrogen technology
to produce electricity, which was independent from the public grid [126]. From 1994 to 1997
a joint venture project (by Germany and Italy) was in operation named Stand Alone
Photovoltaic Hydrogen System (SAPHYS) to investigate the energy efficiency of solar
hydrogen hybrid energy system [142]. The European Union installed solar hydrogen hybrid
energy system for a telecommunication application in Madrid, Spain named Fuel cell
Innovative Remote System for Telecom (FIRST) [126], it was in operation from 2000 to
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2004. Since 2001 the Hydrogen Research Institute (HRI), Canada [133] installed solar and
hydrogen technology based energy system for stand-alone application. Since 2002 a project
has been installed at West Beacon Farm (WBF) in Leicestershire, UK to investigate the
hydrogen storage form renewable sources, called Hydrogen and Renewables Integration
(HARI) [132]. Since February 2007, a solar hydrogen hybrid energy system has been
installed at Pamukkale University, Denizli, Turkey [6].
In June 2000, the demonstration project on solar hydrogen energy system was
installed in the Renewable Energy Park at Grimstad, Norway with PV nominal power 20 kW,
50 kW alkaline electrolyser (Norsk Hydro Electrolysers, model- HPE 10) and 2.5 kW
alkaline fuel cell. The maximum hydrogen production rate was 10 Nm3 per hour. The
intention of the project was to improve the competence in renewable energy technologies
other than hydro-electricity [136].
In 2008, a stand-alone power system was installed at Neo Olvio, Xanthi, Greece and
the aim of this project was to present a supervisory framework for the operation. The standalone system consisted of a PV-array (10 kW), three wind generators (1 kW each), a storage
system based on lead-acid accumulators (4 strings of 750 Ah each at 48 V) and a long-term
storage system that comprises of an electrolyser (4.2 kW), a fuel cell (4 kW) and the
hydrogen storage system. PV array and wind generators provide the system power, according
to renewable energy sources availability. The accumulator absorbs energy excess and provide
subsequently energy deficit. Hydrogen is produced by the PEM electrolyser and is initially
stored in buffer tanks until the pressure inside these tanks reaches a preset limit of 5.5 bar. At
that point, a hydrogen compressor raises the gas pressure to the final storage pressure levels
ranging between 7-30 bar. The stored hydrogen is provided for subsequent use in a PEM fuel
cell in cases of power shortage. A diesel generator complements the integrated system and is
employed as backup in cases of an unexpected failure [134].
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Brinkhaus et al. [139] installed the autonomous energy plant in 2009, consisting of
photovoltaic modules, an electrolyser, batteries, a hydrogen storage and a fuel cell in order to
provide practical evidence for the functionality of the system and the optimization of secure
autonomous power systems based on solar energy. The surplus energy was stored as
hydrogen to support during intermittent supply and battery malfunction.
Hychico’s Hydrogen Plant started operating in January 2009. The objective was
hydrogen production from wind energy in Comodoro Rivadavia, Patagonia, Argentina. The
Diadema Wind Park, comprising seven 0.9 MW Enercon E-44 wind turbines with a total
installed capacity of 6.3 MW utilised two electrolysers (Both 325 kW electrolysers can
operate up to a 10-bar pressure) with a total capacity of 120 Nm3/h of hydrogen and 60
Nm3/h of oxygen [120]. This hydrogen is mixed with natural gas and used as fuel in a 1.4
MW Genset. The Genset has an ICE designed to operate with gases from biomass, pyrolysis,
etc., and has been specially adapted to operate with rich and/or poor gas-hydrogen mixtures.
It is worth mentioning that gases used are raw gases extracted from the field, with no
previous treatment. The rich gas has a 90% Methane content and the poor gas has a ~40%
CO2 content. In addition, there is a high pressure oxygen dispatch plant (220 bar) which
supplies the local market [143].
In 2012, Valverde et al. [138] proposed a domestic hybrid energy system combining
solar PV, electrolyser, battery bank, hydrogen storage and a fuel cell. The electrolyser was
used to store the surplus energy as hydrogen and during the intermittent of PV energy supply.
The battery bank and fuel cell provide load when demand outstrips supply. A suitable
hydrogen installation for this proposed domestic system consists of a 1 kW PEM electrolyser,
a metal hydride storage tank and a 1.5 kW PEM fuel cell system. The hydrogen is stored in a
LaNi5 intermetallic alloy storage tank with a 7 Nm3 storage capacity (0.62 kg of hydrogen).
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Since heat is required to release the hydrogen storage content, a cooling/heating system is
incorporated.
A renewable and sustainable energy system based on hydrogen production from solar
energy was developed and installed in the newly built Sir Samuel Griffith Centre [125],
Griffith University, Brisbane, Australia. This 6000 m2 building houses teaching and research
activities. Although not yet fully commissioned, the goal of the system is to demonstrate an
autonomous energy system, with long-term storage of energy in the form of hydrogen
ensuring that the building will be operated off-grid as much as possible. The primary energy
source is 330 kW of PV modules installed on the building itself. Surplus solar energy is first
used to charge a bank of Li-ion batteries, with a capacity of 1.31 MWh electric, to provide
short-term energy storage. Once the batteries are fully charged, the surplus solar energy is
used to generate hydrogen using alkaline water electrolysers. Hydrogen storage is in a
proprietary metal-hydride storage system with a total capacity of 120 kg H2, equivalent to
approximately 2.3 MWh electric. Should the solar generation drop below the building
requirements, i.e. at night and in dull weather, then the batteries initially supply the building's
energy requirements. When the batteries reach a set level of discharge, fuel cells power the
building using stored hydrogen. Should all the internal storage become depleted then the
building reconnects to the grid and waits for solar input to recharge the internal stores. The
components of the energy system are co-ordinated by a PLC-based control system.
Recently, Toshiba Corporation installed solar hydrogen autonomous energy system
named as H2OneTM in the Henn na Hotel, at the Huis Ten Bosch theme park in Nagasaki,
Kyushu [144]. The installed solar capacity is 62 kW, fuel cell output is 54 kW and electricity
storage capacity is 1.8 MWh.
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9.0 Optimization and Modelling
A stand-alone power supply system with no storage can be sized fairly simply by
ensuring that the power input from solar capture is sufficient for an adopted worst-case
condition. Even in this simplest of situations, the sizing cannot be reliable without a model of
insolation as a function of time. Adding storage to guarantee supply within an adopted
scenario of availability, load, and insolation complicates the problem enormously. It is
possible to trade off solar input power against storage energy capacity [145]. Without
authoritative modelling, the tendency is to oversize some or all of the system components to
give a margin for error in the design, and this approach costs more than is necessary.
Especially for large-scale systems involving significant capital investment as well as for
systems where the reliability of supply is critical, accurate modelling is a necessary
prerequisite for successful and cost-effective design.
Due to indeterminate and fluctuating renewable energy supply and load demand,
predicting the behaviour of a hybrid energy system becomes a complex multi-physics
problem in comparison with single energy systems. Due to the non-linear characteristics of
the systems components and high numbers of variables and parameters, the reliability and
output prediction of a hybrid energy system becomes even more difficult. To utilize the
renewable sources efficiently and operate the hybrid energy system at optimum level, physics
based physical modelling, dynamic sizing methods and a control algorithm based on load
profile are essential. The effective sizing method can help to guarantee the lowest investment
with full utilisation of the system components (typically PV array, electrolyser, hydrogen
storage sub-system, fuel cell and battery bank for the cases considered here), in contrast to
the cases where uncertainty has led to over-sizing of one or more components. This type of
optimisation includes different objectives such as economy, energy output, system integration
and an assessment of the system’s reliability for long-term performance.
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To reach the optimum solution, different sizing techniques can be used such as
analytical methods, probabilistic methods, iterative methods and artificial neural network.
Whichever sizing and optimization techniques are used, they must ultimately search for an
optimum combination of the most crucial output parameters, namely the system reliability
and the system cost.
While the required availability of energy supply from a stand-alone hybrid system
constitutes an important criterion in optimisation, the cost of the system is the governing
factor, unless an unlimited budget is available. Hence, to find the optimum solution, the
relationship between system reliability and cost must studied with proper attention. For better
utilization of the primary energy resources (e.g. solar/wind), a pre-feasibility analysis of the
characteristics of solar radiation and/or wind conditions at a potential site should be made at
the inception stage. Following the pre-feasibility study, the selection of properly sized
equipment is made based on weather/climate data, maximum supply power and the policy
adopted regarding availability of supply. The unit sizing of the integrated power system
obviously interacts strongly with the availability and economy of the system.
Applications of hybrid renewable energy system (HRES) technology are growing
rapidly and this hybrid energy system has already proven its affordability for remote and
stand-alone application [146, 147]. Around 90% of the studies reported in the literature were
on design/economic aspects of HRES with very few studies on control [148-153].
The potential for essentially stand-alone systems of the type discussed here to be
connected to a grid which might be sparse and unreliable, as is often the case in rural areas.
Such a utility-interactive HRES has not yet gained popularity, although it has been predicted
that within the next few years distributed HRES will become competitive with centralised
utility grid power for widespread distributed applications [154]. In that case, there could be
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significant penetration of HRES in the existing networks of developed or developing
countries in order to improve the quality of or extend the power supply.
However component sizing is carried out, simulation is required to prove the
operating principle, feasibility and reliability of the proposed hybrid energy system. In some
approaches, simulation is the basis of the sizing methodology. Therefore, consider these tasks
together.
Different optimization techniques have been used to design hybrid energy systems,
such

as

linear

programming [155,

156]

probabilistic

approach [157],

iterative

techniques [158], dynamic programming [159], multi-objective genetic algorithm [160,
161]. Karki and Billinton [162] applied a Monte-Carlo simulation approach to evaluate the
system reliability and cost compromise for small, stand-alone hybrid energy systems.
Shahirinia et al. [163] compared the results of two optimization techniques based on simplex
and other algorithms for hybrid energy system. They presented a method based on loss-ofload probability (LOLP: a measure of the reliability of an electrical grid, the probability that
there is an insufficient generating supply to support electrical demand) to decide on an
optimal proportion of PV and wind generator capacities in a hybrid energy system. The
optimal combination of other system components was selected on the basis of capital cost and
annual autonomy level (such as the battery duration at a specified load level, referred to as
the battery “autonomy level”.) in terms of LOLP [164].

Protogeropoulos et al.

[165] developed a sizing and optimisation technique based on design factors such as
autonomy. Ai et al. [166] deveopled comprehensive sizing methods with proper components
modelling (i.e. PV, Wind and battery) and included hourly metrological data and laod profile
and system performance.
There is a substantial lack of system modelling studies that include hydrogen storage.
While the principles already developed for PV/wind-battery HRES installations are
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applicable to solar hydrogen systems, much more work is needed to integrate the
characteristics of the electrolyser, hydrogen storage and fuel cell into the Optimization
methodology.

10.0 Barriers and Trends
"Political will" (high-level positive intent), workable technology and a favourable
financial environment are prerequisite to widespread adoption of renewable energy
technology. The growing recognition that anthropogenic CO2 causes climate change [167] is
driving acceptance at all levels of government of the need to incorporate renewable resources
in the global energy supply [168, 169]. Legislated renewable-energy targets and incentives
are influencing the financial environment in some countries and investment in technology for
hydrogen energy is producing tangible results, such as hydrogen refuelling networks. These
factors are generic, but apply equally to the reviewed applications of solar hydrogen-based
electricity supply where there is no grid.
Solar hydrogen hybrid systems have been demonstrated in relatively controlled
(quasi-laboratory) and relatively uncontrolled (e.g. public buildings) settings. The latter
resemble communities to a degree, and success in such projects suggests that the technology
could also succeed in a remote off-grid setting. The key to success in a "real" setting will be
design for cost-effective and reliable operation. For this to be realised, a number of
significant challenges remain.
 In common with renewable energy technologies in general, the cost of renewable energy
system components needs to be reduced to decrease payback time. This is especially true
of the least mature (in the commercial sense) component of a solar hydrogen system, the
hydrogen storage.
 An off-grid, possibly remote, power supply system must be able to operate unattended
and reliably for long periods in harsh and widely varying conditions.
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 Optimal sizing of components according to the selected compromise between cost and
availability of energy is necessary as over-sizing is expensive and under-sizing
compromises the ability to meet demand as well as reliability. The development of
mathematical models for each individual system component, and for simulating the
operation of the entire system are therefore vital.
 A challenge that interacts with the sizing problem is the control algorithm. One goal is to
create an algorithm that is robust, flexible and maximises the availability of energy while
reducing the fluctuations in energy flow through vulnerable components (e.g. fuel cell) to
the point where their lifetimes are not compromised.
 The degradation of performance with time, validated with experimental data from
implemented installations, needs to be addressed for almost all the components of the
hybrid system.
 While hydrogen storage technology is well understood from an engineering point of view,
new and cheaper storage technologies suitable for use in remote areas are needed. This is
the same challenge faced by candidates for automotive storage, although the specific
requirements of the two kinds of storage are very different.
 Projects demonstrating the safe, incident-free use of hydrogen to store energy are needed.
The demonstration projects summarised in Table 2 achieve this to a degree, but projects
in which the hydrogen-containing infrastructure is embedded in a public facility (e.g. ref.
[125] are of the greatest value.
 In many parts of the world, local regulations specific to hydrogen energy technology do
not exist and projects have to comply with many disparate standards and regulations,
which increases the complexity and cost of the project.
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11.0 Summary and Conclusions
As our present majority dependence on fossil-fuel energy resources winds down over the
coming decades, no single energy technology (resource or vector) is likely to achieve
comparable dominance; the global energy system will evolve to a mix of energy resources
and energy vectors [170]. Hydrogen is a promising clean and a universal energy vector for
many situations, including in the focus of this review, the off-grid electricity supply sector.
Solar-hydrogen hybrid systems were considered in relation to renewable energy in general
and the off-grid sector in particular. Parity of availability of supply between remote and other
off-grid areas and cities is increasingly expected and sometimes mandated in legislation.
Approaches to generating hydrogen using solar energy were reviewed and it was noted
that water electrolysis is presently the most practicable method. A survey of electrolysis
technology was reported.
The central problem of reliable (that is, available to supply an acceptable proportion of
the demand) electricity supply using renewable resources is storage, since the solar/wind
resource is intermittent. The case was reiterated for using hydrogen to store energy long-term
as it has the advantage that the loss of hydrogen from storage between seasons can be
engineered to be negligible. In contrast, commercially available batteries suffer from selfdischarge and are in our view suitable only for short-term storage. Hydrogen storage
technologies and materials were reviewed and it was pointed out that metal-hydride storage is
convenient and safe, with high energy density. Technically satisfactory storage solutions do
exist for stationary applications, but their cost is problematic.
Fuel cells are the most likely technology to be used for generating electricity from
hydrogen at the scale of interest for off-grid electricity supply (~1 kW – ~1 MW), and were
briefly described. Fuel-cell technology has evolved rapidly and commercial units with
excellent reliability are now available.
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The high cost of clean energy technology makes it vital to correctly size the components
of the energy system, as to both the power handling capacity of the energy-transforming
components, and the energy capacity of the storage. Over-sizing is unnecessarily expensive,
while under-sizing may cause the entire project to fail through not meeting its social
objectives. Approaches to sizing the system components were discussed and the needs for
modelling of systems incorporating hydrogen storage and for simulating and optimizing
control algorithms were pointed out.
Renewable energy technology is expensive, at least when storage is incorporated to
achieve a specified availability of supply. Solar hydrogen hybrid systems have excellent
potential to meet the load demands of remote and island communities and to contribute
significantly to the development of rural areas. The technical feasibility of one currently
practicable kind of solar hydrogen hybrid system (photovoltaic electricity, electrolyser,
hydrogen storage, fuel cell) has been demonstrated to the point where a remote off-grid
installation can be designed with confidence that it will succeed. Further work is needed to
lower the system cost and develop fully commercial hydrogen storage. The key factor
determining the penetration of solar hydrogen hybrid systems based on available technology
into the off-grid energy market is the premium that must be paid for reliable electricity supply
based on renewable resources.
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Abstract
Large photovoltaic arrays are becoming common as the world moves to replace fossilfuelled electricity generators. As the array size and project cost increase, it becomes
increasingly important to know accurately what the array’s performance will be before it is
built. Large arrays inevitably contain modules with a spread of performance characteristics and
suffer from temperature differences between modules. In this first study of these problems, a
model has been developed that accurately predicts the behaviour of a photovoltaic array subject
to variability between modules and inhomogeneity of cell temperature across the array. The
model was applied to a real rooftop array consisting of 912 modules (298 kW nominal peak
power). Based on measured string currents, the predicted average string temperature was
compared the temperature measured by a radiometric survey using a drone-mounted IR camera
and matched very well.
The five-parameter model of cell I  V characteristics was fitted to manufacturer’s
data, with highest weighting given to the region around the maximum-power point (MPP)
where a real array should operate via active MPP tracking. The model was used to explore
separately the effects of a spread in module characteristics arising in the manufacturing process
and of temperature inhomogeneity across the array. The current in each module of a string was
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constrained to be the same, and the voltage of every parallel-connected string was also
constrained to be the same. These constraints lead to greater power loss than is predicted based
on an average module at an average temperature. Compared to a hypothetical array assembled
from identical average modules at the same average temperature, variability caused a loss of
power of about 2%, depending on the detailed form of the distribution function chosen to
represent the spread of characteristics in the manufacturer’s tolerance band. As a rule of thumb,
de-rating the maximum power to the lower end of the manufacturer’s tolerance band is
recommended to account for module variability during the design phase. The effect of
temperature inhomogeneity is more serious, because temperature affects Voc strongly, causing
parallel-connected strings to be pulled away from their ideal operating points to obey the
constraint of equal voltage. A modest 10C temperature gradient across the studied array was
predicted to cause about a 4% loss of power at the MPP. Much higher real temperature
differences could be expected in summer and were observed. The study confirmed that
temperature inhomogeneity poses a serious design problem for large arrays, requiring careful
thermal design to achieve not only acceptably low average array temperature, but also the least
possible temperature spread.

Keywords: photovoltaic; array model; MPP; tolerance; temperature
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Glossary
AM



Air mass

Hour angle [deg]

Dn / p

Electron/hole diffusion coefficient

Eg

Band gap Energy [eV]




G

Radiation [Wm2]



Solar azimuth angle [deg]

I
j

Current [A]

ind

Angle of diffusion incidence [deg]

Current density

Angle of ground-reflected incidence [deg]

KT

Clearness index

ing


K

Angle modifier

Angle of refraction [deg]

K

Linear attenuation coefficient

r


kB

Boltzmann’s constant [1.380×1023



Transmittance-absorptance product

kI



Reflectance

L

SC current
temperature coefficient
J.K1]
Glazing/coating thickness

Superscripts/Subscripts

Ln / p

Electron/hole diffusion length

b

Beam

M

Air mass modifier

c

Cell

me*/ h

Effective electron/hole mass

d

Diffuse

Ns

Number of strings per array

D

Diode

Nm

Number of modules per string

Electron

Nc

Number of cells per module

e
g

Na/d

Acceptor/donor concentration

gen

Generation

n

Refractive index

h

Hole

ni

Intrinsic carrier density

Incidence

q

Electron charge [1.602×1019 C]

in
mpp

R

Series resistor []

oc

Open-circuit

Rb

Tilt factor

r

Refraction

T

Temperature [°C]

ref

Reference

V
STC

Voltage [V]

rs

Reverse saturation

Standard test condition

s

Series

NOCT

Nominal operating cell temperature

sat

Saturation

LST

Local solar time

sc

Short-circuit



Day of the year

sh

Shunt

Angle of incidence [deg]

ph

Photon

in
z



Zenith angle [deg]
Latitude [deg]
Tilt angle [deg]
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Declination
Altitude [deg]

Surface azimuth angle [deg]
Ideality factor

Ground

Maximum power point

1.0 Introduction
In its 2C scenario (2DS), the International Energy Agency (IEA) has modelled the
required contributions of energy technologies to the reductions of CO2 emissions needed to
realise the moderate consequences scenario agreed to at The United Nations Framework
Convention on Climate Change meeting in Paris in 2015 [1-3]. The biggest single contributing
technology group in the IEA 2DS is “renewables”, to which is attributed nearly 200 Gt
cumulative CO2 reductions up to 2050 in the power (electricity) sector, which dominates the
energy landscape [3].
The amount of energy used on earth in its final useful form is presently about 110,000
TWh per year [4], equivalent to a continuous average power consumption of about 12 TW, and
growing slowly. In reality about 22% of final energy used (about 24,000 TWh per year,
equivalent to roughly 2.5 TW continuous average power) is provided as electricity. Electricity
generation presently accounts for much more of the total energy used than 22%, because 67%
of electricity is generated from fossil fuels [4] in power stations with typical thermal efficiency
of about 37% if coal-fired. The fraction of total energy demanded as electricity will increase as
the transport sector moves away from oil-derived fuels.
These realities make the transition to sustainable electricity supply based on renewable
resources a global project of the utmost importance in responding to climate change. Solarderived electricity, including direct solar (solar-thermal, photovoltaics) and indirect solar
(wind), can in principle supply the world’s electricity needs from a tiny fraction of the available
surface area. A 2015 study by the Fraunhofer Institute for Solar Energy Systems [5] concluded
that global installed photovoltaic (PV) capacity could exceed 30 TW peak power by 2050, well
above current predictions and more than enough to supply the world’s conceivable electricity
requirement. Thus there are sound reasons to anticipate large numbers of large PV arrays to be
connected to national grids in the next several decades.
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The beginning of this trend is apparent now, with installed PV capacity running well
ahead of predictions made just a few years ago. At the end of 2015, the total nominal PV power
installed in Germany was nearly 40 GW, exceeding the total capacity of all other types of
power plants in Germany [6]. According to the PV Market Alliance [7], the Chinese market
grew by 37 percent in 2015, with nominal installed capacity reaching 43 GW. In Japan an
estimated 10 GW of new capacity was installed in 2015, with 2 GW in India, 2.5 GW in other
Asian countries, 1.5 GW in South and Central America and 1 GW in Africa and the Middle
East. Expansion to the TW scale can be realistically envisioned on the basis of these very recent
developments.
Given the enormous scale required for PV generators to meet a substantial fraction of
the “renewables” target within the IEA 2DS, efficient use of finance, materials and
manufacturing facilities will be very important, as will efficient operation of the installed
facilities. This implies accurate forecasting of the output of very large arrays, so that the return
on investment and contribution to total generating capacity can be reliably predicted. Accurate
forecasting can only be founded on authoritative modelling, which with large numbers of
individual PV modules (panels) involved, and areas large enough to develop temperature
gradients across the array, implies a need to account for variability in as-received module
characteristics and varying module temperatures.
Variability in module characteristics owing to manufacturing tolerance or temperature
inhomogeneity appears not to have been addressed in the literature. The five-parameter celllevel model explored in detail by De Soto et al. [8] has generally been adopted during the past
decade [8-12]. The emphasis has since shifted to array-level consideration of operational
problems. For example, Chen et al. [13] introduced a fault-diagnosis approach to classify and
accurately detect the four most common problems of PV arrays: degradation, short-circuits,
open-circuits and partial shading; Belhaouas et al. [14] proposed three PV array arrangements
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to mitigate partial shading effects on the array output; Lappalainen and Valkealahti [15] studied
the output power variation of different PV array configurations during irradiance transitions
caused by moving clouds; Lee et al. [16] built a dynamic thermal model for a PV module;
Farhat et al. [17] applied a sliding mode approach to determining the maximum power point
of a PV array.
In this paper, variability in module characteristics within a large array is explored for
the first time, based on the 5-parameter PV cell model, scaled to form modules, strings and an
array which feeds power conversion electronics with maximum-power-point (MPP) tracking
capability. The effects of manufacturer’s variability in module characteristics and differing
temperatures between modules are explored via the clustering of individual module/string
MPPs about the string/array MPP. The module-level model is first validated against
manufacturer’s data, then applied to a real rooftop array with MPP-tracking inverters. Based
on a detailed solar radiation model and minute-by-minute global and direct radiation data from
a pyranometer and pyrheliometer located within the array area, the electrical power measured
at string level is compared to the predicted outputs of individual strings, then summed for
comparison at the sub-array level. The temperature inhomogeneity across the studied array,
measured by infrared radiometry, is compared to the prediction of the model when cell
temperature is taken as a fitted parameter in order to match the predicted output power of each
string to the measured power. The results validate the model and confirm that the studied array
suffers from significant temperature gradients.

2.0 Model development
2.1 Cell model
The well-known 5-parameter model [8] is based on the equivalent circuit of a PV cell
shown in Figure 1, with sign conventions chosen so that normal operation is in the first quadrant
of the V–I plane. The current flowing through the external load is
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I  I ph  I D  Ish

(1)

where I ph is the photocurrent due to radiated flux G, ID is the current through the equivalent
diode D and Ish is the leakage current through the shunt resistance Rsh . The voltage across the
load is

V  VD  IRs

(2)

where Rs is the series internal resistance and VD is the voltage across D.

Figure 1: Equivalent circuit of PV cell.
The modified Shockley diode equation [18, 19] for the diode current is used rather than
the more physically meaningful De Vos–Pauwels equation [20] because the measured shortcircuit current is closely related to the photocurrent in Figure 1 and in normal operation the
diode voltage is well below the band-gap equivalent voltage. The diode current is then

I D  Irs exp VD VT   1

(3)

where the reverse saturation current  Irs  is taken as positive. The ideality factor,  , accounts
for the different mechanisms responsible for moving carriers across the junction and is typically
between 1 and 2. The thermal voltage

72

VT 

kTc
q

(4)

is approximately 0.0259 V for a cell temperature Tc  300 K.
The I–V relationship is then given by

  V  IRs   V  IRs
I  I ph  G   Irs exp 
  1 
V
Rsh

T

 


(5)

A model of the solar radiation, G, is summarised in Appendix A, in a formulation that uses
both global and beam data and is valid in both the northern and southern hemispheres.
While I ph depends explicitly on G, the other parameters in Eq. (5) can in principle
depend on both radiation and temperature. Our focus is on the region around the MPP, where
a lumped-parameter model with fixed component values is likely to be sufficiently accurate.
The short-circuit current is defined by

 I R  
R
Isc  I ph  Irs exp  sc s   1  Isc s
Rsh
  VT  

(6)

and the open-circuit voltage by

 V
0  I ph  Irs exp  oc
  VT

  Voc
  1 
  Rsh

(7)

Values for I sc and Voc will be taken from manufacturer’s data.
We now consider how best to obtain values for Rsh , Rs , I rs ,  and I ph for modelling
purposes. Differentiating Eq. (5) for constant G gives for the short-circuit and open-circuit
conditions respectively
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I
V

I
V

I R 
1
I
 rs exp  sc s 
Rsh VT
 VT 

I R 
R
I R
1  s  rs s exp  sc s 
Rsh VT
 VT 

(8)

V 
1
I
 rs exp  oc 
Rsh VT
 VT 

V 
R
I R
1  s  rs s exp  oc 
Rsh VT
 VT 

(9)



G , sc



G , oc

With reasonable assumptions [21-23], Eq. (8) gives to a very good approximation

I
V



1
Rsh

(10)



1
Rs

(11)

G , sc

whereas Eq. (9) gives

I
V

G , oc

to a good approximation only if Rs is not too small and  is close to 1. While analytically
exact expressions for the parameters can be written and solved using the above gradients and
the voltage and current at MPP obtained from the measured I–V curve at a given radiation [24],
for this study Eq. (5) was fitted to measured data and the accuracy of the fit around the MPP
was emphasised. In this context we remark that the improved model described in ref. [11]
actually fits worst near the MPP.

Rsh and Rs are strongly determined by the portions of the I–V curve near I sc and Voc
respectively, and so should not be correlated during fitting. To an excellent approximation, Eq.
(6) yields [25]

I ph  1  Rs Rsh  I sc
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(12)

so to a very good approximation I ph  I sc for high-quality cells, indicating that I ph is reliably
determined by fitting to the measured value of I sc , with no correlation problem. Eq. (7) yields
to a good approximation

Irs 

I ph  Voc Rsh

 V 
 I ph exp   oc 
V 
 VT 
exp  oc   1
 VT 

(13)

so that I rs and  are strongly correlated near V  Voc . Inspecting Eq. (5), the exponential –
which contains  – contributes strongly to the change in the current with voltage around the
MPP, while I rs is notionally constant. This implies that a fitting procedure that gives a higher
weight to the MPP region will give values for  and I rs with little correlation.
Assuming that Rs  Rsh in Eq. (12) (to be confirmed when the values for Rs and Rsh are
calculated), the photo-current can be calculated using parameters measured under nominal
conditions [26]:
G
I ph  G, Tc    Isc ,ref  kI Tc  Tref 
G

(14)

ref

where I sc ,ref is the cell short-circuit current at the reference temperature Tref (e.g. STC or
NOCT), k I is the cell short-circuit current temperature coefficient and Gref is the reference
solar radiation. I sc ,ref and k I are normally available from the module manufacturer.
Calculation of the reverse saturation current is dealt with in standard texts on solid-state
physics, e.g. ref. [27]. Briefly, the reverse saturation current density is

 I rs  q  jegen  jhgen 
where the electron and hole generation current densities are
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(15)

gen
e

ni2 Dn


N a Ln

gen
h

ni2 D p


N d Lp

j
j

(16)

Here
3

1

* * 2 
k
T
m
m


 Eg 
 B c e h 
ni2  4 
exp


2

2
 k BTc 





(17)

where ni is the intrinsic carrier density, N a / d is the acceptor/donor concentration, Dn / p is the
electron/hole diffusion coefficient, Ln / p is the electron/hole diffusion length, me*/ h is the
effective electron/hole mass and Eg is the band gap. Since the model is to be based on fitting
Eq. (5) to manufacturer’s (or measured) data, the experimental value of I rs under reference
conditions is assumed to be available, so based on Eqs (15) – (17), correction for other
conditions takes the form [8]

Irs  Irs ,ref

 Tc

 Tref

3
 1  Eg Tref  Eg Tc   



 exp  
Tc  
 kB  Tref



(18)

The band gap itself is a slow function of temperature. Kim et al. [28] developed an empirical
equation for the band gap of silicon as follows:
 Tc2

Eg  1.16  7.02 10 

 Tc  1108 
4

(19)

where Eg is in eV.
In this work it was assumed that Rs and Rsh are independent of G and Tc in the interests
of simplicity. It would be straightforward to fit experimental I–V data for several irradiances
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and temperatures to construct empirical representations of Rs  G, Tc  and Rsh  G, Tc  for an
array at high latitude, for instance, but it was felt to be unnecessary in the present case because
the model performed very well in the simpler implementation.

2.2 Module, string and array model
The practical unit from which a PV array is assembled is the module, typically
composed of Nc cells connected in series shown in Figure 2. To build a string, Nm modules
are connected in series. Finally, to build the array, N s strings are connected in parallel.
Assuming for the moment that the cells are identical, Eq. (5) can then be rewritten for a single
module as


 q V  IRs Nc    V  IRs Nc 
I  I ph  Irs exp 
  1 
Nc Rsh
 Nc kBTc  


(20)

where the parameters remain those of a single cell, I is the module current and V is the module
voltage. For a string of Nm identical modules


 q V  IRs Nc Nm    V  IRs Nc Nm 
I  I ph  Irs exp 
  1 
Nc Nm Rsh

 Nc Nm kBTc  

(21)

For an array of N s identical strings in parallel, the current–voltage relationship is


 q V  IRs Nc Nm Ns    V  IRs Nc Nm Ns 
I  Ns I ph  Ns Irs exp 
  1 
N
N
k
T
Rsh Nc Nm Ns

c m
B c
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(22)

Figure 2: Equivalent circuit of PV module/string/array.

3.0 Model validation and exploration
The model summarised in the previous section was realised in Simulink and validated
at the module level by fitting it to published manufacturer's data and extracting the model
parameters, which were then compared to the manufacturer's quoted values. Then the effects
on the string and overall array performance (captured in the resultant spread of the maximum
power points) of allowing the module characteristics and cell temperature to vary separately
were investigated.

3.1 Identical modules at STC and NOCT
Fitting Eq. (20) to manufacturer's data for the modules used in the real studied array,
which are Sunpower SPR-327NE-WHT-D monocrystalline silicon with nominal efficiency
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20.4%, gave the values for the model parameters listed in Table 1 and confirmed that the
assumption Rs  Rsh is valid. The fit was weighted by proximity to MPP (i.e. I×V weighting).
Figure 3 compares I–V and P–V output curves using the calculated values in Table 1
with the manufacturer’s data for the same modules at STC (1000 Wm–2, 25°C, AM 1.5). The
fit in the MPP region is excellent.

Figure 3: (a) I–V and P–V output characteristics for SPR-327NE-WHT-D at STC.
Results in the MPP region (only I–V curve) are shown expanded in (b).
Table 1: Fitted module characteristic parameters at STC.
Model

SPR-327NE-WHT-D
6.46

I ph
parameter
(A)

Irs (A)

1.06 108

Rs

()

2.70 103

Rsh

()

321



1.3

Figure 4 shows I-V and P-V output curves using the calculated values in Table 2 for the
same modules at NOCT (800 Wm–2, 45°C, AM 1.5).
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Figure 4: (a) I–V and P–V output characteristics for SPR-327NE-WHT-D under NOCT.
Results in the MPP region (only I–V curve) are shown expanded in (b).
Figure 5 shows the calculated I–V and P–V curves at 1000 Wm–2, but with varying
cell temperatures, demonstrating the strong effect of increased temperature on power output.
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Figure 5: Calculated I–V and P–V curves for SPR-327NE-WHT-D at rated power (327 W) at
constant irradiance (1000 Wm–2) with different cell temperatures.
Table 2 compares the model values for Pmax , Vmpp , I mpp , Voc and I sc with values
published by the manufacturer.
Table 2: Module performance parameters calculated from Table 1 compared to the
manufacturer's published data under STC and NOCT conditions.
Operating
Conditions
STC

NOCT

Parameter

SPR-327NE-WHT-D
Data Sheet

Model

I sc (A)

6.46

6.45

Voc (V)

64.9

64.83

I mpp (A)

5.98

6.04

Vmpp (V)

54.7

54.35

Pmax (W)

327

328.29

I sc (A)

5.22

5.22

Voc (V)

60.8

60.44

I mpp (A)

4.82

4.89

Vmpp (V)

50.4

50.25

Pmax (W)

243

244.85

The predicted values for the characteristic parameters under both sets of conditions are
very close to the manufacturer's values and show that the model Eq. (20) is valid for the
modules of the studied array.

3.2 Effects of module variability and temperature gradient on MPP
If all the cells in a module were identical, with no variability between modules, then
Eq. (20) would apply to every module in an arbitrarily large array, with the same parameter
values, as long as there was no variation in irradiance and temperature across the array. In
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reality, the manufacturing process introduces variability between cells and therefore between
modules. Manufacturers typically define a tolerance band on the maximum power to quantify
this variability at the module level.
The larger the array, the greater the chance of temperature variations occurring across
the array, within and between strings, owing to wind and progressive heating by each module
of the boundary-layer air flowing under/over the array. The same argument could be made with
respect to the cells within a module, but this effect is likely to be small compared to that over
a large array and is neglected here; in other words, the average cell temperature within a module
is used, with steps in average temperature between modules representing the temperature
inhomogeneity (here taken to be a linear gradient for simplicity) piecewise.
Module variability and temperature inhomogeneity influence the MPP of every module,
such that the effective MPP of a string becomes a compromise with respect to the MPPs of the
individual modules, and the array MPP (i.e. the operating point set by the MPP tracking
electronics) becomes a compromise with respect to the effective string MPPs. Consequently,
the array output power is less than it would be if the module characteristics and conditions were
invariant across the array. As a proof of this argument, it will be shown explicitly below that
representing the array by identical modules with average properties, or by identical modules at
the average temperature, does not give an accurate prediction of the effects of module
variability or temperature inhomogeneity on the maximum power of the array.
Two questions then arise. First, are the effects on array maximum power of
manufacturing variability between modules and temperature inhomogeneity across the array
large enough to be of concern? Second, can the impacts of module variability and temperature
inhomogeneity be assessed simply at the array design stage, without detailed modelling?
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3.2.1 Effect of manufacturing variability
For the modules in the studied array the power tolerance band is 0 to +5% of rated
maximum power at STC, meaning that the rated power is a guaranteed minimum in this case.
Representing module variability for modelling purposes is not straightforward, because the
modules in the manufacturing output stream are sorted into tolerance bands and rated
accordingly. Thus, although the various factors contributing to module variability may have a
stochastic character, leading to for instance a Gaussian distribution across the entire output
stream, within a particular tolerance band the distribution may be strongly non-random owing
to the systematic sorting procedure. Therefore there is no universally applicable distribution
and for the purposes of this study it was assumed that I sc,ref and Voc,ref were independently
Gaussian-distributed such that the total probability of the module power being within the 5%
tolerance band was 95%. At the centre of the distribution ( I sc,ref  6.61 A , Voc,ref  66.5 V ),
the calculated string MPP for 12 identical modules at STC was found to be I mpp  6.09 A ,

Vmpp  682 V (56.8 V per module), Pmax  4.15 kW .
Figure 6(a) represents a series-connected string of 12 modules with gaussian distributed

I sc,ref and Voc,ref , but operated at 1000 Wm–2 and 45C. In this analysis, the Lambert W
function was applied to Eq. (20) to express the voltage across each module as an explicit
function of the current through it [29], avoiding the need for an iterative solution to deal with
the equal-current constraint, hence achieving faster and more robust execution of the model
code. The module voltages were summed to generate the string voltage and the power was
calculated iteratively to find the string MPP. For the example shown ( the result of a single trial
with gaussian-distributed I sc,ref and Voc,ref ), the calculated string MPP was found to be

I mpp  6.07 A , Vmpp  535 V , Pmax  3.24 kW , compared to I mpp  6.08 A , Vmpp  544 V ,
Pmax  3.31 kW calculated for 12 identical modules at the centre of the distribution of power.
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The average calculated string power over 38 trials (representing a complete sub-array in the
experimentally studied array) was 3.29 kW, an average loss of approximately 1% in power
compared to the ideal case of 12 identical average modules.
The centres of the distributions of I sc,ref and Voc,ref also represent the average module.
Therefore merely averaging the module characteristics does not give an accurate measure of
the resultant string power. The problem is the constraint that all modules in a string must have
the same current.

Figure 6: MPP spreading in a string of 12 modules: (a) non-identical modules at
45C; (b) 10C temperature gradient (40–50C) across identical modules. Also shown is the
mapping of operating points onto the resultant string current at MPP, represented by the
vertical line. The operating point for a module is found by imagining and following the I–V
curve for that module until it intersects the horizontal line.
3.2.2 Effect of a temperature gradient
Figure 6(b) represents a string of 12 identical modules with a uniform temperature
gradient from 40C to 50C across them. The same calculation procedure as above was applied
to find the string operating point. The string current at MPP was found to be I mpp  6.08 A .
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The spread of I sc values is barely discernible in Figure 6(b) because the effect of temperature
on Voc is much greater than on I sc . The string voltage at MPP was Vmpp  543 V , giving a
string power of Pmax  3.30 kW compared to the ideal case of 3.31 kW. Because the string
current is essentially the same as that of the individual modules, the temperature gradient had
essentially no effect on the string MPP.
In contrast to the case of manufacturer’s variability, at least for a modest temperature
gradient, representing the string by modules at the average temperature does give an accurate
prediction of string power. This can be understood as follows. Since the string MPP voltage is
the sum of the module voltages at essentially the same current as generated by the average
module, the string can be accurately represented by 12 identical average modules each having
the same average voltage. The effects of manufacturer's variability for the same representative
string as in Figure 6(a) and a 10C temperature gradient on the string I–V and P–V
characteristics are compared in Figure 7, confirming the negligible effect of a temperature
gradient within the string.
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Figure 7: String output for 12 non-identical modules at 45°C, 12 identical modules at
45°C and 12 identical modules subject to a 10°C temperature gradient.
3.2.3 Impact on array performance
The studied array consists of two sub-arrays, each with 38 parallel strings of 12
modules. The constraint on the combination of the string currents is constant string voltage. A
calculation was performed at 45°C and 1000 Wm–2 to test the effect of manufacturer's
variability on the global MPP of one sub-array with Gaussian-distributed I sc,ref and Voc,ref .
First, MPPs were found for the 38 strings as above. Then for a given string voltage, the current
in each string was found, subject to the equal-current constraint. The total sub-array current
was then found by summing the string currents, which differed because of the assumed
variability between modules within and between strings. Figure 8(a) shows the resultant sub-

86

array I–V characteristic, with the current divided by the number of strings (representing the
average string current, therefore). The predicted sub-array power at MPP was equivalent to
3.26 kW per string, about 1% less than that of the average string (3.29 kW) and 2% less than
that of the ideal string (3.31 kW). These losses arise in the constant-current constraint within
each string and the constant-voltage constraint across the 38 parallel-connected strings.
The average 2% power loss predicted with a gaussian distribution of module
characteristics would become somewhat worse in the real case in which the distribution is
flatter owing to tolerance banding. This suggests that as a rule of thumb the relative loss of
string power owing to manufacturing variability is likely to be accounted for by taking the
minimum guaranteed MPP power as the design power, rather than the power at the centre of
the tolerance band. For the modules used in this study, this implies 327 W at STC as an average
for design purposes. Given manufacturer’s data for the real distribution of MPP power within
a tolerance band for the modules selected for an array, a simulation of the effective power per
module can readily be made by the method described here.
Figure 8(b) shows explicitly the effect of the constant voltage constraint when the
individual string MPPs are mapped to the same Vmpp resulting from a uniform 10 C
temperature gradient across the array. Referred to the string level, the MPP of the sub-array is
now at I mpp  6.03 A , Vmpp  527 V , Pmax  3.17 kW , a loss of 4.2 % relative to the ideal case.
Given the modest extent of the temperature inhomogeneity, this result implies a potentially
serious problem in a real large-scale array if it is not effectively cooled over its entire surface.
In contrast to the problem of manufacturer's variability, which for a given module
specification remains within the same tolerance band independent of the size of the array, a
large array has the potential to develop temperature inhomogeneities that worsen as the array
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size increases. The problem of temperature differences across the array is further explored
experimentally in the next section.

Figure 8: (a) MPP spread owing to manufacturer's variability in an array of 38 parallel
strings of 12 modules each compared to the global sub-array MPP. Results in the MPP region
are shown expanded in (b), along with the string currents mapped onto the common string
voltage by following the I–V curve of each string. The dashed vertical line is at Vmpp for the
sub-array. The operating point for a string is found in the intersection of I-V curve and the
vertical line.

4.0 Modelling of a real array
4.1 Array characteristics and data collection
The rooftop PV array of the Sir Samuel Griffith Centre at Griffith University (Figure
9), located at 15303E , 2733S , was used to test the PV model. The array surface azimuth is
+16.3 and the tilt angle is 15. The two sub-arrays of 456 327-W modules each consist of 38
strings of 12 modules connected through three combiner boxes each to a 160 kW MPP-tracking
inverter, giving a nominal maximum array power of 298 kW at STC.
The current in every string is monitored (Obvious A90DC-12) and recorded, as are the
input voltages to the inverters. Solar radiation measurements are made near the centre of the
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array. Global radiation on a horizontal plane is measured by an EKO MS-802F pyranometer
and direct irradiance is measured by an EKO MS-56 pyrheliometer mounted on a solar tracker.
A Pt100 thermometer monitors the back surface surface temperature of one PV module near
the centre of the array. The experimental data are archived by a data historian using the PI
Coresight software (OSIsoft).

Figure 9: The Sir Samuel Griffith Centre at Griffith University with 298 kW (STC)
rooftop PV array.

4.2 Model application
Data collected from the rooftop array and solar radiation instruments on two cloudless
days (27 February 2016 (late summer; maximum ambient temperature 36.1C and still
conditions) and 12 May 2016 (late autumn; maximum ambient temperature 25.3C and windy
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conditions) were analysed on a minute-by-minute basis using the radiation model summarised
in Appendix A. Figure 10 shows the calculated extraterrestrial irradiance on these days.

Figure 10: Calculated extraterrestrial radiation for the analysed days: (a) 27 February 2016;
(b) 12 May 2016.
Figure 11 and Figure 12 show the contributions to the radiation received by the array,
calculated from the measured global and beam data.
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Figure 11: Calculated contributions to the solar radiation (a) and angle distribution (b)
for 27 February 2016. Angles defined in Appendix A.

Figure 12: Calculated contributions to the solar radiation (a) and angle distribution (b)
for 12 May 2016. Angles defined in Appendix A. Note: segmentation of the recorded beam
and global radiation data, which propagates into the calculated components, arises in the
recording rate of the data historian being accidentally set to hourly after February 2016. The
effect on following figures 14 and 16 is visible but within the fitting accuracy.
Initially the sub-array outputs were calculated assuming that all strings were identical
and at the same temperature, as measured by the back-surface thermometer. The model
described in §2 was run using the characteristic parameters listed in Table 1, with no fitted
parameters. Figure 13 and Figure 14 compare the predicted and measured string outputs.
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Figure 13: String outputs on 27 February 2016. String 1-1 refers to String 1 of subarray 1, etc.
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Figure 14: String outputs on 12 May 2016. String 1-1 refers to String 1 of sub-array 1,
etc.
Certain strings suffer shading effects in the morning or afternoon, owing to the
protrusion of the air-conditioning cooling tower above the plane of the array, as can be seen in
Figure 9. In general, there is a mismatch between the calculated and measured string powers in
the middle of the day, which is worse in summer, suggesting that the cell temperature is
generally significantly higher than the back surface temperature measured on a single panel.
The other feature of the data is the significant spread in string output in summer relative to
autumn. While the spread in string output on the cooler autumn day, which was also windy,
might contain a noticeable contribution from variability of the module characteristics, the
higher spread in summer points to a temperature distribution across the array being the main
cause.
Correlating string output power in summer with string location, shown in Figure 15,
confirms that the strings with higher output power are located near edges where they are
expected to be better cooled than strings within the body of the array.
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Figure 15: String locations. The overall array dimensions are 80 m × 28 m.
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To explore the problem of elevated cell temperature, the model was run with Tc as the
only fitted parameter and assuming that the entire array was at the same temperature. Figure
16 compares the results on the two analysed days. An average array temperature exceeding
80C in the middle of the day on 27 February 2016 was required to match the predicted and
measured sub-array output powers. On 12 May 2016 an average array temperature in the
middle of the day exceeding 60C was required. These temperatures are indicative only, since
it is apparent that there is a distribution of temperature across the array, especially in summer,
but they provide clear evidence that the array is suffering from loss of output power from
excessive cell temperatures.

Figure 16: Predicted array output and average cell temperature for 27 February 2016
(top) and 12 May 2016 (bottom).
To further explore the problem of temperature gradient and test the model as a predictor
of cell temperature, a radiometric survey was carried out in a 3-minute period close to solar
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noon on 25 March 2017 (maximum ambient temperature 28C and windy conditions) using a
drone-mounted FLIR T640 camera. Figure 17 shows the composite radiometric image of the
array.

Figure 17: Composite infrared map of the entire array captured near solar noon on 25
March 2017. Temperature bar at top in C. Strings may be identified by comparison with
Figure 15.
The average temperature of each string as measured by infrared thermometry was
compared to the temperature predicted from the model based on the measured string output
power. Average string temperature was the only fitted model parameter. The average string
temperature was determined experimentally from the radiometric images, using the FLIR
Tools+ software, by drawing a path through the modules of each string and averaging the spot
temperature in a band along that path. As found in the modelling study reported in §3 and
summarised in Figure 6, the insensitivity of string current to temperature means that this
averaging procedure is valid at the string level, although not at the array level, owing to the
different constraint (voltage versus current).
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Figure 18 compares the predicted and measured string temperatures. Excepting some
anomalies caused by shading, the agreement between the modelled and experimentally
determined temperatures is excellent. The fact that the fitted temperature matches the measured
value from the drone survey so well confirms the finding in §3.2.3 that the effect of
manufacturer's variability for the particular modules used in the SSGC array is less important
compared to that of temperature inhomogeneity between parallel-connected strings.

Figure 18: Bottom: string currents measured at the time of the radiometric survey.
Top: Measured average string temperature based on radiometric data, compared to string
temperature predicted by the model from the measured string currents and voltages.

97

The only significant disagreements between the model and experiment are for String 6
in sub-array 1, which suffers shading after mid-morning (see Figure 13 & Figure 14), and string
34 in sub-array 2, which was malfunctioning at the time of the survey.
Figure 19 shows the spread of string MPPs caused by temperature variations across the
array, as predicted by the model. Also shown is the predicted MPP for each sub-array, along
with the experimental MPPs. The predicted and measured sub-array MPPs are within 0.5% of
each other.

Figure 19: Predicted string and sub-array MPPs compared to the measured sub-array
MPPs established by the PV inverters.

5.0 Summary and conclusions
A mathematical model has been developed to predict the behaviour of PV arrays large
enough for variability between modules and inhomogeneity of cell temperature across the array
to become causes for concern as to the performance of the array relative to its cost. The wellknown five-parameter model of cell I  V characteristics was found to be adequate. This was
demonstrated by fitting the model to manufacturer’s data for the modules used in the array that
was the subject of the experimental part of the work. Excellent agreement was obtained with
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the published values of I sc , Voc , I mpp , Vmpp and Pmax . The fit of the model was weighted by

I V to ensure an accurate representation of the I  V curve in the MPP region, where a real
array should operate via active MPP tracking.
The model was used to explore separately the effects of a spread in module
characteristics arising in the manufacturing process and of temperature inhomogeneity across
the array. Because the current in every series-connected module of a string is constrained to be
the same, and the voltage of every parallel-connected string is constrained to be the same, string
and array performance cannot be accurately predicted based on an average module at an
average temperature; the constraints lead to greater power loss. The connection constraints
within and between strings have different effects. Within a single string, the constant-current
constraint causes a small loss of power owing to variability between modules, but the effect of
a temperature gradient across identical modules is negligible, because the short-circuit current
is insensitive to temperature. It is therefore meaningful to represent the temperature distribution
within a string by an average value. The constant-voltage constraint between parallelconnected strings causes a more serious loss of power because temperature affects Voc strongly.
Compared to a hypothetical array assembled from identical average modules at the same
average temperature, variability caused a small loss of power (about 2% loss), but temperature
inhomogeneity caused about 4% loss of power at the MPP of a 38-string sub-array subject to a
modest 10C temperature gradient. As a rule of thumb, de-rating the average maximum power
to the lower end of the manufacturer’s tolerance band is recommended to account for module
variability during the design phase. The effect of temperature inhomogeneity requires more
detailed consideration, preferable through a thermal model to predict string average
temperatures.
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The model was applied to a real rooftop array consisting of 912 modules in 76 strings,
connected to two inverters, for which individual string currents and the inverter input voltages
were measured. Based on module characteristics obtained by fitting the manufacturer’s I  V
curve and then held constant, the average temperature of each string was predicted by fitting
the model to the measured string currents with temperature as the only fitting parameter. The
results were compared to a radiometric temperature survey of the array and matched very well,
thus validating the model under real conditions.
The studied array exhibited a significant temperature inhomogeneity even on the
relatively cool autumn day of the radiometric survey. Applying the same methodology to a
summer day showed that there was a serious temperature inhomogeneity of about 50C across
the array, leading to a loss of power of about 20% compared to a uniform notional operating
temperature of 45C. This constitutes a very serious design problem for large arrays, requiring
careful thermal design to achieve acceptably low average array temperature with the least
possible temperature spread.
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Appendix A: Radiation model
A detailed model of the solar radiation received by the PV cells was incorporated to
obtain the best accuracy in predicting the output power of the array. Rather than base the model
on only global radiation data from a pyranometer, both beam (direct and circumsolar radiation
measured by a pyrheliometer) and global data were used. Care was taken with the definitions
of angles in the solar geometry model to ensure that it worked seamlessly for both the northern
and southern hemispheres.
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A.1 Geometry
The solar angles used to calculate the radiation received by the PV array are defined in
Figure A.1.1. In the following all angles are measured in degrees. The zenith angle  z is given
by

cos z  cos  cos  cos   sin  sin 

(A.1.1)

where  is the latitude,  is the declination, given by

  10 

sin   sin 23.45cos  360

365.25 


(A.1.2)

 is the tilt from horizontal,  is the hour angle, negative before and positive after solar
noon, and  is the day of the year. The solar altitude is sin   cos  z  90   z .

Figure A.1.1: Solar geometry definitions.

101

The solar azimuth angle  , which is measured from due north for both the northern
and southern hemispheres, is given by
cos 

sin  sin   sin  
cos  cos 

(A.1.3)

The angle of incidence in of direct radaition on the tilted surface is given by
cosin  cos z cos   sin  z sin  cos    

(A.1.4)

where  is the surface azimuth angle.
The hour angle is related to time through

  15   LST  Solar noon time 

(A.1.5)

where LST is the local solar time.
The direct radiation tilt factor is found from the angle of incidence:

Rb 

cos in
cos  z

(A.1.6)

A.2 Radiation model
At any time between sunrise and sunset , the extraterrestrial solar radiation incident on
a surface perpendicular to the line between the point of interest and the sun is

360 

G0  Gsc 1  0.033cos
 cos  z
365 


(A.2.1)

2
where Gsc  1367 Wm is the solar constant.

The radiation received at the array surface is modelled in terms of beam, (sky) diffuse
and ground-reflected diffuse components. Assuming that the diffuse and ground-reflected
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diffuse radiation are both isotropic, and including the air mass modifier M, the total radiation
GT on the tilted array surface is written in the model of Liu and Jordan [30] as


 1  cos  
 1  cos   
GT  M Gb Rb  Gd 
  Gg 

2
2





where

(A.2.2)

1  cos 
1  cos 
and
are view factors from the array to the sky and ground,
2
2

respectively, the subscripts b, d and g represent beam, diffuse and ground, and   0.6 is the
ground reflectance. Gb is the component of the beam radiation on a horizontal surface. The
global radiation G is obtained from pyranometer measurements on a horizontal surface. The
air mass modifier accounts for the spectral response of the PV modules and is expressed in the
model of King et al. [31] as
4

M   ai  AM 

i

(A.2.3)

i 0

where the ai are constants depending on the PV materials and AM is the air mass, given by
[31]
AM 

1
cos  z  0.5057  96.080   z 

1.634

(A.2.4)

To model diffuse and ground-reflected radiation, Brandemuehl and Beckman [32]
introduced effective incident angles of isotropic diffuse and ground-reflected radiation as
follows. For diffuse radiation

ind  59.7  0.1388  0.001497  2

(A.2.5)

and for ground-reflected radiation

ing  90  0.5788  0.002693 2
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(A.2.6)

The clearness index is defined as

KT  G G0

(A.2.7)

The diffuse radiation on a horizontal surface can be calculated according to the model
of Erbs et al. [33] as follows:
1.0  0.09 KT

2
Gd 0.9511  0.1604 KT  4.388KT

G 
 16.638K T3 +12.336 KT4
0.165


for KT  0.22
for 0.22  KT  0.80

(A.2.8)

for KT  0.8

A.3 Optical model
The effect of the optical properties of the module glazing can be expressed in terms of
the incidence angle modifier for direct radiation, defined by
K in  

 in 
  0 

(A.3.1)

where  is the transmittance–absorptance product of the PV glazing.
The transmission of a PV cover system is well represented by a simple air–glazing
model Sjerps-Koomen et al. [34]. Using the laws of Snell, Fresnel and Beer–Lambert, the
transmittance–absorbtance product considering both reflective losses at the interface and
absorption within the glazing is then

 in   e

 KL cos r 

 1  sin 2  r  in  tan 2  r  in   
 2
1   2
 
 2  sin  r  in  tan  r  in   

(A.3.2)

where  in and  r are the direct incidence and refraction angles, K is the linear attenuation
coefficient and L is the glazing/coating thickness. For typical PV systems with “water white”
glass, K is about 4 m–1 and the glazing thickness is 2 mm. The refractive index of the glass is
taken as 1.526 [8].
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Taking the refractive index of air as 1, and defining the average index of refraction of
glass for the solar spectrum as n, the transmittance–absorptance product at normal incidence is
found to be

  0   e

 KL

  n  1 2 
1  
 
  n  1  

(A.3.3)

The analogous calculation is performed for the diffuse and reflected components, using
the effective incident angles for these components from the previous section (Eqs (A.2.5) and
(A.2.6)).
Finally, Eq. (A.2.2) can be modified to give the received radiation at the PV cell level
as


 1  cos  
 1  cos   
R    0  M Gb Rb K ,b  Gd K ,d 
  G  g K , g 

2
2
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(A.3.4)
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Introduction
Hydrogen production via water electrolysis using renewable
energy is attracting increased interest as the only presently
practicable route to producing large amounts of hydrogen
with neither emission of pollutant gases nor consumption of
fossil or nuclear resources [1]. This is because renewable
electricity sources, mainly hydropower, wind and photovoltaics, can be easily coupled with water electrolysis [2]. Thus
electrolysis is currently the principal method for production of
hydrogen from water.
Electrolysers produce nearly pure hydrogen and oxygen
with few contaminants. They could be widely distributed and
rated to meet the hydrogen and oxygen requirements of
renewable energy systems, fuelling stations for fuel cell (FC)

vehicles and industrial applications. Compatibility with fuel
cells is important for renewable energy systems and fuelling
stations.
The principal electrolyser types are alkaline and PEM
(proton exchange membrane). Alkaline electrolysers are long
established in industry but involve hazardous chemicals and
produce alkaline impurities in the hydrogen stream, which
requires purification before use in a fuel cell.
PEM electrolysers have some significant advantages over
alkaline types, particularly in renewable-energy scenarios.
They are very simple and compact, involve no hazardous
chemicals and produce highly pure hydrogen. A thin membrane with good proton conductivity allows higher current
densities to be achieved [3], and the solid polymer membrane
allows for a thinner electrolyte than in alkaline electrolysers.
PEM electrolysers can operate at much higher current
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Nomenclature
A
C
D
E
F
h
I
i
i0
K
L
M
MEA
N_
n
P
p
R
R
T
V
W
w
X
d
U
r
smem
nd
a
l
ε
x

Active area of MEA, cm2
Concentration, mol m3
Diffusion coefficient, m2 s1
Cell reversible potential, V
Faraday constant, C mol1
Height, mm
Current, A
Current density, A cm2
Exchange current density, A cm2
Membrane permeability, m2
Length of the MEA, m
Molar mass, g mol1
Membrane electrode assembly
Molar flow rate, mol s1
Molar flux, mol m2-s
Pressure, bar
Partial pressure, bar
Resistance (with subscript), ohm
Universal gas constant, J mol1 K1
Temperature, K
Cell voltage, V
Width of MEA, m
Width of channel and support, mm
Molar fraction
Thickness, mm
Diffusion collision integral
Density of water, kg m3
PEM conductivity, S m1
Electro-osmotic drag coefficient
Charge transfer coefficient
Degree of humidification
Porosity
Tortuosity

densities than alkaline electrolysers, achieving values above
2 A/cm2, which potentially reduces the overall cost of the
electrolysis plant. The low gas crossover rate of the polymer
electrolyte membrane (yielding hydrogen with high purity)
allows the PEM electrolyser to work under a wide range of
nominal power density (10e100%) [4]. Furthermore, proton
transport across the membrane has been found to respond
quickly to changes in the power input, not delayed by inertia
as in liquid electrolytes.
Water electrolyser modelling is a vital tool for simulation
and prediction of the behaviour of hydrogen generation systems. Realistic modelling of the entire electrolyser (cell plus
balance-of-system components, including heat management
and controls) is especially important when the electrolyser is
coupled directly to a renewable source of electricity, since
intermittent and variable supply can be expected. During the
last few years, research interest in the PEM electrolyser has
intensified and models of increasing sophistication have
appeared during the past decade or so.
The first such models were developed from models of PEM
fuel cells and different electrolyser types and did not describe

mass transport in detail. A steady-state approximation to the
cell polarisation curve was derived from by using Faraday's
Law to relate hydrogen transport to electricity flow in one
dimension [5e8]. The first PEM electrolyser model realized in
€ rgün [9] in 2006 and followed
Simulink was introduced by Go
€ rgün's model and the
this approach. As explained in x2.0, Go
successor introduced by Awasthi et al. [10] were not, as was
claimed, dynamic, but steady-state, like their predecessors.
The key point is the tight relationship between transport and
electricity flow via Faraday's Law, with no mechanism
equivalent to electrical capacitance.
A simple model based on ButlereVolmer kinetics has been
developed by Choi et al. [11] but they only covered the electrochemical behaviour. A semi-empirical PEM electrolyser
model has been developed by Salehfar et al. [12e14] to predict
the polarisation performance. The equations used are based
on thermodynamic principles and BultereVolmer kinetics.
They also analysed the effect of the temperature in the exchange current densities at the electrodes, the PEM conductivity and the anode transfer coefficient from the
experimental fitting results. Marangio et al. [15,16] have presented a detailed theoretical model of a PEM electrolyser cell
and validated it against data at high pressure. Their work
takes into account the concentration overpotential, the mass
flows inside the electrolytic cells and develops a complex
model of the ohmic losses in electrodes and plates and in the
membrane. Lebbal and Lecœuche [17] also take into account
the concentration overpotential to model the kinetics of the
reaction and they developed a steady-state electric model
coupled with a dynamic thermal model of a PEM electrolyser
based on physical laws and electrochemical equations to
select the control and monitoring parameters. Estimation of
parameter values was achieved fitting the model to experimental data. The identification algorithm uses a non-linear
least squares method for the estimation of the electrical
model and the thermal model parameters estimated using
first order response properties. Garcı́a-Valverde et al. [18]
developed an electrochemical submodel which is based on
electrochemical theory and depends only on the properties of
the membrane and the electrocatalyst.
As pointed out by Carmo et al. [19] in their comprehensive
review of PEM water electrolysis, a one-dimensional, steadystate model cannot deal with transients and so cannot be used
to propagate the effects of startup and shutdown, control
decisions and so on into the electrolyser performance. The
basic problem is that in a one-dimensional model of the
electrolyser cell, transport quantities are effectively replaced
by the integral over their distribution across the area of the
component in question. Higher-dimensional models have
begun to appear in the literature recently, applied to designing
individual components [15,20e22]. Allowing a spatial distribution of transport quantities transverse to the direction of
overall current flow, for instance, gives the model the ability to
describe transient behaviour in the cell itself. No matter what
model is applied to the cell, the electrolyser in total will exhibit
transient behaviour when heat flows are incorporated into the
model, because of the thermal masses of its components.
Thus models of the cell and the whole electrolyser are to be
distinguished.
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In this study, a detailed model for a PEM electrolyser cell
has been developed and tested against published experimental results. Our approach insists on a physical basis for the
model parameters where possible. The model includes material balance and mole balance in the anode and the cathode
subsystems. We model the effective binary diffusion through
the porous electrodes, employing calculated diffusivities corrected for porosity, tortuosity and transport through the PEM,
based on experimentally and analytically determined transport properties. Our model factors-in the mechanism of water
transport through the PEM and takes into account the resistances of the electrodes, flow field plates and PEM. The
physically based parameterisation of the model exposes the
relative contributions of the various overpotentials to the
polarisation curve in detail. Applying the model to data from a
real electrolyser cell can thus help to understand how cell
components influence the electrolyser performance and suggest directions for further research to improve performance.

Model development
The reactions that take place at the anode and the cathode of a
PEM electrolyser are
1
Anode : H2 O/2Hþ þ O2 þ 2e
2

(1)

Cathode : 2Hþ þ 2e /H2

(2)

The water fed to the anode side is split into oxygen gas,
protons and electrons. The protons are transported through
the proton-conductive membrane to the cathode side. At the
same time, the electrons exit the electrolyser cell via the
external circuit, which supplies the driving force (i.e. cell potential) for the reaction, whereas at the cathode side the
protons and electrons from the external circuit recombine to
form hydrogen gas. As the electrochemical reaction takes
place, water needs to be supplied to the membrane-electrode
interface, whereas hydrogen and oxygen should be removed.
The reaction is taking place at the membraneeelectrode
interface, so all the mass flows must occur through the porous
electrode: water from the channels to the catalyst layer,
hydrogen and oxygen from the reaction sites to the channels.
€ rgün [9], the model
Following the practice introduced by Go
of a PEM electrolyser cell is built up from four principal
modular components, called ancillaries in Simulink, labelled
here anode, cathode, membrane (as shown in Fig. 1) and voltage.
Although previous authors [9,10] have shown simulations
of supposedly transient behaviour, their one-dimensional
models in fact related all parameters concerned with the
flow of chemical species through the electrolyser cell to the
input current e see Eqs. (5), (6), (9), (15) and (17) below. This
means that the output necessarily follows the input directly
and instantaneously. Thus such a model cannot predict
transients and, despite the authors' claims, these models
cannot be “dynamic”. While the transient responses displayed
in Fig. 6 of Ref. [9] and Fig. 5 of Ref. [10] exhibit no time delays,
this is not evidence of fast transient response.
As mentioned, the transient response of a PEM electrolyser
cell is found experimentally to be fast. Therefore, a steady-

113

13245

state model of the electrical performance that better represents the physical and chemical processes within the cell, and
highlights the aspects of steady-state performance where
improvements would be valuable, is a worthwhile step towards a possibly unwieldy multi-dimensional model. This is
the approach taken here. Of course, to model the entire electrolyser requires coupling to a thermal model, as in Ref. [18],
but our expectation is that thermal effects will dominate the
transient behaviour of the electrolyser.

Anode ancillary
The anode ancillary calculates oxygen and water flows and
their partial pressures. Electrochemically, redox (oxidation or
reduction) reactions involve the transfer of electrons between
species. The species gaining electrons is oxidizing the species
that is losing electrons. At the anode, water is oxidized according to Eq. (1) to produce oxygen, electrons and protons. The
material balance equations for the anode ancillary are given by
dNO2
in
out
gn
¼ N_ O2  N_ O2 þ N_ O2
dt

(3)

dNH2 O
in
out
mem
cons
¼ N_ H2 O  N_ H2 O  N_ H2 O  N_ H2 O
dt

(4)

in
in
out
out
where N_ O2 ,N_ H2 O ,N_ O2 ,N_ H2 O are anode inlet and outlet molar flow
gn
rates of oxygen and water respectively,N_ O2 is the molar flow
cons
rate of oxygen generation at the anode, N_ H2 O is the molar flow
mem
rate of water consumed at the anode and N_ H2 O is the molar
flow rate of membrane water.
According to Faraday's law the molar flow rates of oxygen
and consumed water at the anode side are
gn
I
N_ O2 ¼
4F

(5)

cons
I
N_ H2 O ¼
2F

(6)

where F is the Faraday constant and I is the current through
the cell. The current is assumed to be uniformly distributed,
I ¼ iA

(7)

where i is the current density and A is the active area of
membrane electrode assembly (MEA).
The resultant molar flux of water through the anode is the
water consumed by the reaction plus the net water transported towards the other side of the membrane and can be
expressed as
nan
H2 O ¼

mem
cons
N_ H2 O þ N_ H2 O
A

(8)

and the molar flux of oxygen through the anode can be
expressed as
nO2 ¼

gn
N_ O2
I
¼
A
4FA

(9)

The partial pressures of the species (oxygen and water) at
the anode is given by
pi ¼ Xi Pan

(10)
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Fig. 1 e Schematic of PEM electrolyser.

where pi is the partial pressure of the species, Xi is the molar
fraction of the species and Pan is the pressure at the anode. The
molar fractions at the anode can be expressed as
XO2

nO2
¼
nO2 þ nan
H2 O

XH2 O

nan
H2 O
¼
nO2 þ nan
H2 O

(11)

(12)

Cathode ancillary
The cathode ancillary calculates hydrogen and water partial
pressures and their flows at the cathode, where protons are
reduced according to Eq. (2). The material balance equations
for the cathode ancillary are
dNH2
in
out
gn
¼ N_ H2  N_ H2 þ N_ H2
dt

(13)

dNH2 O
in
out
mem
¼ N_ H2 O  N_ H2 O þ N_ H2 O
dt

(14)

in
in
out
out
where N_ H2 , N_ H2 O , N_ H2 and N_ H2 O are the cathode inlet and outlet
gn
molar flow rates of hydrogen and water respectively, N_ H2 is the
molar flow rate of hydrogen generation at the cathode and
mem
N_ H2 O is the membrane molar flow rate of water from anode to
cathode through the membrane.
According to Faraday's law the molar flow rate of hydrogen
at the cathode side is
gn
I
N_ H2 ¼
2F

(15)

At the cathode side water is not consumed and the molar
flow rate of water is
cat
mem
N_ H2 O ¼ N_ H2 O

(16)

The molar fluxes of hydrogen and water at the cathode can
be expressed as
ncat
H2 ¼

gn
N_ H2
I
¼
A
2FA

ncat
H2 O ¼

mem
N_ H2 O
A

(17)

(18)

The partial pressures of the hydrogen and water at the
cathode are calculated according to Eq. (10). The molar fractions at the cathode can be expressed as
nH2
nH2 þ ncat
H2 O
ncat
H2 O
¼
nH2 þ ncat
H2 O

XH2 ¼

(19)

XH2 O

(20)

Membrane ancillary
The bulk of the water fed to the anode undergoes the oxygen
evolution reaction (OER) to generate protons and oxygen. The
net water flow through the membrane can be expressed in
terms of three processes: diffusion, electro-osmotic drag and
hydraulic pressure effect. Thus
mem
diff
eod
pe
N_ H2 O ¼ N_ H2 O þ N_ H2 O  N_ H2 O
mem
N_ H2 O

(21)

where
is the net molar flow rate of water through the
diff
membrane, N_ H2 O is the molar flow rate of water due to diffueod
sion from anode to cathode, N_ H2 O is the molar flow rate of
water from anode to cathode due to electro-osmotic drag and
pe
N_ H2 O is the molar flow rate of water from the cathode to the
anode due to the pressure effect. In practice, electro-osmotic
drag is the dominant mechanism, in which water molecules
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Fig. 2 e Species concentration and molar flux inside a PEM electrolyser cell.

are coordinated around the migrating H3Oþ species and
dragged to the cathode.
The rate of water transport due to diffusion is calculated by
integrating Fick's law of diffusion between the two membrane
interfaces, giving

diff
ADw  cat
CH2 O;mem  Can
N_ H2 O ¼
H2 O;mem
dmem

(22)

where Dw is the diffusion coefficient of water in the memcat
brane, dm is the membrane thickness and Can
H2 O;mem , CH2 O;mem
represent the water concentrations at the two sides of the
membrane. The water concentrations at either side of the
membrane can be expressed in terms of the water concentration in the electrode channel as follows
an
Can
H2 O;mem ¼ CH2 O;ch 

an
dan
el nH2 O
Dan
eff

(23)

cat
Ccat
H2 O;mem ¼ CH2 O;ch þ

cat
dcat
el nH2 O
:
cat
Deff

(24)

where Dan
eff is the effective binary (O2eH2O) diffusion coefficient
at the anode, Dcat
eff is the effective binary (H2eH2O) diffusion
cat
coefficient at the cathode, dan
el , del are the thicknesses of the
cat
anode and cathode respectively and Can
H2 O;ch ,CH2 O;ch represent
the water concentrations in the anode and cathode channels
respectively. Fig. 2 illustrates the species concentrations and
the molar fluxes through the electrodes inside a PEM electrolyser cell.
The diffusion process within a porous medium depends
mainly on two mechanisms, molecular diffusion and Knudsen diffusion. If the pore size is much larger than the mean
free path of the molecular species, then molecular diffusion is
the dominant mechanism. In this case, the moleculeemolecule interaction governs the diffusion process. On the
other hand, if the pore size is much smaller than the mean
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free path of the species, the molecule-pore wall interaction
dominates over the moleculeemolecule interaction, leading
to Knudsen diffusion. In most porous structures, both mechanisms are significant. The effective binary diffusion coefficient of water at the anode and cathode can be expressed as
[23].
1
ε
1
1
¼
þ H2 O;
O2 H2 O
Dan
x
D
D
eff
eff
eff
1
ε
1
1
¼
þ H2 O;
H2 H2 O
Dcat
x
D
D
eff
eff
eff

!
(25)

K

!
(26)

K

where ε=x is the ratio of electrode porosity to tortuosity,
O2 H2 O
is the effective molecular diffusion coefficient for the
Deff
2 H2 O
is the effective molecular
O2eH2O binary system, DH
eff
2 O; K
diffusion coefficient for the H2eH2O binary system and DH
eff
is the effective Knudsen diffusion coefficient for water.
For Knudsen diffusion, the transport of molecules can be
modelled using kinetic theory [24,25], since the gas molecules
frequently collide with the walls of the pores, giving
2 O; K
DH
eff

sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
4
8RT
¼ r
3
pMH2 O

(27)

where r is the mean pore radius and MH2 O is the molar weight
of H2O. Using the Chapman-Enskog theory of the ideal gas, the
O2 H2 O
and
effective molecular binary diffusion coefficients, Deff
H2 H2 O
can be expressed as [24,26].
Deff
O2 H2 O
¼ 0:00133
Deff

H2 H2 O
¼ 0:00133
Deff



1
1
þ
MO2 MH2 O



1
1
þ
MH2 MH2 O

1=2

1=2

T3=2
Pan s2O2 H2 O UD
T3=2
Pcat s2H2 H2 O

UD

(28)

(29)

13248

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n e n e r g y 4 0 ( 2 0 1 5 ) 1 3 2 4 3 e1 3 2 5 7

where MO2 and MH2 are the molar weights of O2 and H2, sO2 H2 O
and sH2 H2 O are the mean molecular radii of species O2eH2 and
H2eH2O and UD is a dimensionless diffusion collision integral.
UD, sO2 H2 O and sH2 H2 O can be expressed analytically as [27].
UD ¼

1:06
0:193
1:036
1:765
þ
þ
þ
t0:156 expð0:476tÞ expð1:53tÞ 3:894t
sO2 þ sH2 O
2
sH2 þ sH2 O
¼
2

(30)

sO2 H2 O ¼
sH2 H2 O

tO2 H2 O ¼
tH2 H2 O ¼

kT
εO2 H2 O
kT

(31)

(32)

εH2 H2 O

and the Lennard-Jones energies εO2 H2 O and εH2 H2 O can be
expressed as
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
εO2 H2 O ¼ εΟ2 εН2 Ο
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
εH2 H2 O ¼ εH2 εН2 Ο

(33)

The values of sO2 , sH2 and sH2 O are 3.467 Å, 2.827 Å and
2.641 Å, respectively [28]. The Lennard-Jones potentials,εi/k,
for O2, H2 and H2O are 106.7, 59.7 and 809.1 K, respectively. The
O2 H2 O
H2 H2 O
and Deff
can be obtained by solving Eqs.
values of Deff
(25) to (33).
The water concentration at the anode and cathode channels can be expressed as
Can
H2 O;ch ¼

Ccat
H2 O;ch ¼

rH2 O ðTan Þ
MH2 O
rH2 O ðTcat Þ
MH2 O

(34)

an
rH2 O ðTan Þ dan
el nH2 O

an
Deff
MH2 O

(36)

Ccat
H2 O;mem ¼

cat
rH2 O ðTcat Þ dcat
el nH2 O
þ
cat
Deff
MH2 O

(37)

Now Eq. (22) can be written as
"
# "
#!
cat
an
rH2 O ðTcat Þ dcat
rH2 O ðTan Þ dan
el nH2 O
el nH2 O

þ

Dcat
Dan
MH2 O
MH2 O
eff
eff

nd I Kdarcy ArH2 O DP

dmem mH2 O MH2 O
F

Voltage ancillary

The electro-osmotic drag is directly related to the flux of
hydrated protons migrating from the anode to the cathode
through the membrane and so the molar flow rate can be
expressed as
(39)

where nd is the electro-osmotic drag coefficient½molH2 O =molHþ .
There appears to be no satisfactory quantitative theory of
electro-osmotic drag. Experimentally, nd is not constant and is

(41)

The electrolyser generally operates in either current mode or
voltage mode. When it is run in voltage mode, a voltage source
is connected to the electrolyser and the electrolyser draws
current from the source according to the operating conditions.
The majority of commercially available electrolysers are run
in current mode, meaning that the current into the electrolyser is controlled, to give a steady state of hydrogen production, while the power supply must comply with the required
operating voltage. The operating voltage of an electrolyser can
be expressed as
V ¼ Voc þ Vact þ Vohm þ Vcon

(38)

(40)

where KDarcy is the membrane permeability to water andmH2 O is
the viscosity of water.
The net molar flow rate of water [Eq. (21)] becomes
"
!
!#
cat
an
rH2 O ðTcat Þ dcat
rH2 O ðTan Þ dan
mem
ADw
el nH2 O
el nH2 O

þ

N_ H2 O ¼
dmem
Dcat
Dan
MH2 O
MH2 O
eff
eff

(35)

Can
H2 O;mem ¼

eod
nd I
N_ H2 O ¼
F

KDarcy ArH2 O DP
pe
N_ H2 O ¼
dmem mH2 O MH2 O

þ

where rH2 O is the water density and Tan and Tcat are the temperatures of the anode and cathode respectively.
Substituting Eqs (34) and (35) into Eqs (23) and (24)

diff
ADw
N_ H2 O ¼
dmem

found to depend on cathode pressure, current density and
temperature [29]. The simplest potential enhancement is to
relate nd proportionally to the degree of hydration (l) of the
membrane [30], but this replaces one unknown parameter
with another. A possible benefit comes from the dependence
of the membrane conductivity on hydration (x2.4.4), with the
effect of eliminating nd as a fitted parameter. Because the nde l
relationship is empirical, we have not taken this approach, but
give further consideration to nd in the discussion of the
results.
Varying values of nd have been reported for PEM fuel cells,
directly linked to l for the PEM membrane [30e32], and also
Santarelli et al. [33] estimated for fuel cell nd ¼ 0.27 using
experimental data from Lee et al. [34]. For the PEM electrolyser, Marangio et al. [15] used nd ¼ 7 in their model, based on a
measurement of the large amount of water transported to the
cathode side of the membrane. Awasthi et al. [10] considered
nd as a fitting parameter in their model and obtained nd ¼ 5.
The rate of water transport from the cathode to the anode
across the membrane depends on the pressure gradient and
this phenomenon can be evaluated by Darcy's law, taking into
account the permeability of the membrane:

(42)

where Voc is the open-circuit voltage, Vact is the activation
overpotential, Vohm is the ohmic overpotential and Vcon is the
concentration overpotential.

Open-circuit voltage
The open-circuit voltage (OCV) can be derived from the Nernst
equation for water electrolysis [35].
"
pﬃﬃﬃﬃﬃﬃﬃ!#
pH2 pO2
RT
Voc ¼ E0 þ
ln
aH2 O
2F

(43)

where E0 is the reversible cell voltage, pH2 and pO2 are the
partial pressures of hydrogen and oxygen and aH2 O is the water
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activity between electrode and membrane (1 for liquid water).
Many authors use a value of 1.23 V for E0, which is only true at
standard temperature and pressure. The temperaturedependent reversible cell voltage can be expressed as [13].
E0 ¼ 1:229  0:9  103 ðT  298Þ

(44)

Activation overpotential
Activation overpotential represents the electrochemical kinetic behaviour and so it is a representation of the speed of the
reactions taking place at the electrode surface. Hence, a
portion of the applied voltage is lost in transferring electrons
to or from the electrodes. This overpotential can be described
in terms of current density using the ButlereVolmer (BeV)
equation for both anodic and cathodic reactions at the surface
of an electrode, which takes into account the kinetics of the
charge transfer reaction [15,36,37];





aan FVact
acat FVact
 exp 
i ¼ i0 exp
RT
RT

(45)

where i0 is the exchange current density, aan is the anodic
charge transfer coefficient and acat is the cathodic charge
transfer coefficient, with aan þ acat ¼ 1. a¼aan¼acat ¼ 1/2 means
that the ieVact curve is perfectly (anti-)symmetric about the
origin, with a also known as the symmetry parameter. Typically aan and acat are only roughly equal [38e40]. Assuming for
simplicity that a¼aan¼acat ¼ 1/2, Eq. (45) can be inverted, giving
 
RT
i
(46)
arcsinh
Vact ¼
aF
2i0
which can then be applied to both the anode and the
cathode of the electrolyser cell:
an
cat
þ Vact
Vact ¼ Vact

an
Vact

cat
Vact



RT
i
arcsinh
¼
aan F
2i0;an


RT
i
arcsinh
¼
acat F
2i0;cat

(47)





RT
i
RT
i
þ
arcsinh
arcsinh
aan F
2i0;an
acat F
2i0;cat

Concentration (diffusion) overpotential
The concentration/diffusion overpotential occurs due to the
change in concentration of the reactants at the electrode
surface when electrolysis is in progress. A concentration
overpotential develops when the current is high enough to
hinder the reaction by overpopulating the membrane surface
with oxygen gas bubbles and hence showing down the reaction rate [12].
The mass flow through the porous electrodes is typically
explained as a diffusion phenomenon, described by Fick's law
since in the case of water electrolysis just two-component
mixtures are present (O2eH2O mixture at the anode and
H2eH2O mixture at the cathode):

J ¼ Deff

vCi
vx


(51)

where J is the diffusion flux, Deff is the effective diffusivity of
the transport medium and Ci is the molar concentration of
species. To predict the voltage loss due to a surplus of reaction
products at the catalyst sites blocking the reactants, the
Nernst equation can be combined with Fick's law to describe a
diffusion rate that limits the reaction rate at higher current
densities. This approach, referred to here as the diffusion
driven-approach, can be applied for both the cathode and the
anode, accounting for the greatly differing diffusion rates of
hydrogen and oxygen:
 


RT
RT
RT C1
(52)
ln C1  Eo þ
ln C0 ¼
ln
Vcon ¼ E1  Eo ¼ Eo þ
zF
zF
zF C0
where z is the number of electrons transferred during the
reaction and “0” is a working condition taken as a reference.
The above equation can be applied to the anode and the
cathode, giving
an
cat
þ Vcon
Vcon ¼ Vcon

(53)

an
¼
Vcon

RT Cmem
O
ln 2
4F Cmem
O2 ;0

(54)

cat
¼
Vcon

RT Cmem
H
ln 2
2F Cmem
H2 ;0

(55)

(48)

(49)

Eq. (47) then can be written as
Vact ¼

13249

(50)

The exchange current density (i0) values have a substantial effect on the activation overpotential and are greatly
dependent on the materials and porosity of the electrodes,
concentration, distribution and dimension of the catalyst
particles and operating temperature [41]. For Pt based electrodes, the exchange current densities for the oxygen
reduction and hydrogen oxidation reactions are reported to
be in the range 109 e1012 [42e44] and 104 e103 A/cm2
[45], respectively. In relation to Eq. (50), aan ¼ 2 and acat ¼ 0.5
are typical experimental values reported for the charge
transfer coefficients at the anode and cathode
[9,14,15,17,18,46]. Since the conceptual basis of the charge
transfer coefficient (Eq. (45) ff.) requires a < 1, values greater
than one obtained from experiments suggest a faulty analysis model.
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where Cmem
and Cmem
are the oxygen and hydrogen concenO2
H2
tration at the membraneeelectrode interface, respectively.
At the membraneeelectrode interface the molar concentration can be written as [15].
¼ Cch
Cmem
H2
H2 þ

dcat
el nH2
Dcat
eff

(56)

Cmem
¼ Cch
O2
O2 þ

dan
el nO2
Dan
eff

(57)

The molar concentration of oxygen and hydrogen in the
channels can be expressed as
Cch
O2 ¼

Pan XO2
RT

(58)

Cch
H2 ¼

Pcat XH2
RT

(59)

Substituting Eqs (58) and (59) into Eqs (56) and (57) gives
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Pcat XH2 dcat
nH
þ el cat 2
¼
RT
Deff
Pan XO2 dan
nO
þ el an 2
¼
RT
Deff

(60)

reff ¼
(61)

Ohmic overpotential
An ohmic overpotential Vohm appears due to the ohmic resistance of the current collectors, bipolar plates and electrode
surfaces [47]. The ohmic overpotential is (by definition
assumed) linearly proportional to the current:
Vohm ¼ Rcell I

l
A

(65)

It is assumed that the total average path length of an
electron is(wc þ ws)/4, where wc is the width of a channel and
ws is the width of channel support and ε is the electrode
porosity. Therefore, the average resistance in the electrode
per half flow channel can be expressed as [48]
Ran
1 ¼

Rcat
1 ¼
(63)

Here Rel, Rpl, Rmem are the resistances of the electrodes, bipl
el
mem
, Vohm , Vohm
are the corpolar plates and membrane, and Vohm
responding contributions to the ohmic overpotential.
The voltage losses associated with electron transfer
through the electrode and the flow field plate are found by
adopting the electric circuit analogy presented by Marr and Li
[48] shown in Fig. 3. Applying Ohms law to the electrode and
the flow field plate gives:
Rel;pl ¼ reff

rel
ð1  εÞ1:5

an
reff wan
c þ ws
an an
4Lnch del

(66)

(62)

where Rcell is the effective ohmic resistance of the cell:
Vohm ¼ Rel þ Rpl þ Rmem I
pl
el
mem
þ Vohm þ Vohm
¼ Vohm

section of the conductor and reff is the effective resistivity of
the electrode, which can be expressed as [48].

(67)

cat
4Lncat
ch del

where L is the length of the MEA, in the direction orthogonal to
the section in Fig. 3. The total resistance of the electrodes for
flow channel can then be written as
reff
Rel ¼
8L

"

an
wan
wcat þ wcat
c þ ws
þ c cat cat s
an
nan
d
nch del
ch el

#
(68)

R2 in Fig. 3 indicates the resistance caused by the right
portion of the flow field plate that can be expressed as
Ran
2 ¼

(64)

where l is the length of the electrons path, A is the cross-

cat
reff wcat
c þ ws

Rcat
2 ¼

an
ran
p hp

WL
cat
rcat
p hp

WL

Fig. 3 e Electrical circuit representation of the ohmic resistance of the electrode and flow field plate (after Ref. [48]).
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Fig. 4 e Simulink model of the PEM electrolyser cell.

cat
where ran
p ,rp are the resistivities of the anode and cathode,
an cat
and hp ,hp are the distances from the outside border of the
plate to the channel surface of anode and cathode side
respectively and W is the width of the MEA. Similarly, the
resistance of the channel support can be expressed as

Rcat
s ¼

Ran
s ¼

cat
rcat
p hc

nsch;cat wcat
s L
an
ran
p hc
s
nch;an wan
s L

(71)

an
s
s
where hcat
c ,hc are the heights of the channel and nch;cat ,nch;an are
the channel support of the cathode and anode respectively.
The total resistance of the flow-field plate can be written as
cat
cat
þ Ran
Rpl ¼ Ran
s þ Rs
2 þ R2

(73)

The dominant contribution to Vohm is the ionic loss, caused
by resistance to the ion flow through the membrane. This
membrane resistance can be expressed, using Ohm's law in
the form i ¼ s V V, as

(72)

Fig. 5 e Polarisation curves of a PEM electrolyser cell in
different operating conditions, compared between
experimental data [51] and model prediction.

Fig. 6 e Influence of temperature on the polarisation curve
at low pressure compared between experimental data [51]
and model prediction.
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dmem I
Asmem

dmem i
smem

Table 1 e Fixed model parameters.
Parameter
(74)

A
dmem
del
rel
ran
p
rcat
p
Dw
Kdarcy
rH2 O
mH2 O
ε
x
F
R

where dmem is the thickness and smem is the conductivity of the
PEM.
Reliable measurements of the thermal conductivity of PEM
materials are important and at the same time challenging.
The water content, compaction pressure and temperature will
change during PEM electrolyser operation. Moreover, the PEM
Electrolyser layer components are very thin with some of
them being partially transparent. For some of the materials,
the thermal conductivity is also anisotropic. Thermal conductivity in PEM materials has for long been known to be
related to water content. For the perfluorosulfonate membrane Nafion®, one typically gives the water content as number of water molecules per sulphonic group. This water
content value is very often labelled l and depends on the
surrounding state of water. In this study, we refer to the water
content in this way, i.e. l means molecules of water per sulphonic group. The conductivity of the PEM can be expressed as
[30].



1
1

smem ¼ ð0:005139l  0:00326Þexp 1268
303 T

Value
160 cm2
0.0254 cm
0.008 cm
10.6  106 U cm
43.1  106 U cm
16.0  103 U cm
1.28  106 cm2 s1
1.58  1014 cm2
1 gm cm3
1.1  102 gm cm1 s1
0.3
4
96,485 C mol1
8.3144 J mol1K1

Table 2 e Fitted model parameters.
Parameter
nd
l
i0,an
i0,cat
aan
acat

(75)

Value
7
21
1  107 A/cm2
1  101 A/cm2
0.8
0.25

The water content of the surroundings can refer to either
the relative humidity in the ambient gas phase or to liquid
water. Standard membrane preparation (heating the membrane to 90  C in an oxidising acidic aqueous solution) leads to
the membrane having a water content (l) of around 0.5 in dry
conditions, 12e14 when exposed to water-saturated gas (100%
humidity) and around 22 when exposed to liquid water [49,50].

Results and discussion
Fig. 4, which depicts the full Simulink model of the PEM
electrolyser cell, shows how each of the four ancillaries discussed in the previous section contributes to the simulation
and maps the interactions between them. The polarisation
curve of the PEM electrolyser cell is the core of the model and
hence it has been modelled as a variable voltage which depends on input current, cell area, cell temperature, anode and
cathode pressures and several internal parameters of the cell.
The internal cell temperature was assumed to be the same for
the anode side and cathode side. The anode side was maintained at nearly ambient pressure, while the cathode side was
maintained at pressures up to 90 bar. The membrane was
assumed to be completely hydrated and hence its conductivity was a function of temperature only.

Model validation
The model was validated using the set of experimental polarisation curves reported by Marangio et al. [51]. Temperature
and pressure effects were explored in the ranges 10e90  C and
10e90 bar. Six model parameters (nd,l,i0,an,i0,cat,aan,acat) whose
values could not be reliably estimated were allowed to vary

Fig. 7 e Influence of temperature on the polarisation curve
at high pressure compared between experimental data [51]
and model prediction.

freely. Table 1 lists the values assumed for the fixed parameters and Table 2 lists the fitted parameters. Figs. 5e7 summarise graphically the comparison between the fitted polarisation
curves and the experimental data of Marangio et al. [51] in a
range of temperatures and cathode pressures. The model
described here clearly fits the experimental data very well for a
wide range operating conditions. The small discrepancy at
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Fig. 9 e Effect of the cathode exchange current density
(i0,cat) on the polarisation curve.

Fig. 8 e Effect of the anode exchange current density (i0,an)
on the polarisation curve.

Exploration of the polarisation curve

Figs. 8 and 9 explore the individual effects of the anode and
cathode exchange current densities on the polarisation curve.
In general, the cell voltage decreases with increasing anode
and cathode exchange current density, leading to higher energy conversion efficiency. The exchange current densities
reflect the reaction kinetics of the electrodes and depend not
only on the operating temperature, but also strongly depend
on electrode material properties. Thampan et al. [52] showed
that exchange current density is proportional to the roughness factor of the catalyst layer, indicating the importance of
microstructure effects. In order to obtain higher exchange
current density, more effort should be directed to developing
new catalysts and optimising the electrode structural parameters. The cathode activation overpotential is relatively
small due to the fast kinetics of the hydrogen evolution reaction (HER). The cell overpotential is dominated by the anode
activation overpotential because of the slow kinetics of the
OER. The authors [53,54] put forward guidelines for the choice

After validating the model against experimental polarisation
curves, it was used to explore the influences of important
parameters on the electrolyser performance.
Fig. 5 confirms the efficiency advantage coming from
operating at high temperature and low hydrogen pressure at
the cathode. Figs. 6 and 7 compare polarization curves at 40
and 55  C under low and high H2 pressures conditions. It is
clear that the temperature influence is quite high, especially
at high pressure. Where high-pressure hydrogen supply is
advantageous, the efficiency deficit from working at higher
pressure could be almost recovered by increasing the cell
temperature [29]. As the cell temperature increases, the
change in Gibb's free energy of the water dissociation reaction
decreases. At the same time, the enthalpy change remains
constant. Therefore, less electricity and more heat are
required for water splitting at higher temperatures. Also, the
H2O/O2 system becomes reversible and electrode kinetics is
improved.

Fig. 10 e arcsinhði=2i0 Þ term in the ButlereVolmer equation
for ranges of exchange current density explored in Figs. 8
and 9 at i ¼ 1 A/cm2.

high current density is believed to arise because Marangio et al.
[51] used IreRu as the anode electrocatalyst and Pt black as the
cathode electrocatalysts, whereas we assumed Pt-based catalysts for both electrodes. The reason is the scarcity of resistivity
values for IreRu in the literature. There is obviously some effect on the ohmic overpotential (electrode and plate), the
ohmic overpotential is small anyway, so this is a small effect.
The fitted value obtained for the electro-osmotic drag coefficient, nd ¼ 7, is close to the same as that found by Marangio
et al. [15] (but see the discussion below). The fitted values of
the anode and cathode charge transfer coefficients (0.8 and
0.25 respectively) lie within the ranges reported, 0e2 and 0e1
respectively [33,38]. The fitted anode and cathode exchange
current densities are comparable to values various authors
have chosen, as summarized by Carmo et al. [19].
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Fig. 11 e 3D polarisation behaviour at different temperatures.

of oxide electrocatalysts for OER. They emphasized that oxygen evolution can only proceed when the electrode potential
is higher than the potential of the metal/metal oxide couple or
the lower metal oxide/higher metal oxide couple, which indicates that the OER is governed by surface electrochemistry.
Within the model paradigm of the ButlereVolmer equation, that is, based on the properties of the inverse hyperbolic
sine function, Fig. 10 compares both the relative magnitudes
of the contributions to the overpotential from the anode and
cathode (neglecting the pre-factors in Eq. (50)) and their sensitivities to the actual values of the two exchange current
densities. The two highlighted regions are centred on the
fitted values for the exchange current densities for the data
reported by Carmo et al. [19] and confirm, firstly, (and despite
the higher value of aan compared to acat in the prefactors in Eq.
(50)) the relatively large contribution of the anode to the total
activation overpotential. On the other hand, an improvement

of two orders of magnitude in the anode exchange current
density brings a much smaller lowering of the absolute overpotential than the same relative improvement in the cathode
exchange current density, even though the absolute contribution of the cathode to the total overpotential is relatively
small. This suggests that it is possible, and worthwhile, to
reduce the cathode contribution in this electrolyser to be
negligible, as it is sometimes assumed or reported to be [18].
Significant reduction of the anode contribution is likely to be
difficult, as many orders of magnitude improvement in the
anode exchange current density are needed to make a substantial reduction to its overpotential contribution, owing to
the saturating behaviour of the inverse-sinh function for large
arguments.
Fig. 11 illustrates the effect of operating temperature on the
cell polarisation curve with pressure held constant. From this
figure, it is clear that increasing cell temperature results in

Fig. 12 e Effect of pressure and temperature on cell voltage at constant current density.
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Fig. 13 e Contributions of overpotentials to the polarisation
curve.

enhanced cell efficiency generally. At higher temperature, the
kinetics of the charge transfer reaction improves at the MEA
interface and it is obvious that the conductivity of the PEM
increases with increasing temperature. As a result, the ohmic
overpotential decreases.
Fig. 12 shows the combined effect of pressure and temperature on the cell polarisation at current density 1.25 A/cm2
and confirms the generality of what was inferred from Figs.
5e7, that high temperature and low pressure are the most
favourable operating conditions for PEM electrolyser in order
to maximise its energy efficiency.
Fig. 13 shows the contribution of each source of overpotential to the polarisation curve of the PEM electrolyser cell
at constant pressure (10 bar) and temperature (55  C). The
more rapid variation with current density of the cathode
activation overpotential compared to that of the anode is
understandable in terms of the properties of the inverse-sinh
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function discussed above. Regarding the ohmic contributions
to the total overpotential, the electrodes and flow field plates
(current collector and separator plate) contribute much less
than the PEM, at least in the modelled electrolyser. At the
anode side, the oxygen gas has to flow back through the
catalyst layer and current collector to the separator plates
then out of the cell. The electrons travel from the catalyst
layer, through the current collector, separator plates, and then
go to the cathode side. The protons leave the anode catalytic
layer through the ionomer, reaching the membrane and
crossing to the cathode side, after reaching the catalytic layer
they will combine with electrons to form H2. The hydrogen gas
then has to flow across the cathode current collector, cathode
separator plate and leave the cell. While there are numerous
opportunities to improve the cell efficiency marginally by
lowering the ohmic losses, in this electrolyser the PEM resistance is the most worthwhile target.
Finally, we point out the utility and some limitations of the
model in estimating values for “internal” parameters that
cannot be measured readily or, alternatively, testing the
sensitivity of the polarisation curve to changes in the design
parameters. For example, Fig. 14 shows the effect of different
assumed values of the electro-osmotic drag coefficient on the
polarisation curve of the studied electrolyser at fixed temperature and cathode pressure. This shows that the impact of
the drag coefficient on the polarisation curve under the stated
conditions is minor compared to other parameters. The corollary is that modelling the polarisation curve is not a reliable
way to estimate the drag coefficient. Experimentally,
increased cathode pressure significantly reduces water
transport, but our model contains no mechanism for pressure
(or any other parameter) to directly influence the drag coefficient. The model of Medina and Santarelli [29] accounts for
these influences on a purely empirical basis. In Fig. 15, the
measured effects of current density and cathode pressure on
water transport [29] are emulated by manually adjusting the
value of nd. The wide range of values required for nd again
demonstrates the need for a physically based model of this
mechanism and, recalling the insensitivity of the polarisation
curve to nd, both emphasises that modelling the polarisation
curve is a poor way of investigating water transport and helps
to explain the wide range of reported values of nd.

Summary and conclusions
We developed a model of a complete PEM electrolyser cell
based on modules describing the behaviours of the anode,
cathode, membrane and cell voltage in terms of physical parameters related to the materials of construction. The main
contributions of this work are (i) the model relies, where
possible, on parameters (a) directly derived from the corresponding physical phenomena and (b) able to be estimated
from first principles, as distinct from described by purely
empirical equations; (ii) we provide a documented Simulink
model so others can use it; (iii) the model is conceived as a
research tool for exploring enhanced electrolyser performance owing to improved materials and design; (iv) binary
diffusion is modelled in detail on an atomistic basis; (v) the
model incorporates mechanisms that are frequently ignored,

Fig. 14 e Effect of electro-osmotic drag coefficient nd on the
polarisation curve.
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The model is much less useful for investigating water
transport for two reasons. First, the polarisation curve is
rather insensitive to the dominant water transport mechanism, electro-osmotic drag, and secondly, there is as yet no
physically based model of electro-osmotic drag, as influenced
by pressure, temperature and current density, to replace the
notionally constant coefficient that is presently a feature of
most electrolyser models.
In our view the most challenging aspects of PEM electrolyser modelling that remain are (i) to develop a physicallybased model to calculate the degree of humidification of the
PEM in terms of current density, pressure and temperature; (ii)
to model the multi-phase transport of species through the
current collectors and separator plates; (iii) to develop a predictive model for the exchange current density for various
catalysts.

Fig. 15 e Water transport through the membrane at high
cathode pressure.

so that their effects can be explored quantitatively, including
the concentration overpotential, extra terms in the ohmic
overpotential, not just that for the membrane and hydraulic
water transport to accommodate high cathode pressure.
The simulation was tested against published experimental
data and fitted very well, with six free model parameters
(electro-osmotic drag coefficient, membrane water concentration, charge transfer coefficients, exchange current densities) related to physical parameters whose values are
difficult to estimate reliably.
In addition to predicting cell performance for specified
parameter values, the simulation provides a useful tool for
investigating the sensitivity of the polarisation curve of a
given electrolyser to improvements in selected parameters.
Thus it can help to target the most worthwhile areas for
enhancement of the cell performance through better design
and novel materials such as (a) the catalytic activity of the HER
and OER need to be improved by using binary, ternary or
quaternary alloys with an advanced design, refining the
electrochemical active surface area, catalyst utilization and
stability against corrosion; (b) the triple-phase-boundary
(ionomer-catalyst, ionomer-support, catalyst-support) needs
to be clearly understood and developed, in order to enhance
the nanoparticle dispersion, improve the proton transport
across the catalytic layer, decrease nanoparticle hindering,
and diminish the electrical resistance contributed by the
ionomer. By displaying the cell voltage as the sum of its
components, we showed how the exchange current densities
of the anode and cathode influence the polarisation curve (via
their activation overpotentials) differently at low and high cell
current densities. A higher anode exchange current density,
achieved through improved electrocatalysts, promises
significantly improved efficiency when operating at high cell
current density. On the other hand, several orders of magnitude increase in the small anode exchange current density of
the modelled electrolyser cell would be needed to have a
substantial impact on the anode activation overpotential.
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An enhanced one-dimensional model has been developed for an alkaline electrolyser cell for hydrogen
production, based on linked modular mathematical models in Simulink®. Where possible, the model
parameters were derived on a physical basis and related to the materials of construction and the
conﬁguration of its components. This means that the model can be applied to many alkaline electrolyser
cells, whereas existing semi-empirical models were generally developed for a speciﬁc cell. In addition to
predicting the overall equilibrium electrolyser cell performance, the model is a powerful tool for understanding the contributions to cell voltage from the various internal components. It is thus useful as a
guide to researchers aiming for improved performance through modiﬁed geometry and enhanced
electrode materials. The model performed very well when compared to published models tested against
the same sets of experimental data.
© 2017 Published by Elsevier Ltd.
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1. Introduction
Worldwide hydrogen production exceeds 50 megaton (Mt)
annually, principally from steam reforming of natural gas [1], which
is not sustainable owing to the accompanying CO2 emissions. Much
of this hydrogen is used in petroleum reﬁneries, for producing
ammonia and other chemicals, and in food processing. A small but
growing application is in ﬁlling stations for fuel-cell vehicles, with
92 new stations opened throughout the world in 2016, making a
total of 274 as of January 2017 [2]. Water electrolysis is currently the
most practical route for industrial-scale production of hydrogen
using renewable resources [3e5], and electrolysers aimed at on-site
hydrogen production for ﬁlling stations are available from
numerous manufacturers.
Alkaline water electrolysis has been standard for many decades
in the production of hydrogen for industrial purposes using hydroelectricity, although the commercial availability of PEM electrolysers with input powers exceeding 1 MW is breaking that
monopoly. Recent surveys [6e9] of the available technologies for
large scale electricity storage to mitigate problems arising from
high wind power penetration into electricity grids have identiﬁed
large scale alkaline electrolysis as one of the main options for
storing wind energy. Compatibility with fuel cells is important for

* Corresponding author.
E-mail address: e.gray@grifﬁth.edu.au (E.MacA. Gray).

renewable energy systems and ﬁlling stations for fuel-cell vehicles,
since these involve proton exchange membrane (PEM) fuel cells
that may be poisoned by impurity levels above a few parts per
million (ppm) in the hydrogen stream. Alkaline electrolysers
require extra puriﬁcation of the product but are then able to supply
hydrogen at the required purity. PEM electrolysers require careful
management of membrane hydration and in this sense are less
robust than the alkaline type. Alkaline electrolysis remains the
cheaper alternative [10].
In an alkaline electrolyser, a high KOH concentration (25e35 wt
%) in water forms the electrolyte and the hydroxide ion (OH) is the
charge carrier. Depending on the structure, there are two types of
alkaline electrolyser cells, monopolar and bipolar. In a monopolar
alkaline electrolyser, alternate electrodes are directly connected to
opposite terminals of the DC power supply, making cells that are
effectively in parallel. Bipolar alkaline electrolysers consist of a
stack of electrodes, only the outer two of which are connected to
the power supply, while the intermediate isolated electrodes act as
both anode on one side and cathode on the other. In some cases the
distance between the anode and cathode is about 1 mm, and these
are termed zero gap alkaline electrolysers [3]. Manufacturers have
generally opted for the zero-gap bipolar conﬁguration to minimise
energy consumption [5].
Over the last few years, considerable progress has been made
towards improved performance of alkaline electrolysers, aiming to
minimise the electricity consumption and also to increase the
current density with a view to reducing the capital investment cost

http://dx.doi.org/10.1016/j.energy.2017.07.053
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128

Z. Abdin et al. / Energy 138 (2017) 316e331

Nomenclature
A
C
D
F
GC

b

p

r

Active surface area, cm2
Concentration, mol m3
Diffusion coefﬁcient, m2 s1
Faraday constant, 96485 C mol1
Activation Energy kJ mol1
Thickness of bubble zone, cm
Current, A
Current density, A cm2
Exchange current density, A cm2
Electrode  separator gap, cm
width between electrode channel to catalyst, cm
Molar mass, g mol1

R
R*
T
V
X

d
G
a

I
i
i0
lan=cats
lan=catc
M
N_
Molar ﬂow rate, mol s1
_
n
Molar ﬂux, mol m2 s
P
Pressure, bar

ε

u
t
Q
f
gM

[5,11]. Larger units can reach a hydrogen production rate of 760
Nm3 h1 (68 kg h1), with a current density of around 0.4 A cm2
and an electricity consumption of some 3.5 MW [5]. The minimum
alkaline electrolyser hydrogen production level is set at 25e40% of
its rated capacity. This lower limit is imposed to prevent the formation of potentially ﬂammable mixtures of hydrogen and oxygen
caused by the high diffusional ﬂux of these gases through the
separator at low currents. The operating temperature is 5e120  C,
whilst the operating pressure may vary from atmospheric up to
some 10e30 bar in pressurised electrolysers. While pressurised
electrolysers are convenient for many applications because they
may avoid the need for hydrogen compression, their overall efﬁciency is slightly worse than that of ambient-pressure cells [12],
and greater demands are placed on the separator. The role of the
separator in preventing H2/O2 mixing is essential and its properties
do inﬂuence the performance of the electrolyser via its contribution
to the ohmic overpotential. The separator should exhibit high
chemical and mechanical stability, low ionic resistivity and high
wettability. Moreover, it must withstand extreme conditions: a
strong alkaline environment at elevated temperature. Porous
composite materials based on polymers (e.g. polysulfone) and ceramics (e.g. ZrO2 particles) have been developed to replace the
formerly common asbestos separators. Among the newer materials,
Zirfon® is a micro-porous organo-mineral material containing a
mixture of a hydrophilic ZrO2 powder (85 wt%) and polysulfone
(15 wt%), with high surface area (22 m2/g) and optimum wettability
[13].
This paper continues a series in which mutually compatible
modular models of the components of an energy system, specifically one incorporating solar-derived hydrogen [14], are presented.
One overall objective is to link the suite of component models
together to form a whole-of-system model and simulation that can
realistically predict the behaviour of a planned energy system, as a
prerequisite to specifying the characteristics and capacities (sizes)
of its components. Alternatively, such a model can simulate the
behaviour of an existing energy system for research and other
purposes, such as on-the-ﬂy prediction of the trajectory of the
energy system as its input(s) and load(s) change in real time. The
component models are realised, without the use of ﬁnite-element
analysis, in Simulink®. The ﬁrst two such models are for a PEM
electrolyser cell [15] and a PEM fuel cell [16]. The next, for an
alkaline electrolyser cell, is presented here.
A second very important objective of the work is to use the
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Partial pressure, bar
Resistivity, U cm
Resistance (with subscript), U
Universal gas constant, 8.3144 J mol1 K1
Temperature, K
Cell voltage, V
Molar fraction
Thickness, mm
Diffusion collision integral
Charge transfer coefﬁcient
Porosity
Wettability factor
Tortuosity
Bubble coverage on the electrode surface
Bubble volume fraction in electrolyte
Roughness factor

component models as research tools to predict the effects of
inﬂuential design parameters, materials and environmental conditions, thus lessening the need for experimentation, which is
expensive and time-consuming.
Design parameters are necessarily physical in nature, that is,
related to dimensions, materials properties and theory that represents measurable reality. On the other hand, most of the presently
available models in this ﬁeld take a semi-empirical approach,
representing the characteristics of the electrolyser (or fuel cell)
through equations containing empirical terms and coefﬁcients that
lack any direct relationship to physical reality. This creates a
disconnect between design and measured performance. The key to
achieving the second objective is therefore to place the equations
that embody the characteristics of the various elements of the
electrolyser, fuel cell etc. on a proper physical basis by embedding
the theory of the underlying physical mechanisms. Doing this has
signiﬁcant advantages. Firstly, it makes the model more generic in
its application, in contrast to the present general reliance on
empirical equations that only describe the characteristics of the
particular component under consideration, perhaps with no
applicability to the greater class of such components. Secondly, a
sound physical basis for the model better allows the effects of
changing materials, dimensions etc. to be predicted in the quest for
enhanced performance, by performing sensitivity analyses, for
instance, as was demonstrated for the PEM electrolyser cell [15].
A third beneﬁt is that a realistic model may be used to diagnose
problems in the modelled component or system via changes in the
ﬁtted parameters arising from, for instance, degradation of an
electrode, potentially allowing the degradation to be traced to its
physical origin.
Current approaches to modelling alkaline electrolysers range
from purely empirical representations at the system level as a
“black box” with ﬁxed conversion efﬁciency calculated from
experimental values for the hydrogen production and electricity
consumption rates (e.g. Ref. [17]) to very low-level studies of internal processes. An example of the latter is the model of El-Askary
et al., who considered bubbly two-phase ﬂow in a mathematical
model based on EulerianeEulerian two-ﬂuids solved by the SIMPLE
algorithm [18]. Historically, the mainstream of modelling work has
been carried out between these limits, directed to modelling the
electrochemical behaviour of an electrolyser cell by representing
the processes that contribute to its polarisation curve with a
mixture of theory and empiricism.
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Much of the earlier modelling of alkaline electrolysers in the
literature was related to solar-hydrogen demonstration projects.
Perhaps the most detailed model of an alkaline electrolyser was
developed within the SIMELINT program as a part of the Saudi
ArabianeGerman HYSOLAR-project [19]. This model was validated
against experimental data and predicted the thermal behaviour,
cell voltage, gas purities and efﬁciencies for any given power. Other
empirical models have also been developed [20e24], but these
have either been less detailed or not tested and veriﬁed against
experimental data. In fact models based on empirical parameters
typically only described the current and voltage characteristics
[23,24]. In the early 90s more realistic models of alkaline electrolysers began to appear [19,25]. The semi-empirical approach taken
can describe the characteristics of the polarisation curve reasonably
well when linked with a linear model of dependence on environmental parameters. Employing a similar tactic, Ulleberg [11] proposed a model with nonlinear functions of temperature, which
proved effective in emulating its inﬂuence on the polarisation
curve.
Most of the developed models [11,19] were tried to the characteristics of speciﬁc electrolysers and did not account for the effects
of pressure, electrolyte concentration and bubbles in the bulk
electrolyte and on the electrode surface. Agbossou et al. [26,27]
developed a multi-physics model based on identiﬁcation of phenomena observed during operation. This model offers insight to the
causes of malfunctions in the electrolyser and aids optimization of
the operation of the electrolyser.
Generally, a multi-dimensional model is useful to understand
the details of the individual components of an alkaline electrolyser
cell in order to optimise the mechanical and electrical design, but if
extrapolated to the scale of an entire hybrid energy system this
approach would be very cumbersome. Thus, simpliﬁed modelling
and simulation may play a signiﬁcant role in engineering complex
systems. This reasoning also applies to the transient behaviour,
which in a real electrolyser is largely determined by thermal effects,
relative to which the transient response of an isolated cell is found
experimentally to be fast [28]. In this study, a detailed simpliﬁed,
steady-state model for an alkaline electrolyser cell has been
developed and tested against published experimental results. The
computational demands are small enough for it to be embedded in
a whole-of-electrolyser model within a simulation of the entire
energy system.
The approach adopted insists on a physical basis for the model
parameters where possible. The model includes material balance
and mole balance in the anode and the cathode subsystems. The
effective binary diffusion through the porous electrodes was
modelled, employing calculated diffusivities corrected for porosity,
tortuosity and transport through the electrolyte, based on experimentally and analytically determined transport properties. This
model factors-in the mechanism of molar concentration at the
electrodeelectrolyte interface and takes into account the resistances of the electrodes, electrolyte and separator, including
bubble effects. The physically based parameterisation of the model
exposes the relative contributions of the various overpotentials to
the polarisation curve in detail. Applying the model to data from a
real electrolyser cell can thus help to understand how cell components inﬂuence the electrolyser performance and suggest directions for further research to improve performance.

1
Anode : 2OH / O2 þ H2 O þ 2e
2

(1)

Cathode : 2H2 O/2Hþ þ 2OH
2Hþ þ 2e /H2

(2)

Under the inﬂuence of the electric ﬁeld developed by the
applied potential difference (voltage), hydrogen ions (Hþ) move
towards the cathode, while hydroxide ions (OH) move towards the
anode. A gas separator with good ionic conductivity prevents the
oxygen and hydrogen gases generated from mixing. Gas receivers
are used to collect the hydrogen and oxygen.
The separator is one point of difference between the alkaline
and PEM electrolyser types. Another is the liquid electrolyte and the
existence of bubbles adjacent to the electrodes. The porous electrodes, bubble zones and the porous separator are examples of
inhomogeneous conductors, whose effective conductivities can be
mathematically related to their physical distribution of pores or
bubbles.
Typically, the bubble coverage depends on the current density,
electrolyte ﬂuid properties, electrode surface characteristics, temperature and pressure. Particularly at higher current densities,
increased bubble coverage contributes signiﬁcantly to the activation overpotential by rendering the covered portion of the electrode electrochemically inactive.
In general, make-up water is continuously added to the system
to maintain constant electrolyte concentration and viscosity. Electrolyte circulation is useful in limiting the concentration gradient,
detaching bubbles from the electrodes and distributing heat
through the electrolyser cell.
The model of an alkaline electrolyser cell presented here is built
up from three principal modular components, called ancillaries in
Simulink, labelled here anode, cathode and voltage. In the following
subsections detailing the ancillaries, the mechanisms that control
the operation of the cell are modelled in terms of physically
meaningful parameters where feasible. An exception is bubble
coverage of the electrodes, where qualitative understanding of
bubble phenomena has not yet translated into a quantitatively
predictive model [29]. Here it is assumed that the bubbles are
identical, uniformly distributed through the (identical) bubble
zones and across the electrode surface, with the same shape
(segmented sphere) and residence time on the electrode surface,
and the same break-off size.
In a real electrolyser the spacing between the elements is small
compared to their extent perpendicular to the current path.
Therefore the active areas of the anode and cathode are taken to be
the same, implying that the current density is the same at each
electrode.

2.1. Anode ancillary
At the anode, hydroxide ions are oxidized according to Eq. (1) to
produce oxygen, electrons and water. The mole balance equations
for the anode are

dNH2 O
in
out
gn
¼ N_ H2 O  N_ H2 O þ N_ H2 O
dt

(3)

2. Model development

dNO2
in
out
gn
¼ N_ O2  N_ O2 þ N_ O2
dt

(4)

In the alkaline water electrolyser cell (Fig. 1), the anode and
cathode are immersed in conductive electrolyte.
The reactions at the anode and the cathode are

in
in
out
out
where N_ O2 , N_ H2 O , N_ O2 , N_ H2 O are anode inlet and outlet molar ﬂow
gn
gn
rates of oxygen and water respectively and N_ , N_
are the molar
O2
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Fig. 1. Schematic of the alkaline electrolyser cell.

ﬂow rates of oxygen and water generation at the anode.
According to Faraday's law the molar ﬂow rates of oxygen and
water at the anode side are
gn
I
N_ O2 ¼
4F

(5)

I
gn
N_ H2 O ¼
2F

(6)

Here it has been assumed that the gases present (H2 and H2O(g) at
the anode; O2 and H2O(g) at the cathode) are ideal and uniformly
distributed, and the pressure is uniform throughout the electrode
gas ﬂow channels. Taken together with the assumption of 1D geometry, these assumptions justify simpliﬁcation the StefanMaxwell equation [30] by setting the molar ﬂux of water vapour
normal to the surface of the anode to zero [31]. The onedimensional gradient of the molar fraction of water at the anode
may then be simply expressed as

where F is the Faraday constant and I is the current through the cell.
The current is implicitly assumed to be uniformly distributed by
virtue of the model being one-dimensional,

dXH2 O εan
R* Ti
¼
dx
tan 2FPan Dan
eff

I ¼ iAe

Now integrating Eq. (11) from the anode channel to the catalyst
surface gives

(7)

where i is the current density and Ae is the (external) electrode
surface area.
The molar ﬂux of water through the anode can be expressed as

n_ an
H2 O ¼

gn
N_ H2 O
I
i
¼
¼
Ae
2FAe 2F

(8)

and the molar ﬂux of oxygen through the anode can be expressed as

n_ an
O2 ¼

gn
N_ O2
I
i
¼
¼
4FAe 4F
Ae

(9)

Since the sum of the molar fractions at the anode is
XH2 O þ XO2 ¼ 1, the effective partial pressure of O2 is

pO2


pH O 
¼ 2 1  X H2 O
XH2 O

(10)
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XH2 O

(11)

!
R* T lanc i
¼
exp
tan
2FPan Dan
eff
εan

(12)

where Pan is the anode pressure, εan =tan is the ratio of electrode
porosity to tortuosity, lanc is the anode channel-to-catalyst distance and Dan
is the effective binary (O2eH2O) diffusion coefﬁcient
eff
at the anode. A detailed explanation of effective binary diffusion is
given in x 2.3.3. Saturation of the electrode gases with water vapour
also implies that the effective anode water pressure is the saturated
sat
vapour pressure PH
ðTÞ. The calculation of the vapour pressure
2 O;KOH
of the KOH solution can be found elsewhere [32]. Therefore, the
partial pressure of oxygen at anode can be written as

" ,
pO2 ¼ 1

R* T lanc i
exp
tan
2FPan Dan
eff
εan

!

#
sat
 1 PH
ðTÞ
2 O;KOH

(13)
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2.2. Cathode ancillary
At the cathode, water is reduced according to Eq. (2) to produce
protons and hydroxide ions, and the protons combine with electrons to form hydrogen. The mole balance equations for the cathode ancillary are

dNH2 O
in
out
cons
¼ N_ H2 O  N_ H2 O  N_ H2 O
dt

(14)

dNH2
in
out
gn
¼ N_ H2  N_ H2 þ N_ H2
dt

(15)

H2

molar ﬂow rate of hydrogen generation at the cathode.
According to Faraday's law

I
gn
N_ H2 ¼
2F

(16)

I
¼
2F

(17)

The molar ﬂuxes of hydrogen and water at the cathode can be
expressed as
gn
N_ H2
I
i
¼
¼
Ae
2FAe 2F

n_ cat
H2 O ¼

cons
N_ H2 O
I
i
¼
¼
2FAe 2F
Ae

(19)


p H2 O 
1  XH2 O
X H2 O

(20)

Calculating the molar fraction of water at the cathode as for the
anode and rearranging Eq. (20) gives

" ,
pH2 ¼ 1

2.3.1. Open-circuit voltage
The equilibrium or open-circuit cell voltage falls as the temperature increases via the entropy contribution and rises as the
pressure rises via the free energy of the produced gases. For water
electrolysis the open-circuit voltage (OCV) may be obtained from
the Nernst equation as follows [37,38]

R* T lcatc i
exp
tcat
2FPcat Dcat
eff
εcat

(23)

The second term is in Eq (23) is added to account approximately
for the change in the reversible voltage at temperatures different
from the standard reference temperature [37,38]. Here DS0 =nF
(0.9  103 J (mol.K)1) is the standard state entropy change and
aH2 O;KOH is the water activity of the electrolyte solution.

(18)

The effective partial pressure of hydrogen at the cathode can be
expressed as

pH2 ¼

(22)

where Voc is the open-circuit voltage, Vact is the activation overpotential, Vcon is the concentration overpotential and Vohm is the
ohmic overpotential.

ﬃ
 DS0 R* T   p pﬃﬃﬃﬃﬃﬃﬃ

H2 pO2
0
Voc ¼ Vstd
þ T  Tref 
þ
ln
aH2 O; KOH
nF
2F

and

n_ cat
H2 ¼

0 corresponds to the entropy contridifference between Vtn and Vstd
bution to the total change in free energy, þ237.2 kJ mol1 [36]. This is
the least necessary amount of electrical energy to produce hydrogen
and oxygen at 25  C and 1 atm. Accordingly, the cell voltage can be
written as

V ¼ Voc þ Vact þ Vcon þ Vohm

in
in
out
out
where N_ H2 , N_ H2 O , N_ H2 and N_ H2 O are the cathode inlet and outlet
cons
molar ﬂow rates of hydrogen and water respectively, N_ H2 O is the
gn
molar ﬂow rate of water consumption at the cathode and N_ is the

cons
N_ H2 O

thermodynamic drive for diffusion at the electrodes. The standard or
0 ¼ 1:229 V at 25  C and 1 atm. The
reversible cell voltage is Vstd

!

#
sat
 1 PH
ðTÞ
2 O;KOH

2.3.2. Activation overpotential
The electrode kinetics is embodied in the activation overpotential, arising in the transfer of charge between the electrodes
and chemical species. The nature and pre-treatment of the electrode surface and the composition of the electrolytic solution
adjacent to the electrode determine the rate of the electrode
reaction.
Applying transition-state theory and assuming a single ratelimiting activated step in the complex reaction mechanism at
each electrode leads to the well-known ButlerVolmer equation,
by means of which the activation overpotentials for the anode and
cathode may be written

(21)
an
Vact

where Pcat is the cathode pressure, lcatc is the distance between
cathode channel to catalyst and Dcat
is the effective binary
eff
(H2eH2O) diffusion coefﬁcient at the cathode.

R* T
i
¼
ln an
aan F
i0

cat
Vact
¼

!

R* T
i
ln cat
acat F
i0

(24)
!
(25)

2.3. Voltage ancillary
Water splitting by thermolysis is thermodynamically unfavourable at ambient temperature. Providing the necessary energy via
electrolysis under adiabatic conditions therefore requires the total
reaction enthalpy to be supplied by the electric current. In this case,
the thermo-neutral voltage (Vtn ¼ 1:48 V at 25  C and 1 atm) is
needed to maintain the electrochemical reaction without heat
transfer [33]. Below the thermo-neutral voltage the reaction is
endothermic, and is exothermic above it. Some of this excess energy
appears as lossy contributions to the cell overpotential. An overpotential is also necessary to achieve useful reaction rates for activated steps in the overall reaction mechanism [34,35] and provide

Here a is the charge transfer coefﬁcient for electrode, i is the current
density and i0 is the effective exchange current density of the
electrode. It is assumed that the electrode areas are equal, so
conserving the cell current implies equal current densities at the
anode and cathode. The effective exchange current density depends on the temperature at the surface of the electrode and on the
roughness factor, which is deﬁned as the effective electrode area
(electrochemical) divided by the geometrical area. The reference
exchange current density (at reference temperature and pressure)
depends in the available catalyst surface area, so the effective exchange current density at any temperature may be expressed,
assuming an activated mechanism, by Refs. [39,40]:
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"
i0 ¼ gM exp 

!#

DGC 1

1

T Tref

R*

i0;ref

(26)

where gM is the electrode roughness factor, i0;ref is the reference
exchange current density at temperature Tref and DGC is the free
energy of activation.
Bubbles adhered to the electrode surface isolate the covered
fraction of the surface from the reacting species and render it
inactive. This effect may be included by re-scaling the area
contributing to the current density in Eqs (24) and (25), giving an
additional contribution to the overpotential owing to bubble
coverage:

!

an
Vact

R* T
i
¼
ln an
aan F
i0

cat
Vact

R* T
i
¼
ln cat
acat F
i0

þ


R* T
1
ln
aan F
1  Qan

!
þ

(27)


R* T
1
ln
1  Qcat
acat F

(28)

Rearranging Eqs (27) and (28)

!

an
Vact

R* T
i
¼
ln an
i0 ð1  Qan Þ
aan F

cat
Vact

R* T
i
¼
ln cat
acat F
i0 ð1  Qcat Þ

electrodeeelectrolyte interface the molar concentration of gases
can be written as


n_ O2 ¼ Dan
eff

n_ H2 ¼ Dcat
eff

!2 3 
5 i
ilim

0:3




(32)

dan


CH2 ;el  CH2 ;ch

dcat

(33)

COan2 ;el ¼ CO2 ;ch þ

cat
CH
¼ CH2 ;ch þ
2 ;el

dan n_ O2

(34)

Dan
eff

dcat n_ H2

(35)

Dcat
eff

At the pressures typical of alkaline electrolyser operation, the
molar concentration of a gaseous species is related to its partial
pressure through the ideal gas law. Then the molar concentrations
at the electrodeeelectrolyte interfaces (Eqs (34) and (35)) can be
written as

(29)

COan2 ;el ¼

Pan XO2 dan n_ O2
þ
Dan
R* T
eff

(36)

(30)

cat
CH
¼
2 ;el

Pcat XH2 dcat n_ H2
þ
R* T
Dcat
eff

(37)

where Q is the fractional bubble coverage on the electrode surface.
Calculating the bubble coverage of an electrode from ﬁrst
principles is a very complex problem, since the bubble effect depends on the surface characteristics of the electrode, the surface
tension of the electrolyte, and natural or forced circulation of the
electrolyte, all of which inﬂuence the size at which the bubbles
detach from electrode surface. A mathematical model developed by
Vogt and Balzer [29] is regarded as only indicative by its authors.
Therefore an empirical expression has been employed for bubble
coverage as a function of current density and temperature and
modiﬁed for the effect of pressure [29,41]:

T
T
Q ¼ 4 97:25þ182
84
Tref
Tref

CO2 ;el  CO2 ;ch

After rearranging Eqs (32) and (33)

!

2
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P
sat
ðTÞ
PPH
2 O;KOH
(31)

Here ilim is the limiting current density at 100% bubble coverage
with typical value 300 kAm2 [29,42].

2.3.3. Concentration (diffusion) overpotential
A concentration or diffusion overpotential develops because of a
gradient in the reactant concentration in the vicinity of the electrode surface, which arises because of the electrochemical reactions
taking place. The mass ﬂow through the porous electrodes is
typically explained as a diffusion phenomenon, which may be
modelled by Fick's law. It is apparent from Eqs (1) and (2) that
water electrolysis involves binary chemical systems. In such a
mixture, each species can be quantiﬁed in terms of its density or
molar concentration. To predict the voltage loss due to the reactant
concentration gradient, the Nernst equation may be combined with
Fick's law to model the diffusion rate [15].
Fig. 2 illustrates the species concentrations and the molar ﬂuxes
inside an alkaline electrolyser cell. Now applying Fick's law, at the
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where dan and dcat are the thicknesses of the anode and cathode.
The ﬁrst term in Eqs (36) and (37) represents the molar concentration of oxygen and hydrogen in the electrode channel and the
second term represents the molar concentration of these gases in
the porous electrode.
Diffusion of a molecular species with mean free path l through a
porous medium with average pore radius r occurs by two principal
mechanisms: molecular diffusion for r > > l and Knudsen diffusion
for r < < l, when interactions with the pore wall occur much more
frequently than collisions with other molecules. In most porous
structures, both mechanisms are signiﬁcant [43], so the effective
binary diffusion coefﬁcients at the anode and cathode can be
expressed as [43]

0
1
1
εan @
1
1 A
¼
þ
tan DO2 H2 O DH2 O;K
Dan
eff
eff

0
1
1
εcat @
1
1 A
¼
þ
tcat DH2 H2 O DH2 O;K
Dcat
eff
eff

(38)

eff

(39)

eff

2 H2 O
where DO
is the effective molecular diffusion coefﬁcient for
eff

H2 H2 O
is the effective molecular
the O2eH2O binary system, Deff
H2 O;K
diffusion coefﬁcient for the H2eH2O binary system and Deff
is the

effective Knudsen diffusion coefﬁcient for water. The Knudsen
diffusivities of H2 and O2 in H2O do not appear in Eqns (38) and (39)
as a consequence of the assumption of uniform pressure. Uniform
pressure implies zero total molar ﬂux, i.e. equi-molar counterdiffusion. As a result, the Knudsen diffusivity of H2 in H2O is the
H2 H2 O;K
H2 OH2 ;K
same as that of H2O in H2, i.e. Deff
¼ Deff
, but the ﬂuxes

are opposite, so that the corresponding terms cancel. An analogous
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Fig. 2. Species concentrations and molar ﬂuxes inside the alkaline electrolyser cell.

argument applies to O2.
The effective Knudsen diffusion can be modelled using kinetic
theory [44,45] as follows:
H2 O;K
Deff

2 H2 O
H2O are 106.7, 59.7 and 809.1 K, respectively. The values of DO
eff

H2 H2 O
and Deff
can be obtained by solving Eqs. (38)e(46).

The resulting contribution to the overpotential is

sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
4
8R* T
¼ r
pMH2 O
3

(40)

Vcon ¼

an
cat
R* T CO2 ;el R* T CH2 ;el
ln an þ
ln cat
CO2 ;0
4F
2F
CH ;0

(47)

2

where r is the mean pore radius and MH2 O is the molar weight of
H2O. Using the Chapman-Enskog theory of the ideal gas, the
effective molecular binary diffusion coefﬁcients,
H2 H2 O
Deff

2 H2 O
DO
eff

and

can be expressed as [44,46]


1
1
O2 H2 O
Deff
¼ 0:00133
þ
MO2 MH2 O

H2 H2 O
Deff
¼ 0:00133



1
1
þ
MH2 MH2 O

1=2

T 3=2
Pan s2O2 H2 O GD

1=2

T 3=2
Pcat s2H2 H2 O GD

(41)

(42)

where MO2 and MH2 are the molar weights of O2 and H2, sO2 H2 O
and sH2 H2 O are the mean molecular radii of species O2eH2 and
H2eH2O and GD is a dimensionless diffusion collision integral. GD ,
sO2 H2 O and sH2 H2 O can be expressed analytically as [47]

GD ¼

1:06

t0:156

sO2 H2 O ¼
sH2 H2 O ¼
tO2 H2 O ¼
tH2 H2 O ¼

þ

0:193
1:036
1:765
þ
þ
expð0:476tÞ expð1:53tÞ 3:894t

(43)

2

(44)

2
kT
εO2 H2 O
kT

(45)

εH2 H2 O

and the Lennard-Jones energies εO2 H2 O and εH2 H2 O can be
expressed as

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
εO2 H2 O ¼ εO2 εH2 O
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
εH2 H2 O ¼ εH2 εH2 O

2.3.4. Ohmic overpotential
The electrodes, electrolyte and separator are the main contributors to a further overpotential in an alkaline electrolyser cell
arising in the resistances of these elements. It is normally assumed
that this overpotential is ohmic, that is, linearly proportional to the
current:

Vohm ¼ IRcell ¼ IðRe þ Rel þ Rs Þ

(46)

The values of sO2 , sH2 and sH2 O are 3.467 Å, 2.827 Å and 2.641 Å,
respectively [48]. The Lennard-Jones potentials, εi =k, for O2, H2 and

(48)

where Rcell is the effective ohmic resistance of the cell, Re is the
electrode resistance, Rel is the electrolyte resistance, including the
effects of electrolyte concentration and gas bubbles, and Rs is the
separator resistance.
The assumption of ohmic resistance implies that the resistance
of each element depends only on the properties of its constituent
material(s) and its geometry via

R¼r

sO2 þ sH2 O
sH2 þ sH2 O

Here “0” represents a working condition taken as a reference.

l
A

(49)

where the current ﬂows in a path of length l with cross-sectional
area A in a material with resistivity r . In Eq. (49) l and A correspond literally to physical dimensions only for simple geometries,
pﬃﬃﬃ
such as a long conducting bar (l > > A) or a thin conducting sheet
pﬃﬃﬃ
perpendicular to the plane (l < < A), surrounded by insulator, so
that edge effects may be safely ignored.
For solid materials with well-deﬁned charge carriers, and for
liquid electrolytes in which charge build-up is negligible, representing the conductor by a resistivity which varies only with
temperature is well justiﬁed. This is true also for the resistances
contributing to Eq. (48). The porous natures of the electrodes and
separator, and the interruption of the electrolyte conduction path
by bubbles, affect the detailed geometry of the element, but not its
intrinsic resistivity, r0 . The approach taken to model these resistances is typically to calculate an effective resistivity, reff ,
incorporating porosity etc., so that the geometric factors in Eq. (49)
may be taken as the gross external dimensions of the conductor.

134

Z. Abdin et al. / Energy 138 (2017) 316e331

The electrodes, separator and bubble zone are examples of
inhomogeneous conductors. Exact theory is intractable for such
systems, but many approximate models have been developed to
describe the conduction properties of composite conductors consisting of inclusions of conductor 2 in a matrix of conductor 1 in
terms of an effective conductivity, an approach generally called
homogenisation. At low concentrations of the inclusion phase,
most models give essentially the same result, independent of the
detailed arrangement or morphology of the inclusions. This is true,
for instance, of the much-used MaxwelleEucken [49] and Bruggeman mean-ﬁeld [50] models (e.g. Refs. [51e53]). In this approach,
which will be followed here, it is assumed that no there is penetration of the electrodes by the liquid electrolyte and that the pores
are insulating relative to the electrode material. The same approach
is applied to the bubble zone, with the bubbles regarded as insulating relative to the electrolyte itself. Solving Bruggeman's equation for the conductivity of a two-phase conductor with volume
fraction fincl of the inclusion phase [50],



1  fincl

sincl  seff
¼
sincl  smatrix

smatrix
seff

!1=3

.

seff smatrix ¼ ð1  fincl Þ3=2

2.3.4.2. Electrolyte. To make the problem of bubbles in the electrolyte tractable, the electrolyte may be divided into a bubble-free
zone (bf) of width lans  ban and a bubble zone (bz) of width ban for
the anode side of the cell, and similarly for the cathode side, as
shown in Fig. 3. Experimentally, it was found that the width of the
bubble zone in an electrolysis cell varied from 0.4 to 0.6 mm [54],
which is a substantial fraction of the typical electrodeeseparator
distance.
Separating out the contribution from the bubble zone, the total
electrolyte resistance for the anode side can be expressed as
an
an
Ran
el ¼ Rbf þ Rbz ¼ rel

ran
bz ¼

(51)

The separator represents the obverse case, that of a percolating
network of pores ﬁlled with conductor in an insulating matrix.
Since at high concentration of the inclusion phase different approaches to homogenisation produce very different effective conductivities, a direct calculational approach based on an assumed
microstructure is adopted here.

lans  ban
ban
þ ran
bz A
Ae
e

(56)

where rel is the resistivity of the bubble-free electrolyte and ran
is
bz
the effective resistivity of the electrolyte in the anode bubble zone.
Once again, Bruggeman's model (Eq. (51)) may be employed to
obtain the effective resistivity in the anode bubble zone with
electrolyte-phase gas bubble volume fraction, sometimes called the
void fraction, fan :

(50)

with the conductivity of the inclusion phase, sincl , set to zero, gives
for the effective conductivity
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rel

(57)

ð1  fan Þ3=2

Eq. (57) has been experimentally validated for a surprisingly
wide range of conditions (electrode gap, electrolyte ﬂow velocity,
current density) [55]. The total electrolyte resistance is then
cat
Rel ¼ Ran
el þ Rel

¼h

rel;ref


1 þ kel T  Tref

"
i 

lans  ban
1
ban
þ
Ae
ð1  fan Þ3=2 Ae

lcats  bcat
1
bcat
þ
þ
Ae
ð1  fcat Þ3=2 Ae

#

(58)
2.3.4.1. Electrodes. The following equations for the anode also
apply to the cathode. The resistance of the anode is

Ran ¼ ran
eff

dan

(52)

Ae

where ran
is the effective resistivity of the anode. Eq. (51) yields
eff

ran
eff ¼

ran
0

(53)

ð1  εan Þ3=2

where ran
0 is the resistivity of the 100%-dense anode material at
reference temperature and εan is the porosity of the anode.
Introducing k as the temperature coefﬁcient of resistivity, the
anode resistance at any temperature is

Ran ¼

dan h

ran
0
3=2

ð1  εan Þ

Ae


i
1 þ kan T  Tref

(54)

and likewise for the cathode. The resultant electrode resistance is

Re ¼ Ran þ Rcat ¼

ran
0

dan h

ð1  εan Þ3=2 Ae


i
1 þ kan T  Tref
þ

rcat
0

In Appendix A it is shown that, subject to usual assumptions, in
the steady state the surface bubble fraction at the electrode and the
volume fraction in the bubble zone are in fact the same, f ¼ Q.
2.3.4.3. Separator. The separator must provide a continuous ionic
conduction path while blocking gas mixing, achieved by pores
extending through the structure. The volume fraction of these
pores is the porosity, εs , and their effective length relative to the
thickness of the separator is given by the tortuosity,

ts ¼

ds

(59)

The ratio of the volume of electrolyte absorbed inside the pores
to the total pore volume deﬁnes the wettability factor of the
separator for the electrolyte, us [13]. The effective porosity is then
us εs . Assuming a uniform current distribution across As , the
external cross-sectional area of the separator, the pores constitute
an equivalent conductor with area equal to the total cross-sectional
area of pores, given by ðus εs =ts ÞAs, and length ts ds . Eq. (49) then
gives for the resistance of the separator

dcat h

ð1  εcat Þ3=2 Ae
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leff


i
1 þ kcat T  Tref

(55)
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Fig. 3. Electrolyte zones.

Fig. 4. Simulink model of the alkaline electrolyser cell.

Rs ¼ rel

t2s ds
us εs As

(60)

polarisation curves for HRI and PHOEBUS electrolysers reported by
several authors [11,27,56,57]. Temperature and pressure effects
were explored in the ranges 35e80  C and 1e9 bar. Seven model
parameters (gM;an , gM;cat , u, ian
, icat , aan , acat ) whose values could
0;ref 0;ref

3. Results and discussion
Fig. 4, which depicts the full Simulink model of the alkaline
electrolyser cell, shows how each of the three ancillaries discussed
in the previous section contributes to the simulation, and maps the
interactions between them. The calculated polarisation curve embodies cell geometry, cell temperature, partial pressures of the
gases, bubble coverage on the electrode surfaces and internal parameters such as porosity and tortuosity of the electrodes, electrolyte concentration, separator thickness, active surface area of the
electrodes etc.

Table 1
Fixed parameters.
Parameter

PHOEBUS electrolyser

Ae
lan=cats

300 cm2
0.125 cm

2500 cm2
0

[27]
[27]

de
te
DGc;an , DGc;cat

0.2 cm
3.65
80, 51 kJmol1
0.3
300 cm2
0.045 cm

0.2 cm
4.25
52, 18 kJmol1
0.41
2500 cm2
0.045 cm

[27]
[27]
[61,67,68]
[27]
[27]
[54]

0.05 cm
0.42
2.18

0.05 cm
0.42
2.18

[27]
[69]
[69]

ban=cat
ds
εs

ts

The model was validated using the sets of experimental
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Ref.

HRI electrolyser

εe
As

3.1. Model validation
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Table 2
Fitted parameters.
Parameter

Value
HRI electrolyser

PHOEBUS electrolyser

1.25
1.05
0.85
1  1011 Acm2

2.5
1.5
0.87
1  109 Acm2

icat
0;ref

1  103 Acm2

1  103 Acm2

aan
acat

1.65
0.73

1.85
0.85

gM;an
gM;cat
u
ian
0;ref

not be reliably estimated were allowed to vary freely. Table 1 lists
the values adopted from Ref. [27] for the ﬁxed parameters. Some
parameters (ban=cat , ds , εs , ts ) were assumed to be the same for the
bubble zone and separator in each electrolyser. Table 2 lists the
ﬁtted parameters. Fig. 5 (a, b) compares the ﬁtted polarisation
curves and the experimental data from the above publications in a
range of temperatures and pressures. The model described here
clearly ﬁts the experimental data very well for a wide range of
operating conditions. Fig. 5(c) compares the new model and two
published models to experimental data for the PHOEBUS electrolyser under standard conditions. The new model provides an
improved ﬁt.
The roughness factor ðgM Þ depends on the structure of the
electrode surface and can be determined experimentally or estimated from electrocatalyst loading, catalyst particle density and
size. The roughness factor generally increases as the thickness of
the samples increases. In the HRI electrolyser, Ni electrocatalyst on
Ni plate is used for the anode (OER) and cathode (HER). In the
PHOEBUS electrolyser, Ni/Co3O4/Fe electrocatalyst on Ni plate is
used for the anode and C-Pt electrocatalyst on Ni plate for cathode.
Gira et al. [58] determined the roughness factor of the Ni electrocatalyst using AFM topographic measurements and the values of
gM obtained ranged from 1.05 to 1.4. Singh et al. [59] used the
methods of spray pyrolysis and sequential solution coating to
measure the roughness factor of Co3O4 electrocatalyst on Ni plates
for the OER and based on oxide loading the values ranged from 1 to
500. Singh et al. [60] showed that Ni/Fe oxide electrocatalysts are
highly active for the OER in alkaline solutions, but they have very
low electrochemically active areas, with relative oxide roughness
factors <2. Durst et al. [61] used a rotating disc electrode (RDE)
method to measure the roughness factor of C-Pt electrocatalyst for
the HER and found gM z 2. The ﬁtted values produced by the
present model of gM;an ¼ 1:25 and gM;cat ¼ 1:05 for the HRI electrolyser, and gM;an ¼ 2:5 and gM;cat ¼ 1:5 for the PHOEBUS electrolyser are in this range. Wettability ðus Þ was treated as a ﬁtted
parameter because reliable values could not be found in the literature. Values for the charge transfer coefﬁcients for anodes and
cathodes are reported to be in the range 0e2 and 0e1 respectively
[62]. The ﬁtted values lie within these ranges. For Ni-based electrodes, the exchange current densities for the oxygen reduction and
hydrogen oxidation reactions are reported as 107e1012 and
104e101 A cm2 [3,63], respectively. The ﬁtted values lie within
these ranges. It is anticipated that the values of parameters obtained from a well-validated physically based model may be more
reliable than those estimated from indirect experiments with many
assumptions and uncertainties.
3.2. Model exploration
Fig. 6 shows the contribution of each source of overpotential to
the polarisation curve of the HRI alkaline electrolyser cell at
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Fig. 5. Comparison between experimental data and model predictions in a range of
operating temperatures at constant pressure for (a) the HRI electrolyser [56], (b) the
PHOEBUS electrolyser [11,57], (c) comparison between published models [11,27] and
the present model based on experimental data for the PHOEBUS electrolyser.
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Fig. 6. Contributions of overpotential terms to the polarisation curve. Vact;Q is the
contribution from bubble coverage of the electrodes, while Vact;e is the contribution
from the bubble-free electrodes.

constant pressure (1 bar) and temperature (60  C). The concentration (diffusion) overpotential is negligible in the case modelled.
The ohmic contribution is relatively small in total and within that,
the contribution from the electrodes (<109 U) is very small and
that from the electrolyte (0.001 U) is smaller than the separator
contribution (~0.002 U). The contribution to the activation overpotential from bubble coverage of the electrodes is not negligible.
Strategies to lessen the bubble coverage without introducing
excessive parasitic power consumption may have a beneﬁt in
higher efﬁciency. The dominant contribution remains the activation overpotential of the bubble-free electrodes, with the majority
coming from the anode owing to its relatively small exchange
current density.
Fig. 7 explores the inﬂuence of operating temperature on the
electrode bubble coverage (Q) and its contribution to the activation
overpotential of the HRI electrolyser. The contribution is relatively
small, but the advantage of operating at elevated temperature to
promote the detachment of bubbles from the electrode surfaces is
clear.
Fig. 8 explores the effect of the electrode exchange current
densities on the activation overpotential curve of the HRI electrolyser. The cathode activation overpotential is relatively small due to

the fast kinetics of the hydrogen evolution reaction, apparent in the
relatively high ﬁtted value of the cathode exchange current density.
The cell overpotential is dominated by the anode activation overpotential because of the slow kinetics of the oxygen evolution reaction (OER). In order to obtain higher anode exchange current
density, research effort should be directed to developing new catalysts and optimising the electrode structural parameters. Procedures to select oxide electrocatalysts for OER have been published
[64,65].
Despite the higher anode activation overpotential, the scope for
lowering the total overpotential by improving the cathode is signiﬁcant, as seen from the greater sensitivity of overpotential to the
same logarithmic change in exchange current density in Fig. 8(b)
compared to Fig. 8(a). This point is discussed in detail with reference to the PEM electrolyser in Ref. [15].
Fig. 9 explores the effect of electrode roughness factor on the
polarisation curve of the HRI electrolyser. Generally speaking,
higher roughness helps to increase the exchange current density,
with the same effect as making the reaction kinetics faster, thus
lowering the overpotentials. On the other hand, roughening the
electrode surface (through oxide loading) may result in higher
rather than lower overpotentials, because gas bubbles may be
trapped within surface irregularities, blocking access to the electrocatalyst. Fig. 9 suggests that moderate roughening of the electrocatalyst surface is slightly beneﬁcial, especially at the cathode.
Fig. 10 explores the effect of the electrode charge transfer coefﬁcient on the polarisation curve of the HRI electrolyser. Relative
to the ﬁtted values of aan ¼ 1:75 and acat ¼ 0:8, the polarisation
curve is more sensitive to improvements in aan.
Fig. 11 explores the inﬂuence of separator wettability factor on
the polarisation curve and the contributions of wettability factor to
the separator resistance at elevated temperatures for the HRI
electrolyser at 1 bar pressure. Wettability below 0.3 is extremely
undesirable, especially when combined with low operating
temperature.
Fig. 12 explores the inﬂuence of the bubble volume fraction on
the electrolyte resistance at elevated temperatures and pressures
for the HRI electrolyser. The contribution of the bubble zones to
ohmic losses is relatively small and, as expected, minimised by
increasing the operating temperature and pressure.
Fig. 13 explores the effects of temperature and pressure on the
cell polarisation curve for the HRI electrolyser. At constant temperature (Fig. 13(a)), the effect of increasing pressure is to increase

Fig. 7. Relationship between electrode bubble coverage (Q) and activation overpotential in a range of operating temperatures.
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Fig. 8. Effect of electrode exchange current densities on the polarisation curve: (a) anode and (b) cathode.

Fig. 9. Effect of electrode roughness factor (gM ) on the polarisation curve: (a) anode and (b) cathode.

Fig. 10. Effect of electrode charge transfer coefﬁcient (aan=cat ) on the polarisation curve: (a) anode and (b) cathode for increments of ±10% and ±20% relative to the ﬁtted values.

the cell voltage non-linearly via the open-circuit voltage (Eq (23)).
At constant pressure (Fig. 13(b)), increasing the operating temperature signiﬁcantly lowers the cell voltage owing to higher rates of
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reaction and the higher conductivity of the electrolyte and separator. The diminishing extra loss at higher pressures may make
high-pressure electrolyser operation attractive in circumstances
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Fig. 11. Effect of separator wettability factor (us) on (a) the polarisation curve at constant temperature and pressure, and (b) on separator resistance in a range of operating
temperatures.

Fig. 12. Effect of bubble volume fraction (f) on electrolyte resistance in (a) a range of operating temperatures and (b) a range of operating pressures.

Fig. 13. Effect of different operating (a) pressures at 70  C and (b) temperatures at 7 bar on the polarisation curve.
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where a separate compressor would be required to compress
hydrogen delivered at 1 atm.
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Zt
V¼

aðzÞ ¼ a

(A.1)

0

4. Summary and conclusions
A new model of an alkaline electrolyser cell has been developed
based on modules incorporating the physical characteristics of the
anode, cathode, electrolyte and separator. Through this model, the
cell polarisation curve may be related to the physical characteristics
of the cell components. The model is structured so that it can be
easily extended to a stack of electrolyser cells. Ultimately, this
model will be incorporated with compatible models of the other
components of a hydrogen-based energy system to form a wholeof-system model that can be used to simulate the system behaviour under off-grid conditions.
The simulation was tested against published experimental data
and ﬁtted very well, with seven free model parameters (wettability
factor, charge transfer coefﬁcients, roughness factors and reference
exchange current densities) related to physical parameters whose
values are difﬁcult to estimate reliably. When ﬁtted to the same
experimental data used to test published models, the new model
provided a slightly better ﬁt. Thus the approach of using a simpliﬁed 1D model has been demonstrated to have good functionality.
This also demonstrates that an empirical approach, while convenient, is largely unnecessary.
In addition to predicting the cell performance for speciﬁed
parameter values, the simulation provides a useful tool for investigating the sensitivity of the polarisation curve of a given electrolyser to improvements in selected parameters. By displaying the
cell voltage as the sum of its components, the model showed how
the exchange current densities of the anode and cathode inﬂuence
the polarisation curve (via their activation overpotentials). A higher
anode exchange current density, achieved through improved
electrocatalysts, promises signiﬁcantly improved efﬁciency when
operating at high cell current density. On the other hand, several
orders of magnitude increase in the small anode exchange current
density of the modelled electrolyser cell would be needed to have a
substantial impact on the anode activation overpotential.
Because the model relates alkaline electrolyser cell performance
to fundamental physical parameters, it may be useful in developing
improved electrodes, electrocatalysts and bubble management. The
model is able to be extended by incorporating the characteristics of
new materials into the relevant ancillaries, for example conventional composite versus novel electrode microstructures. A major
challenge is to develop a physically-based model to calculate the
bubble coverage on the electrode surface and the bubble void
fractions in the bubble zones.

where a is the average total cross-sectional area. Supposing that
there are on average NV bubbles per unit volume with average
volume y, the total bubble volume may be written as NV :At:y, giving
for the average volume fraction

f ¼ NV y

(A.2)

In a slice of thickness dz the volume of bubbles is NV :Adz : y, so
dV=dz ¼ NV A y. From Eq. (A.1) this is just a, so the average crosssectional area fraction can be obtained as

Q¼

a
¼ NV y
A

and comparing Eqs. (A.2) and (A.3) it is found that the average
volume and area fractions within the bubble zone are the same, as
intuition suggests. If the imaginary plane is displaced to the electrode surface and it is assumed, as usual, that the bubbles are
truncated spheres, then the same result applies at the electrode,
and the average bubble volume fractions f in Eq. (58) are the same
as the average bubble coverage fractions on the electrodes, Q in Eq.
(31).
The argument above assumes that the bubbles are stationary,
but in the steady state the rate of increase of bubble volume
through generation at the electrode in the zone under consideration is by deﬁnition the same as the rate of removal on average.
Therefore, as long as the current changes slowly compared to the
transit time of a bubble through the bubble zone, the argument
remains sound.
Now supposing that the electrolyte and bubbles are moving in
the same direction at velocities uel and ub respectively, the bubble
volume fraction in an otherwise homogeneous ﬂuid can be
expressed as [66]

f¼

1þS

1
1x r 
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Appendix A: Equivalence of surface and volume bubble
fractions
Consider a volume of electrolyte with cross-sectional area A and
thickness t in the z direction, bounded at one face by an electrode of
area A. Inserting an imaginary plane at z, and denoting the total
cross-sectional area of bubbles intersecting this plane as aðzÞ, the
total volume of bubbles is
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x

(A.4)

b

rel

where S ¼ uel =ub is the slip or velocity ratio, rel and rb are the
densities of the electrolyte and gas respectively, and x ¼ m_ g =ðm_ g þ
m_ el Þ is the dryness factor. With no further assumptions, Eq. (A.4)
yields

f¼

1
_

el
1 þ vv_el =u
=u
b

Acknowledgement

(A.3)

(A.5)

b

where v_el and v_b are the volumetric ﬂow rates of the electrolyte and
bubbles respectively. Considering for convenience a cylindrical
element of electrolyte with area ael perpendicular to the ﬂow direction, for that element v_el =uel ¼ ael and likewise for an element of
gas. Assuming that the ﬂow is laminar, the same result applies to all
elements of the electrolyte collected into a single volume element
and likewise for the gas. The ratio of the total cross-sectional area of
electrolyte to that of bubbles is then ael =ab and Eq. (A.5) yields
f ¼ ab =ael ¼ Q, showing that the equivalence of the volume fraction of bubbles to the surface fraction is in fact general as long as the
two-phase ﬂow is laminar.
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Abstract
A model has been developed for a metal-hydride tank for hydrogen storage, based on
linked modular mathematical models in Simulink®. The objective of the work was a tank-level
model suitable for incorporation into a whole-of-system model, implying modest computing
demands and reduced complexity. Finite-element analysis was not used. Because the apparent
kinetics of a practicable metal-hydride tank is dominated by heat flow originating in the
enthalpy of hydrogen absorption/desorption, particular attention was paid to modelling the
effective thermal conductivity, based on a detailed description of the thermal resistance between
hydride particles. The model was tested against our own experimental data for a pair of tanks
with 6.4 kg total hydrogen capacity, and compared with a published 2D model and published
experimental data. In all cases, the new model performed very well. The incorporation of a
physical model of the effective thermal conductivity means that the tank model can also be used
as a research tool to investigate ways of improving tank performance by altering the physical
characteristics of the metal-hydride itself to achieve an optimal thermal design and enhanced
reaction kinetics.
Keywords: Effective thermal conductivity; rate of reaction; porosity; reacted fraction; metal
hydride bed.
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Glossary

aH

Hertzian contact radius, m

P

Pressure, Pa

aL

Radius of macro-contact, m

Pr

Prandtl number

b

Specific gas constant

r

Radial coordinate, m

c

Vickers microhardness coefficient

Rg*

Universal gas constant, 8.3144 J mol1 K1

Cp

Specific heat capacity, J kg−1 K−1

Re

Reynolds number

D

Diameter, m

R

Radius of sphere, m

dv

Indentation diagonal depth, m

Rc

Thermal contact resistance, 

E

Activation Energy, kJ mol−1

Rs

Micro-contact thermal resistance, 

E

Effective elastic modulus, GPa

RL

Macro-contact thermal resistance, 

Fn

Force, N

Rg

Micro-gap thermal resistance, 

F

Reacted fraction

RG

Macro-gap thermal resistances, 

H M

T

Temperature, K

Hv

Hydrogen to metal ratio per formula
unit or per metal atom; i.e. [0-6] or [0-1]
for LaNi5
Vickers microhardness, GPa

V

Volume, m3

Hc

Contact microhardness, GPa



Density, kg m−3

hf

Heat transfer coefficient of fluid, W M−2

v

Velocity, m s−1

kB



Porosity

k

Boltzmann
constant, 1.38 × 10-23 J K−1
K−1
Thermal conductivity, W m−1 K−1

t

Time, s

Kn

Knudsen number

w

Weight percent, %

Kr

Reaction rate coefficient



Ratio of expansion



Rate constant



Surface roughness, m

Kp

Permeability, m2

T

Thermal accommodation coefficient

LHV

Lower heating value



Adiabatic exponent

lm

Molecular mean-free path



Kinetic viscosity, Kg m−1K−1

m

Rate of mass absorbed or desorbed, kg

Subscripts

M

a

Absorption

N

Gas
−3 parameter
m
s−1
Coordination number

d

Desorption

Nu

Nusselt number

f

Fluid

n

Pre-exponential factor

g

Gas

s

Solid
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p

Particle

eff

Effective

eq

Equilibrium

in

Initial

ref

Reference

sat

Saturation

su

Supply

tn

Tank
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1.0 Introduction
Hydrogen storage is a key enabling technology for the advancement of hydrogen and fuel
cell technologies in applications including stationary power, portable power, and transportation.
Relative to other fuels, hydrogen has a very high gravimetric energy density (120 MJ kg–1 LHV)
but a very low volumetric energy density at ambient temperature and pressure (96.4 MJ m–3
LHV). To match the gravimetric and volumetric energy densities of gasoline (44 MJ kg–1 and
32 GJ m–3 respectively), a hydrogen fuel tank would need to contain 35 mass% hydrogen
compressed to 4 times liquid density.
The storage problem has been resolved in commercially available fuel-cell electric vehicles
by compressing gaseous hydrogen to 70 MPa for small vehicles and 35 MPa for buses. This
solution is unlikely to be feasible for larger storage units (say >100 kg H2), however, because
of high cost and low volumetric density.
While solid-state hydrogen storage achieves gravimetric energy densities that are
unacceptably low for use in automobiles, it can achieve high volumetric energy density at nearambient pressures [1]. Nickel-metal hydride batteries were the first commercial success for
solid-state hydrogen storage [2]. More recently, metal hydrides have been used in laboratoryand pilot-scale studies of stationary hybrid solar energy systems that include hydrogen as an
energy vector [3]. Metal-hydride energy storage is beginning to be used in public off-grid
buildings e.g. the Sir Samuel Griffith Centre, Griffith University, Brisbane, Australia [4], with
120 kg H2 capacity ( 2 MW-h electric equivalent) and the Henn-na Hotel, Nagasaki, Japan [5].
The advantages of metal-hydride storage in these situations come from (i) the decoupling
of power and energy ratings, which makes it advantageous for long-term storage compared to
batteries [6]; (ii) its ability to be tuned for low operating pressure suitable for direct coupling to
an electrolyser (~1 MPa); (iii) excellent safety coming from the low pressure and relatively
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slow kinetics of hydrogen release; and (iv) high volumetric energy density. For example, the
classic intermetallic hydride LaNi5H6 contains only 1.4 mass% hydrogen, but has a 100%-dense
volumetric capacity of approximately 115 kg m–3 at room temperature and <1 MPa pressure [7]
compared to 70.8 kg m–3 at 20.3 K and 0.1 MPa for liquid hydrogen.
The design of a system involving any modality of hydrogen storage requires modelling of
its characteristics and interactions with the rest of the energy system. Modelling hydrogen
storage in a metal hydride (MH) is a complex multi-physics problem, which involves
compressible gas flow in a porous MH bed, coupled with heat transfer and reaction kinetics.
For example, the enthalpy of formation of LaNi5H6 is 30 kJ/mol, so charging 1 kg of hydrogen
releases 15 MJ of heat, compared to the stored energy of 120 MJ LHV. This heat must be
managed, preferably via thermal storage and use in another process. The key point from the
modelling perspective is that the effective thermal conductivity of MH beds is very poor owing
to their porosity and inter-particle contact resistance. Various values have been reported for the
measured effective thermal conductivity of a LaNi5 powder bed (with porosity 0.5), the most
reliable representative value probably being 1.32 W m−1 K−1 [8], compared to >30 W m−1 K−1
for a solid composite compact of LaNi5 [9]. As a result of the poor thermal conductivity, the
observed reaction kinetics for absorption and desorption of hydrogen is dominated by heat flow
[10]. Realistic thermal modelling, especially of the thermal conductivity, is therefore essential
to build a quantitative model of MH storage.
This paper continues a series in which mutually compatible modular models of the
components of an energy system, specifically one incorporating solar-derived hydrogen [3], are
presented. One overall objective is to link the suite of component models together to form a
whole-of-system model and simulation that can realistically predict the behaviour of a planned
energy system, as a prerequisite to specifying the characteristics and capacities (sizes) of its
components. An accurate and efficient model can also be applied to simulate the behaviour of
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an existing energy system, for example on-the-fly prediction of the trajectory of the energy
system as its input(s) and load(s) change in real time. The component models are realised in
Simulink. The first three such models are for a PEM electrolyser cell [11], a PEM fuel cell
[12] and a KOH electrolyser cell [13]. The next, for a MH tank, is presented here.
A second objective of the work is to build component models capable of use as research
tools to predict the effects of influential design parameters, materials and environmental
conditions, thus lessening the need for experimentation and prototyping, which is expensive
and time-consuming.
Design parameters are necessarily physical in nature, meaning related to dimensions,
materials properties, etc., and should appear in any theory that represents measurable reality.
On the other hand, many presently available models in this field take a semi-empirical approach,
representing the characteristics of the MH tank through equations containing empirical terms
and coefficients that lack any direct relationship to physical reality [14, 15]. This creates a
disconnect between design and measured performance. The key to achieving the second
objective is therefore to place the equations that embody the characteristics of the various
elements of the electrolyser, MH tank, fuel cell etc. on a proper physical basis by embedding
the theory of the underlying physical mechanisms. Doing this has significant advantages.
Firstly, it makes the model more widespread in its application, in contrast to the present general
reliance on empirical equations that only describe the characteristics of the particular
component under consideration, perhaps with no applicability to the greater class of such
components. Secondly, a sound physical basis for the model better allows the effects of
changing materials, dimensions etc. to be predicted in the quest for enhanced performance, by
performing sensitivity analyses, for instance. Thirdly, a realistic physically-based model may
potentially be used to diagnose problems in the modelled component or system via changes in
the fitted parameters arising from, for instance in the present case, compaction following
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absorption–desorption cycling modifying the effective thermal conductivity of the MH bed.
Generally, a multi-dimensional finite-element model is useful to understand the details of
the individual components of a MH tank in order to optimise the mechanical and thermal design,
but for simulating an entire hybrid energy system it would be unworkable. An important
question to be answered by this study was whether a model simplified sufficiently to be viable
in a real-time simulation environment could have acceptable accuracy.
A detailed 1D dynamic model for a MH tank has been developed and tested against
experimental results and published models. The requirement was for a MH tank model suitable
for incorporation into a whole-of-system model, implying modest computing demands and
reduced complexity. On-the-fly finite-element analysis is impracticable in this scenario. This
necessitated direct numerical solution of the governing equations in the minimum number of
dimensions. A one-dimensional model was therefore built and tested using data for MH tanks
with axial symmetry. The computational demands are small enough for it to be embedded in a
whole-of-system model and simulation. The approach adopted insists on a physical basis for
the model parameters wherever feasible. The effective thermal conductivity has been modelled
for a randomly structured packed bed consisting of uniformly sized spheres immersed in gas,
including, the thermal contact resistance between spheres. The physically based
parameterisation of the model exposes the relative contributions of the various parameters to
the heat and mass transfer rates of the MH bed in detail. The model was successfully tested
against data from a pair of real MH tanks with 6.4 kg H2 hydrogen storage capacity.

2.0 Review of recent modelling approaches
The history of MH tank modelling up to 2015, and the advantages and disadvantages of
various conceptual approaches to MH tank modelling, have been discussed and reviewed by
Mohammadshahi et. al. [16]. The latest developments are briefly surveyed here. The key factors
determining the usability of a model within a whole-of-system simulation are the methodology
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applied, the complexity of the internal structure and the model adopted for effective thermal
conductivity of the MH bed. The representation of the pressure-composition-temperature
relationship for the material of the MH bed is also an important factor, but the requirement is
for a sufficiently accurate equation, which will probably vary strongly between materials and
can anyway be solved numerically on-the-fly with modest computing resources. The models
surveyed are summarised in Table 1.

2.1 Methodology
A mathematical model was developed by Mellouli et. al. [17] to study the 2D coupled
heat and mass transfer inside a hydride bed coupled to a phase-change material for storing heat,
using ANSYS Fluent. The model was used to compare cylindrical and spherical tanks, the latter
exhibiting superior performance. Mohammadshahi et. al. [18], [19] developed a 3D model with
an improved approach in COMSOL Multi-physics, based on the Hardy and Anton model [20].
They explored the effects of various parameters on MH tank performance and applied their
model to a full absorption–desorption cycle for which the conditions at the end of the cycle
were constrained to be the same as at the start. Mohammadshahi et. al. [21] also tested their
model using measurements of the local hydrogen concentration obtained by volume-resolved
neutron powder diffraction. Kyoung et. al. [22] developed a 3D MH tank model in
computational fluid dynamics (CFD) for studying the reaction kinetics and heat and mass
transfer mechanisms during the hydrogen desorption process. Sekhar et. al. [23] demonstrated
a 3D numerical model of heat and mass transfer for comparing H2 uptake performances using
different heat exchangers. Darzi et. al. [24] used a 2D model to investigate the cooling and
heating of a cylindrical LaNi5 MH tank using an annular jacket filled with phase-change
material. Valizadeh et. al. [25] developed a 2D mathematical model to evaluate the transient
heat and mass transfer for hydrogen desorption, and simulations were performed by the Lattice
Boltzmann method. Chung et. al. [26] used ANSYS Fluent to develop a 2D model to predict
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hydrogen storage performance and coolant behaviour. The model was applied to tank designs
with and without heat pipes and internal fins. Minko et. al. [27] developed a multi-dimensional
model to visualise the heat and mass transfer processes in a MH reactor with aluminium foam.
A 1D model to predict the weight fraction of the absorbed hydrogen and the MH bed
temperature was developed by Mazzucco and Rokni [28]. The heat exchanger was U-shape
aluminium coolant tube embedded in the MH bed with axial symmetry. The great majority of
published models are at least two-dimensional and based on finite-element analysis. Lowered
symmetry and end effects in cylindrical MH beds are the main reasons for modelling in more
than one dimension. Yet many literature reports do concern tanks whose symmetry is
cylindrical or nearly so. A long cylinder with axial internal symmetry should not require
modelling in more than one dimension and may therefore be amenable to numerical techniques
that do not require finite-element analysis. An interesting question is whether a tank with lower
internal symmetry can nevertheless be modelled in one dimension through a modification to
the model of effective thermal conductivity.

2. 2 Effective thermal conductivity
The apparent kinetics of the MH tank depends strongly on the heat transfer
characteristics of the MH bed, and without effective heat exchange to remove/add the enthalpy
of absorption/desorption will reflect heat transfer almost entirely [10]. The effective thermal
conductivity (ETC) is a lumped parameter usually employed to represent the heat transfer
characteristics of the inhomogeneous MH bed. The ETC depends principally on the porosity
and the inter-particle contact thermal resistance and generally varies with position in the bed
through the inhomogeneous phase proportions of the concentrated and expanded metal-hydride
phase. The ETC also varies with temperature and, owing to Knudsen flow through the void
volume, pressure. As Table 1 shows, in many cases a constant value based on experiment has
been adopted in modelling studies. This approach is unlikely to yield accurate results because
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of the listed dependencies.
The early history of ETC modelling and experimental work, the advantages and
disadvantages of various conceptual approaches to ETC modelling, augmentation techniques
and experimental work have been reviewed and discussed by Madaria et. al. [29].
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Table 1. Summary of published models
Ref.

Mo
del
type

Solution
methods

MH bed

Heat exchanger

Porosity
calculation

[22]

3D

CFD i.e.
STAR-CD

LaNi5

External
thermostatic bath

0.63

COMSOL
Multiphysi
cs
C++ and
gPROMS

MmNi4.6Al0.4

axial tubing,
coiled tubing,
transversal fins
External
thermostatic bath

0.52/0.40

FVM,
SIM-PLE
algorithm
FEM
(COMSOL
Multiphysi
cs)
FEM
(COMSOL
Multiphysi
cs)
FEM
(COMSOL
Multiphysi
cs)

LaNi5

External
thermostatic bath

0.3

LaNi5

Concentric
finned multi
tubular

NaAlH4

tube and fin heat
exchanger

LaNi5

Concentric fin
tube

[23]

3D

[31]

3D

[32]

3D

[33]

3D

[20]

2D
&
3D

[18]

3D

LaNi5

Effective
thermal
conductivity
calculation
(W m-1 K-1)
eff  g 

Model for
Absorptio
n/desorpti
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Equilibrium Pressure calculation
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 H
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Peq   ao   an    exp 
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 M  
n 1



1    s
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n

-
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Ref. [30]

k1

k   k2
 2k k k  k
 1 2 1 2

Absorptio
n

 H  1
1
H
Peq  f   exp 




R T  Tref
M 
 g  0

1.32

Absorptio
n

ln Peq  A  B T

0.5

1.32

Absorptio
n

7
 H
Peq   ai X i exp 
 Rg
i 0


0.7

-

Both

 H S 
Peq T   105 exp 

R 
 RT
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B1P B2
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1 B0  P

1
1
 
 T Tref












 1
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 Ts 303  

 1
 C C  C2
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Peq   0 1 C2  C3  eC4 ( C5 )  exp   K  
 

1  C1

  T Tref  

[25]

2D

LBM

LaNi5

External
thermostatic bath

0.5

eff  g 

1    s

Desorptio
n

 Peq
ln 
 Pref



  A B T


 H S


 RT Rg


[17]

2D

Fluent
6.3.26

Mg

PCM

0.4

-

Both

 Peq
ln 
 Pref


[26]

2D

LaNi5

heat pipes

0.5

1.32

Both

Ref. [26]

[34]

2D

ANSYS
Fluent
FEM
(COMSOL
Multiphysi
cs)
CVFEM/se
mi
analytical
ANSYS
Fluent

MOF-5
Pellet

ENG

ax   liT i 1

Absorptio
n

Peq  q*  M H 2 *abs 

LaNi5

Concentric
finned tube

0.5

eff  g 

Absorptio
n

ln Peq 

Heat pipe, Metal
rod

0.5

Both

Absorption:

[15]

[26]

2D
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LaNi5

 g   tot   pa

4

i 1

1    s
1.32
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[8]

2D

CVFEM

LaNi5

Cooling fluid

0.5

1.32

Absorptio
n

[35]

2D

FVM/Flue
nt

LaNi5

Forced air/liquid
cooling

0.3

1.25

Absorptio
n

[36]

2D

FEM

LaNi5

Cooling fluid

0.63

1.087

Both

[37]

2D

LaNi5

Cooling fluid

0.5

1.27

2D

Natural air

0.88

0.2

[14]

2D

FEMLAB

IRH3
activated
carbon
LaNi5

Absorptio
n
Absorptio
n

ln Peq  A  B T

[38]

PHOENIC
S
FVM

External fin

0.5

1.32

Both

ln Peq  A  B T

[8]

2D

CVFEM

LaNi5

Cooling fluid

0.5

1.32

Both

 H  1
1
H
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  RT
 Plim   

qeq  q0 exp  
ln 
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[39]

2D

[40]

2D

[41]

2D

FEM
(Comsol
Multiphysi
cs)
PHOENIC
S
FEM
(Comsol
Multiphysi
cs)

MmNi4.6Al0.4

Cooling
jacket/tubes

0.5

1.62

LaNi4.8Sn0.2
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0.55

1.6
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MH

Circulating water
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n
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2D
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LaNi5
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with PCM

0.4, 0.5, 0.6

[42]

2D

LaNi5
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with fluid

0.55
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Multiphysi
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  1  1  E p  keff   k g 

Both

0.895 1   

1   0 

   2k g 3k s 



  F 
 e
   c  d  tan      


  x0  
 2 

1

g 
exp  f 

Tmh 


 Peq
ln 
 Pref



  A B T


 H
H
Peq  f   exp 
 Rg
M 







1
1
 
 T Tref


In the plateau region:





Peq  B1  B2 X  B3 X 3  B4 X 4 f T 

kg

X pl ,min  X  X pl ,max

In other regions:





Peq  A1  A2 X  A3 X 2  A4 X 3  A5 X 4  A6 X 5 f T 
X <X pl ,minand X pl ,max  X
f T   C1  C2T  C3T 2  C4T 3

[27]

1D
&
2D
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[28]

1D

Dymola®

Ti1.1CrMn

[44]

1D

La0.83Ce0.10Pr
0.04Nd0.03Ni4.4
Al0.60

[45]

1D

FEM
(Comsol
Multiphysi
cs)
Finite
volume
FTCS
FDM

[46]
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solid bed
Water bath
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Matlab/Si
mulink
Matlab/Si
mulink
4th order
Runge–
Kutta
algorithm

Hydralloy C5 Water bath/
metal
natural air
hydride
LaNi5
Circulating fluid
MmNi4,6Fe0,4

Copper fins
inside the bed

-

1

0.5
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3.0 Model development
The real tank to be modelled (details in § 5.2.1) had no internal structure and essentially
perfect cylindrical symmetry, with a surrounding annular cooling/heating jacket. The entire
tank, including the ends, was wrapped in thermal insulation, creating a pseudo-adiabatic
external boundary. These features made it ideal for testing a 1D model.

3.1 Metal hydride basics
The reaction between a metal M and hydrogen may be represented as

x
M  H 2  MH x
2

(1)

where x is the hydrogen-to-metal atomic ratio, usually written H M . On a mass basis, the
amount of hydrogen taken up is

w

xM H
M M  xM H

(2)

where MM is the average atomic weight of the metal atoms and MH is the atomic weight of H.
If the maximum amount of hydrogen taken up is  H M max in atomic terms or  wmax in mass
terms, the reacted fraction is defined as

F

H M
w

 H M max  wmax

(3)

The absorption/desorption of hydrogen takes place in a range of pressures, between
limiting concentrations that correspond to the phase boundaries of the pure dilute () and the
pure concentrated hydride () phases. In LaNi5Hx ( x  0, 6.7 ), for instance, at 300 K the phase limiting concentration is x  0.5 and the -phase limiting concentration is x  6.0 .
Ideally, according to the Gibbs Phase Rule the phase conversion occurs over a plateau at
constant pressure in the pressure–composition isotherm, but real hydrides exhibit plateau slope
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and pressure hysteresis. Phase conversion has an associated enthalpy which is
released/absorbed between the phase boundaries, while little heat is released/absorbed when
changing the concentrations of the dilute and concentrated pure phases. More detail may be
found in the book by Fukai [49].

3.2 Model assumptions
The model assumed perfect cylindrical symmetry and axial variations were neglected.
The latter assumption is equivalent to an adiabatic boundary condition at each end of the tank.
This is reasonable in general for a cylindrical tank that is long relative to its diameter, and
particularly so in the present case in which the heat exchanger surrounded only the cylindrical
tank surface and the tanks ends were insulated. Consequently, heat and mass transfer were
considered only in the radial direction.
The MH bed was assumed to be an isotropic and randomly packed structure of
notionally identical rough spheres with local deviations from the average curvature. To model
a random packed bed, it is generally assumed that the asperities deform plastically [50]. The
assumption of monodispersivity has been discussed by Gusarov and Kovalev [51]. It is clear
that a non-realistic assumption leads to errors in the computed effective thermal conductivity.
In the approach adopted here, the distribution of sphere diameters is assumed to be less
influential than the existence of micro-contacts between spheres, which are expected to mask
the details of the gross particle geometry.
Within the MH bed, thermal energy can in principle be transferred between the solid
particles by conduction through the real contact area, conduction through the interstitial gas in
the gaps between the particles, convection through the gas and thermal radiation across the gap.
Radiative heat transfer was neglected because the local temperature difference between
adjacent MH particles is very small compared to the absolute temperature. Natural convection
(advection) was neglected for the same reason. The only remaining heat transfer mode to be
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considered was conduction.
An important simplifying assumption was that of local thermal equilibrium between the
storage bed and hydrogen gas, meaning that the temperature in an infinitesimal layer at the
solid–gas interface has a single value. Heat conduction occurs within the gas and within the
particles, but not across the solid–gas interface, therefore. A corollary is that heat conduction
in the solid and gas phases takes place in parallel so that there is no net heat transfer from one
phase to the other. This makes it possible to represent the overall thermal resistance by two
resistance chains in parallel.
The assumptions of no convection and local thermal equilibrium have been discussed
at length by Nakagawa et al. [52] in the context of small laboratory-scale MH beds. They found
that the effects of these assumptions were minor but discernible. The present model is
concerned with real MH tanks at the kg H2 scale, which generally have slower time response
and so are likely in the authors’ view to be consistent with these assumptions.
The reacted fraction defined by Eq. (3) refers only to the amount of hydrogen relative
to the maximum possible amount and takes no account of the reality that most of the exchange
of hydrogen between the solid and gas phases occurs during phase conversion. In reality the
phase boundaries are not at 0 and  H M max , but depending on the material are located a few
percent above/below these values. For this work this distinction was not taken into account
because, in the authors’ view, the added complexity of temperature-dependent phase boundaries
was not necessary, given that perhaps 90% of the total hydrogen absorption/desorption takes
place between the phase boundaries. This assumption slightly affects the accuracy of the
expressions adopted for the volume expansion (details in §3.5.2) and all related parameters, and
the enthalpy of phase conversion, which is taken to be a constant independent of F .
The thermal mass of the tank itself was neglected on the grounds that the temperature
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change within the flowing coolant should be small in a properly functioning MH tank, which
was the case in the tank on which the new experiments reported here were conducted.

3.3 Mass and energy conservation
Let the hydrogen mass flow rate into the system be  per unit volume. For zero
hydrogen flow, during absorption the local MH density  s decreases, causing the local
hydrogen gas density  g to increase, and vice versa for desorption. The mass balance equations
for the gas and solid are therefore.
for hydrogen



 g
t



1   r g v 

r r

m 

(4)

and

1   

 s
 m
t

(5)

for the metal hydride, where the ‘  ’ sign indicates absorption and the ‘  ’ sign desorption. Here

m is the mass source term of reaction per unit time and per unit volume, i.e. the hydrogen
consumption during the hydrogenation,  is the superficial flow velocity of gas (details in §
3.5.6) and  is the porosity (details in § 3.5.5). Assuming ideal gas behaviour, which is
reasonable for the pressures typically encountered in MH tanks, the gas density is

 g  PM H2 RgT .
The mass source term m can be written as [53]

Absorption:
Desorption:

dF
dt
dF
m  1      s   s ,in 
dt
m  1     sat   s 
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(6)

where  s is the density of the solid phase (metal or hydride),  sat is the density of the solid
phase when saturated with hydrogen,  s ,in is the density of the empty metal alloys and dF dt
is the rate of reaction (details in § 3.5.4). Eq. (6) assumes that the density of the MH particles
changes linearly with reacted fraction, i.e. obeys Vegard’s Law on average.
Assuming local thermal equilibrium, Tg  T  Ts and a single common energy balance
equation can be written:

 C 

p eff

T 1  
T 
T

 mH
 keff r
   g C pg v
t r r 
r 
r

(7)

here keff is the effective thermal conductivity of the MH bed (details in § 3.5.3), H is the



enthalpy of phase conversion, which is assumed to be constant, and  C p



eff

is the effective

thermal capacity of the MH bed, which can be expressed by a porosity-weighted function of
the same quantities for the gas and MH as

 C 

p eff

   C p   1     C p 
g

s

(8)

3.4 Initial and boundary conditions
A proper set of boundary conditions must be defined to solve Eqs (4), (5) and (7). For
the present scenario, the applicable boundary conditions are
Initials conditions:

P  r ,0  Pin , T  r ,0  Tin

(9)

Boundary conditions:
Cylindrical symmetry imposes an adiabatic boundary condition at r  0 :
T
r

 0, t   0
r 0
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(10)

At the external radius of the MH bed, r  R , continuity of the heat flux between the MH tank
and the heat exchange fluid requires
keff

T
r

r R

 R, t   h f T  R, t   T f 

(11)

where h f is the convective heat transfer coefficient (details in §3.5.8).

3.5 Properties of the MH bed
3.5.1 Specific heat
The specific heat of the MH increases relative to that of the empty metal with the
absorption of hydrogen. Nakagawa et al. [52] developed the following semi-empirical
expression for LaNi5 which could be adjusted for other alloys:

C 
p

s



6  3.1R  10.4   H M max F 
M Ms  6   H M max FM H

1000

(12)

Here 3.1R is the assumed constant contribution to the molar specific heat from the metal and
the contribution per added H mole of H is 10.4 J(mol. K)–1. The factor 6 is appropriate for
LaNi5H6. The factor 1000 occurs because the atomic weights are in gram.
3.5.2 MH expansion
Metals expand reversibly when absorbing hydrogen. Vegard’s Law is well obeyed by
many simple metal hydrides within the pure dilute and concentrated phases and is assumed here
as an average over many MH particles in the full range of reacted fraction. If the relative
expansion is  p (approx. 0.24 for LaNi5), the density of the solid phase is then linearly related
to the reacted fraction and can be expressed by [52]

 s  ps ,in

1  F  wmax
1 F  p

where  wmax is defined by Eq. (2).
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(13)

3.5.3 Effective thermal conductivity
For a uniform isotropic randomly packed assembly of perfect spheres with diameter Dp,
Gusarov and Kovalev [51] obtained an exact expression for the effective thermal conductivity

keff 

N 1   

(14)

 D p Rc

where N is the particle coordination number and Rc is the thermal contact resistance. The
approach adopted here is based on this equation, with Dp taken to be the mean particle diameter
of rough spheres and with a more realistic model of the actual contact between spheres.
Expressions for the variables in Eq. (14) now need to be obtained in terms of the fundamental
parameters introduced.
Assuming linear volume expansion,

Dp  Dp ,in 1  F p 

13

(15)

Van de Lagemaat et. al. [54] found an empirical relationship between the effective coordination
number of a random porous structure and its porosity as follows:

N  3.08   1.13
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(16)

Fig. 1. Model of thermal resistance between rough spheres [50], reproduced with permission.
(a) Random structure of the MH bed; (b) Thermal contact between spheres in the presence of
interstitial gas; (c) Equivalent thermal resistance network.
The remaining task preparatory to applying Eq. (14) is to calculate the thermal contact
resistance between MH particles. In reality the mechanical contact between particles is through
micro-contacts at the apexes of surface asperities. The micro-contacts are distributed across the
macro-contact area over which the particles notionally touch. Fig. 1[50] depicts the adopted
geometric and network models for the heat flow Q between isothermal planes through the two
particles. The heat flow occurs via the gas in the macro-gap (effective resistance RG ) and the
(mechanical) macro-contact area, defined by the macro-contact radius, aL. The resistance
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encountered on the latter path is that of the particles themselves assuming perfect contact ( RL )
in series with micro-contacts (effective additional resistance Rs ) in parallel with micro-gaps
containing interstitial gas (effective additional resistance Rg ).
Conduction via the macro-gap and the contact area occurs in parallel, so the thermal
contact resistance is given by

1 
1
1 



Rc  Rmic  RL RG 
where Rmic  [ Rs Rg

(17)

 Rs  Rg ] and RG has three components: the macro-gap resistance of the

gas and R1 and R2 , corresponding to the bulk thermal resistances of the solid portions of the
path through the two spheres. The bulk resistances R1 and R2 are considered negligible
compared to RG because the thermal conductivity of the gas is much smaller than that of the
solid (i.e. k g  ks ).
The thermal resistance of a macro-contact with radius a L is [59]

RL 

1
2k s aL

(18)

Assuming plastically deformed asperities, Bahrami et. al. [55] developed a compact model for
the thermal resistance of a micro-contact follows:

Rs 

0.565H v dv
ks Fn

(19)

where Fn is the normal contact force, H v is the Vickers microhardness and d v is the mean
indentation diagonal depth (the depth from the surface of the sample to the indenter tip). H v
can be calculated as follows [56]
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H v  c1  dv  2
c

(20)

where c1 and c2 are the Vickers microhardness coefficients. The normal contact force Fn can
be calculated by

4
Fn  E R1 2 dv1.5
3

(21)

where R  Dp 2 is the sphere radius, E  is the effective elastic modulus, which can be estimated
from figure 4 of ref. [57]. The radius of macro-contact can be calculated by [58]
aL 
1.605 

aH 
3.51  2.51

if 0.01    0.47
if 0.47    1

(22)

where the Hertzian contact radius, a H , is given by [58]
aH   0.75Fn R E 

13

(23)

Bahrami et. al. [59] developed a model for heat conduction through the interstitial gas
between rough spherical bodies. The thermal resistances of the interstitial gas in the micro-gap
and the macro-gap were calculated by integrating these surface elements over the macro-contact
and the macro-gap areas, respectively. The micro-gap resistance for the contact of two rough
spheres was obtained as

Rg 

2 a2



 k g aL2 ln 1  a2 a1  M




2 


(24)

where  is the surface roughness, M is the gas parameter (defined below) and
a1  erfc 1  2 Pmax H c 
a2  erfc 1  0.03Pmax H c   a1

where Pmax is the maximum contact load pressure,
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(25)

Pmax 

2
0.5
E   dv R 


(26)

and H c is the contact microhardness, given by
H c  c1 1.62dv 

c2

(27)

The gas parameter, M, is given by [56]
 2  T 2  T
1
2
M 

 T
T2
1


  2  1
l

  1    Pr m


(28)

where  T is the thermal accommodation coefficient,  is the ratio of gas specific heats
(adiabatic exponent, 1.4 for hydrogen), Pr is the gas Prandtl number (0.6 for hydrogen) and

lm is the molecular mean-free path. The thermal accommodation coefficients  T 1 & T 2 depend
on the gas−solid combination. Usually, these parameters have second-order effects and slight
variations in their values will not have a significant impact on the effective thermal conductivity
[50].
At low pressures the thermal conductivity of a gas decreases because of the increase in
the mean free path compared to the size of the container. The thermal conductivity of hydrogen
is given by [60]

kg 

kref
1  2b  Kn

(29)

where kref is the thermal conductivity of the gas at reference pressure (1 bar), b is a
dimensionless constant specific to the gas (9.87 for hydrogen) and

Kn 

lm
Dp

(30)

is the Knudsen number. The mean free path as a function of gas pressure P is calculated as
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follows [60]:

6    1 k g  M H 2 T 
lm 
 

(9  5) P  2k B 

12

(31)

The macro-gap resistance for the contact of two rough spheres can be calculated as
follows [51]:

RG 

1





1
1

2 k g D p  ln 1  L   ln 1  L 
 1
1 L 
2

(32)

where

L

 1
3

9  5 4 Kn 

(33)

3.5.4 Rate of reaction
As mentioned, the apparent kinetics of hydrogen absorption/desorption by a MH bed is
dominated by heat flow. The reason is that the intrinsic kinetics of the MH is typically fast
compared to the real rate of change of the global hydrogen concentration, unless the MH is
thermally clamped. This means that the MH is essentially in equilibrium with its surroundings
at the local temperature and pressure. The details of the intrinsic strictly isothermal reaction
kinetics therefore affect the MH tank response relatively little, and a generic kinetics model is
likely to be satisfactory. Supposing that the reaction is controlled by diffusion or the phase
transformation, we may assume that the reaction is first-order or nearly so and therefore expect
exponential time response. The other factors to be included are temperature dependence of the
rate and the pressure drive, meaning the effect of the difference between the local hydrogen
pressure and the equilibrium pressure corresponding to the local hydrogen concentration.
For absorption, with rate constant ka
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F  1  exp  kat 

(34)

dF
 ka 1  F 
dt

(35)

and the reaction rate is

The pressure and temperature dependencies can be included in ka as follows [15, 39, 43]:

ka 

 E   P 
a
exp   a  ln  a 
1     RgT   Peq 

(36)

where  a is a material-dependent intrinsic absorption rate constant, Ea is a notional absorption
activation energy capturing the temperature dependence of the rate, and Peqa is the equilibrium
absorption pressure (details in § 3.5.7).
For desorption, with rate constant kd
The reacted fraction for desorption can be expressed as follows

F  exp  kd t 

(37)

dF
 kd F
dt

(38)

and the reaction rate is

The rate constant is

d
 E  P  P 
kd 
exp   d   eq d 
1     RT   Peq 
d

(39)

where  d is a material-dependent intrinsic desorption rate constant, Ed is a notional desorption
activation energy and Peqd is the equilibrium desorption pressure.
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3.5.5 Porosity
The average porosity of the MH bed is defined as

  1

Vs
VT

(40)

where Vs is the total volume of solid particles and VT is the total volume of the bed including
particles and pores. The porosity varies owing to expansion of the individual MH particles
during absorption and contraction during desorption by the relative factor p defined in
association with Eq. (13). The overall relative change in the total pore volume is not in general

1   p , however, because of compaction caused by the increased mechanical pressure between
the expanding particles, which offsets the increase in packing fraction . Matsushita et. al. [61]
calculated the resulting porosity relative to that of the empty MH bed,  0 , as follows:
Absorption:
1   p F 

1   a F 

 a  1  1   0  

(41)

Desorption:






1 pF
1  1    

0


 p  

1   a Fmax  1  F  d 
d  
  a  




 1 p F 
1  1   0  


1   a Fmax 

if 0  F 

a
p
(42)

if

a
 F 1
p

where  a is the packed bed expansion ratio during absorption.
3.5.6 Gas velocity
For flow in the radial direction only, the superficial flow velocity, , of the gas within
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the MH bed can be described by Darcy’s law in the following form:
v

K p P
 r

(43)

where K p is the permeability of MH bed and  is the kinematic viscosity of the gas, taken to
be constant in the relevant range of conditions. The permeability may be calculated using the
Blake−Kozenye semi-empirical expression describing the laminar flow of a Newtonian fluid
through a packed bed which is long and wide compared to the particle size [62]:

Kp 

Dp2 3
150 1   

(44)

2

The factor of 150 appearing in the denominator has been established experimentally [63]. The
mean particle diameter may be obtained by direct measurement or in terms of a sphereequivalent relationship to the experimentally determined total surface area via the parameter

a , defined as the ratio of the total particle surface area to the total volume of particles in the
bed:

Dp  6 av

(45)

Eq. (43) then becomes
v

Dp2 3
150 1   

2

P
r

(46)

3.5.7 Equilibrium pressure
The equilibrium (in the sense of quasi-static) absorption–desorption behaviour of a
metal hydride is generally captured by measuring pressure–composition isotherms in a range
of temperatures. Absorption occurs when the local hydrogen pressure exceeds the equilibrium
pressure, Peq , at the local temperature and vice-versa for desorption. Very many equations have
been proposed. The equation adopted here was developed by Mohammadshahi et. al. [18] for
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LaNi5–H2, based on new experiments:
 1 1
 C0C1F C2
C4 ( F C5 ) 
exp
Peq  

C
F

e
 K  
3

C2
1  C1F

  T Tref


 
 

(47)

where C0  C5 and K are fitted coefficients. The ideal value of K is H R . The exponential
builds-in the fact that most metal hydrides obey Arrhenius’ Law. The leading terms account for
the existence of a sloped plateau. If the MH exhibits pressure hysteresis, the values of C0  C5
are different for absorption and desorption cycles. The values for LaNi5 can be found in ref.
[18].
3.5.8 Heat transfer coefficient
In the case of forced convection of the circulating coolant through the heat exchanger,
the average heat transfer coefficient for longitudinal flow over a cylinder can be found from the
average Nusselt number as follows

hf 

Nuk f

(48)

Dtn

where Dtn is the diameter of the tank and k f is the thermal conductivity of the fluid. The
average Nusselt number can be found from the following empirical relation presented by
Bergman et. al. [64] as follows

Nu  0.3 

0.62 Re1 2 Pr1 3
14

1   0.4 Pr 2 3 



  Re 5 8 
1  
 
  282000  

45

(49)

where Re is the Reynolds number and Pr is the Prandtl number.

4.0 Numerical procedure
The governing equations were solved in Simulink and Matlab. The method of
characteristics was used for solving the mass balance equations (Eqs (4) and (5)), which can be
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expressed in the following general form

d
u  r  s  , t  s    f  u, r  s  , t  s  
ds

(50)

The energy conservation equation (Eq.(7)) was solved by combining separation of
variables and superposition. Eq. (7) is a nonhomogeneous partial differential equation (PDE)
and it has nonhomogeneous boundary condition as well. First, the nonhomogeneous boundary
condition was treated by shifting the temperature to (r , t )  T  R, t   T f , which yields the
following general form of Eq. (7):

(r , t )
 2
2  
  

  2  mH  exp  
r
t 
t
4  
r
  2



(51)

  r ,0   Tin

(52)


 0, t   0
r r 0

(53)

Initial condition:

Boundary condition:

keff


 R, t   h f  r  R
r r  R

(54)

Here  is the exchange coefficient and  is a function of  g C pg v . Hence the solution of Eq.(51)
can be characterised using superposition as follows

(r, t )  (r, t )  (r )

(55)

where (r , t ) is a solution of the homogenous form of the PDE and (r ) is a solution of the
steady-state problem with generation/source term.
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5.0 Result and discussions
Fig. 2 depicts the full Simulink model of the MH tank, shows how the parameters
discussed in the previous section contribute to the simulation and maps the interactions between
them.

Fig. 2. Simulink model of the MH tank.

Fig. 3. Comparison between the present and published models of the effective thermal
conductivity. (a) LaNi5−H2 (b) LaNi4.7Al0.3−H2.

5.1 Effective thermal conductivity
The new effective thermal conductivity model was tested using experimental data
reported in ref. [65] for the LaNi5H2 system, and also compared to one published model [66]

178

as shown in Fig. 3(a), by adopting the parameters from ref. [65], without fitting. The prediction
of the new model is at least as good as the published model.
Fig. 3(b) compares the new effective thermal conductivity model and three published
models [67-69] to experimental data for the LaNi4.7Al0.3H2 system, adopting parameters from
the ref. [67]. The new model provides an improved fit.

Fig. 4. Comparison between experimental data (points) and model predictions (solid
lines). (a) MH temperature 25 mm off tank axis; (b) hydrogen pressure at tank inlet; (c)
hydrogen flow rate.
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5.2 Absorption/desorption kinetics
5.2.1 New experiments
The new tank model was tested against experimental data for absorption and desorption
by a MH storage module containing two identical cylindrical tanks with internal diameter
approximately 200 mm and a total capacity of 6.4 kg H2, as installed in the off-grid energy
system of the Sir Samuel Griffith Centre at Griffith University [3]. The hydrogen storage alloy
is a multi-component AB5 analogue proprietary to Japan Steel Works for which equilibrium
pressure–composition isotherms were available. These were fitted using Eq. (47). Values for
most physical parameters were adopted from the literature for LaNi5.
Following an initial evacuation, hydrogen was supplied via a flow controller at 0.094
Nm3 min–1 (0.52 kg h–1) during absorption and withdrawn at 0.187 Nm3 min–1 (1.03 kg h–1)
during desorption. The outer heat exchanger jacket was connected to a thermostatic water
reservoir with approx. 1 m3 capacity to stabilise the inlet temperature to the heat exchanger,
which was 30.4C during absorption and 30.2C during desorption. The MH temperature was
sampled by a thermocouple located 25 mm off the tank axis with an insertion depth of 200 mm.
Fig. 4 compares the measured and fitted MH bed temperature and hydrogen pressure at
the tank inlet. The new model clearly fitted the experimental data very well, except for the
initial transients.
Table 2 lists the values adopted from literatures for the fixed parameters. Parameters
that could not be reliably estimated, mostly because they are difficult to measure directly, were
obtained by fitting the model to experimental data. These include the Reynolds number (Re),
Prandtl number (Pr), and the mean indentation diagonal depth ( d v ). The fitted parameter values
are listed in Table 3 and compared to published values below.
The fitted values for Reynolds number and Prandtl number lie within the expected
ranges found in the literature for heat transfer by forced convection over a cylinder:
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2×103<Re<105 and 0.7<Pr<176 [77]; 1.0<Re<1×105 and 0.67<Pr<300 [78].
Mordovin et. al. [70] and Joubert et. al. [71] measured mean indentation diagonal depth
values for LaNi5 and LaNi4.7Al0.3 alloys between 29 and 33 m. The fitted values lie within this
range.
Table 2. Fixed parameters for LaNi5-H2 system
Parameters

Value

Ref.

H a / H d

30 kJ mol-1

[18]

a

59.187 s-1

[72]

d

9.57 s-1

[72]

Ea

20.57 kJmol-1

[32]

Ed

16.71 kJmol-1

[72]

k g ,ref

0.167 W.m-1.K-1

[32]

ks

2.0 W.m-1.K-1

[32]

0
 sat
in

0.5

[18]

8527 Kg m-3
8400 Kg m

[14]

-3

[14]

-1

-1

[32]

-1

-1

0.419 kJmol K

[32]

g

1.03 104 m2s-1

[32]

Din

12 m

-

a
d
p

0.177

[72]

0.0816

[72]

0.246

[72]

w

1.4%

[72]



0.12 m

[59]

c1 / c2
T1 / T2
b

7.3 GPa /0.27

[59]

0.69 /0.83

[18]

9.87

[60]

1.4

[51]

14.95 kJmol K

C pg

C ps ,in



5.2.2 Comparison to published models
The new tank model was also tested against two published models. Askri et. al. [73]
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developed a two-dimensional mathematical model for absorption and validated it against
experimental data published by Jemni et. al. [36]. The control volume finite element method
(CVFEM) was used to solve the governing equations of their model. Wijayanta et. al. [43]
carried out an experiment and developed a two-dimensional mathematical model for absorption
and desorption. They also solved the governing equations using the CVFEM. Fig. 5 compares
the new model and published models to experimental data for absorption and desorption, made
by adopting the model parameters from the particular published models [43, 73]. The new onedimensional model is at least as accurate as the published two-dimensional models.
Table 3. Fitted parameters
Parameters

Value

Rea

1920

Red

2875

Pra

59

Prd

97

dv

29.37 m (LaNi5), 31.11 m (LaNi4.7Al0.3)

Fig. 5. Comparison between present and published model to experimental data (a) absorption
(b) desorption.

5.3 Model exploration
Fig. 6 compares the model fit to the same experimental data as in Fig. 4, but with the
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ETC held constant at 1.32 W m–1 K–1. The fit is significantly worse, demonstrating the
improvement owing to the more detailed ETC model.

Fig. 6. Comparison between experimental data and model prediction with constant effective
thermal conductivity, Keff =1.32 W m−1 K−1. (a) MH temperature 25 mm off tank axis; (b)
hydrogen pressure at tank inlet.
Fig. 7 & Fig. 8 explore the effects of average particle size on tank performance via the
temperature near the tank axis. The model parameters were the same as those used to model the
experimental data in Fig. 4, except that the particle size was varied. Referring to Fig. 4, during
absorption the pressure reached 5 bar within the first hour, by which pressure the ETC has
nearly saturated (Fig. 7 (a)). After this time, the effect on temperature (Fig. 7(b)) is consequently
a roughly constant increase with decreasing particle size. During desorption (Fig. 8), the
relatively minor effect of particle size in temperature relates to the rapid fall in pressure to the
point (about 2 bar) where the ETC changes little.
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Fig. 7. Effect of particle size during absorption. (a) Effective thermal conductivity; (b) MH
temperature 25 mm off tank axis.

Fig. 8. Effect of particle size during desorption. (a) Effective thermal conductivity; (b) MH
temperature 25 mm off tank axis.

5.4 Discussion
Generally speaking the new model predicts the measured values of temperature (Fig. 5
& Fig. 6) very well, except for the transients occurring when absorption by the empty tank and
desorption by the full tank are initiated. Noting that assuming a constant ETC value (1.32 W
m–1 K–1; Fig. 6(a)) which is much higher than the likely value at low pressure does not greatly
affect the initial temperature transient behaviour in absorption, the simplified kinetic model is
the likely cause. Because absorption in the  phase and desorption in the  phase do not require
nucleation of the other phase, the kinetics speeds up in each case. This means that the /+
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or /+ phase boundary is reached sooner, causing earlier enthalpy release/absorption and a
faster than expected temperature excursion. The presented model could be modified to take
account of the differences between the pure and transforming phases if following transient
behaviour were important.
Pressure hysteresis is a potentially important characteristic behaviour of real metal
hydrides that should be taken into account for MH tanks that are cycled within the two-phase
region, by, for instance, being driven into desorption before being completely filled with
hydrogen.

The

experimental

data

modelled

here

(Fig.

4)

were

taken

during

absorption/desorption from the empty/full states. Pressure hysteresis is accounted for in the
model only indirectly, through the two sets of parameters associated with Eq. (47). A full
accounting requires that the direction of concentration change be taken into account at every
position in the MH bed, which requires a finite-element approach. The different thermal and
kinetic parameters of the pure and transforming phases also need be taken into account. This
point is discussed further by Mohammadshahi et. al. [21]. The data in Fig. 4 are for an alloy
that exhibits very little hysteresis, which is very desirable in a real MH tank since hysteresis
represents cyclic energy loss.
The comparison with experimental data was carried out for MH tanks with cylindrical
symmetry, no axial variation and an outer heat exchanger. The model works very well for such
tanks, but a question worth asking is whether the same model could be applied to a more
complex tank with acceptable fidelity. Incorporation of a high-conductivity material (mesh,
foam or powder) would be straightforward by modifying the thermal resistance model with an
additional term in parallel with the gap resistance. The other major tank type, that with an axial
coolant tube carrying many radial fins, could probably be approached with a 1D model by
neglecting radial heat flow.
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6.0 Summary and conclusions
The objective of the work was to develop a MH tank model that would be tractable in a
simulation environment, in which finite-element analysis in multiple dimensions is unwieldy.
A one-dimensional model was developed for a MH tank for hydrogen storage, based on linked
modular mathematical models in Simulink®. Finite-element analysis was not used. Because the
apparent kinetics of a practicable MH tank is dominated by heat flow originating in the enthalpy
of hydrogen absorption/desorption, particular attention was paid to modelling the effective
thermal conductivity, based on a detailed description of the thermal resistance between touching
hydride particles.
The thermal conductivity model was tested against published experimental data and
published CVFEM 2D models, for LaNi5 and LaNi4.7Al0.3. The 1D model performed at least as
well as the published models.
The MH tank model was first tested against our own experimental data for a pair of
hydrogen storage tanks with 6.4 kg total hydrogen capacity, and then compared with a published
2D model and published experimental data. The new model performed very well, except during
transients in the hydrogen flow, probably owing to the first-order model of MH kinetics used.
Comparing the results of modelling with constant and pressure-dependent effective thermal
conductivity, the fidelity of the tank model was much better with the more realistic ETC model.
As an example of the advantage of a physically-based model, the effect of changing the
average particle size could be predicted and led to significant changes in the predicted MH bed
temperature.
Thus the approach of using a simplified 1D model based on a physical model of
effective thermal conductivity has been demonstrated to be tractable and accurate without resort
to finite-element methods, at least for tanks with cylindrical symmetry and no axial variation.
This also demonstrates that a wholly empirical approach, while convenient, is largely
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unnecessary. Further exploration of this approach for tanks with more complicated internals,
such as heat-conducting foam or radial fins, is warranted.
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An advanced PEM fuel cell mathematical model is described and realised in four ancillaries in the Matlab
eSimulink environment. Where possible, the model is based on parameters with direct physical
meaning, with the aim of going beyond empirically describing the characteristics of the fuel cell. The
model can therefore be used to predict enhanced performance owing to, for instance, improved electrode
materials, and to relate changes in the measured performance to internal changes affecting inﬂuential
physical parameters. Some simplifying assumptions make the model fairly light in computational demand and therefore amenable to extension to simulate an entire fuel-cell stack as part of an energy
system. Despite these assumptions, the model emulates experimental data well, especially at high current density. The inﬂuences of pressure, temperature, humidiﬁcation and reactant partial pressure on cell
performance are explored. The dominating effect of membrane hydration is clearly revealed.
© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction
The minimal generation of by-products (ideally only water for
hydrogen fuel) and the high electricity generation efﬁciency of the
hydrogen fuel cell make this technology attractive for a range of
applications such as automobiles and small-scale stationary electricity generation. Based on the lower heating value of hydrogen,
fuel cells have conversion efﬁciencies of 40e60%, higher than most
other energy conversion systems [1].
The solid polymer membrane makes the PEM fuel cell simpler
and less hazardous than the alkaline type, although the PEM type is
more difﬁcult to manage because of the need for proper hydration
of the membrane [2].
PEM fuel cell performance is conveniently visualized via the
different overpotentials/voltage drops, i.e. the difference between
the electrode potential and the equilibrium potential. An important
goal of fuel cell design is to minimise the lossy contributions to the
overpotential for a given current and so maximise efﬁciency.
Membrane hydration, achieved via humidiﬁcation of the reactant
gases, plays a dominating role in PEM fuel cell performance. Too
little water leads to dehydration and high membrane resistance.

* Corresponding author.
E-mail address: e.gray@grifﬁth.edu.au (E.MacA. Gray).
http://dx.doi.org/10.1016/j.energy.2016.10.033
0360-5442/© 2016 Elsevier Ltd. All rights reserved.
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Excessive water leads to ﬂooding of the electrode pores and
increased electrode resistance. Hence water management, and via
the partial vapour pressure thermal management, are critical to the
good performance of PEM fuel cells.
Better design, selection of appropriate materials and optimization of the overpotential are necessary in order to improve the PEM
fuel cell performance. These issues can only be addressed efﬁciently
if realistic mathematical process models are available to predict the
effects of different materials, construction and so on. A realistic
model provides a framework not only for analysing the overall
performance of the PEM fuel cell, but also for studying its various
components and their mutual inﬂuences. An effective model thus
becomes a research tool to explore parameters which are difﬁcult
to measure e.g. water concentration at the membraneeelectrode
interface, water uptake into the channel, etc.
In the past two decades many fuel-cell models have been presented in the literature. The early history of PEM fuel-cell modelling
lu [3]. The advantages and
work has been reviewed by Bıyıkog
disadvantages of various conceptual approaches to PEM fuel-cell
modelling have been discussed by Cheddie and Munroe [4].
More recently, Djilali and Lu [5] and Costamagna [6] proposed a
multi-dimensional model and more complex approaches in 3D
modelling have also been developed for the PEM fuel cell [7e13].
Sophisticated modelling approaches have been applied to understanding various aspects of fuel-cell behaviour. Carton and Olabi
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Glossary
A
a
C
D
E
Ec
F
G
I
i
i0
k
MEA
N_
n

Active area of MEA, cm2
Water activity
Molar Concentration, mol m3
Diffusion coefﬁcient, m2 s1
Cell potential, V
Activation energy, kJ mol1
Faraday constant, 96485 C mol1
Gibbs free energy of activation, kJ mol1
Current, A
Current density, A cm2
Exchange current density, A cm2
Reaction rate coefﬁcient
Membrane electrode assembly
Molar ﬂow rate, mol s1
Molar ﬂux, mol m2-s

[14] developed a 3D model based on computational ﬂuid dynamics
(CFD) for open pore cellular foam material as a ﬂow plate and they
found that the reactant gases were uniformly distributed from inlet
to outlet. The volume-of-ﬂuid (VOF) method has been used to
numerically investigate the two-phase ﬂow in an anode gas chan~o [15]. They found that for
nel of a PEM fuel cell by Ferreira, Falca
hydrophilic or hydrophobic channel walls water moves as a ﬁlm or
droplets respectively. Carton, Lawlor [16] also developed a model
based on CFD and VOF to investigate water droplet movement and
slug formation in PEM fuel cell mini-channels. Kang [17] developed
a quasi-three dimensional dynamic model to investigate the transient behaviour and dynamic characteristics of a PEM fuel cell. Xing,
Cai [18] developed a 2D model to investigate the effects of relative
humidity, stoichiometric ﬂow ratio and channel length, as well as
their interactive inﬂuence, on the performance of a PEM fuel cell.
Salva, Iranzo [19] developed a one dimensional model to investigate the effect of relative humidity on the performance of a PEM
fuel cell and validated it using neutron imaging. Abdollahzadeh,
Pascoa [20] developed a multi-component mixture model to
simulate two phase ﬂow and transport in the cathode gas diffusion
layer of a PEM fuel cell.
Liu, Li [21] used a numerical model to optimise ﬂow channel
dimensions for best fuel cell performance. The latter model provides a simple example of the inclusion of physical parameters so
that the origin of the improved performance is identiﬁable as a
physical entity. In contrast, in empirical modelling the improved
performance of a real fuel cell owing to, for instance, a better
electrocatalyst, does not directly associate the improvement with
its physical origin, since it manifests in the model as parameters
that may have no direct physical meaning. Ref. [11], based on
empirical equations and requiring high-performance computing,
exempliﬁes this approach.
Generally, a multi-dimensional model is useful, perhaps necessary, in order to understand the detailed behaviour of the individual elements of a fuel cell, electrolyser, etc. and to guide the
process of designing for enhanced performance. However, to model
an entire energy system in this way would be very cumbersome.
Thus there is a role for realistic modelling that is not overly
computation-intensive, so that a whole-of-system model becomes
feasible with commonly available computing resources. A recent
comparison of 1D and 3D fuel-cell models by Shekhar [22] concludes that 1D models are useful and cost-effective for practical

P
p
psat
R
S
T
X

d
r
smem
nd

a
l

4

g

ε

x

Pressure, atm
Partial pressure, atm
Saturation pressure, atm
Universal gas constant, 8.3144 J mol1K1
Stoichiometry ratio
Temperature, K
Molar fraction
Thickness, mm
Density of water, kg m3
PEM conductivity, S m1
Electro-osmotic drag coefﬁcient
Charge transfer coefﬁcient
Degree of humidiﬁcation
Relative humidity
Roughness factor
Porosity
Tortuosity

applications, such as relating fuel-cell performance to the operating
and underlying physical parameters.
This paper continues a series in which mutually compatible
modular models of the components of an energy system, specifically one incorporating solar-derived hydrogen [23], are presented.
One overall objective is to link the suite of component models
together to form a whole-of-system model and simulation that can
realistically predict the behaviour of a planned energy system, as a
prerequisite to specifying the characteristics and capacities (sizes)
of its components. Alternatively, such a model can simulate the
behaviour of an existing energy system for research and other
purposes. The component models are realised in Simulink® and are
fully described so they can be recreated and used by others. The
ﬁrst such model [24] is of a PEM electrolyser cell. The next, for the
PEM fuel cell, is presented here.
A second very important objective of the work is to use the
component models as research tools to predict the effects of
inﬂuential design parameters, materials and environmental conditions, thus lessening the need for experimentation, which is
expensive and time-consuming.
Design parameters are necessarily physical in nature. The key to
achieving the second objective is therefore to place the equations
that embody the characteristics of the various elements of the
electrolyser, fuel cell etc. on a proper physical basis by embedding
the theory of the underlying physical mechanisms. Doing this has
signiﬁcant advantages. Firstly, it makes the model more generic in
its application, in contrast to the present general reliance on
empirical equations, with coefﬁcients lacking physical signiﬁcance,
that only describe the characteristics of the particular component
under consideration, perhaps with no applicability to the greater
class of such components. Secondly, a sound physical basis for the
model better allows the effects of changing materials, dimensions
etc. to be predicted in the quest for enhanced performance, by
performing sensitivity analyses, for instance, as was demonstrated
in our paper on PEM electrolysers [24].
A third beneﬁt is that a realistic model may be used to diagnose
problems in the modelled component or system via changes in the
ﬁtted parameters arising from, for instance, degradation of an
electrode, potentially allowing the degradation to be traced to its
physical origin.
An example relevant to both electrolysers and fuel cells is the
atomic-level mechanisms that control membrane processes
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(humidiﬁcation, diffusion, conductivity). In the fuel-cell case, these
are represented in all existing models known to the authors (largely
including this one) by purely descriptive empirical equations that
do not show how the underlying mechanisms control the ﬂow of
charge. This is unsatisfactory and further work is needed to develop
physically-based equations for modelling membrane processes in
both fuel cells and electrolysers.
In line with the objectives outlined above, a new onedimensional mathematical model of a PEM fuel cell is described
and embedded in a simulation in the Simulink® environment. This
model is distinguished from the many other PEM fuel-cell models
in the literature by (i) contributions to the overpotential being tied
to physically meaningful parameters wherever possible; (ii) the
ability to estimate the values of physical parameters that are difﬁcult to access directly by experiment; (iii) simpliﬁcations that
reduce the computing demand without signiﬁcantly impacting the
ability to simulate real fuel-cell performance, making it feasible to
embed the model as a module in the model of an entire energy
system; (iv) utility in analysing the sensitivity of the overall performance to changes in particular physical parameters; (v) utility in
relating changes in the performance of a fuel cell to the changed
characteristics of an internal component owing to ageing, for
instance. Despite the simpliﬁcations listed in the next section, the
inﬂuences of pressure, temperature and humidiﬁcation on the cell
performance are captured in the new model with good ﬁdelity. The
model is validated against experimental results and then used to
explore the inﬂuence of operational parameters (pressure, temperature, and humidiﬁcation) on the cell polarisation curve.
2. Model development
The typical fuel cell shown in Fig. 1 is broken into four ancillaries
for modelling purposes: anode, cathode, membrane and voltage. The
molar balance of reactant species and their partial pressures are
modelled in the anode and cathode ancillaries. The water transport
mechanism and water uptake into the membrane are modelled in
the membrane ancillary. The voltage ancillary models the
overpotential.
The humidiﬁed hydrogen is fed to the anode and oxidized on the
anode according to Eq. (1). Humidiﬁed oxygen/air is fed to the
cathode and reduced on the cathode according to Eq. (2), forming
water and producing heat:

Anode : H2 /2Hþ þ 2e
Cathode :

1
O þ 2e þ 2Hþ /H2 O
2 2
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Protons are transported from the anode to the cathode through
the electrolyte membrane (a polymer of persulfonic acid groups
with a Teﬂon backbone) and the electrons are carried to the cathode through the external circuit.
The mathematical model has been developed based on the
following simplifying assumptions, without losing any essential
contribution to the cell performance.
a) The model is one dimensional and the current is uniformly
distributed (i.e. I ¼ iA), so the gases are considered to be
uniformly distributed in the cell with constant pressure.
b) The humidiﬁed reactant gases (i.e. hydrogen at anode and
oxygen at cathode) are in equilibrium with liquid water.
c) The water activity is uniform across the membrane and is in
equilibrium with the water activity at the cathode and anode
catalyst layer.
d) Water is present as vapour at the membraneeelectrode
interface. This is equivalent to limiting the relative humidity
to 100%. Thus the effect of cathode ﬂooding when the partial
pressure of water exceeds the saturation vapour pressure is
not predicted quantitatively. This assumption is justiﬁable
for fuel cells operating at moderately elevated temperatures,
above about 40  C [25] which is likely to be the case in most
real installations, where the cell temperature is higher than
the coolant temperature, which is higher than the ambient
temperature. Water may condense in the cathode channel,
but as long as it is effectively removed will not compromise
the electrochemical characteristics of the membraneecathode interface.
e) There is no pressure gradient between the anode and cathode (i.e. H2 and O2 are fed at the same pressure), so convection is not incorporated and only diffusion is considered
for gas transport.
f) The anode, cathode and membrane are at the same
temperature.
g) The PEM is not electrically conductive and is impermeable to
neutral reactant gases and so there are no internal currents
and no fuel crossover losses.
2.1. Anode ancillary
The molar balance equations for the anode are given by

(1)

dNH2
cons
¼ N_ H2 ;in  N_ H2 ;out  N_ H2
dt

(2)

an
dNH
2O

dt

an

an

(3)
mem

¼ N_ H2 O;in  N_ H2 O;out  N_ H2 O

(4)

an
an
where N_ H2 ;in , N_ H2 ;out , N_ H2 O;in , N_ H2 O;out are anode the inlet and outlet
cons
molar ﬂow rates of hydrogen and water respectively, N_ H2 is the
mem
_
molar ﬂow rate of consumed hydrogen at the anode and NH2 O is the
molar ﬂow rate of membrane water from anode to cathode. The
mechanism of water transport is considered later.
According to Faraday's law the molar ﬂow rate of hydrogen at
the anode inlet is

I
cons
N_ H2 ;in ¼ SH2  NH
¼ SH2 
2
2F

(5)

Because of assumption (b), the molar fraction of water at the
anode inlet is

XHan2 O;in ¼
Fig. 1. Schematic of the PEM fuel cell.
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4an psat ðTÞ
Pan

(6)
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where 4an is the relative humidity (i.e. the ratio of the partial
pressure of water to the saturated vapour pressure of water) at
anode, psat(T) is the saturation pressure and Pan is the anode
pressure.
The fractional ratio of the water to hydrogen gives the molar
ﬂow rate of water at the anode inlet is
an
N_ H2 O;in ¼

XHan2 O;in
1  XHan2 O;in

 N_ H2 ;in ¼ SH2 

I
4an psat ðTÞ

2F Pan  4an psat ðTÞ

(8)

where I is the current through the cell, SH2 is the stoichiometry ratio
(i.e. the ratio of the inlet ﬂow rate of hydrogen to the rate at which it
is consumed). The molar ﬂow rates of hydrogen and water at the
anode outlet are then



I
N_ H2 ;out ¼ SH2  1 
2F
an
an
mem
N_ H2 O;out ¼ N_ H2 O;in  N_ H2 O

(9)
(10)

mem
The molar ﬂow rate of membrane water N_ H2 O will be described
detail in x 2.3 and the molar ﬂow rate at the anode outlet can be
written as

an
N_ out;an ¼ N_ H2 ;out þ N_ H2 O;out

dt

(11)

nH2

an
N_ H2 O;in
¼
A

I
cons
N_ O2 ;in ¼ SO2  N_ O2 ¼ SO2 
4F

(19)

I
4cat Psat ðTÞ
cat

N_ H2 O;in ¼ SO2 
4F Pcat  4cat Psat ðTÞ

(20)

and so the net molar ﬂow rate at the cathode inlet can be written as



I
4cat Psat ðTÞ
1þ
N_ in;cat ¼ SO2 
4F
Pcat  4cat Psat ðTÞ

(12)

gn
mem
cat
N_ H2 O;cat ¼ N_ H2 O þ N_ H2 O þ N_ H2 O;in

(14)

where pi is the partial pressure of the hydrogen and water, Xi is the
molar fraction of the hydrogen and water and Pan is the pressure at
the anode. The molar fractions at the anode are

XHan2 O

¼

nan
H2 O
nH2 þ nan
H2 O

(22)

The molar ﬂow rate of generated water is

(23)

and the resultant molar ﬂux of water through the cathode is

nH2 O;cat ¼
(13)

(21)

At the cathode side the molar ﬂow rate of water is the sum of
water generated by the reaction, the water transported from anode
to cathode and the water at the cathode inlet i.e.

gn
mem
cat
N_ H2 O;cat N_ H2 O þ N_ H2 O þ N_ H2 O;in
¼
A
A

(24)

and the molar ﬂux of oxygen through the cathode is

nO2 ¼

nH2
nH2 þ nan
H2 O

(18)

I
gn
N_ H2 O ¼
2F

by

XH2 ¼

mem

mem
molar ﬂow rate of generated water at the cathode and N_ H2 O is the
membrane molar ﬂow rate of water from anode to cathode through
the membrane.
The molar ﬂow rates of oxygen and water at the cathode inlet
are

The partial pressure of hydrogen and water at the anode is given

pi ¼ Xi Pan

gn

cons
outlet molar ﬂow rates of oxygen and water respectively, N_ O2 is
gn
the molar ﬂow rate of consumed oxygen at the cathode, N_
is the

and the molar ﬂux of water through the anode can be expressed as

nan
H2 O

cat

cat
cat
where N_ O2 ;in , N_ O2 ;out , N_ H2 O;in , N_ H2 O;out are the cathode inlet and

The molar ﬂux of hydrogen through the anode can be expressed
as

N_ H2 ;in
¼
A

cat

¼ N_ H2 O;in  N_ H2 O;out þ N_ H2 O þ N_ H2 O

H2 O

(7)

Thus the net molar ﬂow rate at the anode inlet can be written as



I
4an psat ðTÞ
N_ in;an ¼ SH2 
1þ
2F
Pan  4an psat ðTÞ

cat
dNH
2O

N_ O2 ;in
A

(25)

The partial pressure of species at the cathode can be calculated
according to Eq. (14). The molar fractions at the cathode can be
expressed as

XO2 ¼

(15)

nO2
nO2 þ ncat
H2 O

XHcat
¼
2O
(16)

ncat
H2 O
nO2 þ ncat
H2 O

(26)

(27)

2.3. Membrane ancillary
2.2. Cathode ancillary
The material balance equations for the cathode are given by

dNO2
cons
¼ N_ O2 ;in  N_ O2 ;out  N_ O2
dt

(17)

The solid electrolyte in a PEM fuel cell is typically a perﬂuorinated ionomer, Naﬁon®, for example. An inert but chemically
stable polymer backbone which is not ionically conductive provides
chemical stability and durability. Side chains of sulfonic acid
bonded to the backbone enable ionic conduction. The SO
3 chains
are distributed as generally isolated clusters in the membrane [30].
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2.3.1. Proton transport
When the Naﬁon® structure is hydrated, the hydrophilic sulfonic acid chains absorb water and promote proton transport by
two mechanisms. At low hydration levels, vehicular transport occurs by diffusion. At high hydration levels, the Grotthuss (proton
hopping) mechanism is more effective because of the enhanced
connectivity between SO
3 clusters in the highly hydrated environment [26e28]. Membrane hydration is therefore a crucially
important parameter.
Membrane water content was measured by Springer, Zawodzinski [29] as a function of water activity (a) i.e. relative humidity
(4) for the Naﬁon® 117 membrane. Water content/degree of humidiﬁcation (l) of the membrane is deﬁned as the number of water
molecules per sulfonic acid site, l ¼ SOH2 O
þ . The water uptake of a
3H
Naﬁon® membrane at 30  C in contact with a gas-phase ﬂow was
described empirically [29] by

l ¼ 0:043 þ 17:184  39:8542 þ 36:043 for 0  4  1

(28)

 C,

Though Eq. (28) was derived for 30
it has been applied to
higher temperature conditions as well. In the fully humidiﬁed
condition (100% relative humidity, vapour-equilibrated water content), Eq. (28) implies a maximum achievable water humidiﬁcation
l z 14. In practice, however l decreases with increasing temperature, to around 10 at 80  C. The uptake of Naﬁon® equilibrated
with liquid water is much higher, l z 22. This difference between
the water- and vapour-equilibrated conditions is a result of
Schroeder's paradox [30e32].
2.3.2. Water transport
Water transport across the membrane occurs via four distinct
processes: electro-osmotic drag, diffusion, hydraulic pressure and
thermo-osmosis, as illustrated in Fig. 2. Firstly, the electro-osmotic
drag is a potential-driven ﬂow of water resulting from the attraction of polar water molecules to the protons passing from the anode
to the cathode. Secondly, diffusion occurs as a result of the gradient
of water concentration across the membrane. Because the water
concentration is usually higher at the cathode owing to water
generation in the cathode catalyst layer, this transport occurs from
the cathode to the anode and is therefore referred to as backdiffusion. Thirdly, any pressure difference between the anode and
cathode drives water across the membrane towards the lowpressure side. Finally, thermo-osmosis is a temperature gradient
ﬂow through the membrane, i.e. the ﬂow of water across the
membrane against the hydrostatic pressure [28]. Combining the
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four water transport mechanisms and deﬁning ﬂow from the anode
to the cathode as positive, the net molar ﬂow rate of water through
mem
the membrane, N_ H2 O is
mem
eod
bd
hp
temp
N_ H2 O ¼ N_ H2 O  N_ H2 O ±N_ H2 O ±N_ H2 O

(29)

eod
bd
where N_ H2 O is the molar ﬂow rate due to electro-osmotic drag, N_ H2 O
hp
is due to back-diffusion, N_ H2 O is due to the pressure difference and
temp
N_ H2 O is the molar ﬂow rate of water due to thermo-osmosis. In
practice, electro-osmotic drag and back-diffusion are the dominant
mechanisms [33]. In the absence of a pressure difference between
the anode and cathode then there is no pressure-driven water
transport across the membrane. Most analyses have ignored
thermo-osmosis because its contribution is normally small
compared to those of net diffusive and electro-osmotic drag transfer.
We now consider the dominant mechanisms in more detail.

2.3.2.1. Electro-osmotic drag
The electro-osmotic drag coefﬁcient (nd) is deﬁned as the
number of water molecules transported (dragged) per proton.
Transport of water via this mechanism necessarily occurs from the
anode to the cathode. The corresponding molar ﬂow rate of water
can be expressed as

i
eod
N_ H2 O ¼ nd 
F

(30)

where i is the current density. In practice, nd is a function of the
humidiﬁcation (l) of the membrane. This humidiﬁcation has been
reported over the years with considerable variation depending on
the method of measurement and data ﬁtting. LaConti, Fragala [34]
measured the electro-osmotic drag by passing the current through
the membrane and observed the level of a water column for water
equilibrated conditions. They reported that the humidiﬁcation/
water uptake range is 15l25, where two to three water molecules were dragged per proton, and also concluded that the drag
coefﬁcient decreases linearly with water content of the membrane.
Springer, Zawodzinski [29] and Zawodzinski Jr, Neeman [35] used
the same method and measured the drag coefﬁcient nd ¼ 2.5 for a
water-equilibrated membrane (fully hydrated) and nd ¼ 0.9 for a
partially hydrated membrane (i.e. l¼11). The empirical expression
given by Springer, Zawodzinski [29] (Eq. (31) here) is used to
calculate the nd as a function of membrane humidiﬁcation.

nd ¼ 2:5 

l
22

(31)

2.3.2.2. Back-diffusion
The combined effects of electro-osmotic drag and water generation at the cathode tend to ﬂood the cathode and dry-out the
anode. Back-diffusion causes a counter-ﬂow and so can partially
compensate the removal of water from the anode and so ﬂatten the
water concentration proﬁle through the membrane, especially for
thinner membranes [28]. The molar ﬂow rate of water due to backdiffusion may be calculated by integrating Fick's law through the
membrane, giving

i
ADw h cat
bd
an
N_ H2 O ¼
CH2 O;mem  CH
2 O;mem

dmem

(32)

where Dw is the diffusion coefﬁcient of water in the membrane,
dmem is the membrane thickness and CHan2 O;mem , CHcat2 O;mem are the
water concentrations at the anode and cathode sides of the

Fig. 2. Species balance within PEM fuel cell.
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membrane. These concentrations can be expressed in terms of the
water concentration in the electrode channels as follows
an
an
CH
¼ CH

2 O;mem
2 O;ch

an
dan
el nH2 O
an
Deff

UD ¼

1:06

t0:156

(33)

(34)

sO2 H2 O ¼

where Dan
is the effective binary (H2eH2O) diffusion coefﬁcient at
eff

tH2 H2 O ¼

cat
CH
2 O;mem

¼

cat
CH
2 O;ch

þ

Dcat
eff

the anode, Dcat
is the effective binary (O2eH2O) diffusion coefﬁeff

0:193
1:036
1:765
þ
þ
expð0:476tÞ expð1:53tÞ 3:894t

(40)

sH2 þ sH2 O

sH2 H2 O ¼

cat
dcat
el nH2 O

þ

2

(41)

sO2 þ sH2 O
2
kT
εH2 H2 O

(42)

kT

cat
cient at the cathode, dan
el , del are the thicknesses of the anode and
an
cat
, CH
represent the water concathode respectively and CH
2 O;ch
2 O;ch

tO2 H2 O ¼

centrations in the anode and cathode channels respectively.
Diffusion of a molecular species with mean free path l through a
porous medium with average pore radius r occurs by two principal
mechanisms: molecular diffusion for r > > l and Knudsen diffusion
for r < < l, when interactions with the pore wall occur much more
frequently than collisions with other molecules. In most porous
structures, both mechanisms are signiﬁcant [36]. The effective binary diffusion coefﬁcient of water at the anode and cathode can be
expressed as [36]

and the Lennard-Jones energies εH2 H2 O and εO2 H2 O can be
expressed as

0

1
ε
1
1
¼ @ H H O þ H O; K A
Dan
x D 2 2
D 2
eff

(35)

0
1
1
ε@
1
1 A
¼
þ
x DO2 H2 O DH2 O; K
Dcat
eff

(36)

eff

H2 H2 O
where ε/x is the ratio of electrode porosity to tortuosity, Deff
is

the effective molecular diffusion coefﬁcient for the H2eH2O binary
system,

2 H2 O
DO
eff

εO2 H2 O ¼

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
εΟ2 εН2 Ο

(43)

The values of sH2 , sO2 and sH2 O are 2.827 Å, 3.467 Å and 2.641 Å,
respectively [41]. The Lennard-Jones potentials, εi/k, for H2, O2 and
2 H2 O
and DO
can be obtained by solving Eqs. (35) and (43).
eff

an
CH
¼
2 O;ch

cat
¼
CH
2 O;ch

rH2 O ðTan Þ

(44)

MH2 O

rH2 O ðTcat Þ

(45)

MH2 O

is the effective molecular diffusion coefﬁcient for

H2 O; K
the O2eH2O binary system and Deff
is the effective Knudsen

diffusion coefﬁcient for water.
For Knudsen diffusion, the transport of molecules can be
modelled using kinetic theory [37,38], since the gas molecules
frequently collide with the walls of the pores, giving
H2 O; K
Deff

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ε H2 ε Н 2 Ο

The water concentration at the anode and cathode channels can
be expressed as

eff

eff

εH2 H2 O ¼

H2 H2 O
H2O are 59.7, 106.7 and 809.1 K, respectively. The values of Deff

1
eff

εO2 H2 O

sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
4
8RT
¼ r
pMH2 O
3

where rH2 O is the water density and Tan and Tcat are the temperatures of the anode and cathode respectively.
Substituting Eqs. (44) and (45) into Eqs. (33) and (34)

an
CH
¼
2 O;mem

cat
CH
¼
2 O;mem

2 H2 O
can be expressed as [37,39]
DO
eff





1
1
þ
MH2 MH2 O

1
1
þ
MO2 MH2 O

1=2

ADw
bd
N_ H2 O ¼

dmem

T 3=2
Pan s2H2 H2 O UD

1=2

rH2 O ðTcat Þ

T 3=2
Pcat s2O2 H2 O

UD

MH2 O

þ

an
dan
el nH2 O

(46)

Dan
eff
cat
dcat
el nH2 O

(47)

Dcat
eff

Now Eq. (32) can be written as

H2 H2 O
and
effective molecular binary diffusion coefﬁcients, Deff

O2 H2 O
Deff
¼ 0:00133

MH2 O



(37)

where r is the mean pore radius and MH2 O is the molar weight of
H2O. Using the Chapman-Enskog theory of the ideal gas, the

H2 H2 O
Deff
¼ 0:00133

rH2 O ðTan Þ

"

rH2 O ðTcat Þ
MH2 O

þ

cat
dcat
el nH2 O

Dcat
eff

#

"


rH2 O ðTan Þ
MH2 O



an
dan
el nH2 O

#!

Dan
eff
(48)

(38)

The net molar rate through the membrane [Eq. (29)] becomes

(39)

where MH2 and MO2 are the molar weights of H2 and O2, sH2 H2 O
and sO2 H2 O are the mean molecular radii of species H2eH2O and
O2eH2 and UD is a dimensionless diffusion collision integral. UD,
sH2 H2 O and sO2 H2 O can be expressed analytically as [40]

"
#
cat
rH2 O ðTcat Þ del ncat
i
ADw
mem
H2 O
þ
N_ H2 O ¼ nd  
F dmem
MH2 O
Dcat
eff
"
#!
an
rH2 O ðTan Þ del nan
H2 O


Dan
MH2 O
eff
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2.4. Voltage ancillary
The output voltage of a fuel cell can be expressed as

E ¼ Eoc  Eovp

(50)

where Eoc is the open-circuit voltage of the cell and Eovp is the
voltage loss or overpotential due to electro catalyst layers, electron
migration in the bipolar plates and electrode backing and proton
migration in the PEM.
The open-circuit voltage of PEM fuel cell in the temperature
range of 23e120  C was found to be temperature dependent, with
values always lower than the theoretically expected values. To date,
a quantitative explanation for open-circuit voltage behaviour has
not been provided. One explanation attributes this behaviour to H2
crossover and/or internal current, as described by Larminie, Dicks
[42]. However, in reality, there are several voltage losses within a fuel
cell that cause the actual cell voltage to be less than the open-circuit
cell voltage. The cell voltage losses or overpotentials are composed of
activation overpotential (Eact) due to electro catalyst layers, concentration overpotential (Econ) due to the mass transfer limitations at
higher current densities and ohmic overpotential (Eohm) due to
electron migration in the bipolar plates and electrode backing and
proton migration in the PEM. Now Eq. (50) can be written as

E ¼ Eoc  Eact  Econ  Eohm

(51)

2.4.1. Open-circuit voltage
The ideal cell potential/voltage is attained when the cell is in
thermodynamic equilibrium. The Eoc is calculated from a modiﬁed
form of the Nernst equation:

Eoc ¼ Erev þ

pﬃﬃﬃﬃﬃﬃﬃﬃ i
RT h
ln pH2 pO2
2F

(52)

Here Erev is the reversible voltage and it is the voltage that would be
obtained if the Gibbs free energy could be converted directly into
electrical work without any losses. An extra term is added to account for changes in reversible voltage at temperatures that deviate
from the standard reference temperature and now the reversible
cell potential/voltage can be expressed empirically as [43]
o
Erev ¼ Erev
þ T  Tref



DSo
nF

o (1.229 V) is the standard
Here Erev
o
voltage and DnFS (0.9  103) is the

(53)
state or minimum theoretical
standard state entropy change.

2.4.2. Activation overpotential
The rate of an electrochemical reaction is limited by the activation energy barrier to charge transfer between the electrolyte
and electrode or vice-versa. The barrier is represented by a single
transition state through which each charge must pass. The probability of having been excited to the transition state is taken to be
proportional to the attempt rate and to depend exponentially on
the effective barrier height and the temperature. The reactant
consumption is proportional to the surface concentration [42]. The
speed at which an electrochemical reaction proceeds on the electrode surface is the rate at which the electrons are released or
consumed, i.e. the electrical current. According to transition-state
theory [44] the resultant current can be written as






acat FðE  E0 Þ
aan FðE  E0 Þ
i ¼ nF kf COx exp
 kb CRe exp
RT
RT
(54)
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where nF is the charge transferred, kf is the forward reaction rate
coefﬁcient, kb is the backward reaction rate coefﬁcient, COx is the
surface concentration of oxidation reacting species, CRe is the surface concentration of reduction reacting species and a is the charge
transfer coefﬁcient of electrode.
At equilibrium, the resultant current density is zero and the
reaction proceeds in both directions at the same rate, corresponding to the exchange current density. If the exchange current density
is high, the surface of the electrode is more active. The higher the
exchange current density, the more active the surface of the electrode and the lower the energy barrier to charge transfer and the
greater the current generated at a given overpotential [45]. At
equilibrium



acat FðE  E0 Þ
f
cat
i0 ¼ ian
¼
i
¼
nFk
C
exp
o Ox
0
0
RT


aan FðE  E0 Þ
b
¼ nFko CRe exp
RT

(55)

Now Eq. (54) can be written as


i ¼ i0 exp




acat FðE  E0 Þ
aan FðE  E0 Þ
 exp
RT
RT

(56)

i.e. the ButlerVolmer equation. The deviation of electrode potential from the equilibrium potential value is the overpotential i.e.
EE0¼Eact. The activation overpotential (Eact) is associated with
electrode kinetics and it plays a role at both the anode and cathode.
The activation overpotential is always deﬁned with respect to a
speciﬁc reaction for which the equilibrium potential is known.
When the activation overpotential is large and negative at the
cathode (i.e. E<E0), the ﬁrst term in Eq. (56) becomes predominant
i.e. the reduction current is predominant and now Eq. (56) can be
written as




an 
acat FðE  E0 Þ
acat FEact
exp
¼ icat
0
RT
RT

i ¼ icat
0 exp

(57)

Similarly, when the activation overpotential is positive at the
anode (i.e. E>E0) the second term in Eq. (56) becomes predominant
i.e. oxidation current is predominant and now Eq. (56) can be
written as


i ¼ ian
0 exp



aan FðE  E0 Þ
RT


¼ ian
0 exp

an
aan FEact

RT


(58)

Eqs. (57) and (58) give the activation overpotential for both
anode and cathode:
an
Eact
¼

cat
¼
Eact

RT
i
ln an
aan F
i0
RT

acat F

ln

!

i
icat
0

(59)
!
(60)

2.4.3. Concentration overpotential
Mass transport in the electrodes and at the membraneeelectrode interfaces inﬂuences the concentrations of
hydrogen and oxygen via an inverse relationship between the
concentration of reactants on the electrode surface and the current density. In general, when the depletion rate reaches the
diffusion rate, the reactant concentration falls to zero, reducing the
partial pressures of the reactant gases. Thus the pressures of
hydrogen and oxygen depend on the current density and on the
physical properties of the electrodes and membrane. A
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concentration overpotential develops when the surface coverage
of oxygen bubbles at high current density prevent the hydrogen
from being supplied at a higher rate, thus hindering the reaction
[46]. The limiting current density is typically in the range
500e1500 mA/cm2[47].
Mass ﬂow through the electrodes involves two-component
mixtures (H2eH2O at the anode; O2eH2O at the cathode) and is
typically modelled using Fick's law, leading to effective binary
diffusion coefﬁcients for the reactants, as outlined in x 2.3.2.2. By
combining Fick's law with the Nernst equation, the limiting diffusion rate at high current density can be calculated, which then allows a calculation of the potential drop caused by excess reaction
products blocking access by the reactants to catalyst sites [48]. The
disparate diffusion rates of hydrogen and oxygen can then be understood by applying this diffusion-driven approach to the cathode
and the anode:


Econ ¼ E1  Eo ¼

Eo þ

RT
ln C1
zF





RT
RT C1
 Eo þ
ln C0 ¼
ln
zF
zF C0
(61)

where z is the number of electrons transferred during the reaction
and the “0” subscript denotes a reference condition. The above
equation can be applied to the anode and the cathode, giving

2.4.4. Ohmic overpotential
The electrolyte, electrocatalyst layer, gas diffusion layer (GDL),
ﬂow ﬁelds, current collectors, interfacial contacts between the
components and the terminal connections all contribute to the
ohmic overpotential in a PEM fuel cell. The ohmic overpotential can
be divided into ionic and electrical resistance. The electrical
component is the resistance of the electrically conductive cell
components to the ﬂow of electrons. The ionic resistance is due to
the proton ﬂow through the membrane. Most of the electrical
resistance usually occurs due to the lack of proper contact between
the GDL, bipolar plates, cooling plates and other interconnects.
However, the ionic resistance dominates because the mobility of
the charge carrier in an ionic conductor is much less than in an
electronic conductor. An ohmic overpotential Eohm arises owing to
the ohmic resistance of the current collectors, bipolar plates and
electrode surfaces [49]. The ohmic overpotential is (by deﬁnition
assumed) linearly proportional to the current:

Eohm ¼ Rcell I

(71)

where Rcell is the effective ohmic resistance of the cell:

Eohm ¼ Rel þ Rpl þ Rmem I

(72)

pl

an
cat
Econ ¼ Econ
þ Econ

an
Econ

(62)

mem
RT CH2
¼
ln mem
2F CH2 ;0

(63)

mem
RT CO2
ln mem
4F CO2 ;0

(64)

cat
¼
Econ

mem and C mem are the hydrogen and oxygen concentration
where CH
O2
2
at the membrane-electrode interface, respectively.
At the membrane-electrode interface the molar concentrations
can be expressed as

mem
ch
CH
¼ CH
þ
2
2

mem
CO
¼ COch2 þ
2

dan
el nH2
Dan
eff

dcat
el nO2
Dcat
eff

(65)

(66)

The molar concentrations of oxygen and hydrogen in the
channels can be expressed as
ch
CH
¼
2

el
mem
¼ Eohm
þ Eohm þ Eohm

Pan XH2
RT

(67)

Here Rel, Rpl, Rmem are the resistances of the electrodes, bipolar
el ; E pl ; E mem are the
plates and membrane respectively, and Eohm
ohm
ohm
corresponding contributions to the ohmic overpotential.
The resistance to currents through the electrode and the ﬂow
ﬁeld plate have been modelled by Marr and Li [50] in terms of an
effective electrode resistivity reff (Fig. 3):

Rel;pl ¼ reff

l
A

(73)

where l and A are respectively the length and cross-section of the
conductor and reff can be expressed for this two-component
conductor as [50]

rel

reff ¼

(74)

ð1  εÞ1:5

where ε is the (assumed small) electrode porosity. Marr and Li take
the total average conducting path length to be (wcþws)/4, where wc
is the channel width and ws is the width of the channel support. The
average resistance per half ﬂow channel becomes [50]



Ran
1

an
reff wan
c þ ws
¼
dan
4 L nan
ch el



ch
CO
2

Pcat XO2
¼
RT

mem
CH
¼
2

mem
CO
¼
2

Pan XH2
þ
RT
Pcat XO2
þ
RT

dcat
el nO2
Dcat
eff

cat
reff wcat
c þ ws
cat
cat
4 L nch del

(75)


(68)

Rcat
1 ¼

(69)

where L is the length of the MEA perpendicular to the plane of
Fig. 3. The total ﬂow-channel resistance for the two halves in parallel is then

Substituting Eqs (67) and (68) into Eqs (65) and (66) gives

dan
el nH2
Dan
eff



Rel ¼
(70)

reff

"

an
wan
c þ ws

8L

d
nan
ch el

an

(76)

þ

 cat
#
wc þ wcat
s

dcat
ncat
ch el

(77)

In Fig. 3, the resistance of the right-hand section of the ﬂow ﬁeld
plate, R2, is given for the anode and cathode by
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  an

cat
Rpl ¼ Ran
þ R2 þ Rcat
s þ Rs
2

(82)

Marr and Li [50] showed the polarisation curve to visualize the
contribution of different overpotentials. Ionic loss in the membrane
is the second largest source of loss and this loss becomes more
signiﬁcant at high current densities. The contribution of electronic
resistance to the ohmic overpotential is very small. Bernardi and
Verbrugge [51] also showed that the ionic resistance constitutes the
major contribution to the ohmic overpotential. Springer et al.
[29,52] simply ignored the contribution of electronic resistance to
the ohmic overpotential. Laurencelle, Chahine [53] and Amphlett,
Baumert [54] demonstrated that the ohmic overpotential depends
strongly on membrane humidity and cell temperature and several
studies also showed that the ohmic overpotential is a function of
the membrane conductivity i.e.smem(l,T) [29,55]. Thus the dominant contribution to ohmic overpotential (Eohm) is the ionic loss
caused by resistance to the ion ﬂow through the membrane. This
membrane resistance can be expressed using Ohm's law in the
form i ¼ s V E, as

Eohm ¼
Fig. 3. Electric circuit model of the ohmic resistance of the electrode and ﬂow ﬁeld
plate (after Ref. [50]).

Ran
2 ¼

Rcat
2 ¼

an
ran
p hp

WL
cat
rcat
p hp

WL

Ran
s ¼

cat
rcat
p hc

ncat
chs

wcat
s

an
ran
p hc
an
nchs wan
s

L

L

(83)

dmem i
¼
smem

(78)

where dmem is the thickness and smem is the conductivity of the
PEM. The membrane conductivity smem can be empirically
expressed as a function of humidiﬁcation/water content in the
membrane [29,44] as

(79)

smem ¼ ð0:005139l  0:00326Þexp

cat
an
cat
where ran
p , rp are the respective resistivities, hp , hp are the distances from the outside edge of the plate to the channel surface and
W is the width of the MEA. Similarly, the resistances of the channel
supports are

Rcat
s ¼

dmem I
Asmem

(80)

(81)

an
an
cat
where hcat
c , hc are the channel heights and nchs , nchs the numbers of
channel supports. The total resistance of the ﬂow-ﬁeld plate is then

1
1

Tref T

!#
(84)

where DG/R¼1268 K and Tref¼303 K.
3. Results and discussion
Fig. 4 depicts the generalized PEM fuel cell Simulink model,
shows how each of the four ancillaries discussed in the previous
section contributes to the simulation and maps the interactions
between them.
3.1. Model parameters
To validate the model, parameters for which reliable estimates
were available in the literature were ﬁxed. These are listed in Table 1.

Fig. 4. Simulink model of the PEM fuel cell.

203

"
DG
R

1140

Z. Abdin et al. / Energy 116 (2016) 1131e1144

and 0e2 respectively [38,62e66]. Our ﬁtted values lie within
these ranges. For Pt-based electrodes, the exchange current densities for the oxygen reduction and hydrogen oxidation reactions
are reported as 109e1012 and 104e103 A cm2 (at 25  C and
1 atm) [67], respectively. Our ﬁtted values lie within these ranges.
In our view, the values of parameters obtained from a wellvalidated physically based model may be more reliable than
those estimated from indirect experiments with many assumptions and uncertainties.

Table 1
Fixed model parameters.
Parameter

Value

A

51.84 cm2
0.0254 cm
0.008 cm
29 kJ mol1
66 kJ mol1
1.2
2
1 g cm3
10.6  106 U cm
16.0  103 U cm

dmem
del
DGan
c
DGcat
c
SH2
SO2

rH2 O
rel
ran
p
rcat
p

3.2. Model validation

43.1  106 U cm

Wang, Husar [56] have explored experimentally the effects of
different operating environmental parameters. Using the

1.28  106 cm2 s1
0.3
4

Dw
ε

x

Parameters that could not be reliably estimated, mostly because
they are difﬁcult to measure directly, were obtained by ﬁtting the
model to experimental data from Ref. [56] under standard conditions (T¼25  C, humidiﬁcation at 25  C, P¼1 atm). These include the
roughness factor (gM), charge transfer coefﬁcients (a) and the exref
change current density in the reference state (i0 ). These parameters were subsequently ﬁxed for the comparison of the model with
experimental data under other conditions, and for exploring the
inﬂuences of the humidiﬁcation temperature and the humidiﬁcation ratio. The ﬁtted parameter values are listed in Table 2 and
compared to published values below.
The effective exchange current density depends on temperature and the electrode surface roughness factor, which is deﬁned
as the effective (electrochemical) electrode area divided by
the geometrical area. If the exchange current density per
actual catalyst surface area at reference temperature and pressure
is iref
0 , then the effective exchange current density at any temperature may be calculated, assuming an activation mechanism,
as [44,57]:

"
i0 ¼ gM exp 

DGC 1
R

1

T Tref

!#
iref
0

(85)

where gM is the electrode surface roughness factor and DGC is the
activation free energy. The roughness factor depends on the
structure of the electrode surface. We tested our model using data
from Wang, Husar [56], who used Pt loadings of 0.4 mg/cm2 for
their electrodes but did not describe their microstructure. The
roughness factor can be determined experimentally [58e60] or
estimated from catalyst loading, catalyst particle density and size
[57]. Roughness factors for the oxygen reduction reaction are reported as 2.7 [60], 9.2 [61], 200 [58] for Pt microdisk, Pt wire and
Pt powder electrodes respectively. Our ﬁtted value gM ¼ 47 (at
25  C and 1 atm) lies in this range. The charge transfer coefﬁcient
values for anode and cathode are reported to be in the range 0e1

Table 2
Fitted model parameters.
Parameter

Value

iref
0;an
ref
i0;cat

1  104 A cm2

aan
acat
gM

0.7
1.7
47

1  109 A cm2

Fig. 5. Comparison between the model predictions and experimental results [56]. (a)
constant pressure 3 atm with constant humidiﬁcation temperature 70  C, and cell
temperatures 50  C and 70  C; (b) constant pressure 3 atm with humidiﬁcation temperature equal to cell temperature at 60  C and 80  C; (c) varying pressure with
constant humidiﬁcation and cell temperature of 70  C. All model parameters were held
constant for changed environmental conditions.
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parameter values listed in Tables 1 and 2, the predicted polarisation curve was compared to the experimental data from
Ref. [56]. The model was ﬁtted to the data for one combination of
pressure, temperature and humidiﬁcation and the predictions for
different conditions were made with all parameters ﬁxed. Fig. 5
shows the comparison between the ﬁtted polarisation curves
and the experimental data in at several temperatures and pressures. The generally good ﬁt to the experimental data for all
conditions conﬁrms that the inﬂuences of environmental conditions are well modelled. The discrepancy in the region of activation polarisation (at low current density) is believed to be due to
the reaction kinetics, as follows. In our simulation we adopted the
values for activation energy and reference current density at
standard test conditions from the literature. At low current density, however, the loading of electrocatalyst on the electrodes
provides an alternative route for the reaction with a lower activation energy, which means the reaction kinetics becomes faster.
As a result the activation overpotential decreases. Given that a real
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fuel cell is unlikely to be operated at such low power, this
discrepancy can be regarded as minor.
The new model was also tested against three published models.
Marr and Li [50] developed a PEM fuel cell model where they
incorporated the electrochemical reactions in the catalyst layers,
voltage losses and used engineering correlation for the process of
reactant gas transport in the ﬂow channels and through the elec^a, Farret [47] developed a dynamic electrochemical
trodes. Corre
PEM fuel cell model based on voltage loss and power generation.
Rowe and Li [68] developed a one dimensional non-isothermal
model based on continuity, energy and the Stefan-Maxwell equation. Fig. 6 shows comparisons of the new model to the published
models of the polarisation curve, made by adopting the model
parameters from the particular published models [47,50,68]. Except
at low current densities, the new model is at least as good as the
published models.
3.3. Exploration of the polarisation curve
Fig. 7 shows the resulting polarisation curve and the various

Fig. 6. Benchmarking this model against published models and experimental data. (a)
^a, Farret [47]; (c) Rowe and Li [68].
Marr and Li [50]; (b) Corre
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Fig. 7. Overpotential contributions to the polarisation curve for humidiﬁcation temperature equal to cell temperature of 70  C and pressure 1 atm.
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overpotential contributions. The activation overpotential makes the
highest contribution and reﬂects the sluggish electrode kinetics,
principally due to the slow kinetics of the oxygen reduction reaction [69]. Second highest is the ohmic overpotential, which is
mainly caused by ionic resistance, as discussed in x 2.4.4. The
concentration/diffusion overpotential arises in mass diffusion limitations, and is therefore signiﬁcant at high current densities and
low reactant concentrations.
Fig. 8 shows the separate and combined effects of pressure and
temperature on the polarisation curve of PEM fuel cell. Experimentally it is found that temperature has a greater inﬂuence on the
cell performance than pressure [70] and Fig. 8 conﬁrms this. It is
apparent from Fig. 8 that under more extreme conditions of
elevated pressure and elevated temperature, signiﬁcantly higher

power density is achievable within the fuel cell itself, although
external factors such as the power needed to compress the reactant
gases and shortened membrane lifetime may outweigh the beneﬁt
at the system level.
Management of water in the membrane is a crucial factor and a
balance must be struck between sufﬁcient membrane hydration
and cathode ﬂooding, in order to maintain a high rate of ionic
transport and low mass transport resistance [28]. If the membrane
is not properly hydrated (say l>10), then at high current density the
anodemembrane interface will become dehydrated, causing
higher ionic resistance and, in extreme cases, irreversible damage.
The degree of membrane hydration is affected by water transport
across it (see x 2.3), which is related to the humidiﬁcation of the
inlet gases and the operating conditions [71]. Fig. 9 illustrates the
very strong inﬂuence of PEM humidiﬁcation on the polarisation
curve. For l¼5 the loss of cell voltage at high current density is very
signiﬁcant.
Fig. 10 shows the polarisation curves for different relative humidiﬁcation levels of inlet gases at the anode (hydrogen) and
cathode (oxygen). Generally speaking, increasing humidiﬁcation
enhances the fuel cell performance. A high level of anode humidiﬁcation is always beneﬁcial (part (a) compared to part (b))
and for 100% anode humidiﬁcation, decreased cathode humidiﬁcation (part (b)) is fairly well tolerated, even for very low values
(part (c)). On the other hand, excess cathode humidiﬁcation leads
to ﬂooding in the cathode and loss of performance. Hence, high
anode and moderate cathode humidiﬁcation is the most robust
combination.
4. Summary and conclusions
A steady-state one dimensional model of a PEM fuel cell based
largely on physical parameters has been presented. This model is
structured so that it can be easily extended to a stack of fuel cells
and is modest in computing demand so that it can be incorporated
in a whole-of-system simulation. Because the model relates PEM
fuel cell performance to fundamental physical parameters, it can be
utilised in developing improved electrodes to reduce the activation
overpotential, for instance, by incorporating the measured or predicted characteristics of new electrocatalyst materials into the
relevant ancillaries.

Fig. 8. Effects of temperature and pressure on polarisation curves for constant humidiﬁcation temperature of 60  C. (a) constant temperature and variable pressure; (b)
constant pressure and variable temperature; (c) variable temperature and pressure,
showing the signiﬁcantly improved performance predicted for more extreme operating conditions.

Fig. 9. Effect of PEM humidiﬁcation for cell temperature of 70  C, humidiﬁcation
temperature of 60  C and pressure of 1 atm. Note the severe effect of humidiﬁcation
ratios (l) below about 10.
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Fig. 10. Effects of anode and cathode humidities for cell temperature 50  C, humidiﬁcation temperature 60  C and pressure 1 atm. (a) moderately anode humidiﬁcation; (b) full
anode humidiﬁcation; (c) low cathode humidiﬁcation; (d) full cathode humidiﬁcation. Note the severe effect of combined low anode and low cathode humidiﬁcation.

The mathematical model was validated in two ways. First,
published experimental cell polarisation data were ﬁtted very well,
with ﬁve free model parameters (charge transfer coefﬁcients,
roughness factor and reference exchange current densities) related
to physical parameters whose values are difﬁcult to estimate reliably. The ﬁtted values of these parameters were within the expected ranges. Importantly, the model also tracked changes in the
polarisation curve owing to changed temperature and pressure,
without altering the model parameters. Second, the model was also
benchmarked against three published models with varying degrees
of complexity and performed at least as well as these. Thus the
approach using a simpliﬁed 1D model has been demonstrated to
have good functionality.
A parametric study in which environmental input parameters
(temperature, pressure, and reactant gas humidity) were varied
demonstrated the ability of the model to reproduce the essential
characteristics of a PEM fuel cell. In particular, the model
showed how when the relative humidities of the feed gases
were both reduced, the membrane became dehydrated and
highly resistive.
A major remaining challenge is to develop a physically-based
model to calculate the water uptake of the membrane in terms
of the relative humidities of the feed gases and the cell
temperature.
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Chapter 8

Summary, conclusions and recommendations for further
work
1.0 Summary and conclusions
The objective of this project was to develop simplified but accurate physics-based
models for the principal components of a hybrid energy system based around hydrogen (PV,
electrolyser (PEM, Alkaline), fuel cell (PEM) and MH tank). The approach taken emphasised
reduced empiricism to lessen the disconnect between real-world design parameters and the
model parameters, and mutual compatibility to facilitate assembly into a whole-of-system
model and simulation of a solar–hydrogen hybrid energy system. Hence, all the component
models were realised in the Matlab−Simulink environment for multidomain simulation and
are fully described so they can be recreated and used by others. All the component models
were validated against experimental results, compared to published models in the literature
and then used to explore the influences of dominating parameters.
A review of solar hydrogen hybrid energy systems for off-grid electricity supply was
conducted. Seventeen demonstration systems in the 100–102 kW range that were reported in
the literature were identified as incorporating hydrogen storage and 16 of these combined PV
(3 with wind as well) with an electrolyser and fuel cell. Most systems included some battery
storage. Metal-hydride storage was trialled in a few of the smaller systems and in the secondlargest system, the Sir Samuel Griffith Centre. PV-powered electrolysis of water was the
clearly preferred method of generating hydrogen. The popularity of this combination is due to
its practicability, since all the components – including hydrogen storage to some degree – are
commercially available. The real challenge is to design a system which meets its design goals
at an acceptable cost. The premium that must be paid for reliable electricity supply based on
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intermittent renewables is the key factor controlling the penetration of solar hydrogen hybrid
energy systems into the off-grid market. The relatively high capital cost of clean energy
technology including storage makes it vital to correctly size the components of the energy
system, to achieve the design goals without over-expenditure. Accurate modelling of the
components and the entire system is therefore essential. It was noted that relatively few
modelling studies included hydrogen storage.
Following the review of existing energy systems, it was decided to develop
component models in Matlab–Simulink to facilitate their incorporation into a whole-ofsystem model. This approach means that any model that can be built within the software
environment can be linked to the system model, especially for hydrogen storage.
In chapter 3 an advanced model applicable to a large PV array was presented and
linked to a comprehensive model of the received radiation. The effects of variability between
PV modules and differences in cell temperature across the array were investigated. The key
factor is the constraints that (i) modules connected in series to form a string have the same
current and (ii) strings connected in parallel to form an array have the same voltage. The
equal-current constraint pushes individual modules away from their maximum power point. It
was recommended that the minimum of the manufacturer’s tolerance band be taken as the
design value for the nominal module power. The effect of a temperature gradient within a
string can be represented by the average string cell temperature. The reason is that the shortcircuit current depends only slightly on temperature. For strings in parallel, the effect of
temperature inhomogeneity is more serious. The reason is that the open-circuit voltage
depends strongly on temperature, since it relates to the bandgap of the cell material. Once
again, the strings are pulled away from their effective MPPs, which may be markedly
displaced from the array MPP. Array performance is thus affected not only by elevated
temperature, but by the distribution of temperature over the array. This is an important design
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issue for a large array, since it noticeably affects the unit power cost. Using string current and
voltage measurements, the array outputs for the two sub-arrays of the Sir Samuel Griffith
Centre were calculated. The expected array output was calculated from insolation
measurements and fitted to the experimental data with cell temperature (averaged over each
string) as the only fitted parameter. The calculated temperatures agreed very well with the
results of a radiometric survey by a drone-mounted infrared camera. This validated the
model.
Enhanced 1D PEM and alkaline electrolyser cell models were presented in Chapters
3&4 (2 papers published). The enhancements consisted of insisting on a physical basis for the
electrolysers characteristics where possible. This meant that fitting the model to experimental
data produced values for certain parameters (such as exchange current density) that are very
difficult to measure directly. Reasonable values for such parameters were obtained. Thus, in
addition to predicting the cell performance for specified parameter values, the simulation
provides a useful tool for investigating the sensitivity of the polarisation curve of a given
electrolyser to improvements in selected parameters such as exchange current density, charge
transfer coefficient etc., and may potentially be used to diagnose a fault in the cell. The
approach of using a simplified 1D model has been demonstrated to have good functionality.
This also demonstrates that an empirical approach, while convenient, is largely unnecessary.
A 1D metal-hydride tank model incorporating a detailed effective thermal
conductivity model paying close attention to contact and gap thermal resistances was
presented in chapter 6. The governing equations were solved directly, without needing finite
element methods. The model is therefore tractable in the Matlab–Simulink environment. The
model was tested against data for cylindrical MH tanks as installed in the Sir Samuel Griffith
Centre. These tanks have almost perfect cylindrical symmetry. The model described the
experimental temperature and pressure data very well, with plausible values of the fitted

212

parameters. The effect of MH particle diameter on the internal temperature via the effective
thermal conductivity was demonstrated. On the other hand, a constant but accurately
representative vale for the thermal conductivity appears not to introduce significant error into
the simulation, except when the hydrogen content is very low.
In chapter 7, a steady-state one dimensional model of a PEM fuel cell based largely
on physical parameters was presented (paper published). The mathematical model was
validated in two ways. First, published experimental cell polarisation data were fitted very
well. Importantly, the model also tracked changes in the polarisation curve owing to changed
temperature and pressure, without altering the model parameters. Second, the model was also
benchmarked against three published models with varying degrees of complexity and
performed at least as well as these. Thus, the approach using a simplified 1D model has again
been demonstrated to have good functionality, as for the electrolyser models.

2.0 Recommendations for further work
The electrolyser and fuel cell models require augmentation with thermal models of
coolant flow and temperature to make them effective in a whole-of-system model that deals
with all energy flows, not just electricity.
Once the component models have been completed, a framework model for the
complete energy system, including its control algorithm, needs to be built.
Since the MH tank model has been validated for a nearly-1D system, it should now be
tested to see if tanks with more complicated internal structures (e.g. regularly spaced radial
fins) can be modelled with acceptable accuracy by replacing the real physical characteristics
of the hydrogen storage alloy with effective values.
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