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ABSTRACT

Mobile telephone penetration has a significant impact on growth in both the
upper-low-income and the low-income countries in Africa and therefor reliable
power is critical. A large number of telecommunication base stations operate on
unreliable grid or no grid at all, and rely on batteries or diesel generators for
primary or back-up power. This work proposes an autonomous renewable energy
micro-grid, using Solar Photovoltaics and Wind Turbine to generate electricity,
and a Regenerative Hydrogen Fuel Cell as energy storage system for up to 10 days.
The system is validated using MATLAB/Simulink software and real-life weather
data and optimized for a 25kW micro-grid near Dakar, Senegal. The simulations
show a smart load-following system that instantaneously recognizes the most cost
effective source of electricity to power the load. The optimized energy system
consist of 20,000 kWh of hydrogen stored in AB2 Ti-based alloys. Levelised Cost
of Electricity based on the outcomes of the MATLAB/Simulink model show the
economic potential of an RHFC as back-up for micro-grids, allowing affordable
and reliable electricity to rural areas in developing countries, with a LCOE of
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10.17 ¢/kWh, RHFC is the most cost effective back-up for this application.
However, the system is highly influenced by local climate; hence the LCOE and
system sizing should be individually configured based on the geographical
location of the planned deployment.

Keywords: Hydrogen, Fuel Cell, Micro-Grid, Renewable, Energy, Electrolysis,
Storage, Metal-Hydride, Wind, Solar Photovoltaics

INTRODUCTION

Failure to climate change mitigation and adaption is one of the biggest global
risks according to the World Economic Forum’s multistakeholder communities
[1].The increased awareness of the risks of climate change leads to a shift in
investment from fossil fuels towards renewable energy sources like wind and solar
photovoltaics (PV). Despite the global new investment in renewables falling back
to $241.6 Billion, the lowest since 2013, installation of renewable power capacity
worldwide hits a record high, growing at more than twice the rate of demand [2].
There are two main reasons for the decline in investment in renewable energy
during 2016. First, there was a slowdown in investment in some emerging markets
such as Japan and China. In addition to this, there was a significant cost reduction
in solar PV and in onshore and offshore wind power, which also improved the
cost-competitiveness of these technologies [2].

The cost-competitiveness of solar PV and wind technologies can be seen in
the declining Levelised Cost of Electricity. In some locations, solar PV and wind
technologies have reached grid parity or even generate electricity cheaper than
fossil fuels. The forecasts for the future are even brighter: By 2040, LCOE for
Solar PV drops by 66% by 2040, onshore wind drops by 47% and offshore wind
drops by 71% by 2040 [3].

The increase installed capacity of renewable energy sources brings its specific
challenges in both developed and developing countries because of the
intermittence of energy generation. In developed countries where renewable
energy sources are connected to an electricity grid, fossil fuel power plants have
to support the intermittent renewables. With the increased amount of renewables
connected to the grid, a point will be reached where fossil fuel power plants cannot
turned down any more and solar PV and wind farms have to reduce or stop their
generation. When the renewable generation then drops, fossil fuel power plants
have to ramp up their generation. This phenomenon is represented in the
Californian Duck Curve, where the net load (total energy demand minus solar PV
generation) is plotted. A 13,000 MW ramp is predicted in 2020 at the end of the
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afternoon when the sun sets and the energy demand is highest [4]. In 2016, an
actual ramp of 10,892 MW was measured, more then expected and arguably
showing that the ramp might be even steeper then the 13,000MW predicted [5].
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Figure 1: The California Duck Curve shows steep ramping needs and
overgeneration risk [5]

In developing countries and remote areas, where there is no (reliable) grid
connection, the challenges and opportunities are even bigger. Worldwide, almost
1.1 billion people are living without electricity [6]. In addition to that, in
developing countries, diesel generators are often used for electricity production
and come with environmental, health and cost concerns. Electricity is fundamental
for many essential services that increase income in rural areas such as; agriculture,
clean drinking water, health care, education, communications, and quality of life
[7]. It is critical for developing countries to have access to cheap, reliable
electricity and give them the opportunity to leap-frog towards modern energy
generating technologies in order to mitigate environmental issues.

Reliable electricity is also important for the cell phone tower operators to
serve their customers with an uninterupted network. Mobile telephone penetration
has a significant impact on growth in both the upper-low-income and the low-
income countries in Africa [8]. Deploying reliable communication infrastructure
is key to allow developing countries to develop and can be achieved by sharing
knowledge of technologies with these countries. The increase in cell phone
penetration has led to an increase of energy consumption of cell phone towers.
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Limited grid availability combined with inadequate electricity supply capacities
has forced mobile operators to rely on alternative power sources such as diesel
generators, both on-grid and off-grid [9]. Nowadays, over 75% of cell phone
towers in Nigeria rely on Diesel generators or batteries for reliable power supply.
Concerns of diesel costs, regular maintenance, theft, and environmental issues
have raised the attention of deploying renewable energy technologies [9] [10].
GSMA has estimated that 10,890 sites in Nigeria and Ghana alone could convert
to green power deployments [11].

The ultimate goal of this project is to design, test and analyse a Regenerative
Hydrogen Fuel Cell (RHFC) system for back-up applications of Renewable
Energy Technologies deployed on existing cell phone tower structures to reduce
initial investment and replace polluting diesel generators. The proposed system
contains of a water electrolyser, where the excess electricity from renewable
sources is used to split water into hydrogen and oxygen. The hydrogen is then
stored in a sorption Solid-Hydrogen Energy Storage Cell. This technology has the
advantage of low pressure and low temperature storage operation, eliminating the
need for hydrogen compression and hence lowering parasitic system losses. The
Solid-Hydrogen Energy Storage Cell has negligible self-discharge allowing
energy storage for long periods and can therefore be used for seasonal shifting.
Thereby, hydrogen offers much higher storage potential than other technologies
[12]. When electricity generated from the renewable sources is not sufficient to
power the load, a Polymer Electrolyte Membrane Fuel Cell (PEMFC) is used to
generate electricity from hydrogen, with only water and heat as by-products.

This study shows the design of the integrated RHFC system with performance
simulations in MATLAB/Simulink. First, the individual key components of the
system are explained and the key parameters for each system are discussed. Each
of the components can be individually modelled and coupled together using
MATLAB/Simulink. The control system will be discussed individually and shows
the decision making of the smart energy system.

Following that, results from the simulation of the optimized energy system are
used to calculate the Levelised Cost of Electricity (LCOE). The Levelised Cost of
Electricity is an important financial parameter to measure cost-effectiveness of
energy generating technologies. Although LCOE calculations are highly sensitive
to the underlying data, it offers a comparison between projects and technologies.
The LCOE of the integrated system will be compared to that of conventional diesel
generators and lithium-ion battery packs.

The ultimate goal of the energy system is to establish a smart, reliable,
flexible, adaptative, sustainable and load-following energy storage and generation
system which can boost availability of cell phone signal and electricity in general,
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allowing for an improvement in quality of life for developing countries. With
renewable energy generation being very dependend on the geographical location
where the system is deployed, the system sizing is compared for several microgrid
scenarios and compared to other back-up technologies e.g. diesel gensets and
batteries.

METHODS
System design

To validate the characteristics of the system, such as ability to follow the load
and storage capacity, a Simulink model is made. In this model, the RHFC unit is
coupled to a Solar PV array and Wind Turbine. This model helps selecting the
operation characteristics of the control system and helps size the system based on
the local climate and load requirements. The Simulink model is set up respecting
the technologies’ characteristics. Before the MATLAB/Simulink model can be
made, initial system design is required to identify the relevant technologies and
characteristics involved.

The stand-alone system is designed for autonomous use, where hydrogen is
generated and used on-site to avoid transportation emissions and import issues.
The system consists of several sub-systems: Solar PV and Wind Turbine for
renewable energy generation, an Electrolyser to convert surplus of electricity into
hydrogen, a Hydrogen Energy Storage System, a Fuel Cell for energy conversion
of hydrogen into electricity and a smart control system that has the potential to be
interfaced to the Internet of Energy (loE).
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Figure 2 Schematic overview of a decentralized renewable energy
micro-grid with hydrogen back-up

A Regenerative Hydrogen Fuel Cell system is designed with the aim of
limiting parasitic losses by recycling waste heat. The electrolyser is designed to be
powered by the excess electricity of renewable energy sources. Once renewable
energy sources are not sufficient to power the load, the fuel cell starts. In this
scenario, the electrolyser and fuel cell will never run at the same time, therefore,
two operation scenarios are possible as is schematically displayed in Figure 3.
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Figure 3: Schematic design of heat recovery in a regenerative hydrogen
fuel cell system, where situation A represents the scenario where
hydrogen is generated using excess electricity from the renewables and
storing it in the Metal Hydride Hydrogen Storage Cell. Situation B
represents the scenario where the Fuel Cell delivers electricity to the
load.

In situation A), water and electricity are supplied to the electrolyser to produce
hydrogen. Hydrogen is stored in the Metal Hydride Hydrogen Storage Vessel,
inducing an exothermic reaction. The waste heat of the hydriding reaction is
recovered by circulating water and used to pre-heat water that is fed to the
electrolyser, as well as preheating the fuel cell stack for fast start-up. In situation
B), heat is applied to start dehydriding the metal-hydride and gaseous hydrogen is
fed to the fuel cell. Heat coming from the exothermic reaction in the fuel cell is
recovered by keeping the metal-hydride at the right temperature, reducing electric
heating requirements, as well as pre-heating the water stored to allow quick start
up for the electrolysis.

Renewable energy system

Various renewable energy technologies can be implemented into a micro-grid.
With the aim to integrate the renewable energy technologies directly on existing
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cell phone tower sites and structures, Solar Photovoltaics and Wind Turbine are
the choice to go.

Solar Photovoltaics and Wind Turbines rely on the climatic data of the
location of deployment. It is therefore critical to analyze this data in order to select
the best components. Figure 4 shows the average monthly solar irradiance (W/m?)
and Temperature (°C) that influence the performance of the solar array, and the
wind speed (m/s) at 40m height for wind turbine selection.
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Figure 4: Climate data for Dakar International Airport, Senegal.

The data shows a relatively high potential for Solar PV, only dropping from
June until August due to high percipitation in the rain season. Obviously, solar
energy is not available all day around, as the sun sets in the evening. Therefore
Solar PV array should be oversized to allow for excess energy generation for
storage. However, wind speed is only slightly related to the time of the day due
increase in temperature difference between the earths surface and the atmosphere.
Therefore, during nightime, wind turbine still offer potential for energy generation
as can be seen in Figure 5, and potentially reduce the installed capacity of storage,
Solar PV, and /or electrolyser.
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Solar Photovoltaic (PV) cells use the photovoltaic effect to convert sunlight
into electrical energy [13].The use of Solar PV cells is one of the major methods
to harness energy from sunlight, without producing carbon dioxide, noise or any
noxious gas [14].

PV cells structure consist of at least two layers of semiconducting material
(e.g. silicon). One of the layers has a negative character (N-type layer), the other
layer has the tendency to attract electrons (P-type layer). In between the two layers,
a p-n junction is created [15].

Sunlight consists of photons. When a photon, with an energy that equals or
exceeds the semiconductor bandgap energy of the p-n junction material, hits the
cell, it is capable of creating an electron-hole pair. The electrons in the outer shell
of the silicon atoms diffuse into the N-type layer and leaves a hole that diffuses
into the P-type layer [16]. Electrons are conducted by the front electrode and flow
via an external electric circuit back to the back electrode, creating an electric
current [17].

The current generated by a single Solar PV module depends on the
temperature of the solar cell and the solar irradiance and the amount of cells
connected in series and parallel to form a module. Connecting multiple modules
in series or parallel creates an array. The current transferred to the load by the PV
module is determined from [18]:

Z 4 IR,

Ipy = Nplpy — Nply [exp NSnT — 1| = Nplsy (1)

Where, Ny is the number of cells in parallel, Iy is the cell photo-current (A),
I, is the dark saturation current (A), V is the operating Voltage (V), Ng is the
number of cells in series, I is the cell operating current (A), Rs is the series
resistance (Q), n is the ideality factor of the diode (1.2), V; is the thermal voltage
(V), and Iy is the shunt current (A), which is expressed as:

14
o, =B 1 @)
RSH

The dark saturation current varies with the cell temperature and is found by:
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Where, Igsis the module reverse saturation current (A), T is the operating
temperature (K), T;.. ¢ is the reference temperature (298.15 K), E, is the band gap
energy of silicon semiconductor (1.1 eV), q is the electron charge (1.6 - 101°C),
and k is the Boltzmann’s constant (1.3805 - 102 J/K).

The thermal voltage is found by:

kT
Vp=— @)
q

The module photo-current is found by:

Ipy = Isc + Ki(T — Trep) - (5)

1000
Where, I is the short-circuit current of the cell at operating conditions (6.48
A for selected module), K; is the short-circuit current at Standard Testing
Conditions, and G is the solar irradiance (W/m2).
The cell reverse saturation current is found by:

ISC

e (Z) 1] @

NsleT

Where, V, is the cell open circuit voltage (0.68 V for selected cell).

Wind Turbines work on the principle of movement of air. Kinetic energy
carried by the wind can be captured and converted into mechanical or electrical
energy by use of a wind turbine. The motion in the air generates a rotational
movement in a gearbox or motor, which transfers this movement via a shaft to a
generator to generate electrical energy. The average kinetic power in the wind can
be expressed as:

1 3
Pavg = EPA(V avg (7)
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Where, p is the density of air (1.225 kg/m?), A is the area of the rotor (m?),
and 1y, is the wind speed at hub height (m/s). As is seen in equation 7, the power
generated is largely influenced by the wind speed. Wind speed is usually not
measured at the height of the wind turbine, as simulation require this input before
construction of the wind turbine. Wind speed measured at a reference height close
to the planned location of the wind turbine can be adjusted to the hub height of the
wind turbine. The wind speed is adjusted by:

H a
Vw = Vier Ho (8)
re

Where, V.. is the reference wind speed (m/s), H is the hub height (40 m),
H,¢y is the height at which V.. cis measured (10 m), and « is an empirically derived
coefficient that varies dependent upon the stability of the atmosphere conditions
(0.14 for selected location).

To determine the power captured from the wind by the wind turbine, the wind
turbine’s rotor power coefficient and the electrical and mechanical efficiencies of
the wind turbine should be taken into account as expressed in equation 9:

1
P = E,DAVv?/Cpnmechnelec ()

Where, C, is the rotor power coefficient which depends on the design of the
wind turbines airfoil, n,,..p, is the conversion efficiency of mechanical power in
the rotor to electrical power in the generator axis, and 1., encompasses the
electrical efficiency of the generator, frequency converter, transformer etc.

Wind speed is always fluctuating, hence the energy content of the wind is
always changing according to equation 7. The wind speed characteristics is the
most critical parameter to evaluate the potential energy generation at the selected
site. The wind speed variation can be described by a probability distribution
function which expresses the probability of a wind speed occurring based on the
recorded fraction of hours per year at set wind speed. The average wind speed can
then be expressed as:

Vavg = Z[Vi - (fraction of hours @ V;)] (10)

l
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The wind speed variation found from equation 4 are best described by the
Weibull probability function:

k-1

fWweivun = %(g) exp [— (%)k] (11)

Where shape parameter k indicates how the wind speeds are distributed and
the scale parameter ¢ indicates how windy the site is. The most realistic wind
turbine site is found when the shape parameter k = 2. In this case, the probability
density function is called Rayleigh probability density function:

7 4%
f(V)Rayleigh = (;ﬁ) exp [_%(7) ] (12)

The power density distribution of the selected site is obtained by multiplying
the specific power produced at each wind speed by the probability of occurrence
of each wind speed:

P 1
1= EPVV?/f(V) (13)

The power captured from the wind and converted into electrical power can be
found by equation 14 for Weibull winds and equation 15 for Rayleigh winds:

1
P=EpAVM3,n (14)

6 1
P=—-=pAV 15
— 5 PAVN (15)

Where, nis the overall efficiency, which includes the capacity factor,
mechanical efficiency and electrical efficiency of the generator. Energy generated
by the wind and solar renewable energy technologies is first used to power the
load, any excess energy is used to generate hydrogen using an electrolyser.

Electrolyser system

Hydrogen is the most abundant element on earth and makes up for more than
90% of all the atoms. It was first recognized by Henry Cavendish in 1776 and
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thanks its name to the Greek words hydro (water), and genes (forming) [19].
Although hydrogen is very abundant on earth, it is barely available as a pure
hydrogen gas. Pure hydrogen is so light that it will gain enough velocity from
collisions with other gases that it will quickly escape the earth’s atmosphere
[19].Since hydrogen is bond with other elements, it can be seen as a secondary
energy source, meaning hydrogen is an energy carrier and not a fuel. By use of a
fuel cell it can be converted into a fuel. To unleash the maximum amount of energy
from hydrogen, pure hydrogen gas should be induced in the fuel cell anode in order
to provide a high energy conversion efficiency and prevent from excessive
degradation.Hence, hydrogen is to be split from other elements to produce useful
gas.

Available hydrogen is mainly bond with other elements such as water (H20)
and organic compounds matter such as living plants, petroleum and coal [20]. The
main routes to pure hydrogen production are steam reforming and electrolysis.
Steam reforming process is a two-stage process, where methane is split to produce
hydrogen [21]. Although steam reforming is a relatively cheap way to produce
hydrogen, it offers low purity hydrogen with a high concentration of carbonaceous
species such a carbon monoxide (CO). In addition to this, hydrogen is split from a
fossil fuel, hence it does not replace dependencies on fossil fuels [22].

Generation of high purity hydrogen without greenhouse gas emissions can be
achieved by water electrolysis. The electrolysis process splits water into hydrogen
and oxygen through the application of electrical energy, hence electrolysis is more
suited for micro-grid or grid-balancing applications as it can be coupled to
intermittent renewable energy sources. The goal of DOE is to reduce costs of
distributed hydrogen production by electrolysis to below $4/kg H2 by 2020 [23].
Current costs of hydrogen production differ per electrolysis technology used and
the (renewable) electricity source.

CO; emissions depend on the source of electricity but with electricity
produced from renewable energy sources (e.g. wind energy), global warming
potential can drop as low as 0.68 kg CO; eq. /kg Hz [24].

Electrolysis technologies

Over the years, many ways of producing hydrogen using electrolosis have
been developed. Main technologies used for electrolysis today are alkaline
membrane, polymer electrolyte membrane (PEM), and anion exchange membrane
(AEM) electrolysis cells. To find the most suitable electrolysis technology for
application in an on-site regenerative hydrogen energy storage system, the three
mentioned technologies are critically analysed and compared.
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Alkaline electrolysis commonly uses nickel- and cobalt-based oxides in
respectively the anode and cathode, with a 30-40% KOH liquid electrolyte [25].
Since electrolysis was discovered by Troostwijk and Diemann in 1789, alkaline
electrolysis has become a well-matured technology and is the most extended
technology for electrolysis at a commercial level worldwide. The advantage of this
technology is the absence of noble metal catalyst materials allowing a low cost
system. However the purity of the delivered hydrogen is relatively low due to
amine contamination in the hydrogen stream.

In PEM electrolysis, the anode and cathode usually consist of platinum
nanoparticles supported by high surface area carbon. The Polymer Electrolyte
Membrane is a solid electrolyte, typically Nafion®, and conducts only hydrogen
protons (H*). PEM electrolysers can run at high current density and allow a wide
range of operation, making them favourable for the intermittent renewable energy
generation.

Anion exchange membrane electrolysis offers the advantages of both the PEM
and Alkaline electrolysis. However, lack of knowledge on membrane and catalyst
stability limit the maturity of AEM electrolysis and hence, only a limited amount
of commercial available system is available.

Table 1: Typical specifications of alkaline, PEM, and AEM electrolyser
systems, data compiled and modified from [25] [26] [27]

Alkaline PEM AEM
Nominal cell efficiency (%) 60-70 70-80 60-70
Operating temperature (°C) 60-80 40-80 50-70
Operating pressure (Bar) <30 30-80 =30
Current density (A/cm2) 0.2-04 0.6-2.0 0.1-0.7
Cell voltage (V) 1.8-2.4 1.8-2.2 1.8-2.2
Specific energy (kWh/Nm3) 45-7.0 45-7.5 48-5.2
Lifetime stack (h) <90.000 > 50.000 N/A
Purity of Hydrogen (%) <99.9 = 99,999 = 99.99
Cold start up time (min) = 15 <15 <15

Principles of Polymer Electrolyte Membrane Electrolysis
As PEM electrolysis is the favourable technology to use in a hydrogen based
micro-grid, full understanding of the technology and its controls is required.
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A schematic representation of PEM electrolysis is given in Figure 6. Pre-
heated water enters the anode side of the PEM electrolysis cell. When a Direct
Current (DC) power source (e.g. from Solar PV) is applied, hydrogen molecules
are split from the oxygen molecule and lose their electrons simultaneously due to
the DC power source acting on the cell. The hydrogen protons (H*) are conducted
through the PEM, excess water is recirculated to the water reservoir, and oxygen
is either vented out to safety or captured and stored in a pressurized tank. On the
cathode side, hydrogen protons and electrons combine to form high-purity
hydrogen gas.

DC Power Source
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Figure 6: Schematic representation of Polymer Electrolyte Membrane
water electrolysis

In PEM Electrolysis, DC electricity is applied to liquid water (H20) to
split it into hydrogen (H2) and oxygen (O2) gases. Under Standard Temperature
and Pressure (STP) conditions (1 atm and 25°C), the minimum electrical energy
required to start the electrolysis process is 237.2 kJ/mole of water and is referred
to as the Gibbs’ Free Energy (4G). Thereby, 48.6 kJ/mole of thermal energy is
required to split one molecule of water [28].The correlating equation to this
process is [22]:
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2H,0 + Electricity + Heat - 2H, + 0, (16)

Where electricity and heat depend on the operating conditions of the PEM
electrolysis cell. According to Faraday’s law of electrolysis, hydrogen production
is directly proportional to the electric charge applied at the electrodes. The
hydrogen production rate of a PEM electrolyser can therefore be expressed as:

I

= (17)

sz =Ty

Where fy, is the hydrogen production rate (mol/s), n; is the Faraday
efficiency of electrolysis, I is the electric current applied at the electrodes surface
(A), n is the electrons transferred in the reaction (2 for hydrogen) and F is the
Faraday constant (96,485 C/mol). The Faraday efficiency of electrolysis can be
found by:

0.09 75.5
(

7y = 965¢ e a? (18)

The applied electrical current to the electrodes is directly related to irreversible
losses in the electrolyser and will increase the stack voltage of the electrolyser as
per:

Vel = VNernst + Eact + thm + Econc (19)

Where, Vgcis the fuel cell voltage (V), V,;.is the electrolyser voltage (V),
Vnernst 1S the Nernst voltage (1.482V), E,.; is the activation overpotential (V),
E,nm 1S the ohmic overpotential (V), and E.,, is the concentration overpotential.

The activation overpotential is found by:

RT . RT
Eger = —2.3510g(10) + ﬁlog(l) (20)

Where, R is the universal gas constant (8,314 J kmol* K1), T is the operating
temperature (K), a is the charge transfer coefficient (0.23), F is the Faraday’s
constant (96,485 A s mole™), i, is the exchange current density (4.5 x 10?A cm-
2), and i is the operating current density (A cm).

The ohmicoverpotential is found by:
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Where, R; is the cell internal resistance (0.21 Q cm™). The concentration
overpotential is found by:

RT i
Econc = ﬁln (i — i) (22)
L

Where, i, is the limiting current density (2.2 A cm2). Hydrogen generated by
the electrolyser will be stored in a hydrogen energy storage system.

Hydrogen energy storage system

Hydrogen storage remains a challenge for integrated system design. At
ambient temperature, one gram of hydrogen occupies a volume of 11 litres [29].
Therefore, storage of hydrogen faces challenges to make it economic, efficient and
safe. The three mainly used techniques for hydrogen storage are high-pressure gas,
cryogenic liquid and solid metal-hydride. Different technologies and materials
used for hydrogen storage are presented in Figure 7.
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Figure 7: Gravimetric and volumetric hydrogen densities of some
hydrogen storage systems [30]
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Hydrogen storage technologies
High-Pressure Gas

Compressing hydrogen to a pressure of 350-700 bar reduces the space needed
to store one kilogram of hydrogen drastically. Increasing the pressure from 1 bar
to 350 bar increases the hydrogen density from 0.089 g/L to 22.9 g/L [31].
Compressing further to 700 bar increases the density to 39 g/L [32]. Due to the
chemical properties of hydrogen and the high pressures required, sophisticated
piston-type mechanical compressors are needed, which are costly and usually have
high energy demand.

Hydrogen at high pressure comes with safety issues. High pressure, high
purity hydrogen at room temperature has significant effects on the mechanical
properties of metals. This phenomenon is known as high pressure hydrogen
embrittlement [33]. Mechanical failure or damage of high-pressure hydrogen
storage devices can results in a jet that is easily flammable. Jet release in a confined
or congested area can create an explosion hazard [34].

Despite the safety issues, high-pressure hydrogen storage is fairly popular
thanks to its quick refill time and it offers the simplest solution in terms of
infrastructure. Fast filling however, comes with an increase in temperature, which
reduces the storage capacity once the temperature settles down again [33].
Therefore, even for a highly developed and mature hydrogen storage technique,
research is still needed to optimize storage capacity and mitigate risks.

Cryogenic Liquid

Cryogenic storage of hydrogen requires the gas to be cooled down to -253°C,
this process is both time consuming and energy intensive. Up to 40% of the energy
content can be lost [35].

In liquefied hydrogen storage, hydrogen density goes well above 70 g/L [29]
[36]. This is the main advantage of cryogenic liquid hydrogen storage. Cryogenic
hydrogen storage is mainly used in space programmes and dedicated ships and
trucks for high amount of hydrogen transport.

Highly insulated vessels are required to keep the temperature from increasing
and avoid hydrogen to exceed its boiling point (-252.77°C [20]). In the case of
unstable austenitic stainless steels that are often used for cryogenic storage vessels,
insulation is also needed to avoid cold embrittlement of brittle parts through the
thermal conduction, especially when temperatures reach over -150°C [35].

Solid Metal-Hydride
Solid Hy-storage systems are key elements to assure the transition to Ho
economy and are presently the most challenging and demanding subject for
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innovative research. Hydrogen stored in a solid-state at low pressure is a safer,
more convenient method compared to high-pressure gas and cryogenic
liquefaction technologies [37]. Compared to the volumetric energy density of
gaseous (4.4 MJ/L) and cryogenic (8.4 MJ/L), metal-hydride can deliver an energy
density of up to 13 MJ/L [38].

Solid Metal-Hydride storage uses the reversible chemical process of reaction
between a crystal-structured solid metal with hydrogen gas. When hydrogen
comes in contact with the surface of the metal, the hydrogen molecule splits into
two separate hydrogen atoms that are absorbed into the crystal structure of the
metal to create a metal-hydride, as is schematically represented in Figure 8.

Interface

& =

% (e

G & 5
4 % °
]

H> Gas Solid Metal

Figure 8: Schematic representation of Solid-
Hydrogen Metal-Hydride storage technique.

The process of absorption is called the hydriding process, and heat is released
as a result of the exothermic reaction happening. When heat is applied to the metal-
hydride, the hydrogen is released as a gas. This process is called the de-hydriding
process. Both the hydrogen and metal go back to their original phase and the
reaction is therefore reversible according to the expression:

X
M+ Hy © MHy + AH (23)

Where, M is the metal, H,, is the hydrogen that is hydrided by the metal, and
AH is the amount of heat released or applied. The gas-solid phase equilibrium
pressure (P,q) is described by the van’t Hoff’s equation corrected by the hydrogen-
to-metal ratio (f (X)) [39]:
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)=k T ® (24)

l(Peq) AH AS
n “RT R

Where P, is the equilibrium pressure of the Metal-Hydride, P, is the standard
pressure (1.013 bar), AH is the enthalpy of formation in (J/mol Hy), and AS is the
entropy of formation at standard pressure in (J/K-mol™?).

The quantities AH and AS vary with alloy composition and have different
values for absorption and desorption due to hysteresis. f(X) is expressed by the

following general form:
9

, X
fX) = Z a;tan' m(
i=1 Xmax
Where, the coeffcients a; are derived by regressing from the experimental data
and are shown in Table 2.

1
— E) (25)

Table 2: Values of the coeffcients a; [39]

i a; (des) a; (abs)

1 1.7377126 x 101 1.2315971 x 101
2 3.3038405 x 10°® -7.8926198 x 107
3 -5.5663079 x 102 5.7950569 x 10+
4 5.1351774 x 102 3.8577497 x 102
5 19871619 x 102 -1.2200087 x 102
6 -2.3259416 x 102 -1.7284550 x 1072
7 6.9099218 x 10 5.1403940 x 103
8 -8.8152755 x 10* -6.3770055 x 10*
9 4.2083746 x 10 -2.9345203 x 10°

The equilibrium pressure depends on the alloy used and at constant
temperature, it can be found from the pressure-composite (P-C) isotherm. The P-
C Isotherm is used to determine key characteristics of the material, such as the
equilibrium pressure and maximum storage capacity [40] as displayed in Figure 9.
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Figure 9: P-C Isotherm for various types of nano-materials for
Solid-Hydrogen Energy Storage [37]

Energy may be needed to de-hydride the metal-hydride. Part of this energy
will come from the heat generated by the exothermic reaction in the Fuel Cell
itself, but additional energy is required to heat the metal-hydride sufficiently. This
energy can result in so-called parasitic losses in the RHFC system and result in a
slight increase of energy required from the Fuel Cell. To desorb 1 mol of
Hydrogen, 75 kJ of energy is required. Knowing that 3.6 MJ is equal to 1 kWh of
electricity, 0.03 kWh is required per mol of hydrogen desorbed.

As can be seen in Figure 9, storage capacity (in weight-percentage) and
equilibrium pressure (in atm) vary based on the metal used. To optimize properties
of the nano-structured metal, catalysts are added, either to reduce thermal energy
required for de-hydriding or to increase the storage capacity.

Besides the material development, there are also main challenges in the
development of metal-hydride storage containers. The aim is to achieve a
compromise between the hydrogen storage density, integrity of the containment at
the operating conditions and dynamic performance of hydrogen uptake and
release. Manufacturability and lowering the costs are also very important factors
to consider [35].The gas—solid equilibrium given by the van’t Hoff equation is the
basis for designing a hydride storage system.

The main energy demand occurs during hydrogen release. This energy
demand is composed of three contributions: the heat required to heat the hydride
up to desorption temperature, the heat of reaction and the work of compression to
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reach the targeted outlet pressure [41].To optimize an integrated and limit parasitic
losses due to thermal energy requirements, the selected metal-hydride pressure-
and temperature characteristics should match the fuel cell operating temperature
[42]. An overview of various metal-hydride storage techniques and their potential
in different types of fuel cell can be found in Figure 10.
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Figure 10: Potential of various Metal-Hydrides with the associated heat
losses (Qioss) in different types of fuel cells. The operation temperatures
of the MH's correspond to H plateau pressures of 10 bar [42]

Fuel Cell system
Fuel cells are electrochemical devices that combine oxygen and hydrogen to

produce electricity. Since the invention of the fuel cell by William Robert Grove
in 1838, it took a while for fuel cells to develop to commercial products.
Nowadays, different technologies are avialbable as can be seen in Figure 10.

Fuel Cell Technologies

Different applications require different types of fuel cells and therefor
progress is made in development of these technologies. Fuel cells are usually
classified by the type of electrolyte used. The most common types of fuel cells
using hydrogen as reactant are:
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Alkaline Fuel Cell (AFC) is the oldest fuel cell technology and was used by
NASA mid-1960 for space programs. The electrolyte used is an aqueous alkaline
solution, such as potassium hydroxide (KOH).

Phosphoric Acid Fuel Cell (PAFC) uses phosphoric acid (H3zPOs) as a liquid
electrolyte solution. Hydrogen is used as a fuel and the hydrogen ion (H*) migrates
through the electrolyte to react with oxygen and electrons at the other side. The
overall reaction in this fuel cell is similar to the PEMFC [43].

Molten Carbonite Fuel Cell (MCFC) operates at high temperatures of 600°C
- 700°C. The electrolyte used is a molten alkali carbonate such as lithium or
potassium-carbonate retained in a ceramic matrix of lithium aluminium oxide.
Hydrogen combines with incoming carbonate ions (CO3~) and produces carbon
dioxide and water as by-products [43].

Solid Oxide Fuel Cell (SOFC) operates at high temperatures of 800°C —
1,000°C. The electrode is a solid ceramic based material like yttrium-stabilized
zirconium (YSZ). It can operate with hydrogen fuels as well as with natural gas,
biogas, coal gas etc. Here it is the oxygen that migrates through the electrolyte
[43].

Polymer Electrolyte Membrane Fuel Cells (PEMFC) are the most widely used
fuel cell technology. PEMFC’s deliver high power density as well as low weight
and volume compared to other fuel cells [44]. The PEMFC operates at low
temperatures of 60-120°C. Hydrogen is used as a fuel and the hydrogen ion (H*)
migrates through the electrolyte to react with oxygen and electrons at the other
side.

Polymer Electrolyte Membrane Fuel Cell

A typical PEMFC consists of two electrodes; a positively charged cathode and
a negatively charged anode, with in between the anode and cathode a polymer
electrolyte membrane. Hydrogen is introduced in the anode side of the fuel cell;
the electrolyte allows hydrogen protons to go through, but forces electrons to go
around, creating an electrical current. Oxygen in the cathode side bonds with
hydrogen to form water and heat.

Reactions happening in the catalyst layers of the PEMFC produce an electric
potential difference between the electrodes. When both electrodes are isolated
from each other and the electrolyte allows ionic mass transport, the electric
potential difference can be used in an external circuit.
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Figure 11: Schematic representation of a PEMFC

Figure 11 shows a schematic representation of the basic operation principles
in a PEMFC. Hydrogen gas (H2) comes in through the electrode (anode bipolar
plate), it is then diffused through the Gas Diffusion Layer (GDL) before coming
in contact with the Catalyst Layer (CL). In the anode CL, hydrogen oxidation
occurs:

H, - 2H* + 2e~ (Hydrogen Oxidation Reaction) (26)

When properly hydrated, the Polymer Electrolyte Membrane (PEM) offers
protonic conductivity and conducts the hydrogen protons (H*) to the cathode
catalyst layer. The PEM offers electric isolation between anode and cathode,
creating a potential difference between the electrodes. Hence, the free electrons
are forced through an external electric circuit before making its way to the cathode
CL.

On the cathode side, air is forced in through the electrode (cathode bipolar
plate) and diffused through the GDL before entering the cathode CL. In the
cathode CL, oxygen reduction occurs:
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%02 + 2H* + 2e~ - H,0 (Oxygen Reduction Reaction) (27)

The overall reaction then becomes:
1 ..
H, + > 0, —» H,0 + Electricity + Heat (28)

Like the PEM electrolyser, the amount of electricity and heat produced
depends on the operating conditios of the PEM Fuel Cell. The PEM fuel cell
consist of similar losses compared to the electrolyser, except in the fuel cell
environment the voltage drops with increased current drawn:

Vec = Vnernst — Eact — Eonm — Econc (29)

Where, Vgcis the fuel cell voltage (V), Vyernse 1S the Nernst voltage (1.229V),
E,.: is the activation overpotential (V), E, ., is the ohmic overpotential (V), and
E.onc 18 the concentration overpotential.

The activation overpotential is found by:

RT  _ RT
Eger = —2.3a—Flog(lO) + a_FlOg(l) (30)

Where, R is the universal gas constant (8,314 J kmole* K1), T is the operating
temperature (K), a is the charge transfer coefficient, F is the Faraday’s constant
(96,485 A s mole), i, is the exchange current density (A cm?), and i is the
operating current density (A cm).

The ohmicoverpotential is found by:

Eonm = IR; (31)

Where, R; is the cell internal resistance (€ cm?). The concentration
overpotential is found by:

RT i
Econc = ﬁln (iL — i) (32)

Where, n is the number of electrons exchanged, and i;, is the limiting current
density (A cm).
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Control system

A micro-grid is a small power distribution system that generates, stores and
supplies electricity in a decentralized environment and is seen as an important way
to enable Sub-Saharan African countries to leap-frog traditional power generation
systems and accelerate and improve electrification efforts [45]

In a smart micro-grid, the energy flow, information flow and business flow of
the system and its application are integrated to be compatible with the Internet of
Energy (IoE). The IoE is the innovative representation of the smart & connected
energy systems. The aim of this technology is to promote a more flexible,
personalized and efficient energy production that serves both the provider and the
end-user of the energy. By strategically monitoring the energy big data, including
energy generation, processing, transmission, distribution and consumption, the
system allows this data to be used as a strategic resource to improve system
performance through advanced ICT.

Where this study focusses on decentralized electricity generation, hydrogen
storage and conversion is very well suitable for use in the IoE. With surplus
electricity being converted into hydrogen, it is now possible to use this hydrogen
not only for generation of electricity, but also other forms of energy such as
cooking and space heating.

Levelised Cost of Electricity

The Levelised Cost of Electricity (LCOE) is an important financial parameter
to measure cost-effectiveness of energy generating technologies. Although LCOE
calculations are highly sensitive to the underlying data, it offers a comparison
between projects and technologies.

LCOE aims to provide comparisons of different technologies with different
project size, life time, different capital cost, return, risk, and capacities. It is an
economic assessment of the total cost to build and operate a power-generating
asset over its lifetime divided by the total energy output of the asset over that
lifetime [46]. The LCOE is calculated by:

$ t=1Ct+ M+ F ($)

kWh) = (33)

LCOE
CoE( LB, (Wh)

Which covers the whole lifetime of the energy system from year 1 (t = 1) to
end of life (t =n). Where, C; is the capital expenses (CAPEX), M, are the
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operation & maintenance expenses (OPEX), F; are the fuel costs, and E; is the
electricity generated by the system.

As the lifetime of the technologies is often minimum 20 years, inflation rates
should be taken into account as this influences the fuel and O&M costs over time.
The lifecycle energy production strongly depends on the location of installation as
solar irradiance and wind speeds vary strongly across the globe.

The system is sized to provide year-round electricity to the inhabitants without
power outages due to the intermittence of the Solar PV and Wind energy sources.
Three cases are studied for storage and back-up power for the micro-grid
areanalysed: RHFC, Battery and Diesel generator (Genset). Finally, LCOE for a
micro-grid entirely powered by a Genset is studied. The capital cost of the
technologies used is presented in Table 3.

Table 3: Initial capital costs for selected technologies. Where
applicable, a GBP — USD conversion factor of 1.406 is used.

Solar PV $ 1,745.00 | per kWoc,pesk [47]
Wind Turbine S 1,406.00 | per kWrated [48] [49]
Fuel Cell S 1,659.08 | per kWrated [50]
Electrolyser S 1,321.64 | per kWrated [51]
Hydrogen storage! S 468.20 | per Kg Ha stored | [52]
Diesel Generator S 913.90 | per kWrated [53]
Diesel S 1.00 | per Litre [53]
Battery S 253.08 | per kWh [54]

Besides capital costs, costs for shipping, local taxes and import charges apply
to deploy an energy system in Senegal as shown in Table 4. During operation,
technologies efficiency drops due to wear of materials, contamination etc. With a
long system lifetime, these degradations should be taken into account as they
influence the system energy generation or capacity over time. The annual
degradation rates for the used technologies are shown in Table 5.

1 Storage cost target of DOE is 333 $/kg Hz, as technology is not mature yet, current costs are assumed
based on experience to be 50% higher.
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Table 4: Additional costs for deploying in Senegal

Cost per container $2,390.20 | [55]

Import charges 10% | [56]

VAT 18% | [56]

Table 5: Annual energy generation degradation rates

Solar PV degradation 0.50% | [57]
Wind Turbine degradation 1.60% | [58]
Fuel cell degradation 0.90% | [59]
Electrolyser degradation 0.90% | [59]
Battery degradation 1% | [60]
Diesel generator 1% | [61]

Operation and maintenance (O&M) costs are essential for LCOE calculations
as they will increase costs over the lifetime and are affected by inflation rates.
O&M costs of the analysed technologies are shown in Table 6.

Table 6: O&M costs for selected technologies

Solar PV 1.50% | of Capital cost [62]
Wind Turbine S 70.30 | per kW installed [63]
Fuel Cell $ 0.04 | per operating hour [64]
Electrolyser S 0.04 | per operating hour [64]
Battery 1% | of Capital cost [65]
Storage tank 0.25% | of Capital cost

Diesel generator S 1.10 | per operating hour [66]

Table 7 shows the assumed efficiencies for the simulations in order to
determine the amount of energy produced and fuel required for the selected
technologies where climate data is not sufficient.
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Table 7: Assumed constant efficiencies for selected technologies

Battery round trip 92.5% | [65]
Diesel generator 21% | [67]
Converter 92 %

The first case analysed is for a system with an RHFC back-up system. In this
system, excess energy is sent to an electrolyser to convert water into hydrogen.
The hydrogen is then stored in a Magnesium based metal-hydride for safe storage.

The second case analysed is for using a battery pack as back-up system. The
battery size in ampere-hours (Ah) is calculated by:

EL 'F
C, =
MDOD - TCF -V,

(34)

Where C,is the battery capacity (Ah), E;, the average daily load (kwh/day), F
the days of storage required, MDOD the maximum depth of discharge for the
battery without damaging, TCF the temperature correction factor (vary with
battery type, lower temperatures limit the maximum allowable depth of discharge),
and 1}, is the battery voltage output. Chosen is a Lithium-lon battery because of
the stability at higher temperatures in Senegal [68].

The third case analysed is this of a diesel generator back-up system. A diesel
generator is common to use in Sub-Saharan Africa, despite the high fuel costs,
noise and emissions.

A fourth case is added to see how the renewable energy micro-grid compares
to a micro-grid based on fossil fuel energy generation using only a diesel
generator. Even though it is common to have a small diesel generator per
household in Sub-Saharan Africa, it is becoming more popular to buy a bigger
diesel generator with a small community to share costs and profits and hence lower
LCOE compared to the reported 42 cents per kWh for household diesel generators
[53].

RESULTS
Renewable energy is widely available on the selected site as can be seen in
Figure 4. The wind statistics require extra analysis to determine and predict the
annual energy potential in the wind. From equation 7 to 15, the wind speed
distribution is found to be Weibull by plotting the wind speed distribution against
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both Weibull and Rayleigh wind probability functions as shown in Figure 12.
Weibull wind distribution gives a wind power density of maximum 17 W/m? at

10m height as is shown in
20 0.25
18 ~&— Weibull wind probability

~@— Wind power density
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Figure 13. The mean wind speed is found to be 6.04 m/s at 40 meter height.
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Figure 12: Weibull and Rayleigh wind probability functions and wind
speed distribution
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Figure 13: Weibull wind probability and wind power density (W/m?).

The selected wind turbine power curve is plotted against the power available
in the wind. The Cp of the wind turbine is plotted and shows the variance of Cp,
peaking at 0.49 at rated power (10 m/s). Cut-in windspeed of the wind turbine is
at 3 m/s while the cut-out windspeed is 25 m/s to protect from damage due to
excessive winds. The wind turbine is rated at 10 m/s at 7kW and has an area of
18.86 m2,
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Figure 14: Cumulative Weibull wind probability, wind turbine power
curve and wind turbine Cp

The integrated system is modelled in MATLAB/Simulink to verify its ability
to follow the load of the micro-grid. Figure 15 shows the integrated hybrid
renewable energy micro-grid system.

Peak load: 25 kW
Avg. load: 15 kW

P, Excess

Control System

Excess power H2, prod l—

Electrolyser (35 kW)

H2, in H2, out

Storage (20,000 kWh)

K

H2, cons P, FC |~

Fuel Cell (25 kW)

P, Load
Psolar P P, Solar
P, Wind
Solar PV Amray
(45 kW peak) P FC
Pwind
Wind turbine
(42 kW rated)

Figure 15: MATLAB/Simulink of the integrated hybrid renewable
energy micro-grid system. The control system recognizes the energy

generated

simulation of the micro-grid are shown above.

Installed capacities are adjustable, values used for
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Using an iterative process, the optimum storage capacity was found to be
20,000 kWh of hydrogen stored. As shown in Figure 19, this gives sufficient
amount of storage to have hydrogen available at all time during the year. Based
on the lower heating value of hydrogen (120 MJ/kg = 33.33 kWh/kg), the
amount of hydrogen stored is then 600.06 kg. Table 8 shows the system sizing
data.

Table 8: System input sizing data

System lifetime 20 | yrs [69]
Inflation rate 23| % [70]
Installed capacity PV 45 | kWpeak

Installed capacity wind 42 | kWrated

Installed capacity FC 25 | kWrated

Installed capacity Storage 600.06 | Kg H:

Installed capacity EL 35 | kWrated

Installed capacity Genset 25 | kWrated

The electrolyser is powered directly from the excess energy of renewables,
therefore the operating conditions are constantly changing. A similar trend occurs
for the PEM Fuel Cell, as the technologies are modelled in similar ways. The
conversion efficiency varies over the operating range as can be seen in Figure 16.
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The metal-hydride used in the Solid-Hydrogen Storage Cell is
Tio.esZroosVo2Mnis. The AB2 Ti-based alloys have great potential sorption
capacity at ambient temperature (~2 H-wt.%) with high reactivity rates. Figure 13
shows the desorption rate of Tio.95Zr0.05V0.2Mn1 3, Showing the ability to discharge
instantaneous and at a much higher rate than LmNiseSno1, providing better load-
following capabilities.

Figure 17 shows the storage capacity of TiggsZroosVo2Mniz. From
experimental studies, the maximum storage capacity of 2 H-wt.% is initially
achieved, but only during the activiation of the material . Hereafter, the maximum
storage capacity drops to around 1.6 H-wt.% and stays stable [71].

Figure 18 shows the desorption rate of Tig.95Zr0.05Vo.2Mn1.3. With 600.06 kg
(equal to 20,000 kwh) H; stored and a storage capacity of 1.6 wt.%, the total
amount of Ti-based alloy in the storage system is 33,500 kg. With an instantaneous
desorption of 30 cc/min/g, the total amount of hydrogen discharged based on the
installed storage capacity and assuming all hydrogen storage cells discharge
simultaneously is 100,000 L/min. The maximum flow rate towards the fuel cell,
at maximum power of 25kW, is 38.8 L/min. Therefore, it is possible to devide the
Ti-based alloy over multiple storage cells for optimized thermal management.
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Figure 19 shows the hydrogen state-of-charge throughout the year. It can be
seen that excess energy during the first half year is sufficient to provide seasonal
shifting of this energy and use this during the second half of the year. Seasonal
shifting is one of the advantages of hydrogen storage over conventional lithium-
ion battery storage, as there is neglectable self-discharge of the storage system.
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Figure 19: Hydrogen State-of-Charge throughout the year. The
hydrogen SOC, consumption and production in the month of October
(period C) is shown in Figure 20. Detailed representation of the systems
performance in week A and B are shown in Figure 21. The storage SOC
at T=0 is equal to the SOC at T=8760 to show the ability to recharge to
100% in the following year.
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Figure 19 shows the Sate-of-Charge of the Solar PV/Wind energy system
compared to that of system consisting of only one renewable energy source, either
Solar PV or Wind.
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Table 9 shows the operating details of the system. Since solar energy is only
available during daytime, reducing the amount of operating hours of the
electrolyser while increasing the operating hours of the fuel cell. This means more
hydrogen needs to be produced in a shorter amount of time, hence increasing the
installed capacities of both the Solar PV and electrolyser in order to produce
adequate hydrogen. Wind energy is more available as can be seen in Figure 4,
especially in the months December — March. Combining both renewable energy
technologies into one system optimizes the LCOE further, hence this configuration
is further analysed and compared to alternative energy storage and back-up
systems.
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Table 9: Comparison of energy systems with RHFC back-up

Solar/RHFC ~ Wind/RHFC  Solar/Wind/RHFC

Solar PV

- Installed capacity 187 kW N/A 45 kw

- Capacity factor 15.79% N/A 15.79%
Wind

- Installed capacity N/A 78 kW 42 kW

- Capacity factor N/A 36.50% 38.52%
Electrolyser

- Installed capacity 150 kW 50 kW 35kW

- Operating hours 2,978 4,860 5,028

- Average efficiency 66.39% 66.15% 66.33%
Storage

- Installed capacity 20,000 kWh 20,000 kWh 20,000 kWh
Fuel Cell

- Installed capacity 25 kw 25 kW 25 kw

- Operating hours 5,782 3,900 3,732

- Average efficiency 46.97% 49.15% 49.63%
LCOE (¢/kwh) 10.48 10.27 10.18

Figure 20 zooms in on the hydrogen charge and discharge over the month of
August. Here it shows the RHFC switching from charge to discharge mode several
times depending on the availability of renewables, and the effect on the hydrogen
state of charge.
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Figure 20: Hydrogen production, consumption and state of charge
during October. Here, a negative value for the hydrogen
charge/discharge means hydrogen is being produced and stored,
whereas a positive value means it is discharged and converted into
electricity.
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Figure 21 shows two simulation weeks. During week A, from 15 — 21 March,
Wind and Solar PV generate plenty excess energy to recharge the hydrogen
reservoirs. During this week, the load is mainly powered by renewables and the
fuel cell is barely required as a back-up. Therefore, the reservoir will be recharged
for periods with less renewable energy available such as in week B. Week B (9 —
15 September), is a period with low renewable energy generation. During the day,
some Solar PV is available to power the load, but Wind energy is lacking.
Therefore, the fuel cell is required to power the load. This can be seen in a
depletion of the hydrogen storage reservoir, whose state-of-charge drops
significantly during this week. Week A also shows the electrolyser reaching its
maximum capacity while not all excess energy is used. These periods of the year
occur, however not often enough to benefit a larger capacity electrolyser. Excess
energy that cannot be used by the electrolyser can be used for extra load, for
example powering extra households or future extension of the micro-grid.
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Hour of week

Figure 21: MATLAB/Simulink simulation results for the weeks of A) 15
— 21 March and B) 9 — 15 September. When renewable energy is
available, this is send to power the load. When there is an excess of
renewable energy generated, this is send to the electrolyser to produce
hydrogen (H>), as is visible when the hydrogen charge is represented
by a ‘negative discharge’ of the Solid-Hydrogen Energy Storage
modules. When renewable energy generation is not sufficient to power
the load, the PEM Fuel Cell covers the load requirements.

Zooming in on a a short period of two days, it can be seen in Figure 22 that the
fuel cell successfully follows the load when there is no energy available from
renewable sources. The smart control system recognizes when electricity is
generated by the renewables. In this case, the fuel cell will be tuned down so that
the renewables have priority in powering the load. This is done for two reasons.
First, this allows to keep hydrogen storage charged in case of emergencies and
second, the electricity from renewables is cheaper per unit (¢/kWh) and therefore



Autonomous Hybrid Solar PV/Wind/Regeneratve Hydrogen Fuel Cell 41
System for Cell Phone Tower Applications — Doubles as Micro-Grid. -

the load is always powered by the most cost effective source of electricity
available.
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Figure 22: Zoom-in on load-following RHFC on 27 and 28 September

The annual energy flow in the system is shown in Figure 23. Here it is seen
that theoretically all hydrogen molecules in the Fuel Cell react and form water
which can be used as feedstock to the electrolyser. This water contains thermal
energy that can be used to reduce parasitic losses occurring due to dehydriding the
metal-hydride and pre-heating water for electrolysis.
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Figure 23: Schematic of annual energy flow in the RHFC system

The RHFC backup is compared to identical renewable energy systems with a
diesel genset and battery as backup technologies, and to a stand-alone diesel genset
energy system as is shown in Table 10 and Figure 24. As a back-up system for this
configuration, the RHFC provides the lowest LCOE in combination with the
PV/Wind system. Despite the high capital cost of the RHFC, the long lifetime
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provides a lower LCOE due to the amount of energy delivered over its lifetime
Also its operation and maintenance cost are low, and because of its low
maintenance requirements. Simplified fuel logistics and reduced site-visits further
benefit the autonomous system for rural communities.

Table 10: Levelised Cost of Electricity (¢/kWh) for 25kW small micro-
grid near Dakar, Senegal

PV/Wind/ PV/Wind/ PV/Wind/

RHFC Battery Genset Genset
Capital cost 6.75 14.85 2.04 0.20
o&M 1.50 4.46 2.54 1.97
Fuel cost - - 7.30 16.10
Import 0.77 1.48 0.20 0.02
VAT 1.07 2.67 0.37 0.04
Shipping 0.07 0.09 0.06 0.02
Total 10.17 23.56 12.51 18.35
25
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Figure 24: Levelised Cost of Electricity (¢/kWh) for 25kW small micro-
grid near Dakar, Senegal

CONCLUSION
An autonomous renewable energy generating and back-up system is
proposed and successfully validated using MATLAB/Simulink and experimental
testing of individual components and the integrated system. The system provides
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the full load requirements of the cell phone tower throughout the year and can be
scaled accordingly to provide electricity for small communities near the cell phone
tower.

The optimized energy system consist of 45 kW Solar PV arrays, 42 kW Wind
Turbines for renewable power generation, assisted by a 35kW PEM electrolyser
to convert excess electricity into hydrogen, a 20,000 kwh of hydrogen stored in
AB2 Ti-based alloy and a 25kW PEM Fuel Cell to regenerate electricity in absence
of renewable energy sources.

LCOE calculations based on the outcomes of the MATLAB/Simulink model
show the economic potential of an RHFC as back-up for micro-grids, allowing
cheap and reliable electricity to rural areas in developing countries, with a LCOE
of 10.17 ¢/kWh, RHFC is the most cost efficient back-up for this application.

However, the system is highly influenced by local climate, hence the LCOE
and system sizing should be individually configured based on the geographical
location of the planned deployment.
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