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Abstract 
The island of Malta is highly reliant on fossil fuels for its power (99%), and due to climate mitigation 
policies implemented by EU the Maltese government is required to have 10% of its power generation 
from renewables by 2020. To achieve these energy goals, the Maltese government has expressed interest in 
investing on a Hexicon platform to produce 9% of the Maltese energy demand. The Hexicon platform is a 
floating structure capable of carrying a wide range of renewable energy generators. The Hexicon platform 
proposed for Malta is meant to have a rated capacity of 54MW distributed by vertical and horizontal wind 
energy converters. Nevertheless, due to the irregular nature of wind the Hexicon platform would still use 
diesel generators on-board as backup power; this inherently defeats the purpose of the Maltese 
investment, and therefore a Hydrogen backup system was proposed and investigated for its technical and 
economic viability.  

A literature study was carried out on renewable hydrogen system in order to familiarise with the type of 
markets and the best way to apply the technology to the scenario at hand. Four markets were established, 
small-scale, transportation, stand-alone power systems, and large buffering systems; the large buffering 
system is the most appropriate for the study, and taking this type of system into account, the most 
appropriate hydrogen generation and utilisation system were then identified. It was established that the 
system is composed of three parts, electrolyser, storage tanks and fuel cells stacks. However, an additional 
water purification system is necessary; this is due to the fact that the Hexicon platform will be located 
offshore, and salt water is not appropriate for the electrolyser. A literature study was then performed to 
identify the most appropriate equipment for each stage of the process; it was established that a Reverse 
Osmosis (RO) system will be used to purify the water, an alkaline electrolyser will be used to generate the 
Hydrogen, the Hydrogen will then be stored in pressure vessels (at 30bar), thus also requiring 
compressors, and the recovery of energy will be performed by a proton exchange membrane (PEM) fuel 
cell (FC) stack. 

A study was carried out to establish the models to use for each equipment, and based on the hourly 
demand for Malta, as well as the hourly winds, a first estimate of the size of each equipment was 
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established. The system model was developed in the HOMER software, which unfortunately did not 
model the desalination plant. 

The Hexicon (in the design considered in this study) is not able to provide Malta with 9% of the energy 
demand; this was mainly due to the low wind conditions. In addition to this, it was understood from the 
literature study that a hydrogen system backup system, i.e. a buffering system, would not be applicable to 
the scenario initially proposed in this thesis due to the low renewable energy penetration, and also due to 
the fact that the Hexicon would be connected to the grid, rendering such a system defunct. A micro-grid 
scenario was assumed and developed. This scenario tried to assess how low the demand would need to be 
in order to make a hydrogen project feasible. Different percentages were tried and the only one that met 
the constraints was one with 1.1% of the Maltese demand. 

The system would consist of a 3MW Fuel Cell, a 4.5MW electrolyser, and hydrogen storage for 
10.5tonnes. The NPC of this system would be approx. 130 Million €, with an initial investment of approx. 
71 Million €, LCOE of 0.257€.kWh-1, and a Hydrogen cost of approx. 20€.kg-1. While other economic 
indicators show viability, for example, a short payback time of 3.5 years based on the revenue from the 
excess electricity, the cost of hydrogen suggests that it is too expensive.  

 

  



 
 

-iii- 

Table of Contents 
Abstract ............................................................................................................................................................................ i 

List of Figures ................................................................................................................................................................ v 

List of Tables ................................................................................................................................................................ vi 

Abbreviations ............................................................................................................................................................... vii 

Acknowledgements ....................................................................................................................................................... 2 

1 Introduction ........................................................................................................................................................... 3 

1.1 Background .................................................................................................................................................... 3 

1.2 Problem Definition ....................................................................................................................................... 7 

1.3 Aim and Objectives ...................................................................................................................................... 7 

1.3.1 Aim .......................................................................................................................................................... 7 

1.3.2 Objectives ............................................................................................................................................... 7 

1.4 Method of Attack .......................................................................................................................................... 8 

2 Literature Review ................................................................................................................................................... 9 

2.1 Hydrogen as an Energy Carrier .................................................................................................................. 9 

2.2 Hydrogen Energy ....................................................................................................................................... 10 

2.3 Wind-Hydrogen Hybrid Systems ............................................................................................................. 11 

2.4 Electrolysis .................................................................................................................................................. 12 

2.4.1 Alkaline Electrolysis ........................................................................................................................... 13 

2.4.2 PEM Electrolysis ................................................................................................................................ 14 

2.5 Desalination ................................................................................................................................................ 14 

2.6 Storage ......................................................................................................................................................... 16 

2.6.1 Gas ........................................................................................................................................................ 17 

2.6.2 Liquid ................................................................................................................................................... 17 

2.6.3 Solid ...................................................................................................................................................... 17 

2.7 Hydrogen Utilisation ................................................................................................................................. 19 

2.7.1 Direct combustion .............................................................................................................................. 19 

2.7.2 Fuel Cells ............................................................................................................................................. 19 

3 Methodology ....................................................................................................................................................... 21 

3.1 Hydrogen Production and Utilisation ..................................................................................................... 21 

3.1.1 System Setup ....................................................................................................................................... 21 

3.1.2 Mathematical Models of the Equipment ........................................................................................ 22 

3.1.3 Hydrogen Generation and Utilisation Summary ........................................................................... 37 

3.2 Equipment Size .......................................................................................................................................... 39 

3.2.1 Wind Power ......................................................................................................................................... 39 

3.2.2 Power Production ............................................................................................................................... 45 

3.3 System Economics ..................................................................................................................................... 46 



 
 

-iv- 

3.3.1 Cost Considerations ........................................................................................................................... 46 

3.3.2 Economic Indicators .......................................................................................................................... 48 

4 Results and Discussion ...................................................................................................................................... 53 

4.1 Scenario 1 – 9% of Malta with Hydrogen as backup ........................................................................... 53 

4.2 Scenario 2 – Hourly Demand with Hydrogen ....................................................................................... 54 

4.2.1 Hourly demand of 12.5% with Hydrogen Backup ........................................................................ 54 

5 Conclusion ........................................................................................................................................................... 60 

5.1 Suggestions .................................................................................................................................................. 60 

5.2 Future Work ................................................................................................................................................ 60 

6 Appendix .............................................................................................................................................................. 61 

Appendix 1 – Hydrogen Projects .................................................................................................................. 61 

7 Bibliography ........................................................................................................................................................ 64 

 

  



 
 

-v- 

List of Figures  
Figure 1.1 The Maltese Archipelago [9] ..................................................................................................................... 4 
Figure 1.2 Electricity Generation by Fuel [11] ......................................................................................................... 4 
Figure 1.3 Average Summer and Winter Demand Comparison [12] .................................................................... 5 
Figure 1.4 Hourly Electricity Demand in 2011 [12] ................................................................................................ 5 
Figure 1.5 Hexicon Platform, A480 [16] ................................................................................................................... 7 
Figure 2.1 Principle of Hydrogen Balancing System [22] .................................................................................... 10 
Figure 2.2 Wind-Hydrogen system [19] .................................................................................................................. 12 
Figure 2.3 Principle of an electrolysis cell [21] ...................................................................................................... 13 
Figure 2.4 Schematic view of an alkaline electrolytic cell [19] ............................................................................ 14 
Figure 2.5 Possible desalination technology for renewable energy [25] ............................................................ 15 
Figure 2.6 Desalination technology based on type of energy used [25] ............................................................ 15 
Figure 2.7 Desalination technology based on type of separation process used [25] ....................................... 16 
Figure 2.8 Comparison between a battery and a fuel cell [32] ............................................................................ 20 
Figure 3.1 Representation of the Hydrogen System (Dashed – Material, Solid – Energy) ............................ 22 
Figure 3.2 Operation Principle of Alkaline Water Electrolysis ........................................................................... 26 
Figure 3.3 PEMFC Principle [22] ............................................................................................................................ 33 
Figure 3.4 9% of the Annual Maltese Energy Demand [12] ............................................................................... 39 
Figure 3.5 Typical histogram of annual wind speed distribution [19] ................................................................ 40 
Figure 3.6 Typical power curve of a double fed WTG [19] ................................................................................ 41 
Figure 3.7 Mean Wind Conditions of Luqa Airport [46] ..................................................................................... 43 
Figure 3.8 Power curve – Vestas V112-3MW Offshore ...................................................................................... 45 
Figure 3.9  Cash-Flow Diagram [47] ....................................................................................................................... 49 
Figure 4.1 Percentage distribution of the Electricity ............................................................................................ 55 
Figure 4.2 Monthly Average Electric Production ................................................................................................. 56 
Figure 4.3 Fuel Cell Output ...................................................................................................................................... 56 
Figure 4.4 Hydrogen Tank Storage Level .............................................................................................................. 57 
Figure 4.5 Frequency Histogram of Hydrogen Storage ....................................................................................... 57 
Figure 4.6 Monthly Average Hydrogen Production ............................................................................................. 57 
Figure 4.7 System Cumulative Cash-flow ............................................................................................................... 58 
Figure 4.8 Hydrogen System Cumulative Cash-Flow .......................................................................................... 59 
  



 
 

-vi- 

List of Tables 
Table 2.1 Properties of different Fuels [18] .............................................................................................................. 9 
Table 2.2 SWOT Analysis for a Hydrogen Stand-alone power System [23] .................................................... 10 
Table 2.3 Typical energy input in Seawater desalination processes [25] ............................................................ 16 
Table 2.4 Main Options for Solid Hydrogen Storage [28] ................................................................................... 18 
Table 2.5 Summary of Hydrogen Storage Options [28] ...................................................................................... 18 
Table 3.1 Membrane Specification [33] .................................................................................................................. 23 
Table 3.2 Eastern Mediterranean Sea salt content [34] ........................................................................................ 23 
Table 3.3 Molality Eastern Mediterranean Sea salt content [34] ........................................................................ 24 
Table 3.4 Reverse Osmosis Material Balance ........................................................................................................ 25 
Table 3.5 Pumping Assumptions ............................................................................................................................. 25 
Table 3.6 Reverse Osmosis Energy Balance .......................................................................................................... 26 
Table 3.7 Faraday efficiency parameters at 80ºC [37] .......................................................................................... 28 
Table 3.8 Electrolyser Operating Conditions ........................................................................................................ 29 
Table 3.9 Electrolyser Material Balance .................................................................................................................. 29 
Table 3.10 Electrolyser Energy Balance ................................................................................................................. 30 
Table 3.11 Summary of Fuel Cell ............................................................................................................................ 30 
Table 3.12 Compressor Conditions ........................................................................................................................ 32 
Table 3.13 Energy and Power Consumptions ....................................................................................................... 32 
Table 3.14 PEM Fuel Cell Operating Conditions ................................................................................................. 35 
Table 3.15 PEM Fuel Cell Material Balance .......................................................................................................... 36 
Table 3.16 PEM Fuel Cell Energy Balance ............................................................................................................ 36 
Table 3.17 Summary of Fuel Cell ............................................................................................................................ 36 
Table 3.18 Material and Energy Balance of Hydrogen Production ................................................................... 37 
Table 3.19 Power Percentage Distribution of Hydrogen Production ............................................................... 38 
Table 3.20 Material and Energy Balance of Hydrogen Utilisation ..................................................................... 38 
Table 3.21 System Efficiency ................................................................................................................................... 38 
Table 3.22 Overall System Energy Balance ........................................................................................................... 38 
Table 3.23 Maltese Weibull Parameters [45] .......................................................................................................... 42 
Table 3.24 Mean Wind Speeds at Different Altitudes .......................................................................................... 44 
Table 3.25 Specifications - Vestas V112MW Offshore ....................................................................................... 44 
Table 3.26 Normalised Cost Estimates of the Equipment .................................................................................. 46 
Table 3.27 Operation and Maintenance Costs of the Equipment [46] .............................................................. 46 
Table 3.28 Lifetime of the Equipment [46] ........................................................................................................... 47 
Table 3.29 Replacement Cost of the Equipment [46] .......................................................................................... 47 
Table 4.1 Tested Scaled Averages ............................................................................................................................ 54 
Table 4.2 Cost Breakdown of the Maltese Case study ......................................................................................... 55 
Table 6.1 Main Hydrogen projects by 2006 [22] ................................................................................................... 61 

  



 
 

-vii- 

Abbreviations 
AC Alternating Current 
DC Direct Current 
COE Cost of Energy 
CRF Capital Recovery Factor 
ED Electrodialysis 
EU European Union 
EWEA European Wind Energy Association 
FC Fuel Cell 
GHG Greenhouse gases 
HAWT Horizontal Axis Wind Turbine 
HHV Higher Heating Value 
HOMER Hybrid Optimisation Model of Electric Renewable 
H2 Hydrogen 
ICE Internal Combustion Engine 
LHV Lower Heating Value 
LH2 Liquid Hydrogen 
MVC Mechanical Vapour Compression 
NCF Net Cash-Flow 
NG Natural Gas 
NPV Net Present Value 
NREL National Renewable Energy Laboratory 
O&M Operation and Maintenance 
PEM Proton Exchange Membrane 
PPA Power Purchasing Agreement 
PV Photovoltaics 
RE Renewable Energy 
RO Reverse Osmosis 
ROI Return on Investment 
R&D Research and Development 
STP Standard Temperature and Pressure 
TIC Total Investment Cost 
VAWT Vertical Axis Wind Turbine 
  



 -1- 

 

 

 

 

 

In memory of Nabil Kassem. 



 
 

-2- 

Acknowledgements 
I would like to thank my supervisor Nabil who was an invaluable source of information and guidance. 

My family and friends for all of their support and patience. 

John Holm for the guidance and support. 

 



 
 

-3- 

1 Introduction 
Wind energy is considered by many the most environmentally friendly energy sources available today[1, 2] 
and in recent years due to climate change mitigation policies, as well as the increasing oil prices, it has 
become one the most sought after alternative energy sources in both European and Global terms. 
According to the European Wind Energy Association (EWEA), in 2011 wind energy contributed to 
21.4% of all new power installations in Europe, the third largest after photovoltaics (PV) (46.7%) and Gas 
(21.6%)[3], and despite of the European economic crisis the wind industry has maintained a steady 
growth, 15.6% average growth since 1995. In a global scale, the figures also show a steady growth [4, 5] 
which is derived from the fact that wind farms are relatively easy to deploy. [1] 

When considering wind energy there are two main types, onshore and offshore; of the aforementioned 
European figures 91% [3] of the investments were onshore. However, it can also be seen that there is an 
increasing trend towards offshore wind farms and there are a few reasons why the industry is moving 
offshore. These can be summarised to two main aspects: increased power production and reduced 
visual/noise impact. There are however drawbacks from the move to offshore. The current foundation 
technology is very costly and is limited to relatively shallow waters (40m)[6]. In addition to this, the 
installation of the farms needs to be carefully planned out and they are dependent on good weather 
conditions. 

Wind turbines are meant to function with very little intervention. However, like any mechanical system 
they can fail, and in the harsher offshore conditions the rate of failure is increased and is not only present 
as fatigue damage; the corrosion damage from the salt water is very problematic. The failure of any 
industrial equipment with an extended period of downtime will inevitably cause a substantial loss of 
revenue, and its repair will add unexpected costs to its operation. [7] 

Offshore wind power has several disadvantages compared to onshore wind power in terms of 
maintenance and accessibility. The harsh weather conditions required for good economy will limit the 
time at which repairs and maintenance can be made on the turbines. The turbines are only accessible by 
helicopter or boat, which are both expensive and in need of good weather conditions. Access from a 
standard boat using a ladder, with a maximum significant wave height of 1.5 m, on the offshore wind farm 
sites in the United Kingdom is only possible for 80% of the time [8]. This is one reason for increased 
importance for scheduled maintenance to ensure all measures are taken to reduce failure and downtime of 
power generation. The total availability, defined as the ratio between the total number of hours the turbine 
is able to produce power and total number of hours of the time period, of an offshore wind farm is about 
90% compared to the availability of an onshore wind farm of 98%. The reason for this difference is 
mainly due to accessibility. Maintenance is preferably scheduled during summer when accessibility is 
higher and revenue losses due to downtime are generally lower [7]. 

Despite of the downside of the move offshore, the benefits outweigh the risks, and thus the industry has 
continued to develop solutions for deeper waters, i.e. wind turbines in floating structures. Blue H and 
Hywind are two companies that have managed to deploy their own solution in pilot projects. Other 
companies have developed their own floating concept, which include the Hexicon, WindFloat, Sway, and 
Ideol. 

1.1 Background 
Malta is an archipelago of six islands located centrally in the Mediterranean Sea, 93km south of Siciliy. Of 
the six small islands, three are inhabited, Malta, Gozo and Comino; the remaining (uninhabited) islands are 
Filfla, Cominotto and St. Paul. 
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Figure 1.1 The Maltese Archipelago [9] 

The Maltese islands have an approximate area of 316km2, and with a population of approx. 410.000, it has 
one of the highest population densities in the world. This is intensified with an additional 30.000 in the 
summer months[9].  

Malta’s topography is described as mostly low, rocky, flat to dissected plains, with coastal cliffs; it has no 
mountains or rivers. The climate in Malta is described as Mediterranean, with mild winters and hot 
summers[9]. 

The Maltese national electricity grid is isolated from European or African main land, and therefore all of 
its electricity needs are produced inland, in the Marsa and the Delimara power plants. These power plants 
have a combined rated capacity of 571MW, and are run on fossil fuels [10]. The fact that Malta has no 
indigenous conventional energy sources means that it needs to import all of its fuel needs [9]. As it can be 
expected, the cost of the imported fuel represents one of the largest domestic expense, thus the depleting 
oil reserves and the increasing oil prices will prove to be an even higher economic burden in the future. 

 
Figure 1.2 Electricity Generation by Fuel [11] 
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Figure 1.3 shows the average electricity demand for a summer day and winter day. As it can be seen, the 
peak demand in the summer occurs in the morning, while in the winter is occurs in the afternoon. This 
means that while in the summer the peak is mainly commercial and industrial, the winter peak is mainly 
domestic.  

 
Figure 1.3 Average Summer and Winter Demand Comparison [12] 

Figure 1.4 shows the yearly profile of electricity demand, and as it can be seen that there is a large change 
in demand over the summer months. This can attributed to two things; the aforementioned inflow of 
tourists, and the increased summer temperatures leading to use of air conditioning devices.  

 
Figure 1.4 Hourly Electricity Demand in 2011 [12] 
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A reduction in the use fossil fuels would bring numerous benefits to Malta, which include independency 
of the volatile political and economic nature of fossil fuels, the greenhouse gas (GHG) emissions would 
decrease substantially, it could create jobs in the energy market, and it could also increase the public image 
of Malta as being an environmentally friendly tourist destination.  

Attempts have been made to reduce the GHG emissions, e.g. the Kyoto protocol, with mixed results, and 
in more recent years as part of the EU climate and energy package i.e. the 20-20-20 targets which set as a 
goal for Europe to increase the energy efficiency by 20%, a reduction of 20% of CO2 emissions, and that 
20% of its energy is from renewables [13]; the Maltese government has committed to have at least 10% of 
its energy production from renewables in 2020, as opposed to the ~1% it has today [13]. 

The most feasible renewable energy technologies in Malta are wind, solar and biomass. Other technologies 
such as hydropower, wave, tidal, and geothermal are not exploitable due to their low level of resource 
intensity and/or state of development of the technology. Wind power has the capability of having the 
largest and fastest (next ten years) impact in the Maltese energy economy [14]. However, land based 
windfarms are not authorised by the Maltese government as the required landmass to have any significant 
impact in the energy mix and energy economy of Malta would be too great, causing too large of a visual 
impact to the Maltese landscape; therefore, offshore wind farms are the only available [14]. 

The offshore wind conditions in Malta are attractive enough for the development of wind farms. 
However, the majority of the Maltese coastline has waters too deep (>30m) for the installation of 
traditional offshore foundations; It should be mentioned that there are some areas with shallower waters 
(<20m) but these are too few and too close to shore, causing too much of a visual impact in the local 
landscape [15]. As such, it can be understood that a floating wind farm is the only option available for 
Malta, and that is why the Maltese government has expressed interest in the Hexicon. [16] 

The Hexicon is an offshore floating platform conceptualised and patented by Hexicon AB. It consists of a 
hexagonal structure with an approximate diameter of 500m, which has the capability of harbouring 
different types of energy converters. As a floating platform it has a much greater flexibility on the choice 
of location, as it can be placed in waters much deeper than those limiting conventional offshore solutions; 
it has a proposed depth limit of 1km making it more than suitable for the Maltese coast. In addition to 
this, the Hexicon could be placed further away from shore ensuring minimal visual impact, and as such, a 
greater public acceptance. 

The Hexicon has a number of different designs to appease the customers. However, the most established 
design is the A480, Figure 1.5, which has rated capacity of 69MW distributed by 6x6.5MW horizontal axis 
wind turbines (HAWT), 30x0.5kW vertical axis wind turbines (VAWT), and 15MW of wave energy 
converters. However, the design proposed for Malta would not have the wave energy converters due to 
Malta’s low level of resource intensity for wave power, thus bringing the total rated capacity to 54MW, 
having the capability of substituting 9% of Malta’s electricity demand by renewable energies. 
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Figure 1.5 Hexicon Platform, A480 [16] 

Wind power is an intermittent energy source, which means that the Hexicon will require some sort of 
backup solution to ensure steady power production and/or to serve as frequency control. It has been 
suggested that in the Hexicon the backup power will be generated by either diesel generators or gas 
turbines [16]; these backup alternatives are not compatible with a fossil fuel free future, not to mention 
that they won’t be economically feasible in the future for reasons already mentioned. 

1.2 Problem Definition 
The Hexicon platform will be substituting 9% of Malta’s total electricity demands[16], which based on the 
2011 amounts to approx. 197GWh energy [12]. 

The load demand in Malta throughout the day and year varies substantially, and due to the inherent nature 
of the wind, so does the power generated by the turbines. This means that the generated energy does not 
necessarily coincide with the electrical energy demand, and as such, to minimise production losses as well 
as to boost power production, a balancing system should be implemented; this system would store energy 
in periods of high penetration, in which the excess energy would be used to produce and store hydrogen, 
to then be used at times of low penetration, i.e. high load demand and low wind production, and as power 
balancing. 

1.3 Aim and Objectives 

1.3.1 Aim 
The primary aim of this thesis is, with the Maltese Hexicon project as a case study, to investigate the 
techno-economic viability of hydrogen as a solution for the storage of excess energy, and to be used as 
backup power in the Hexicon platform. 

1.3.2 Objectives 
The specific objectives of this study are to: 

• Establish the most appropriate hydrogen energy system for the offshore scenario; 
• Size and optimise the aforementioned energy system and its subsystems (hydrogen generator, 

storage, and hydrogen utilisation), to ensure constant power supply; 
• Develop a techno-economic study of the system. 
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1.4 Method of Attack 
To achieve the goals specified above, several aspects need to be considered. This will be accomplished by 
the following method of attack. 

• A study will be carried out on similar projects to identify the basic equipment for the production 
and storage of hydrogen, and its energy recovery 

• A study will then be carried out to narrow down the equipment most appropriate for the Hexicon  
• A material and energy balance will be developed to establish the basic energy requirements of the 

system 
• An hourly balance of the power generation will be developed using the wind energy data from the 

coordinates of the Maltese project and the power curves of the wind energy generators of the 
Hexicon 

• The hydrogen system will be sized according to the hourly model, and the economic model will 
then be developed  
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2 Literature Review 
Before the models can be developed, it is not only necessary to understand the underlying principles of 
the technologies, but also to be aware of how these have been applied. The literature review will start 
present a study of Hydrogen and its future in the energy market; this will allow us to identify the possible 
applications of hydrogen as an energy carrier. Following this introduction of Hydrogen, a study will be 
carried out of the current hydrogen production systems based on wind power; this will not only allow us 
to familiarise with the technology available but it will also allow us to select the most appropriate 
technology for the model. Once the technologies and their applications have been identified, a more in 
depth study will be carried out on their fundamental principles; this will allow for a better understanding 
of the requirements of the model. This chapter will also develop on some of the aspects presented in the 
introduction, and will further develop on the idea of a hydrogen economy and some of the aspects that 
need to be overcome before it can become a reality.  

2.1 Hydrogen as an Energy Carrier 
Hydrogen is the lightest and most common element in the universe, and it comprises of approx. 75% of 
the known matter of the universe. It has three isotopes: Hydrogen, H, at wt 1.0078; deuterium, D, at wt 
2.0141, and tritium, T, at 3.0161, with Hydrogen being its most predominant form [17]. On Earth, 
molecular hydrogen (H2) is not very common, however, it is present in a wide range of other compounds, 
with the most common being its fully oxidised form, Water, which covers approx. 70% of the Earth’s 
surface; other forms include fossil fuels, and other organic matter. As such, an energy input is required to 
produce hydrogen. This can be in the form of thermal, photonic, or electrical energy, which can be 
supplied by a wide range of energy resources, e.g. fossil, nuclear, or renewable [18], i.e. just like electricity, 
Hydrogen is an energy carrier - it is a form of storing and transmitting energy from a primary energy 
source[19] - but unlike electricity, it can be produced and stored for later use. This is a very important 
aspect in a scenario where more and more of the worlds energy supply is coming from intermittent 
sources of energy.  

There are a number of advantages that make Hydrogen a fuel of particular interest in the future. It has the 
highest heating value of any fuel by mass basis, it burns with water as its only by-product, and if it is 
generated using renewable sources of electricity, it is the most environmentally friendly fuel available, not 
to mentioned inexhaustible. However, there are still challenges to be overcome to standardise Hydrogen 
as the fuel of the future. Due to its low boiling point, -253ºC @ STP1, its natural state of matter is as gas. 
This makes it have a very low heating value per volume basis, thus requiring a very effective method of 
storage to have any use as a fuel.  

 Table 2.1 Properties of different Fuels [18]  

Property Hydrogen, 
H2 

Methane, 
CH4 

Methanol,  
H3OH 

Gasoline, 
C6– C12 

Boiling Point @ STP, ºC -253 -162 65 Wide range 
Physical State @ STP gas gas liquid liquid 
Heating Value – Weight Basis     

LHV, MJ/kg 120 48 20 42 – 44 
HHV, MJ/kg 142 53 23 44 - 46 

Heating Value – Volume Basis     
LHV, MJ/Nm3 11 35 15700 ~32000 
HHV, MJ/Nm3 13 39 18100 ~33000 

Flammability limits, vol% in air 4.1 – 74 5.3 – 15 6 – 36.5 1.4 – 7.6 
Explosive limits, vol% in air 18.2 – 58.9 5.7 – 14 6.7 – 36 1.4 – 3 
Molecular diffusion coefficient, cm2/s in air 0.61 0.16 0.13 0.05 
Autoignition temperature in air, ºC 571 632 470 220 

                                                        
1 STP – Standard temperature and pressure (25ºC, 1atm) 
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Liquid density, g/L 77 425 792 720 – 780 
Gas Density @ STP, kg/m3 0.082 0.657 - - 

 

2.2 Hydrogen Energy 
Hydrogen has a number of industrial applications, e.g. steel and fertilizer industry [20], however its true 
potential lies in the energy sector as an efficient and clean fuel. Hydrogen can be produced using a number 
of different energy sources, through a number of different processes, where the most common methods 
are the reformation of natural gas (about 95% of the hydrogen used in the US [16]) and the electrolysis of 
water (3% worldwide [21])[20]; in a wind power system the most viable option is the latter. As an energy 
carrier, Hydrogen has a number of different applications, Appendix 1, and there are a number of different 
methods of Hydrogen production, storage, and end use, ranging from small- to large-scale, from 
stationary to mobile; the following categorisation can be established [22]: 

• Small-scale hydrogen applications; 
• Hydrogen filling station and transportation; 
• Remote stand-alone power systems; 
• Energy buffering for large grid-connected renewable systems. 

While the first two categories could have a significant market share in the future, for the purpose of this 
project they will not be considered. The latter two have a similar underlying principle, the excess electrical 
energy from a renewable power source, e.g. wind or PV, is used to produce and store hydrogen through 
the electrolysis of water, and the hydrogen is then used to recover the energy through a FC (or a hydrogen 
engine, or a gas turbine) when the renewable energy source is insufficient. This principle is presented 
below in Figure 2.1: 

 

 
Figure 2.1 Principle of Hydrogen Balancing System [22] 

 
The main difference between the two is that a stand-alone system is not connected to the grid. Having a 
wind farm connected to the grid requires additional measures to ensure its competitivity in an energy 
market, as the intermittency of the wind energy reduces its confidence in the energy source and its 
revenue. 

Table 2.2 presents a SWOT analysis for a stand-alone power system [23]; it is also applicable, to a certain 
extent, to a buffering system.  

Table 2.2 SWOT Analysis for a Hydrogen Stand-alone power System [23] 

Strengths Weakness 
• No need for fuel transport 
• Experience in handling compressed gases 

• Codes and standards not defined (safety issues, 
technical specifications…) 
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• Noise level lower than competing technologies 
• Potential for high density energy storage 
• Seasonal energy storage without energy losses 
• Able to handle power fluctuations; can be 

combined with intermittent renewable energy 
sources 

• Increased renewable energy integration to 
100% 

• Low and predictable O&M costs 
• Reduced environmental impact 
• Safety of power and energy supply 

• Immature technology (fuel cells and PEM 
electrolysers) 

• Low availability and high cost of small 
electrolysers 

• Capital cost 
• Lack of life-time experience 
• Weak supply network (consultants, 

engineers…) 

Opportunities Threats 
• Existing SAPS based on renewables in which 

hydrogen could be incorporated 
• Current national and EU financing schemes 
• New job opportunities 
• Increasing number of companies involved in 

the energy sector 
• Reduction of environmental impact 

• No available market study in EU 
• Inadequate commercialisation plan 
• Limited practical experience 
• Hydrogen not known or accepted as an energy 

storage medium 
• Inadequate legislative framework (regulations, 

permissions of installation…) 
• Low interest and priority from SAPS suppliers 

 
The Hexicon platform proposed for Malta will be directly connected to the local grid in Malta, thus, the 
Hydrogen system developed for it would serve as an energy buffer. However, this is not the best solution 
for a grid connected system with such a low renewable energy penetration; this will be discussed later in 
the report.  

2.3 Wind-Hydrogen Hybrid Systems 
The equipment used in RE/H2 systems is already well established. This study is concerned with the 
production of hydrogen from wind power, more specifically from offshore wind. Therefore, in a scenario 
where electricity is the main source of energy, the most appropriate method for producing hydrogen is 
from the electrolysis of water. The produced hydrogen will then need to be stored, and once required, an 
appropriate energy recovery system will be required. Figure 2.2 below, presents a simplified system 
description. 
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Figure 2.2 Wind-Hydrogen system [19] 

This section will describe the available technologies for each of the constituent parts of the Hydrogen 
buffering system. Due to the widespread information about wind energy, this will not be covered in this 
section of the literature study. Also for the buffering system, we are not focusing on wind power per se 
but only on electricity it produces. 

2.4 Electrolysis 
As already mentioned, there is a wide range of processes that have hydrogen production as its end 
product; these include: 

• Steam methane reforming 
• Non-catalytic partial oxidation 
• Coal gasification 
• Biomass gasification 
• Biomass pyrolysis 
• Electrolysis 

In a scenario where wind energy is the main source of power, the electrolysis of water becomes the most 
appropriate process [19]. 

Electrolysers can be described as reverse fuel cells, which will be described later in this chapter, and much 
like fuel cells there are different several different types. Independent of the type used the general principle 
of electrolysis is always the same; it consists of splitting water electrochemically into its constituent 
elements, hydrogen and oxygen, in the cathode and anode respectively (Figure 2.3) – Figure 2.3 shows a 
simplified schematic of an electrolytic cell; it consists of two electrodes in an electrolytic water solution 
separated by a diaphragm. The diaphragm is an ionic transfer membrane that allows the flow of current, 
via the electrolyte, all the while maintaining the two gas streams separate. 
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Figure 2.3 Principle of an electrolysis cell [21] 

The electrochemical reactions taking place in the electrolysis cell can be represented by the following the 
equations: 

Electrolyte: 2H2O → 2H++ 2OH- Equation 2.1 

Cathode: 2H+ + 2e- → H2 Equation 2.2 

Anode: 2OH- → 1
2O2 + H2O + 2e- Equation 2.3 

Overall: H2O →  1 2O2 + H2 Equation 2.4 

However, the reaction described above is not spontaneous and there is a minimum potential difference to 
achieve separation. 

As already mentioned, there are different methods of achieving the electrolysis of water and these can be 
separated based on the electrolyte used – Acid, Alkaline, Solid-Polymer, and oxygen ion conducting 
ceramic. The use of an acid electrolyte was used in the first electrolysis units, but it has since been 
abandoned due to corrosion problems[19]. Ceramic electrolytes are used in high temperature steam 
electrolysis (100-1000ºC)[22]; this type of electrolyte is expected to have very high efficiencies but it is still 
in early development stages, and only available at laboratory scale. The fact that it requires steam is also 
unfavourable in the scenario of this study as there are no expected sources of high quality heat, and the 
generation of steam using the electricity is not recommended. The following sections will present the two 
remaining processes and will discuss their uses in the industry. 

2.4.1 Alkaline Electrolysis 
Alkaline electrolysers are the most established and commercial process available [24]. As the name 
suggests, the electrolyte used in this process is an alkaline solution, usually Potassium hydroxide (KOH) in 
a 20-40% aqueous solution. In the early stages of its development the diaphragm separating the two gases 
was composed of asbestos. Asbestos has however been phased out due to its high toxicity, and today the 
most common materials are polysulfone polymers or nickel oxides. The electrode materials usually consist 
of Raney-Nickel [21]. Figure 2.4 shows a simplified schematic of an alkaline electrolytic Cell.  
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Figure 2.4 Schematic view of an alkaline electrolytic cell [19] 

2.4.2 PEM Electrolysis 
Instead of using a liquid alkaline solution as an electrolyte PEM electrolysers use a solid polymer 
membrane, e.g. an ion exchange membrane. Using a solid membrane not only simplifies the design 
substantially, as the electrolyte can simultaneously work as a diaphragm, but it also ensures a constant 
electrolyte concentration, i.e. there is no need for concentration control. In addition to this, such types of 
electrolysers suffer from fewer corrosion problems at the electrodes, thus reducing the required 
maintenance, they can operate at higher pressures which can be a benefit if compressed gas is the 
proposed storage medium as less energy will be required, and they also provide higher quality gas  (even at 
part loads) [21]. However, this type of electrolysers is more costly, they have lower capacities, lower 
efficiencies (at high current densities), and the membranes have a limited lifetime [22]. 

Nevertheless PEM electrolysers being a newer technology have more room for improvements, especially 
considering the resources being put into the R&D of the PEM fuel cells. PEM electrolysers can therefore 
be considered as one of the most promising options for electrolysis in the future [24]. 

2.5 Desalination 
As it has been understood in the electrolysis description, the process requires very clean water so as to 
avoid electrode poisoning and other undesired products. In a decentralised system, more specifically in an 
offshore environment, fresh water is a scarce and precious commodity. There are already several 
technologies and processes available to obtain fresh water from salt and brackish water. The use of 
renewable energies for the desalination of water in remote locations has already been proven to be viable 
and convenient in small scales for remote sites where conventional energies and fresh water supplies are 
very costly [25]. 

These can be separated into three different categories: Renewable Energy Source, Type of Energy Used, 
and type of separation process adopted. Figure 2.5, Figure 2.6, Figure 2.7 below show their respective sub 
categories. 
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Figure 2.5 Possible desalination technology for renewable energy [25] 

 

 
Figure 2.6 Desalination technology based on type of energy used [25] 
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Figure 2.7 Desalination technology based on type of separation process used [25] 

 
Figure 2.5 shows that where Tidal and Wind energy is concerned, the available options are Mechanical 
Vapour Compresssion (MVC), Reverse Osmosis (RO) and Electrodialysis (ED). The use of ED is limited 
to the treatment of brackish water with low salinity; the system to be developed in this project needs to be 
as versatile as possible, as such, it can’t be considered. As it can be seen in Figure 2.6, MVC uses 
mechanical energy, however, it is essentially a thermal process (Figure 2.7) [25]. 

Table  below shows a comparison of energy consumption of different types of desalination processes 
applicable to wind energy. ED is the least energy intensive, but again it cannot be considered due to its 
limitation to brackish water, and as such RO will used to obtain clean water from the sea; it has a total 
energy equivalent lying between 3.5 and 5 kWhm-3.  

Table 2.3 Typical energy input in Seawater desalination processes [25]  

Process MVC RO 

Electrical Consumption (kWh/m3) 8.5 3.5 - 5 

 

2.6 Storage 
The effective storage of hydrogen is perhaps the most important aspects in a hydrogen system, and one of 
the biggest obstacles in establishing a Hydrogen economy. The storage solutions must be adapted to both 
the transport and stationary sectors, and the development of more effective or new storage solutions is 
currently one of the main areas of research [26]. 

To understand the obstacles that researchers face in this subjects it is necessary to understand the nature 
of Hydrogen. As a gas at atmospheric pressure, 1kg of H2 occupies approx. 12m3, corresponding to a 
density of 82.39gm-3. As already mentioned while hydrogen is the most energy dense fuel per unit mass, 
142 MJ/kg, due to the low density it has a very low energy density per unit volume, 13 MJ/m3 [18]. This 
implies that to have hydrogen as a useful fuel, it is necessary to reduce the volume dramatically. This can 
either be achieved by the compression of the gas, by its liquefaction or by bonding it in an easily reversible 
chemical form, and all of them require a lot of energy. 

The following section will present and discuss some of the available storage solutions within each phase; 
gas, liquid and solid. 
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2.6.1 Gas 
Currently the most common method for the storage of gaseous hydrogen is the use of highly pressurised 
steel gas cylinders with a maximum pressure of up to 20MPa. New lightweight composite tanks have been 
developed and are becoming more common. These new tanks can withstand pressures up to 80MPa; at 
this pressure the density of hydrogen is approx. 36kgm-3.[22] 

Apart from the increased working pressure, the main advantages of these composite tanks over their steel 
counterpart, is the fact that they are substantially lighter. In addition to this, Cryogas (near cryogenically 
cooled hydrogen gas) could also be stored in these new tanks, thus allowing for an increased storage 
capacity i.e. increased volumetric energy density. The main disadvantages of this technology is the large 
physical volume required (which do not meet targets for light-duty vehicles for example), their high cost 
and the energy required for compressing the gas to such high pressures. Another issue concerning this 
storage method derives from the dangers of the storage of a highly compressed flammable gas. This is 
particularly important in the transport sector in case of an accident [22]. 

The current target for the industry is to achieve pressures of 70MPa in cylinders weighing 110kg. This 
would result in a storage density of 6mass% and a hydrogen density of 30kgm-3. A possible set up for 
future storage tanks are based on a three layers design consisting of an inner polymer liner, wrapped in 
carbon-fibre (or graphene) composite, with an outer protective shell of an aramid material to protect from 
structural and corrosion damage [21]. 

2.6.2 Liquid 
While other techniques exist e.g. Sodium Borohydride (NaBH4) or anhydrous Ammonia (NH3), the most 
conventional form of storage of liquid hydrogen is in its cryogenic (liquid) state. 

Cryogenic hydrogen, also known as LH2, consists of cooling the gas at atmospheric pressure to its liquid 
form at -252ºC. The simplest liquefaction process is the Linde Cycle (Joule-Thomson cycle), and it 
consists of compressing the gas, cooling it, and allowing for a rapid expansion in a throttle valve. In the 
throttle valve, the gas undergoes an isenthalpic Joule-Thomson expansion, which may produce a quantity 
of liquid. The liquid is removed from the process and the gas is fed back for recycle. However, this effect 
is only achievable if the gas temperature is below its inversion temperature, otherwise upon expansion, e.g. 
at room temperature, the gas would warm up. This is due to a phenomenon called the inversion 
temperature, which for Hydrogen is 202K. As such hydrogen needs to be precooled, usually by liquid 
nitrogen at 78K prior to the expansion process. The liquid hydrogen is then stored in insulated tanks. [27] 

The theoretical work necessary to liquefy hydrogen from 300K is 3.23 kWh.kg-1. In reality the actual work 
is approx. 15.2 kWhkg-1, meaning that about 40% of the energy is lost in the process[27] 

The main advantage of liquid storage over gaseous hydrogen is the higher energy density, and also due to 
the increased density, a higher storage density is possible at lower pressures. However, the fact that 40% 
of the energy stored is lost in the liquefaction process is a major drawback. In addition to this, the storage 
of hydrogen suffers from continuous boil-off due to heat leaks that can only be minimized by using 
expensive super insulated cryogenic containers. As such, the use of LH2 is more suitable in applications 
where the fuel will be consumed in a short time e.g. vehicles, aircrafts and aerospace [22]. 

The challenges that the industry is trying to overcome in regarding LH2, is the development of less energy 
intensive liquefaction process, cheaper and better storage tanks, as well as the development of 
mechanisms to capture and re-liquify the boil-off [22]. 

2.6.3 Solid 
The storage of hydrogen in a solid state can be achieved by two different principles of mass transfer: 
adsorption and absorption. Adsorption consists of storing chemicals on the surface of other chemicals, 
while absorption consists of incorporating chemicals into the framework of the solid. The process of 
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absorption generally allows for the storage of much larger volumes, at more reasonable working 
conditions i.e. Standard temperature and pressure. 

Following either principle, it can be understood that by having hydrogen embedded in another stable and 
solid structure (hydride), that it can be a much safer and efficient method for the storage of hydrogen. 
More so, it is applicable to both the mobile and stationary sectors; in fact serious damage to the hydride 
tanks, in case of collision, will not compromise the safety of the storage tank i.e. the hydrogen would 
remain in the structure. Table 2.4 below presents some of the solutions being developed separated into 
their respective categories: 

Table 2.4 Main Options for Solid Hydrogen Storage [28] 
Carbon and other high surface area materials 

• Activated charcoals 
• Nanotubes 
• Graphite nanofibres 
• MOF, Zeolites 
• Clathrate hydrates 

Chemical hydrides (H2O-reactive) 
• Encapsulated NaH 
• LiH and MgH2 slurries 
• CaH2, LiAlH4 

Rechargeable Hydrides 
• Alloys and intermetallics 
• Nanocrystalline 
• Complex 

Chemical Hydrides (thermal) 
• Ammonia borozane 
• Aluminium hydride 

 
Despite of the possible advantages, this storage method is still a very new in the industry and there are no 
commercially available solutions. 

Conclusion 

The different forms of hydrogen storage have been presented. The table below summarises the 
technology status, the best options at the moment, and the R&D issues which the industry need to 
address: 

Table 2.5 Summary of Hydrogen Storage Options [28] 
 Gaseous  Liquid Solid 

Status Commercially available, 
but costly 

Commercially 
available, but costly 

Very early developments; many R&D 
questions 

Best 
Option 

Carbon-fibre 
composite vessels (6-10 
wt% H2 at 350-700bar) 

Cryogenic insulated 
dewars (ca. 20wt% h2 
at 1 bar and -250ºC 

Too early to determine. Many potential 
options. Most-developed option: metal 
hydrides (potential for > 8 wt.% H2 and > 
90kg/m3 H2-storage capacities at 10-60 
bar) 

R&D 
Issues 

Fracture mechanics, 
safety, compression 
energy, and reduction 
of volume 

High liquefaction 
energy requirement, 
dormant boil off, and 
safety 

Weight, lower desopriton temperatures, 
higher desorption kinetics, recharge time 
and pressure, heat management, cost 
pyrophoricity, cyclic life, container 
compatibility and optimisation 

 

While solid storage is the most promising solution for the future of a hydrogen economy, it is still in very 
early development stages and cannot be considered in this study. The energy requirements to produce 
LH2 are far too great, and as such it can be concluded that compressed gas is the only viable option at the 
moment. 
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2.7 Hydrogen Utilisation 
Once the hydrogen has been produced and stored, its energy should be readily available and recovered 
with as few losses as possible, and while it is possible to use hydrogen directly in an internal combustion 
engine (ICE) or a gas turbine, the most likely promising method in the future is its use in fuel cells [26], 
with particular emphasis in the transport sector – the transport sector is the sector with the highest fossil 
fuel consumption in the western world. 

This section will describe the two energy recovery approaches: Direct combustion and fuel cells. 

2.7.1 Direct combustion 
ICEs and gas turbines using hydrocarbon fuels are far from being a novel technology and are the main 
source of electrical power in the civil, industrial and military sectors throughout the world2. Hydrogen has 
the potential of replacing hydrocarbons in these, and there have already been several studies and trials 
carried on this matter. [29] 

2.7.1.1 Gas Turbines 
A number of advantages have been observed when using hydrogen as a fuel in gas turbines, these include: 
improved efficiencies (10%) due to the higher operating temperatures, lower maintenance costs and 
longer lifetime due to decreased corrosion and particulates from the fuels, and no CO2 or Sulphur 
emissions [21]. However, there are still some challenges that need to be overcome, for example, the 
increased operating temperatures not only require novel turbine materials that sustain the thermal stress, 
but also can lead to higher NOx emissions. It has also been observed that hydrogen powered gas turbines 
can lead to increased noise, which an undesired feature in populated areas.[29] 

2.7.1.2 Internal Combustion Engines 
The use of hydrogen in ICEs, also known as H2ICE, has already been proven to work with minor 
modifications to existing motors, and the same benefits as with the gas turbine have been observed. In 
2007, BMW announced a fleet of luxury cars capable of running solely on hydrogen in a combustion 
engine, becoming the first car manufacturer to bring H2ICEs beyond the prototype stage [30].  While 
several independent studies have confirmed the low emissions of this type of fleet, surpassing the super-
ultra low-emission vehicle level rating [31], there are still some challenges that need to be overcome. For 
instance, the hydrogen fuel is stored in its cryogenic state (-253ºC) in hyper insulated tanks, and despite of 
that hydrogen still boils off leaving the tank empty after 10-12 days [30].  

Although fuel cells are seen as the power source of choice for the transport sector, BMW maintain that 
the use of hydrogen in internal combustion engines will act as an intermediate step until fuel cells become 
commercially viable and a hydrogen fuelling infrastructure is established. [21] 

2.7.2 Fuel Cells 
Much like a battery, a fuel cell is a device that converts the energy stored in chemicals directly into 
electrical energy. However, while batteries store chemical energy in the substances inside it, fuel cells are 
just a converting system, and require a continuous supply of fuel, e.g. Hydrogen, in order to produce 
electricity [32]. This inherently small difference has a major impact on how these devices can be used. For 
instance, batteries while compact, they tend to be very heavy and have a restricted energy density. Also 
they do not allow for continuous long-term operation, and their energy and power are not scalable 
independently. On the other hand, fuel cells are lighter, and while they do need a storage tank for fuel, it is 
the size of the tank itself that determines the operation time and available energy. Also the energy and 
power can be scaled independently [21]. Figure 2.8 shows a comparison of the working mechanism of a 

                                                        
2 The theory being these technologies is beyond the scope of this work and will not be covered 
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fuel cell and a battery, and as it can be seen the battery (lead-acid) already contains the chemical reagents 
to produce the electricity while in the fuel cell hydrogen and air need to be supplied from an external 
source. 

 
Figure 2.8 Comparison between a battery and a fuel cell [32] 

A number of fuel cell designs are available at different stages of development. These fall into two different 
categories: low-temperature fuel cells, operating below 250ºC, and high temperature fuel cells, operating 
above 600ºC; the low-temperature fuel cells are the most applicable for a Wind/H2 system, due to the 
lack of high quality heat in the scenario. The low temperature fuel cells include Alkaline FCs, Polymer 
Electrolyte FCs, and Phosphoric Acid FCs; the polymer electrolyte FCs is the most commonly used for 
Wind/H2 energy system. 
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3 Methodology 
The techno-economic study will be developed in HOMER. The Hybrid Optimisation Model of Electric 
Renewable (HOMER) Micropower simulation is a piece of software developed by the National 
Renewable Energy Laboratory (NREL) to assist in the design of distributed generation system, both on 
and off grid. 

Using the built-in simulation and optimisation algorithms, it performs a detailed material and energy 
balance, for each hour of the year, on a specific energy system. The software will then present the results 
in an easily understandable format sorted out by the net present cost; it also has the capability to perform 
a sensitivity analysis based on the different inputs, allowing for an easier evaluation of the many 
possibilities of the power system. 

In order to develop a model in HOMER, the energy system needs to be clearly defined. The following 
section will define the model, describe the underlying theory of each piece of equipment, and the 
assumptions needed for the analysis of the wind/H2 system. 

3.1 Hydrogen Production and Utilisation 

3.1.1 System Setup 
According to the literature, Renewable Hydrogen projects can be simplified to two sections: Hydrogen 
production, and Hydrogen utilisation. The production section utilises the excess (or a defined percentage) 
of the electricity generated from a renewable power source, e.g. wind turbines or PV panels, to generate 
Hydrogen using an electrolyser. The electrolyser requires very pure water, which is unavailable at the 
location of the Hexicon platform, thus a desalination system is also necessary. The Hydrogen produced 
from the electrolysis is then stored as pressurised gas, which requires compressors. The production 
section can therefore be summarised to: 

1) Reverse Osmosis Desalination 
2) Alkaline Electrolyser 
3) Compressed storage tank. 

The utilisation section is summarised to the PEM fuel cell. The fuel cell requires air for the reaction, so a 
blower or a compressor may be necessary depending on the operating pressure of the FC. 

In addition to the generation and production equipment, power-conditioning units will be required to 
integrate and manage the different equipment. Power conditioners are used to invert AC to DC power 
(and vice versa) and can also be used as voltage step-up and step-down converters, i.e. increase and 
decrease the voltage [21]. 

The system can be summarised to the representation below. 
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Figure 3.1 Representation of the Hydrogen System (Dashed – Material, Solid – Energy) 

 

3.1.2 Mathematical Models of the Equipment 

3.1.2.1 Reverse Osmosis Desalination 
The heart of the RO system is the membrane elements. These are arranged in series in numbers usually 
between 2-7, and placed in pressure vessels. The feed water is fed to the pressure vessel and flows through 
each element separating the desalinated permeate and the concentrate brine solution. The volume of the 
feed in each subsequent element is reduced and the concentration of the brine increases. The permeate in 
each cascading element also has increased salinity due to the increased osmotic pressure and feed salinity. 
[25] 

In RO systems it is not uncommon to arrange pressure vessels in parallel (stages), with their feed, 
concentrate and permeate streams connected. Stages connected in series are called arrays. Seawater RO 
plants usually only contain a single stage and achieves recovery rates between 40 and 50%. The number of 
elements and pressure vessels will be determined depending on the required permeate flowrate. [25] 

3.1.2.1.1 Modelling of the RO system 
There are a number of operating parameters governing the performance of commercial RO systems; these 
are derived from the following: 

• Composition and quality of the feed water; 
• Type of RO membrane element used; 
• Recovery rate; 
• Average permeate flux rate. 

The salt separation modelling of the RO system will be simplified to a ‘block’, where the number of 
elements and pressure vessels will be ignored and only the properties of the membrane will be considered. 
The membrane used will be a DOW SW30HRLE-440i [33]: 
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Table 3.1 Membrane Specification [33] 

Permeate Flowrate 
(m3.day-1) 

Salt rejection 
(%) 

Permeate recovery 
(%) 

Max. operating pressure 
(bar) 

Max. pressure drop 
(bar) 

31 99.8 10 83 1.0 
 
The permeate recovery of the each individual membrane is 10%, however when arranged in series the 
process achieves the above mentioned recovery rates of 40 to 50%. 

The composition of the water determines the osmotic pressure, which itself determines the operating 
pressure and the energy demand. The osmotic pressure can be calculated from the following equation 
[34]:  

 𝜋 = 𝑖 ∙ ∅ ∙ 𝐶 ∙ 𝑅 ∙ 𝑇 Equation 3.1 

Where: 𝑖 – No. of dissociated ions in solute 
 ∅ - Osmotic coefficient [unitless] 
 C – Concentration of all solutes [mol.dm-3] 
 R – Universal gas constant 
 T – Solution temperature, K 

This equation can be simplified to: 

 𝜋 = 𝑅 ∙ 𝑇 ∙ 𝑚! Equation 3.2 

Where:  𝑚! – Sum of the molality of the constituent salts [mol.dm-3] 

 𝑚𝑗 =
𝑚𝑜𝑙𝑒𝑠  𝑠𝑜𝑙𝑢𝑡𝑒

𝑉𝑜𝑙𝑢𝑚𝑒  𝑜𝑓  𝑠𝑜𝑙𝑣𝑒𝑛𝑡
 Equation 3.3 

The table below presents the salinity of the Eastern Mediterranean sea. Assuming even salt water content 
throughout the water mass, the osmotic pressure can be obtained for Malta.  

Table 3.2 Eastern Mediterranean Sea salt content [34] 

Ion Concentration (mg.L-1) 
Chloride (Cl-) 21200 
Sodium (Na+) 11800 
Sulfate (SO42-) 2950 
Magnesium (Mg2+) 1403 
Calcium (Ca2+) 423 
Potassium (K+) 463 
Bicarbonate(HCO3-) 0 
Strontium (Sr2+) 0 
Bromide (Br-) 155 
Borate (BO33-) 72 
Fluoride (F-) 0 
Silicate (SiO32-) 0 
Iodide (I-) 2 
Total dissolved solids (TDS) 38468 

 

To obtain the osmotic pressure the molality of the water is required; this can be obtained using the 
molecular mass of each ion in solution. A rule of thumb used by system designers to estimate the 
operating pressure as twice the osmotic pressure [34]. 
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The main energy demand of a reverse osmosis system is derived from the large pressure differentials 
required for the pumping of the water. As already mentioned, this usually accounts for 80% of the total 
energy consumption in a SWRO system. The remaining 20% are towards the pre- and post-treatment of 
the water. These steps not only ensure good operation of the desalination plant, but are also necessary to 
achieve higher purity levels required for the electrolysis process. While these steps will not be modelled in 
this work, their energy requirement will be accounted for once the pump energy has been calculated. 

The compression of incompressible fluids is derived from the Bernoulli equation, and it can be simplified 
to [35]: 

 

 𝑃!"#$%&'() =
𝑄 ∙ ∆𝑝
3.6×10!

 Equation 3.4 

 
Where: PHydraulic – Required power [kW] 
 Q – Volumetric flowrate [m3.hr-1] 
 ∆𝑝 – Pressure Differential [kPa] 

It should be noted that normally the differential head would include the pressure losses in the pipes and 
static height differences, but to simplify the system only the pressure difference will be included in these 
models. 

Equation 3.4 is the hydraulic pump power i.e. the actual power required to raise the fluid to the required 
pressure, this however does not take into account the inefficiencies of the actual pump. The actual power 
i.e. the shaft power, is given by: 

 𝑃!!!"# =
𝑃!"#$%&'()

𝜂
 Equation 3.5 

The pump efficiency, 𝜂, is obtained from pump efficiency charts, which are provided by the pump 
manufacturers. Typical efficiencies lie at around 65%, which will be used in the calculations[35]. 

In order to minimise the required power consumption, the system will incorporate pressure exchangers 
which allows for energy savings between 50 and 60%[35]. 

3.1.2.1.2 SWRO Desalinator Calculation 
As it could be understood in the previous section, there are several decisive parameters that determine the 
operation of the desalination plant; these have been simplified to the recovery rate and the salinity of the 
water. The recovery rate is set at 40%. The salinity of the water determines the osmotic pressure and 
consequently the required operating pressure. Using Equation 3.3 and the values of Table 3.2 we can 
determine the concentration of the sample in mol.L-1; this is presented in the table below:  

Table 3.3 Molality Eastern Mediterranean Sea salt content [34] 

Ion Concentration (mg.L-1) Ion Mr (g.mol-1) Concentration (mol.L-1) 

Chloride (Cl-) 21200 35.5 0.59718 

Sodium (Na+) 11800 23 0.51304 

Sulfate (SO42-) 2950 96.1 0.03070 

Magnesium (Mg2+) 1403 24.3 0.05774 

Calcium (Ca2+) 423 40.1 0.01055 

Potassium (K+) 463 39.1 0.01184 

Bicarbonate(HCO3-) 0 61 0.00000 

Strontium (Sr2+) 0 87.62 0.00000 

Bromide (Br-) 155 79.9 0.00194 
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Borate (BO33-) 72 58.809 0.00122 

Fluoride (F-) 0 18.998 0.00000 

Silicate (SiO32-) 0 76.0848 0.00000 

Iodide (I-) 2 126.9 0.00002 

Total 38468 - 1.22423 
 

Thus using Equation 3.2 the osmotic pressure was be estimated at: 

 𝜋 = 29.82𝑏𝑎𝑟 Equation 3.6 
 
The operating pressure is set at twice that of the osmotic pressure: 

 𝑝 ≈ 60𝑏𝑎𝑟 Equation 3.7 
 
This allows to develop a material balance over the RO system: 

Table 3.4 Reverse Osmosis Material Balance 

 Inlet Permeate Concentrate 
Flowrate (m3/s) 1.000 0.400 0.600 
Flowrate (m3/hr) 3600 1440 2160 
Pressure (bar) 60 1.01325 55 
Salt flowrate (kg/s) 38.468 0.0769 38.3911 
Salt Conc (mg/L) 38468 192.34 63985.11 

 
The pressure loss between the inlet and concentrate is based on the membrane in Table 3.1, (1.0bar), and 
the assumed 5 membrane elements in the RO pressure vessels lead to a total 5 bar decrease in pressure.  

The pumping power is calculated using the following assumptions: 

Table 3.5 Pumping Assumptions 

Initial Pressure, kPa 101.325 
Final Pressure, kPa 6000 
Pump Efficiency, % 65 

 
The largest power consumption of the RO system is attributed to the pumping of the water to the 
required pressure. Assuming 1m3.s-1 (3600m3.hr-1) this is calculated using Equation 3.4: 

 𝑃!"#$%&'() =
3600 ∙ ∆𝑝
3.6×10!

  
= 5898𝑘𝑊 

Equation 3.4 

 
Therefore the specific hydraulic power is: 

 

𝑃!"#$%&'() =
𝑃!"#$%&'()
𝑉!"#$"%&"

  

=
5898
1440

  

= 4.10𝑘𝑊ℎ.𝑚!!𝑃𝑒𝑟𝑚𝑒𝑎𝑡𝑒 

Equation 3.8 

 
Taking the inefficiencies into account: 

 𝑃!!!"# =
𝑃!"#$%&'()

𝜂
   Equation 3.9 



 
 

-26- 

=
4.10
65%

  

= 6.30𝑘𝑊ℎ.𝑚!𝑃𝑒𝑟𝑚𝑒𝑎𝑡𝑒 
 
The power to the ancilliary units is 20% of the total, therefore: 

 𝑃!"#$%%$&'( =
𝑃!!!"#
80%

×20%  

= 1.58𝑘𝑊ℎ.𝑚!𝑃𝑒𝑟𝑚𝑒𝑎𝑡𝑒 
Equation 3.10 

 

The energy saved due to the energy recovery system corresponds to 50% of the pumping power, 
therefore: 

 𝑃!"#$% = 𝑃!!!"#×50%  
= 3.15𝑘𝑊ℎ.𝑚!𝑃𝑒𝑟𝑚𝑒𝑎𝑡𝑒 

Equation 3.11 

 
Therefore the total power consumption by the RO system is: 

 𝑃!"#$% = 𝑃!"#$% + 𝑃!"#$%%$&'(   
= 4.73𝑘𝑊ℎ.𝑚!𝑃𝑒𝑟𝑚𝑒𝑎𝑡𝑒 

Equation 3.12 

 
The power consumption results are summarized below. 

Table 3.6 Reverse Osmosis Energy Balance 

 Power Consumption, kWh.m-3 Permeate 
Hydraulic Power 4.10 
Shaft Power 6.30 
Ancilliary Units 1.58 
Energy Saved 3.15 
Total Consumption 4.73 (4.73Wh.kg-1 Permeate) 

 

3.1.2.2 Alkaline Electrolyser 
The electrolyser used in this work will be based on the alkaline type. The Alkaline electrolyser splits water 
according to the following equations: 

 
Figure 3.2 Operation Principle of Alkaline Water Electrolysis  

Anode: 2𝑂𝐻!
!" → 1

2𝑂! ! + 𝐻!𝑂 ! + 2𝑒! Equation 3.13 
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Cathode: 𝐻!𝑂 ! + 2𝑒! → 𝐻! ! + 2𝑂𝐻!
!"  Equation 3.14 

Overall: 𝐻!𝑂 ! + 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦   → 𝐻! ! + 1 2𝑂! !  Equation 3.15 

3.1.2.2.1 Alkaline Electrolyser Electrochemical model 
There are three main aspects required for the modelling of the alkaline electrolyser; these are the power 
consumption, the hydrogen production, and water consumption. Minor aspects include the waste heat and 
required cooling, and the oxygen produced. 

The power consumption of the of the electrolyser is given by: 

 

 𝑃!" =
𝑛!𝑉!𝐼
𝜂!

 Equation 3.16 

 
Where: 𝑃!" – Electrolyser power consumption, W 
 nc – Number of cells 
 𝑉! – Cell voltage, V 
 I – Cell current, A 
 𝜂! – Electrolysis efficiency 

However, it is more useful to express the power consumption in terms of the hydrogen produced, thus 
removing the current and the number of cells from the equation. The hydrogen and oxygen produced, 
and the consumption of water is given by the following equation: 

 

 𝑛!! = 𝜂!
𝑛!𝐼
𝑧𝐹

 Equation 3.17 

 𝑛!! =
1
2 𝑛!! = 𝑛!!! Equation 3.18 

 
Where: 𝑛!! – Molar flowrate of Hydrogen, mol.s-1 
 𝑛!! – Molar flowrate of Oxygen, mol.s-1 
 𝑛!!! - Molar flowrate of Water, mol.s-1 
 𝜂! – Faraday efficiency 
 F – Faraday constant, 96485 C.mol-1 
 z – No. electrons exchanged in process (H2 – 2, O2 – 4) 
 

Therefore Equation 3.16 (in terms of Hydrogen) can expressed as: 

  

Molar flowrate: 𝑃!" =
2𝑛!!𝑉!𝐹
𝜂!𝜂!

 Equation 3.19 

 

Mass flowrate: 𝑃!" =
2𝑛!!𝑀𝑟!!𝑉!𝐹

𝜂!𝜂!
 Equation 3.20 

 

Or having the power output as a variable: 

Molar flowrate: 𝑛!! =
𝑃!"𝜂!𝜂!
2𝑉!𝐹

 Equation 3.21 

 

Mass flowrate: 𝑚!! =
𝑃!"𝜂!𝜂!
2𝑉!𝐹𝑀𝑟!!

 Equation 3.22 
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The electrolyser efficiency is defined as the ratio of the thermoneutral potential, Vtn, and the cell voltage: 

 

 𝜂! =
𝑉!"
𝑉

 Equation 3.23 

 
The thermoneutral potential is given by: 

 

 𝑉!" =
𝛿ℎ
𝑧 ∙ 𝐹

 Equation 3.24 

 
Where: δh – Standard Enthalpy, kJ.mol-1 

At 80ºC the thermoneutral potential is 1.473V. 

The Faraday efficiency is the ratio of the actual and the theoretical Hydrogen production. The Faraday 
efficiency varies with the temperature. An increase leads to lower electrical resistances and increased 
parasitic losses; this leads to lower Faraday efficiencies. Ulleberg proposed the following empirical 
expression[36]: 

 

 𝜂! =
𝐼′ !

𝑓! + 𝐼′ !
𝑓! Equation 3.25 

 

Where: 𝑓!and 𝑓! – Faraday efficiency parameters 
 𝐼′ – Current Density, mA.cm-2 

Table 3.7 Faraday efficiency parameters at 80ºC [37] 

𝑓! 250 mA2.cm-4 
𝑓! 0.96 

 
The volumetric flowrate of Hydrogen and Oxygen in Nm3.hr-1 is given by [38]: 

 
 𝑉 = 𝑛 ∙ 𝜐!"# ∙ 3600 Equation 3.26 

 
Where: 𝑉 - Volumetric flowrate, Nm3.hr-1 

𝜐!"# – Ideal gas specific volume, 0.022414Nm3.mol-1 

The volumetric flowrate of Water in dm3.hr-1 is calculated by: 

 

 𝑉!!! =
𝑛!!! ∙ 3600 ∙𝑀𝑟!!!

𝜌!!!
 Equation 3.27 

 
Where: 𝑉 – Volumetric flowrate, kg.hr-1 
 𝑀𝑟!!! – Molecular mass of water, 18kg.mol-1 

 𝜌!!! – Density of water, 1kg.dm-3 
  

While the waste heat from the electrolyser can be used as a source of hot water in other parts of the 
platform, it will not be included in the actual model of the system, as it would require extra components 
for the techno-economic study. The heat of the electrolyser is as follows [38]: 
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  𝑄!""# = 𝑄!"# + 𝑄!"## Equation 3.28 
  𝑄!"# = 𝑛!𝑉𝐼 1 − 𝜂!  Equation 3.29 

  𝑄!"## =
𝑇 − 𝑇!
𝑅!

 Equation 3.30 

 
Where:  Ta – Ambient temperature, ºC 
 Rt – Overall thermal resistance of the electrolyser, 0.167ºC.W-1 [38] 

The electrochemical model described above can be adapted for both static and dynamic systems; to 
simplify the modelling process a static system will be assumed. The equations for the electrochemical 
model above can be manipulated so that only two parameters are necessary, and these dictate the 
performance of the electrolyser; these are the temperature, and the current density. According to literature, 
the operating temperature of alkaline electrolysers is generally set at 80ºC [21]. The cell voltage and current 
will be defined basing on the Norsk Hydro electrolysers. These have a cell voltage of 1.71, and current 
density is in the range of 200-300mA.cm-2 [39] . A current density of 250mA.cm-2 will be assumed. 

3.1.2.2.2 Alkaline Electrolyser Calculation 
Table 3.8 below presents a summary of the operating conditions of the electrolyser as defined in the 
previous section. 

Table 3.8 Electrolyser Operating Conditions 

Cell Voltage, V (V) 1.71 
Thermoneutral Voltage, Vtn (V) 1.473 
Current Density, I’ (A.m-2) 2.5 

 

Using the data above it is possible to calculate the different operating parameters of the electrolyser: 

Electrolyser Efficiency 𝜂! =
1.473
1.71

= 86.1% Equation 3.31 

 

Faraday Efficiency 𝜂! =
250 !

250 + 250 ! 0.96 = 95.6% Equation 3.32 

 

Therefore on the basis of 1kW of power, it is possible to manipulate Equation 3.19 to calculate the 
production of Hydrogen: 

 

𝑛!! =
𝑃!"𝜂!𝜂!
2𝑉!𝐹

  

𝑛!! =
1000 ∙ 0.956 ∙ 0.861
2 ∙ 1.71 ∙ 96485

  

𝑛!! = 0.00250𝑚𝑜𝑙. 𝑠!! 

Equation 3.33 

 
Therefore the production of Oxygen and consumption of water is: 

 
 𝑛!! = 0.00125𝑚𝑜𝑙. 𝑠!! Equation 3.34 

 𝑛!!! = 0.00250𝑚𝑜𝑙. 𝑠!! Equation 3.35 
 
Table 3.9 below summarises the mass balance of the electrolyser in different units. 

Table 3.9 Electrolyser Material Balance 

 Molar Flowrate, 𝑛 Mass Flowrate, 𝑚 Volumetric Flowrate, 𝑉 
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(mol.s-1) (kg.hr-1) (Nm3.hr-1) 
Water Consumed 0.00250 0.1617 0.1617dm3.hr-1 
Hydrogen 
Produced 0.00250 0.0180 0.2014 

Oxygen Produced 0.00125 0.0144 0.1007  
 
Based on the information above it is possible to calculate the power consumption per unit of volume and 
mass on the basis of 1kW. This is achieved by: 

Specific Power Consumption 
(Vol.) 

𝑃!" =
𝑃!"
𝑉!!

 Equation 3.36 

 𝑃!" =
1000
0.2014

 Equation 3.37 

 𝑃!" = 4.965𝑘𝑊ℎ.𝑁𝑚!!𝐻! Equation 3.38 
Mass 𝑃!" = 55.643𝑘𝑊ℎ. 𝑘𝑔!!𝐻! Equation 3.39 
 

The total available heat from the electrolyser is calculated from Equation 3.28, Equation 3.29, and 
Equation 3.30: 

 𝑄!""# = 𝑄!"# + 𝑄!"## Equation 3.28 
  𝑄!"# = 1000 1 − 86.1%  Equation 3.29 

  𝑄!"## =
80 − 20
0.167

 Equation 3.30 

 𝑄!""# = 138.6 + 359.3 = 497.9𝑊 Equation 3.28 
 

Using the same principle as before it is possible to calculate the total specific energy lost due to 
inefficiencies: 

Specific Energy Loss (Vol.) 𝑄!"#$.!""# =
𝑄!""#
𝑉!!

 Equation 3.40 

 𝑄!"#$.!""# =
497.9
0.2014

 Equation 3.41 

 𝑄!"#$.!""# = 2.47𝑘𝑊ℎ.𝑁𝑚!!𝐻! Equation 3.42 
Specific Energy Loss (Mass) 𝑄!"#$.!""# = 27.70𝑘𝑊ℎ. 𝑘𝑔!!𝐻! Equation 3.43 
 

The energy balance is summarised in Table 3.10 below: 

Table 3.10 Electrolyser Energy Balance 

Specific Energy Consumption, 𝑃!" 
4.965 kWh.Nm-3 H2 
(55.643 kWh.kg-1 H2) 

Specific Heat Losses, 𝑄!"#$.!""# 
2.47 kWh.Nm-3 H2 
(27.70 kWh.kg-1 H2) 

 

The total energy consumption is therefore the sum of both, therefore: 

Table 3.11 Summary of Fuel Cell 

Total Energy Consumption (kWh.kg-1 H2) 83.3 
Fuel Cell Efficiency (%) 66.8 
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3.1.2.3 Compressed Gas storage 
The produced Hydrogen will be stored at a pressure of 30bar. There are no energy or chemical models 
applicable to the storage of the gas apart from the percentage of gas stored in the tanks, which is 
dependent on the size of the storage.  

3.1.2.4 Hydrogen Compression 
There is a wide range of equipment available to compress gases e.g. reciprocating compressors, screw 
compressors, etc.; the model developed will not be based on a specific compressor, but will use the 
thermodynamic principles behind the majority of them. The model will be based on a multi-stage 
polytropic compressor with an ‘n’ number of stages, and the gases are assumed to be ideal. [22] 

The compression is divided into several stages to allow for intercooling (normally between two and five). 
This increases the overall efficiency of the compression process by reducing the compressor capacity 
while minimising the power input of higher compression ratios. [22] 

The work of a polytropic compression process with intercooling to the same temperature is given by 
(example of a two stage process): 

 

 𝑊! =
𝑁 ∙ 𝑅 ∙ 𝑇!
𝑁 − 1

1 −
𝑝!
𝑝!

!!!
!

 Equation 3.44 

 

 𝑊! =
𝑁 ∙ 𝑅 ∙ 𝑇!
𝑁 − 1

1 −
𝑝!
𝑝!

!!!
!

 Equation 3.45 

 
Where:  Wx – work of stage ‘x’ [J.kg-1] 

N – Polytropic compression factor (Normally 1.4) 
R – Universal gas constant [J.K-1.mol-1] 
T1 – Initial temperature [K] 
p1 – Initial pressure [Pa] 
px – Intermediate pressure [Pa] 
p2 – Final pressure [Pa] 

The compression ratio at each stage must be the same such that: 

 
𝑝!
𝑝!
=
𝑝!
𝑝!
= 𝑟! Equation 3.46 

Thus: 

 𝑝! = 𝑝! ∙ 𝑝! Equation 3.47 

Or 

 𝑟!! = 𝑟!! =
𝑝!
𝑝!

!
!
 Equation 3.48 

For a process with a higher number of stages, N, it will result in: 

 𝑟! !"# = 𝑟! !"#$%&&
!
! Equation 3.49 

As the compression ratio is assumed to be constant, each individual stage has the same compression work. 
Therefore the overall work of the process is given by: 



 
 

-32- 

 𝑃!"#$ = 𝑚!" ∙ 𝑁 ∙𝑊! Equation 3.50 

Where:  𝑚!" – mass flow rate, [kg.s-1] 

3.1.2.4.1 Compressor Calculation 
The operating conditions of the compressor is given in Table 3.12 below: 

Table 3.12 Compressor Conditions 

Initial Temperature, T1 (ºC) 80 
Initial Pressure, p1 (bar) 1.01325 
Final Pressure, p2 (bar) 30 
Number of Stages, N 5 

 

Before the compression work can be calculated, the optimal pressure ratio of the compression process is 
required. The optimum compression ratio is given by: 

 

 𝑟! !"# =
30

1.01325

!
!
 

= 1.969 

Equation 3.49 

 

The work of each individual compression stage is thus given by: 

 

 𝑊! =
1.4 ∙ 8.314 ∙ 353

1.4 − 1
1 − 3.2187

!.!!!
!.!   

= 2.20𝑘𝐽. 𝑘𝑔!! 
Equation 3.44 

 
Thus the total work is: 

 𝑊!"# = 𝑊! ∙ N  
= 10.99𝑘𝐽. 𝑘𝑔!! 

Equation 3.50 

 

The total energy required to compress 1kg of Hydrogen per hour is therefore: 

 

 𝑃!"#$ =
1

3600
∙ 10.991  

= 0.0031𝑘𝑊 
Equation 3.50 

 
Also: 

 𝑃!"#$ = 10.99𝑘𝑊ℎ. 𝑘𝑔!!𝐻! Equation 3.50 
 
The energy balance of the compressor is summarised in the table below: 

Table 3.13 Energy and Power Consumptions 

Stage Work, Wx (kJ.kg-1) 2.20 
Total Power Required, 𝑃!"#$ (kW) 0.0031 
Specific Energy Consumption, 𝑃!"#$  (kWh.kg-1H2) 10.99 
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3.1.2.5 Proton-Exchange Membrane Fuel Cell 
The fuel cell used in this work will be based on the PEM type. The PEM fuel cell converts the chemical 
energy of Hydrogen and Oxygen to a direct electrical current, according to the following equations: 

 
Figure 3.3 PEMFC Principle [22] 

Anode: 𝐻! ! → 2𝐻!
!" + 2𝑒! Equation 3.51 

Cathode: 2𝐻!
!" + 2𝑒! + 1 2𝑂! ! → 𝐻!𝑂 !  Equation 3.52 

Overall: 𝐻! ! + 1 2𝑂! ! → 𝐻!𝑂 !  Equation 3.53 

 

The reaction produces electricity, water and heat. 

3.1.2.5.1 PEMFC Electrochemical model 
There are three main aspects required for the modelling of the fuel cell; these are the power production, 
the hydrogen utilisation, and the air used. Minor aspects include the air exhaust flowrate, the water 
produced, and the waste heat. 

The power of the fuel cell stack is given by [40]: 

 
 𝑃!" = 𝑛!𝐼𝑉! Equation 3.54 

Where:  𝑃!"  – Power of fuel cell stack, W 
 𝑛! – No. of Cells 

𝐼 – Cell current, A 
 𝑉! – Cell voltage, V 

Much like the electrolyser, it is more useful to express the power produced in terms of the hydrogen 
consumed, thus removing the current and number of cells from the equation. The hydrogen used is 
described by the following equations: 

 

 𝑛!! =
𝑛!𝐼
2𝐹

 Equation 3.55 

 

As such, the power output of the fuel cell expressed as the consumption of Hydrogen is given by:  
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Molar flowrate: 𝑃!" = 2𝑛!!𝑉!𝐹 Equation 3.56 
 
Mass flowrate: 𝑃!" = 2𝑛!!𝑀𝑟!!𝑉!𝐹 Equation 3.57 
 

Where:  𝑀𝑟!! – Molar mass of Hydrogen, 2kg.kmol-1 

Or in having the power output as a variable: 

Molar flowrate: 𝑛!! =
𝑃!"
2𝑉!𝐹

 Equation 3.58 

 

Mass flowrate: 𝑚!! =
𝑃!"

2𝑉!𝐹𝑀𝑟!!
 Equation 3.59 

 

The use of pure oxygen would be unpractical as its storage would also be necessary. Therefore, the 
Oxygen for the reaction will be derived from air. The stoichiometric Oxygen molar flowrate can be 
obtained in the same principle as with Equation 3.18, i.e. half a mole of oxygen is required per mole of 
hydrogen used. As such, it can be deduced that: 

 

 𝑛!!.!"#$% =
𝑛!!
2

 Equation 3.60 

 𝑛!"#.!"#$% =
𝑛!!
0.21

 Equation 3.61 

 

Where 0.21 is the molar proportion of Oxygen in air. In a fuel cell it is unpractical to use the reactants 
stoichiometric quantity and oxygen is usually present in excess, normally as double of the stoichiometric 
amount [40].  The mass flowrate of air is therefore given by: 

 

 𝑚!"# = 𝜆
𝑛!!.!"#$%
0.21

𝑀𝑟!"# Equation 3.62 

 
Where:  𝜆 – Stoichiometric quantity 
 𝑀𝑟!"# – Molar mass of air, 28.97kg.kmol-1 

The air exhaust flowrate is calculated from a simple material balance in the fuel cell: 

 
 𝑚!"#.!"# = 𝑚!"#.!" −𝑚!!.!"#$ Equation 3.63 
 
The equation described above is as such due to the assumption that the hydrogen fed to the FC is 
exhausted i.e. complete reaction. 

The rate of water production is also based on Equation 3.18. The molar production of water is equivalent 
to that of Hydrogen consumption. As such, the mass flowrate of water is: 

  
 𝑚!!! = 𝑛!!𝑀𝑟!!! Equation 3.64 
 
Where:  𝑀𝑟!!! – Molar mass of water, 18.01 kg.kmol-1 
 
Due to the inefficiencies, a part of the energy will be dissipated as heat. The heat produced by the fuel cell 
operates in respect to its power is given by [40]: 
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 𝑄 = 𝑃!"
1.25
𝑉!

− 1  Equation 3.65 

 
Where:  𝑄 – Heat dissipated, W 

The equations described above have two parameters that dictate the performance of the fuel cell; these are 
the power, and the voltage of the cell. The power will be known from the demand of the system. The cell 
voltage is unknown, but can be assumed to lie in the range between 0.6 and 0.7 V; a cell voltage of 0.65 
will be assumed. [40]  

3.1.2.5.2 PEM Fuel Cell Calculation 
Table 3.14 below presents the operating conditions of the PEM fuel cell as established in the 
methodology.  

 
Table 3.14 PEM Fuel Cell Operating Conditions 

Cell Voltage, V (V) 0.65 
Operating Pressure, p (bar) 1 
Stoichiometric Excess Factor, λ 2 

Therefore on the basis of 1kW of power, it is possible to manipulate Equation 3.56 to calculate the 
consumption of Hydrogen: 

 𝑛!! =
𝑃!"
2𝑉!𝐹

 Equation 3.66 

 𝑛!! =
1000

2 ∙ 0.65 ∙ 96485
  

 
𝑛!! = 0.0080𝑚𝑜𝑙. 𝑠!! 
𝑚!! = 0.057𝑘𝑔. ℎ𝑟!! 

 

The stoichiometric Oxygen and Air usage is calculated using equation Equation 3.60, and Equation 3.61. 
This is given by: 

 

 𝑛!!.!"#$% =
0.0080
2

 Equation 3.60 

 = 0.0040𝑚𝑜𝑙. 𝑠!!  
 𝑚!!.!"#$% = 0.92𝑘𝑔. ℎ𝑟!!  

 𝑛!"#.!"#$% =
0.0040
0.21

 Equation 3.61 

 = 0.019𝑚𝑜𝑙. 𝑠!!  
 𝑚!"#.!"#$% = 1.99𝑘𝑔. ℎ𝑟!!  
 

The actual amount of oxygen and air used is twice that calculated above, which is decided by the 
stoichiometric excess factor, λ. 

The air exhaust is calculated using Equation 3.63: 

 
 𝑚!"#.!"# = 3.9730 − 0.9184 Equation 3.63 
 = 3.04𝑘𝑔  
 
And the water produced is calculated using Equation 3.64: 

 
 𝑚!!! = 0.0080 ∙ 18 Equation 3.64 
 = 0.52𝑘𝑔. ℎ𝑟!!  
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The table below presents the summary of the material balances: 

Table 3.15 PEM Fuel Cell Material Balance 

 Molar Flowrate, mol.s-1 Mass Flowrate, kg.hr-1 Vol. Flowrate, Nm3.hr-1 
Hydrogen Consumption 0.0080 0.0574 0.6433 
Stoic. Oxygen Consumption 0.0040 0.4592 0.3217 
Total Oxygen 0.0080 0.9184 0.6433 
Air Inlet 0.0380 3.9594 3.0634 
Air Outlet 0.0336 3.041 2.7081 
Water Produced 0.0080 0.5166 0.5166dm3.hr-1 
 

Based on the information above it is possible to calculate the power consumption per unit of volume and 
mass. This is achieved by: 

Specific Energy Consumption 
(Vol.) 

𝑃!" =
𝑃!"
𝑉!!

 Equation 3.67 

 𝑃!" =
1000
0.6433

  

 𝑃!" = 1.555𝑘𝑊ℎ.𝑁𝑚!!𝐻!  
Specific Energy Consumption 
(Mass) 𝑃!" = 17.42𝑘𝑊ℎ. 𝑘𝑔!!𝐻! Equation 3.68 

 
The heat dissipated, i.e. lost due to inefficiencies, by the fuel cell is given by Equation 3.65: 

 

 𝑄 = 1000
1.25
0.65

− 1  Equation 3.69 

 𝑄 = 923𝑊  

Using the same principle as before it is possible to calculate the total specific power lost due to 
inefficiencies: 

Specific Energy Loss (Vol.) 𝑄!"#$.!""# =
𝑄
𝑉!!

 Equation 3.70 

 𝑄!"#$.!""# =
923

0.6433
  

 𝑄!"#$.!""# = 1.435𝑘𝑊ℎ.𝑁𝑚!!𝐻!  
Specific Energy Loss (Mass) 𝑄!"#$.!""# = 16.08𝑘𝑊ℎ. 𝑘𝑔!!𝐻!  
 

The energy balance is summarised in Table 3.10 below: 

Table 3.16 PEM Fuel Cell Energy Balance 

Specific Energy Production, 𝑃!"  
1.555 kWh.Nm-3 H2  
(17.42 kWh.kg-1 H2) 

Specific Heat Losses, 𝑄!"#$.!""# 
1.435 kWh.Nm-3 H2 
(16.08 kWh.kg-1 H2) 

 

The total energy production is therefore the sum of both, therefore: 

Table 3.17 Summary of Fuel Cell 

Total Energy Production (kWh.kg-1 H2) 33.5 
Fuel Cell Efficiency (%) 52 
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3.1.2.6 Fan or Blower 
The supply of air to the fuel cell is done by either a fan or a blower. A blower is a piece of equipment that 
moves gases with a moderate increase of pressure. A fan moves gases at low pressure differentials. 
Assuming negligible pipe friction losses and considering that the fuel cell operates at atmospheric 
pressure, only a fan is required. The specific work of a fan is: 

 𝑤!"# =
𝑝! − 𝑝!
𝜌!"#

 Equation 3.71 

Where: 𝑤 – Specific work [J.kg-1] 
 𝑝 – Pressure [N.m-2] 
 𝜌!"# – Density [kg.m-3] 

As the FC is operated at atmospheric pressure, the pressure different would be merely that to overcome 
the pressure losses in the piping. 

The power required by the fan is therefore: 

 𝑃!!" = 𝑚!"# ∙ 𝑤!"# Equation 3.72 

Where:  𝑚 – mass flow rate [kg.s-1] 

The efficiency of the fan would also need to be taken into consideration. However, to simplify the 
calculation the fan was not included, and its energy requirements are considered to be negligible. 

3.1.2.7 Power Conditioning Unit 
As mentioned, each equipment in the plant runs on different voltages and/or types of current, as such, a 
power conditioning unit is required to make all of the equipment operational with each other, and to 
provide the required current conversions between the AC and the DC bus. 

The size of the conditioning units will be based on the size of the largest piece of equipment, whether it is 
the fuel cell or the electrolyser. The efficiency of the inverter will be set at 90% [41], therefore it needs to 
be oversized by 10% in respect to the chosen equipment to allow for losses. 

3.1.3 Hydrogen Generation and Utilisation Summary 
The whole model was coupled together according to the flow diagram in Figure 3.1.  Based on the results 
in the methodology, it was possible to develop an overall material and energy balance on both the 
production and utilisation of Hydrogen. The table below presents the results for the production of 
hydrogen on the basis of 1kg of Seawater. The total energy consumption for the hydrogen production 
process is given the symbol 𝑃!". 

Table 3.18 Material and Energy Balance of Hydrogen Production 

Basis of 1kg Salt Water Mass Power, kWh 
Desalinated Water 0.40 kg H2O 0.0019 
Electrolysis 0.044 kg Hydrogen 2.47 
Compression 0.044 kg Hydrogen 0.488 
Total N/A 𝑃!" = 2.96 
 
Table 3.19 presents the power percentage distribution towards the production of Hydrogen. The power 
consumption of the electrolyser is by far the largest requirement consuming 83.5% of the total power fed 
to the production facility. 
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Table 3.19 Power Percentage Distribution of Hydrogen Production 

 Production Percentage % 
Desalination 0.06 
Electrolysis 83.5 
Compression 16.4 

 

Using the Hydrogen produced in Table 3.18, and the specific power production of the FCs in Table 3.16, 
it was possible to obtain the energy recovered from the quantity of Hydrogen. These are presented below: 

Table 3.20 Material and Energy Balance of Hydrogen Utilisation 

Basis of 0.044kg Hydrogen Mass Power, kWh 
Fuel Cell 0.044 kg Hydrogen 0.77 
 

Based on the results above, it is possible to calculate the overall efficiency of the process; this being a 
simple ratio between the output energy and total energy required: 

 𝜂!"!#$% =
𝑃𝑜𝑤𝑒𝑟  𝑂𝑢𝑡𝑝𝑢𝑡
𝑃𝑜𝑤𝑒𝑟  𝐼𝑛𝑝𝑢𝑡

 Equation 3.73 

 =
0.77
2.96

  

 = 26%  

A loss of approx. 70% of the energy input is obviously unfavourable, however, considering the fact that 
this energy would otherwise be dumped can prove to be lucrative option.  

Table 3.21 System Efficiency 

System Efficiency 26% 
 
Based on the values obtained in Table 3.18 it is possible to calculate the total specific energy consumption 
for production process, 𝑃!". 

  𝑃!" =
𝑃!"
𝑚!!

 Equation 3.74 

 =
2.96
0.044

  

 = 66.7𝑘𝑊ℎ. 𝑘𝑔!!𝐻!  
 

Table 3.22 Overall System Energy Balance 

Specific Energy Consumption, 𝑃!" 
5.95 kWh.Nm-3 H2 
(66.7 kWh.kg-1 H2) 

Specific Energy Production, 𝑃!"  
1.55 kWh.Nm-3 H2 
(17.42 kWh.kg-1 H2) 

 

It should be noted that the Specific Power Production is the same as that presented in Table 3.16 for the 
PEMFC. 
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3.2 Equipment Size 
The sizing of the equipment is a design and engineering problem where the technical and economic inputs 
are changed to find an optimal balance between all the included parameters. However, an estimate of the 
size is required as starting point for these iterations. 

The electricity generated by the wind turbines will be directly fed to Maltas power grid. However, if the 
energy produced exceeds the demand, the excess is fed to the Hydrogen production facility; this 
assumption is not entirely correct, and it will be later discussed in the results section. When there is a 
deficit in wind power, the fuel cell will provide the required electricity [42]. The sizes of the equipment will 
be established in respect to an average excess and deficit, and this is carried out by setting a nominal value 
from which to compare the energy production with; this will be set as the average monthly energy demand 
throughout the year. 

The Hexicon will be substituting 9% of Malta’s annual electricity demand (approx. 2.18TWh), i.e. 
197GWh per year. Assuming an equal distribution for each month, 9% of monthly average electricity 
demand is therefore 16.4GWh (or 22.4MWh per hour of the year). [12, 15]  

 
Figure 3.4 9% of the Annual Maltese Energy Demand [12] 

To obtain a nominal excess and deficit of energy, the wind energy production is required, and this will be 
based on the months with the highest and lowest winds. The following section will describe how the wind 
energy is generated and how the wind data is manipulated to calculate the energy produced. 

3.2.1 Wind Power 
Wind is the flow of air masses created by the uneven heating of the earth’s surface by solar radiation, i.e. 
wind is an alternative form of solar energy. Using the continuity equation from fluid mechanics it is 
possible to determine the power of wind through a rotor disc. It is given by [43]: 

 𝑃 =
1
2
𝜌𝐴𝑢! Equation 3.75 

Where: P – Power (W) 
 ρ – density of air (kg/m3) 
 A – Swept area (m2) 
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 u – Air velocity (m/s) 

There are a few aspects that can be deduced from the equation above: the power contained in the wind is 
directly proportional to the density of air, which in standard conditions is approx. 1.225 kg/m3; the power 
is also directly proportional to swept area of the wind rotor, which in turn is proportional to the square of 
the diameter of a horizontal wind turbine. Also the power is proportional to the cube of the wind velocity. 

However, not all of the power contained in the wind can be recovered. As the wind passes through a rotor 
disc it slows down, and the more energy is removed from the wind the slower it will become. If all of the 
energy is recovered it would lead to a stationary air mass downstream of the wind turbine causing the 
turbine to stop. The theoretical maximum is called the Betz limit after the German aerodynamicist Albert 
Betz. His studies defined that the maximum achievable power coefficient, CP, is: 

 

 𝐶!,!"# =
16
27

= 0.593 Equation 3.76 

The power coefficient is defined as: 

 

 𝐶! =
𝑅𝑜𝑡𝑜𝑟  𝑃𝑜𝑤𝑒𝑟

𝑃𝑜𝑤𝑒𝑟  𝑖𝑛  𝑡ℎ𝑒  𝑤𝑖𝑛𝑑
 Equation 3.77 

 
It should be noted that while the Betz limit is an efficiency of sorts, it is still necessary to consider the 
electrical and mechanical efficiency of the wind turbine itself; this places yet another limit on the amount 
of energy that can be produced by wind turbines. Modern wind turbines reach CP values close to 0.5 [44]. 

The location where the turbines are placed has a dramatic effect on the annual power production. As 
such, a thorough study of the wind potential of the site is necessary to ensure maximum power 
production; to ensure a reliable approximation of the wind speed distribution, it is necessary to collect at 
least 1 year of wind measurements. The result of the wind study is usually represented in a histogram 
depicting the hours in a year where the wind was at each given speed. Figure 3.5 shows the typical 
histogram of a site with sufficient wind potential. [19] 

  
Figure 3.5 Typical histogram of annual wind speed distribution [19] 

While the power available in the wind is proportional to the cube of the wind speed, the electrical power 
produced by a specific wind turbine is defined by its power curve; Figure 3.6 presents an example of a 
power curve. Different manufacturers have different power curves for their turbines, but independent of 
the curve, there are three points that need to be considered: the cut-in speed, the cut-out speed, and the 
nominal speed. The cut-in speed represents the point where the wind turbine starts to produce power, and 
as the wind speed increases the power produced continues to increase exponentially until it reaches its 
nominal value. At this point there is no further increase in the power production with the increasing wind 
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speeds. At the cut-out speed, the wind turbine ceases operation for safety reasons. It is desirable to locate 
the installation where the wind speeds fall in the nominal operating conditions.[19, 43] 

 
Figure 3.6 Typical power curve of a double fed WTG [19] 

Using Equation 3.78 and the data from the two previous figures it is possible to estimate the annual 
energy production of a given site. 

 

 𝑃!""#$% = 𝑃! ∙ 𝐻!

!!!"

!!!"

 Equation 3.78 

 
Equation 3.78 above states that the annual power production of a given wind turbine is the sum of the 
product of the power at a certain wind speed (𝑃!), between the cut-in (𝑐𝑖) and cut-out (𝑐𝑜) phase, and the 
hours in the year, 𝐻!, during which the wind speed was observed [19].  

However, on its own, the annual power production is not a good indicator of performance. The capacity 
factor, CF, is a parameter which better indicates the performance of a given wind turbine at a given site; it 
is defined as the ratio of the actual power generated, 𝑃!""#$% , and the power that could have been 
generated if the turbines had been operating continuously at full-power. It should be noted that a site with 
capacity factor over 30% represents a site with high wind potential. [43] 

 

 𝐶𝐹 =
𝑃!""#$%
𝑃!"#$%&'

 Equation 3.79 

 

3.2.1.1 Wind Data Manipulation 

3.2.1.1.1 Hourly Wind Data 
As mentioned, before a wind farm project can be considered and financed, a thorough wind study needs 
to be done. However, if the mean wind speeds are known, the hourly data can be derived from 
probabilistic distributions. There are two probability distribution methods commonly used in the industry 
for estimates of hourly wind data: the Rayleigh and the Weibull. The Reyleigh distribution requires only 
one parameter, the mean wind speed; the Weibull distribution uses two, a shape factor, k, and a scale 
factor, c. The use of two parameters allows for a wider representation of wind profiles, and as such the 
Weibull distribution should be used [43]; it is represented by: 

 

 𝑝 𝑈 =
𝑘
𝑐

𝑈
𝑐

!!!

𝑒𝑥𝑝 −
𝑈
𝑐

!
 Equation 3.80 
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Table 3.23 below presents the Weibull parameters for Malta:  

Table 3.23 Maltese Weibull Parameters [45] 

Month Scale Factor, c Shape Factor 
Jan 6.1 2.00 
Feb 6.1 1.94 
Mar 6.1 2.02 
Apr 6.2 2.18 
May 5.3 1.92 
Jun 5.1 1.98 
Jul 4.4 1.83 
Aug 4.3 1.87 
Sep 4.5 1.82 
Oct 4.9 1.92 
Nov 5.6 2.00 
Dec 5.8 1.89 
Annual 5.37 1.95 

 

3.2.1.1.2 Height Extrapolation 
The wind quality at any given site increases with the height above sea level; this is due to less turbulent 
flow, and the increased wind speeds. In order to use the data it is necessary to extrapolate to the heights of 
the wind turbines used in the Hexicon. There are two different mathematical models used in wind energy 
studies to model the vertical profile over regions of homogenous, flat terrain; these include the log law and 
the power law. The log law originates from the boundary layer flow in fluid mechanics and atmospheric 
research, i.e. it is both theoretical and empirical, and it is often used to extrapolate wind speed from a 
reference height to another level. The power law represents a simple model for the vertical wind speed 
profile, and it is also commonly used by wind energy researchers. It should be mentioned that both 
approaches are subject to uncertainty. The wind data will be extrapolated with basis on the power law.[43] 

The power law is represented by Equation 3.81 below: 

 
𝑈 𝑧
𝑈 𝑧!

=
𝑧
𝑧!

!
 Equation 3.81 

 
Where: U(z) – wind speed at wanted height, ms-1 

U(zr) – wind speed at reference height, ms-1 
z – Extrapolated height, m 
zr – Reference height, m 
α – Power law exponent 

Much like the hourly wind speed distribution, the Power law exponent can be derived in different ways, 
and it can also vary with elevation, time of day, season, etc. Normally researchers find that the derivations 
are too complicated and reduce the simplicity and applicability of the power law. As such, they should 
choose a value that best fits the data [43]. Nevertheless, in this scenario the exponent will be based on 
Justus’ work in which the Power law exponent is a function of Velocity and Height. The relation is given 
as: [43] 
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 𝛼 =
0.37 − 0.088 ln 𝑈!"#

1 − 0.088 ln
𝑧!"#
10

 Equation 3.82 

Where: 𝑈!"# – wind speed at reference height, ms-1 
 𝑧!"# – Reference height, m 

3.2.1.2 Wind Power Generation 

3.2.1.2.1 Wind Data 
Accurate hourly data cannot be obtained at the coordinates of the Hexicon project without actual 
measurements, and as such, the monthly means from the Maltese airport are used from which the data is 
generated [46]. 

 
Figure 3.7 Mean Wind Conditions of Luqa Airport [46] 

Figure 3.7 represents the variation of the mean wind speed for each month of the year. As it can be seen 
the lowest average wind speeds are present in the months of July, August and October with mean wind 
speeds of 4m.s-1 (at 10m), while the highest average winds are present in the months of March and April; 
the yearly average is 4.92m.s-1. The wind power produced in the month of April and August will be used 
as basis from which to calculate the average deficit and excess. 

3.2.1.2.2 Wind Extrapolation 
Based on the monthly mean wind speeds, the power law is then used to extrapolate the wind speeds to the 
required hub height of 120m. As an example, the mean wind speed of August is used to determine the 
power law exponent, 𝛼, thus allowing for the extrapolation of the two sets of winds; the wind speed is 
4m.s-1. 

 𝛼 =
0.37 − 0.088 ln 4

1 − 0.088 ln 10
10

 Equation 3.82 

 𝛼 = 0.25  
 
Equation 3.51 becomes: 

 𝑈 𝑧 = 𝑈 𝑧!
𝑧
𝑧!

!
 Equation 3.51 
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Therefore for: 

120m 𝑈 120 = 4.1
120
10

!.!"
  

 𝑈 120 = 7.6𝑚. 𝑠!!  
 

Table 3.24 presents the extrapolated wind speeds at the hub height of each wind turbine. 

Table 3.24 Mean Wind Speeds at Different Altitudes 

Month Power Law Exponent 
Mean Wind Speed, m.s-1 

10m 120m 
Jan 0.23 4.6 8.6 
Feb 0.23 5.1 9.6 
Mar 0.21 5.7 10.5 
Apr 0.21 5.7 10.5 
May 0.23 5.1 9.6 
Jun 0.23 4.6 8.6 
Jul 0.25 4.1 7.7 

Aug 0.25 4.1 7.7 
Sep 0.23 4.6 8.6 
Oct 0.25 4.1 7.7 
Nov 0.23 4.6 8.6 
Dec 0.23 5.1 9.6 
Year 0.23 4.6 8.6 

 

3.2.1.2.3 Wind Energy Generation 
The Hexicon is meant to have six 6.5MW turbines, and thirty 0.5MW Vertical Wind turbines for a total of 
54MW of rated capacity. However, there are no 6.5MW turbines currently available in the market and the 
Vertical Wind turbines are not commercially available yet. As such, eighteen 3MW horizontal wind 
turbines will be used; these will be based on the Vestas 3MW Offshore wind turbine.  Table 3.25 and 
Figure 3.8 present the specifications and the power curve for the wind turbines. 

Table 3.25 Specifications - Vestas V112MW Offshore 

Nominal Power, kW 3000 
Hub Height, m 125 
Cut-in Speed, m.s-1 3 
Nominal Speed, m.s-1 12.5 
Cut-out speed, m.s-1 25 
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Figure 3.8 Power curve – Vestas V112-3MW Offshore 

3.2.1.3 Wind Power Extrapolation 

3.2.2 Power Production 
The extrapolated averages for April and August are 10.17m.s-1 and 7.41m.s-1 respectively, and based on the 
power curve in Figure 3.8, the power output for a single turbine at these conditions corresponds to 
approx. 2600kW and 1000kW. As such, 18 turbines (54MW of rated capacity) will have a total average 
power output of 46.8MW and 18MW respectively. April and August both have 31 days thus 744hr, 
therefore the average energy generated is 34.82GWh and 13.39 GWh. It should be noted, that these values 
have been calculated from the average velocities. However, an average value does not truly represent the 
whole spectra and possible energy production due to the fact that possible energy extracted at any given 
wind speed is to cubed power, as it is demonstrated in Equation 3.75, but it was decided to simplify the 
process at this stage. 

The average excess of energy in the month of April is 18.44GWh, and in August the average deficit of 
energy is approx. 3GWh. Based on the overall efficiency of the Hydrogen generation and utilisation 
process, 26%, it suggests that there is sufficient energy throughout the year to cover the deficit of energy 
with Hydrogen; the equipment can be sized according to the deficit. The Hydrogen storage will be sized 
for two days. 

Assuming full capacity in these two days, there needs to be an equivalent of 193MWh of energy stored in 
the Hydrogen; this corresponds to approx. 11 tonnes of H2. The fuel cell will be sized based on the 
previous assumption; there will be a continuous fuel cell load of 4MWh hourly i.e. 193MWh for both 
days, so the fuel cell needs to be rated at 4MW. The electrolyzer will be sized at 5MW [39].  

To produce the Hydrogen a water storage tank is necessary. Assuming lossless recirculation of the water 
from the fuel cell exhaust, to produce the 11 tonnes of Hydrogen it will be required 99tonnes of Water (or 
99m3). The Hexicon will have a reverse osmosis system to produce clean water for the crew; it will be 
assumed that this RO system can be used to fill up the tank the first time, thus being excluded from the 
costs and from the model.  

To summarise the system: 

Electrolyser 5MW 
Fuel Cell 4MW 

Hydrogen Storage 11000kg H2 
Water Storage 99m3 
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3.3 System Economics 
In order for a Wind/Hydrogen energy system to be considered as a viable alternative for the storage of 
energy, it needs to be cost competitive in relation to other alternatives. In order to determine the cost 
competitiveness of a project a number of different aspects need to be considered. These include the costs 
of the equipment, the engineering, the installation, operation, maintenance, etc. However, these costs are 
not enough to determine the viability of a project. One also has to consider how it is going to be financed, 
the cost of insuring the facility, how inflation is going to affect the future of the project. In this section the 
economic considerations for this project will be discussed and presented; it will be separated into two 
sections. First the cost considerations will be described and the cost assumptions will be presented, then 
the economic evaluation of a project will be described. 

3.3.1 Cost Considerations 

3.3.1.1 Fixed Capital 
The fixed capital (FC) is the total cost of the system ready to start operation; it includes: 

1. Design, and other engineering and construction supervision; 
2. All items of equipment and their installation 
3. All piping, instrumentation and control systems 
4. Buildings and structures 
5. Auxiliary facilities, such as utilities, land and civil engineering work. 

It can be understood from above that the FC is a one off payment which is not recovered at the end of 
the project life other than the scrap value of its contents. [47] 

To simplify the calculations for the FC, the equipment costs will be estimated from different published 
material i.e. scientific articles or manufacturers, and the other FC costs will be based as a percentage of the 
total costs of the equipment. 

The table below presents the normalised costs of the different equipment. 

Table 3.26 Normalised Cost Estimates of the Equipment 

Equipment Unit Unit Cost, 
€.unit-1 

Electrolyser 1kW 640 
Storage Tank 1kg 600 
PEMFC Stack 1kW 1500 

The added FCs will be assumed as 35% [39]. 

3.3.1.2 Operation and Maintenance 
The Operation and Maintenance (O&M) costs refer to the costs of keeping the system running and all the 
equipment operational. It includes the annual maintenance and the necessary manpower to operate the 
system; the maintenance costs can be high as the operating costs, and it normally ranges between 1.5% 
and 3% [43]. The O&M costs of each equipment will be based on different published material. 

Table 3.27 Operation and Maintenance Costs of the Equipment [46] 

Equipment O&M cost, 
%.yr-1 

RO Desalinator 2 3 

                                                        
3 Assumed by author 
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Electrolyser 2 
Storage Tank 2.5 
PEMFC Stack 2 

 

3.3.1.3 Lifetime of the System 
The lifetime of the system is set by the manufacturer and it refers to how long the equipment is meant to 
lsst; normally for wind energy the lifetime is set at approx. 20 years, and it is common practise to set the 
economic lifetime of the project as its design lifetime. [47] 

The Hexicon is meant to last 50 years; this will set the economic lifetime of the project. The lifetime of 
each component of the system will be based on their respective data.  

Table 3.28 Lifetime of the Equipment [46] 

Equipment Lifetime (yr) 
RO Desalinator 25 

Electrolyser 25[39, 48][39, 48]  
Storage Tank 25 
PEMFC Stack 54 

At the end of the equipment’s lifetime they will be substituted, and it can be assumed that due to 
technological developments the prices will have decreased. The table below presents the assumed 
replacement costs. 

Table 3.29 Replacement Cost of the Equipment [46] 

Equipment Replacement Cost 
% of Original 

RO Desalinator 90 
Electrolyser 90 

Storage Tank 90 
PEMFC Stack 33 

 

3.3.1.4 Annualised Capital and Replacement Cost 
The annualised costs are a representation of the present value of the equipment throughout the lifetime of 
the project. [22] 

3.3.1.5 Annualised Cost 
The annualised cost of a given equipment is the sum of: 

• Annualised capital cost 
• Annualised replacement cost 
• Annual O&M cost 

The annualised cost can be used to compare the costs of different components and their respective 
contribution to the total NPV. [22] 

3.3.1.6 Financing Cost 
Much like a wind project, the additional equipment for the storage of energy described is very costly, and 
most of the capital is required at the beginning. As such, external financing is normally required for the 
purchase and installation of the equipment. [47] 

                                                        
4 Five years of continuous operation 
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Usually the project developer will have to go in with a down payment ranging between 10% and 20%, and 
will borrow the rest from either investors or a bank. Independent of the source of capital, a return on the 
loan is required. In case of investors, the return is referenced as a Return on Investment (ROI) and is 
normally set between 10% and 20%. In case of a bank the return is normally set as an interest rate. [47] 

3.3.1.7 Insurance 
The annual cost of insuring the system; usually lies between 1% and 2% of the FC. [47] 

3.3.1.8 Depreciation and Inflation 
Inflation depreciates the worth of money. The use of an inflation rate can be used together with the net 
present cost to evaluate the rentability of the project in the future. However, it is difficult to set an 
inflation rate due to the unpredictability of the future economics. It is common practice to exclude the 
inflation rate when comparing alternatives for a given project, as the effect of inflation is likely to affect 
both options equally. [47] 

A depreciation of 5% per year will be assumed. 

3.3.1.9 Feed-In Tariff 
The feed-in tariff has been used widely around the globe to help the development of renewable energy 
systems, and it guarantees a set price on the electricity produced by renewable energy systems [43]. Due to 
their high initial costs, renewable energy projects often require a higher tariff to make them economically 
viable, compared to other energy sources. As the consumer normally isn’t prepared to pay for such high 
energy rates, the government subsidises part of the rate. 

The electricity sold at the set rate is the source of revenue of the energy system; a feed-in tariff 152.4 
€.MWh-1 will be assumed. [16] 

3.3.2 Economic Indicators 

3.3.2.1 Cash flow and Cash-flow diagrams 
The flow of cash to a project is the most vital part of any business model. In an energy project, the inputs 
are the capital expenditure in its development and the operation of the plant. The outputs are the revenue 
in the form of electricity, and in the case of a combined heat and power plant, heat. The balance between 
the two is the Net Cash-Flow (NCF). [C&R 6] 

A cash-flow diagram is merely the cumulative cash-flow throughout the lifetime of the project. Figure 3.9 
below shows an example of a cash-flow diagram. 
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Figure 3.9  Cash-Flow Diagram [47] 

• A – B The investment required to design the plant. 
• B – C The heavy flow of capital to build the plant, and provide funds for start-up. 
• C – D The cash-flow curve turns up at C, as the process comes on stream and income is 

generated from sales. The net cash flow is now positive but the cumulative amount remains 
negative until the investment is paid off, at point D. Point D is known as the break-even point 
and the time to reach the break-even point is called the pay-back time. In a different context, the 
term “break-even point” is used for the percentage of plant capacity at which the income equals 
the cost for production. 

• D – E In this region the cumulative cash flow is positive. The project is earning a return on the 
investment. 

• E – F Toward the end of project life the rate of cash flow may tend to fall off, due to increased 
operating costs and falling sale volume and price, and the slope of the curve changes.  
The point F gives the final cumulative net cash flow at the end of the project life. [47] 
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3.3.2.2 Net Present Value (NPV) 
As mentioned, the value of money decreases throughout the years. The NPV is a development on the idea 
of NCF in which the future worth of the money is taken into consideration, i.e. it puts the NCF in a given 
point in the lifetime of the project to its present day value. The NPV is calculated using a compound 
interest formula where the money is depreciated at a specific rate [47]; it is calculated using:  

 𝑁𝑃𝑉 𝑛 =
𝑁𝐶𝐹
1 + 𝑟 ! Equation 3.83 

Where:  𝑛 – nth year of the project 
𝑟 – Discount rate in the decimal form 

The total NPV of the projects cash flow is given by: [C&R 6] 

 𝑇𝑜𝑡𝑎𝑙  𝑁𝑃𝑉 =
𝑁𝐶𝐹
1 + 𝑟 !

!!!

!!!

 Equation 3.84 

Where:  𝐿 – Project life time (years) 

3.3.2.2.1 Net Present Value of Cost 
The NPVc is another life cycle cost analysis indicator where only the costs factors are considered, and it is 
the sum of the levelised costs of the energy system [43]. For a wind energy system this can be calculated 
using the following equation: 

 𝑁𝑃𝑉! = P! + P!𝑌
1

1 + 𝑟
,𝑁 + 𝐶!𝑓!"𝑌

1 + 𝑖
1 + 𝑟

, 𝐿  Equation 3.85 

Where: P! – Downpayment on system costs 
 P! – annual payment on system costs = (𝐶! − 𝑃)𝐶𝑅𝐹 
 𝐶𝑅𝐹 – Capital recovery factor, based on the loan interest rate, b 
 𝑏 – Loan interest rate 
 𝑟 – Discount rate 
 𝑖 – general inflation rate 
 𝑁 – period of loan 
 𝐶! – Capital cost of system 
 𝑓!" – annual operation and maintenance cost fraction (of system capital cost) 

The CRF is used to determine the amount of each future payment required to accumulate a given present 
value when the discount rate and the number of payments are known [43]; it is calculated from: 

 𝐶𝑅𝐹 = 𝑟 1 − 1 + 𝑟 !! , 𝑖𝑓  𝑟 ≠ 0
1 𝑁 ,                                                                      𝑖𝑓  𝑟 = 0 Equation 3.86 

The variable Y is a function used to determine the present value of a series of payments [43]. It is 
calculated using: 

 𝑌 𝑘, 𝑙 = 𝑘!
!

!!!

=
𝑘 − 𝑘!!!

1 − 𝑘
, 𝑖𝑓  𝑘 ≠ 1

𝑙,                                                  𝑖𝑓  𝑘 = 1
 Equation 3.87 

 

3.3.2.3 Return on Investment 
The ROI is the ratio of the cumulative NCF of the project and the Total Investment Cost (TIC). The ROI 
serves as a simple indication of how will the money invested performed [47]. It is calculated: 
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 𝑅𝑂𝐼 =
𝐶𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒  𝑁𝐶𝐹

𝑇𝐼𝐶
×100 Equation 3.88 

There are number of different variables which can affect the ROI e.g. the cash-flow is not always 
constant. Nevertheless, even in its simplified the ROI is a good indication of the financial performance of 
the project. [C&R 6] 

An ROI between 10% to 20% is can be used as an educated guess. 

3.3.2.4 Pay-back time 
The pay-back time is the time required for a project to breakeven; this is represented as point D in Figure 
3.9 [47]. In its simplest forms it is expressed as: 

 𝑆𝑃 =
𝐶!
𝐴𝐴𝑅

 Equation 3.89 

Where:   𝑆𝑃 – Simple payback period (years) 
 𝐶!  – Installed Capital Cost (€) 
 𝐴𝐴𝑅 – Average Annual Return (€.yr-1) 

The average annual return is expressed by: 

 𝐴𝐴𝑅 = 𝐸!𝑃! Equation 3.90 

Where: 𝐸! – Annual energy production (kWh.yr-1) 
 𝑃! – Price obtained for electricity i.e. feed-in tariff (€.kWh-1) 

Therefore: 

 𝑆𝑃 =
𝐶!
𝐸!𝑃!

 Equation 3.91 

 

It should be noted that the simple payback calculation excludes several factors that may affect the cost 
effectiveness of the system. These include variations on the: 

• Fuel costs 
• Loan costs 
• Depreciation on capital costs 
• O&M 
• Feed-in tariff 
• Lifetime of the system 

To simplify the calculations these will remain constant. 

3.3.2.5 Cost of Energy 
The cost of energy (COE) is the average cost of useful energy produced by the system in €.kWh-1. It is 
calculated from: 

 𝐶𝑂𝐸 =
𝑇𝑜𝑡𝑎𝑙  𝐶𝑜𝑠𝑡

𝐸𝑛𝑒𝑟𝑔𝑦  𝑃𝑟𝑜𝑑𝑢𝑐𝑒𝑑
 Equation 3.92 

Using the previous nomenclature: 
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 𝐶𝑂𝐸 =
𝐶!×𝐹𝐶𝑅 + 𝐶!&!

𝐸!
 Equation 3.93 

Where: 𝐶𝑂𝐸 – Cost of Energy (€.kWh-1) 
𝐶!&! – Average annual operation and maintenance cost (€) 

 FCR – Fixed charge rate (%) 

The FCR represents the interest rate or the value of interest received if money were displaced from 
savings [43]. While this simplified calculation neglects factors such as the time value of money, on the 
other hand the Levelised cost of energy does not. 

3.3.2.5.1 Levelised Cost of Energy 
The simplest form of the LCOE is given by: 

 𝐿𝐶𝑂𝐸 =
𝑁𝑃𝑉! 𝐶𝑅𝐹

Annual  Energy  Production
 Equation 3.94 

Where: 𝑁𝑃𝑉!  – Net Present Value of Cost 

𝐶𝑅𝐹 – Capital Recovery Factor 

3.3.2.6 Hydrogen Cost 
The cost of Hydrogen in this project is one of the most important indicators to the viability of a 
Hydrogen storage system [47]; it is calculated from: 

 𝐻𝑦𝑑𝑟𝑜𝑔𝑒𝑛  𝐶𝑜𝑠𝑡 =
𝑇𝐼𝐶!!

𝐻𝑦𝑑𝑟𝑜𝑔𝑒𝑛  𝑃𝑟𝑜𝑑𝑢𝑐𝑒𝑑
 Equation 3.95 

The cost of Hydrogen should be as low as possible, and should fall below 10€.kg-1 [39] to be considered 
successful. 

3.3.2.7 Sensitivity Analysis 
The economic analysis of any given project is subject to errors and it is only as good as the estimates on 
the investment costs and cash flows, for example, the cash flow of a wind turbine project is very much 
dependent on the wind conditions, and the availability of the wind turbines. 

A sensitivity analysis is a way of evaluating the effect of the uncertainties; it is carried out by first 
establishing a base case to use as comparison. A set of new calculations are then performer with the 
uncertainties, e.g. ±10%, thus showing how vulnerable the project is to different errors in the analysis. [47] 
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4 Results and Discussion 
This section will present the results obtained from the study – They are divided into two separate 
scenarios. The first scenario will present the results based on the initial assumptions; it will discuss why a 
Hydrogen system is not feasible as a backup for the Hexicon in its current design and why the Hexicon 
will not be able to generate the required amount of energy. In the second scenario, a number of 
parameters are changed and a number of assumptions are added in order to make this hydrogen system 
feasible. 

Before the results are presented it should be mentioned that in an energy system with such a small 
penetration of renewable energies, a Hydrogen backup energy system is not an intelligent or viable 
solution. 

The main reason for this is based on the Power Purchasing Agreement (PPA) established before the 
commissioning of the energy project. The PPA is a contract established between the energy developers 
(electricity generators) and the energy buyers – the latter can be a government or an energy provider, 
amongst other possible actors – which ensures that for a certain period of time the energy buyers will pay 
for the electricity generated at the rate agreed upon. In renewable energy projects this rate is the feed-in 
tariff as already mentioned.  

The PPA in the case of the Hexicon would establish that Malta would buy all of the electricity it generates, 
and as such, the initial thought that there would be excess energy is erroneous. In addition to this, and it 
goes back to the previous statement, in an energy system with such a small percentage of renewable 
energies, it is unwise to ‘waste’ energy to produce Hydrogen when the overall efficiency of the process is 
less than 30%. In the case of Malta, it is more feasible to even out the deficit (due to the low wind 
conditions) with diesel generators, or gas turbines. Despite of the environmental impact, these options are 
far better due to their load following capabilities. Nevertheless, the results still need to be presented even 
if the initial assumptions aren’t ideal. 

4.1 Scenario 1 – 9% of Malta with Hydrogen as backup 
In its current design, the Hexicon will not be able to generate enough electricity to supply the Maltese 
island with the claimed 9%, and as such, a Hydrogen backup system is not feasible or applicable. 

The primary reason for this is not due technical or economic constraints, but rather due to the fact that 
the wind conditions in Malta are not good enough to generate the 197GWh required. Based on the wind 
conditions from the Maltese airport, i.e. those used in this study, the Hexicon would only be able generate 
approx. 161GWh (approx. 7.5%) of electricity, and would have a less than optimal capacity factor of 32%.  

As mentioned earlier in the report, the wind conditions used in this study are based on inland readings, 
which are generally lower than those found offshore. As such, a sensitivity study was carried out on the 
wind conditions to try and determine the required average to generate the 9%. The sensitivity study 
carried out in HOMER has shown that an increase of over 10% (>5.4m.s-1) in the wind speed, would be 
necessary to achieve the target energy generation. Such an increase is not likely to occur especially since 
the Maltese island is located in the Mediterranean Sea where the wind conditions are generally low. 

Another aspect that needs to be considered is the wake losses of the downwind turbines and it is one 
which HOMER does not take into account. The research going on the area of wake losses is beyond the 
scope of this study, but the general effect is that the turbines in the wake of another will have production 
losses due to the decreased wind conditions. While the Hexicon is able to turn around its central axis to 
always have clean wind in the majority of its turbines, the fact remains that the smaller percentage of 
turbines will always have less than optimal wind conditions, i.e. lower wind speeds and more turbulent, 
due to the close proximity between one and other; this means that the average wind speed would have to 
be increased even further in order to accommodate the energy demand. 
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4.2 Scenario 2 – Hourly Demand with Hydrogen 
Due to the lack of results in the first scenario it was decided to assess the demand percentage at which a 
Hydrogen backup would be viable. However and as already mentioned, the wind energy produced by the 
Hexicon would never be in excess as all of its power would be fed to the Maltese grid and any deficit of 
energy would merely be filled by either a gas turbine or a diesel generator. As such, a number of 
assumptions need to be added to obtain any discussable results. 

The first necessary assumption is that the Hexicon is only allowed to supply the grid with a fraction of the 
total hourly demand; this means that the Hexicon’s energy output will fall short whenever the wind isn’t 
blowing, i.e. there is a capacity shortage. A capacity shortage will not be allowed and as such the Hydrogen 
stored needs to be sufficiently large to meet the hourly load. As it has already been understood from 
scenario 1, the Hexicon will not be able to supply 9% of Malta and as such the hourly demand will be 
linearly scaled down as percentages of the original 9%. The following scaled averages will be assessed: 

Table 4.1 Tested Scaled Averages 

Percentage % Actual % of Maltas Energy Scaled Average (kWh.day-1) 
75 6.8 403853 
50 4.5 269235 
25 2.3 134617 

12.5 1.1 53847 
 

The Hexicon platform will also be considered as a modular setup which means that the number of 
turbines will be kept constant. Taking this into consideration it can be understood that there will be a 
significant amount of excess energy from the platform, especially in the lower percentages; this energy 
excess will be sold to the grid at the feed-in tariff established earlier. However, the grid will not be 
included in the HOMER model as it will affect the LCOE and the operating costs amongst other 
economic indicators; this is due to how these parameters are defined in HOMER. In HOMER the grid 
sales are considered a part of the Operation and Maintenance costs and not as separate revenue. This 
would make sense in a micro-grid scenario where the excess would be sold and the deficit would be 
bought, and these would more or less even out. However, based on the assumptions taken in this study 
this is not the case. If the grid sales are neglected, the HOMER indicators will follow those already 
described above. However, this will require external calculations for the payback time and for the net-
cashflow curve; this is easily done by exporting the data to a spreadsheet and calculating manually. 

To summarise the assumptions taken in this second scenario, the model can be compared to an oversized 
micro-grid connected to the Maltese national grid. Due to its size there will be a lot of excess energy 
which will be used to generate the Hydrogen, where any excess on top of that will be sold to the grid. 
However, and unlike a normal micro-grid, due to the Hydrogen backup system there will be no need to 
buy energy from the grid when there is an energy deficit. 

Based on the constraints defined, the only feasible solution was the 12.5% scenario. 

4.2.1 Hourly demand of 12.5% with Hydrogen Backup 

4.2.1.1 System Setup 
In this scenario the results suggest that the most cost-effective option, without a capacity shortage, would 
be one with the 18 wind turbines, an electrolyser rated at 4.5MW, a hydrogen tank with 10.5tonnes of 
capacity, and a 3MW FC. 

The NPC of this system would be approx. 130 Million €, with an initial investment of approx. 71 Million € 
and LCOE of 0.257€.kWh-1. Table 4.2 below presents a more detailed breakdown of the costs. 
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Table 4.2 Cost Breakdown of the Maltese Case study 

Component Size Capital 
(€) 

Replacement 
(€) 

O&M (€) Salvage 
(€) 

Total (€) 

Vestas V112-
3.0MW 

18 63,000,000 17,193,812 32,419,520 0 112,613,344 

Fuel Cell 3MW 4,500,000 2,787,878 2,561,143 -160,816 9,688,204 
Electrolyzer 4.5MW 2,880,000 1,237,955 1,505,192 0 5,623,147 
Hydrogen Tank 10.5Tonnes 1,050,000 250,743 540,325 0 1,841,069 
Whole System N/A 71,430,000 21,470,388 37,026,184 -160,816 129,765,744 
   

As already mentioned, HOMER cannot model the desalination plant and it was assumed that all the water 
was already available in a water tank with 100% recycling of the water. If this was not the case, the RO 
desalinator would need to process an hourly peak of approx. 0.9m3 of permeate (2m3 of salt water); this is 
a relatively small system and its costs are very small compared to the overall cost of the rest of the plant. 

Just like the first scenario, the wind turbines would generate approx. 165GWh of electricity per year. 
However, as in this scenario it was assumed that only an hourly load could be used and any excess would 
be used either for the generation of Hydrogen, or ‘injected’ to the grid, the used electricity would present a 
lower consumption. The primary AC load that the wind turbines would supply corresponds to approx. 
20GWh.yr-1, the electrolyser would consume about 12GWh.yr-1, and the FC would generate an extra 4 
GWh.yr-1. As it can be understood, a large part of the electricity would be in excess. The excess electricity 
of this system corresponds to approx. 132GWh.yr-1; Figure 4.1 shows the percentage distribution of the 
electricity. 

 
Figure 4.1 Percentage distribution of the Electricity 

Figure 4.2 presents the average monthly electricity production. As it was expected, with consideration to 
the wind speed distribution, the months of March and April have the highest average, while July, August 
and October have the lowest.  
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Figure 4.2 Monthly Average Electric Production 

As it can also be seen from the figure above is that the Fuel Cells are rarely in operation; this explains the 
low capacity factor (15.2%) and the long operational life (18.1yrs). Figure 4.3 below shows the hourly 
operation of the fuel cell and the output throughout the year. 

 
Figure 4.3 Fuel Cell Output 

From the figure above the diurnal variation of the wind can also be observed. As predicted, it shows that 
the wind in Malta peaks at around 3pm, and throughout most of the year the FC is barely necessary. 
However and as already explained, in the summer months i.e. July, August and September, there is an 
inflow of tourists and the electricity demand increases substantially, and this justifies the increased 
operation of the FC during that time. This increased FC activity in the summer months can also be 
attributed to the lower wind speeds mentioned, and there is prolonged operation due to this. 

As it can be expected with the larger activity of the FC, there also needs to be sufficient hydrogen to 
power it all, thus justifying the size of the storage tank. The storage tank contains a maximum of 
10.5tonnes (approx. 4000m3 @30bar) and has an autonomy of 156 hours. Figure 4.4 below shows the 
level of the tank throughout the year. 
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Figure 4.4 Hydrogen Tank Storage Level 

As it can be seen the storage level is mostly at its maximum, and this can also be seen in Figure 4.5 below. 

 
Figure 4.5 Frequency Histogram of Hydrogen Storage 

Considering that most of the time the tank is full, one should consider on whether or not such a large tank 
is really necessary. The main reason for the size of the tank is again justified by the constraint given of 0% 
capacity shortage, which can again be justified by the large inflow of tourists and low wind conditions 
during the summer months. 

Bearing in mind the size of the tank, one should also consider the logistics and where to place the tank. 
The initial thought was to have the whole hydrogen system on board of the Hexicon, and despite of 
recent studies suggesting the possibility of storing the up to 940kg of Hydrogen in the wind turbine towers 
[49] i.e. about 11 turbine towers, one would need to think of the safety and structural integrity of the 
platform. Considering the large risks of having the hydrogen facility on board, this should be put onshore, 
in a safe and stable location. 

 
Figure 4.6 Monthly Average Hydrogen Production 

Figure 4.6 above shows the average hydrogen production at each month of the year. As it can be seen 
there is a large activity at the beginning of the year, and during the summer months. The production In 
January can be justified to the assumption that tank starts empty; this would only happen in the first year 
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of operation; it can be seen in Figure 4.4 that at the end of the first year the tank is already full and of 
course the results would change slightly in the first few months. During the summer months such high 
production was less expected due to the low wind conditions. However, considering the consumption of 
hydrogen and the excess of electricity it can be understood why. 

The large size of the equipment justifies the high Levelised cost of Hydrogen: 19.2€.kg-1. This is far above 
what is considered economical (less than 10€.kg-1)) for a hydrogen backup system. Nevertheless, 
considering the large amount of excess energy the whole project would have a payback time of about 3.5 
years; the cash-flow of the project is presented below in Figure 4.7. 

 
Figure 4.7 System Cumulative Cash-flow 

When calculating the cash-flow and the pay-back time, the only revenue considered was the sales of the 
excess electricity. It can be understood that the cash-flow presented Figure 4.7 is obviously incorrect and 
it does not convey a realistic picture of the system, mainly due: 

1. To incorrect initial assumptions which had to be manipulated in order to obtain results; 
2. To oversimplified system, operation and maintenance costs; 
3. Simplification of the energy system. 

However, if we only consider the amount of electricity from the FC (at the same feed-in tariff) the system 
would only breakeven after about 41 years. If this approach is considered it would have the cash-flow 
pictured below: 
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Figure 4.8 Hydrogen System Cumulative Cash-Flow 

As it can be seen there are several investments in the Hydrogen system throughout its lifetime, and are 
justified to the different lifetimes of the different equipment. Based on the cash-flow, an investor would 
not be keen on such a system due to the long pay-back time.   
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5 Conclusion 
The results of this study suggest that the Hexicon (in the design used in this study) will not be able to 
provide the 9% of electricity as specified. Using hydrogen as backup in an energy system with such low 
wind energy penetration is not recommended. This is primarily due to the large losses (low efficiency) of 
energy applied to the process and the fact that all of the energy from wind projects being fed to the grid, 
but also due to the high costs of the different equipment. 

An alternative scenario was developed in which only the hourly demand could be fed to the grid. Along 
with other assumptions, this lead to an hourly demand of 12.5% of the original i.e. 1.1% of the Maltese 
demand, and as expected a large amount of excess electricity. The size of the system would be a 3MW FC, 
a 4.5MW electrolyser, and 10.5tonne hydrogen storage; the desalination system had to be excluded from 
the study due to technical constraints i.e. HOMER is not able to include it.  

The NPC of this system would be approx. 130 Million €, with an initial investment of approx. 71 Million € 
and LCOE of 0.257€.kWh-1. The cost of hydrogen is close to 20€.kg-1, which is far above of what is 
considered acceptable. Based on the sales of the excess electricity alone, the whole system would have a 
very short payback period (3.5 years), and this is most likely due to the feed-in tariff; this feed-in tariff is 
relatively high when compared to Scandinavian standards, but are quite standard in some parts of Europe 
[15].  If the only the Hydrogen electricity is considered this would rise to 41 years, making it a very unwise 
the investment. 

5.1 Suggestions 
• Due to the logistics of installing a large diesel generator on a floating platform, use the available 

diesel generators onshore for backup. 
• Due to the large fees associated to the failure of the 20-20-20 agreement, invest in a second 

platform; the energy production would approx. double, and would put Malta at level with some of 
the most renewable countries in the world e.g. Sweden, Norway. 

5.2 Future Work 
• Develop a hydrogen system for the energy on-board of the Hexicon 
• A hypothetical scenario could be developed where all of the Maltese energy demand would be 

substituted by Wind and Hydrogen; this could include a more in depth study of the uses of 
hydrogen in the common day applications, e.g. cars, small mobile applications, etc.  

• Due to the large losses in the process, in a scenario with higher wind energy penetration, instead 
of electrolysing the water, the excess energy could be used to just desalinate the water. This would 
be a far more viable option than to back up the energy as energy due to the scarcity of clean water 
in Malta. This derives from the fact that the main source of water in Malta is from their natural 
aquifers, and that the consumption rate is higher than the natural rate of filtration. Therefore if 
the consumption continues as it is, sooner or later Malta will need to find an alternative; salt water 
desalination, or water recycling. A study would be required to establish the most appropriate 
solution for Malta.  
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6 Appendix 

Appendix 1 – Hydrogen Projects 
Table 6.1 Main Hydrogen projects by 2006 [22] 

Project Name Location Energy 
Sources 

H2 

Production 
H2 

Storage 
End Use Time of 

operation 
Description 

Transportation        
Clean Air Now 
(CAN) 

US PV Electrolysis Gas Refuelling station, 
transportation 

1994-
1997 

 

Zero-emission 
buses in real-
World use 

US-Canada Grid; 
Natural Gas 
(NG) 

Electrolysis; 
Reforming 

Gas, Refuelling station, 
transportation 

1996- Fuel Cell (FC) 
buses 

Palm Desert 
RE/H2 
transportation 
project 

US PV Electrolysis Liquid Refuelling station, 
transportation 

1996-
1999 

FC cars 

Munich airport Germany Grid, PV; 
NG; 
Ext.Supply 

Electrolysis; 
Reforming 

Liquid, 
Gas, 
Hydride 

Refuelling station, 
transportation 

1999- Fc Cars and 
buses 

Honda solar 
hydrogen 
refueling 
station 

US PV, Grid Electrolysis Gas Refuelling station, 
transportation 

2001- FC Cars 

CH2IP Canada Green Electrolysis Gas Refuelling station, 
transportation 

2001-
2004 

 

ECTOS Iceland Grid, 
Hydro, 
Geothermal 

Electrolysis Gas Refuelling station, 
transportation 

2001-
2005 

FC buses 
developed 

Sunline Clean 
Fuels Mall 

US PV; NG Electrolysis; 
Reforming 

Gas Refuelling station, 
transportation 

N/A  

Las Vegas 
refueling 
station 

US NG Reforming Gas Refuelling station, 
transportation 

2002- H2 not used for 
fuelling is 
directed to a 
proton exchange 
membrane 
(PEM) FC and 
the electricity is 
sent to the Las 
Vegas grid 
(enough for 30 
homes) 

H2 from 
biomass for 
urban 
transportation 

US Biomass Pyrolysis 
and 
Reforming 

Gas Refuelling station, 
transportation 

2002- Use of peanut 
shells, 
experimental 
phase 

CUTE Europe (8 
Sites), 
China, 
Australia, 

Grid Green; 
NG; Ext. 
supply 

Electrolysis 
and 
reforming 

Gas, 
Liquid 

Refuelling station, 
transportation 

2003-
2005 

Characteristics 
depending on 
site: refueling 
station, FC 
buses 

Malmö filling 
station 

Sweden Wind Electrolysis Gas Refuelling station, 
transportation 

2003- Dispenser 
incorporates a 
H2 
and natural gas 
mixing system 

Vancouver 
refueling 
station 

Canada Steam-
methane 

Reforming Liquid Refuelling station, 
transportation 

2005-  

Integrated        
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Renwable 
Energy 
(RE)/H2 
power system 
Grimstad 
renewable 
energy park 

Norway PV Electrolysis Gas Integrated RE/H2 
power systems 

N/A FC, gas turbine, 
heat 

Stand-alone RE 
system based 
on H2 
production  

Canada  Wind, PV Electrolysis Battery, 
Gas 

Integrated RE/H2 
power systems 

2001- FC, H2-fuelled 
generator 

HARI UK PV, Wind, 
Hydro 

Electrolysis Gas Integrated RE/H2 
power systems 

2001- FC, heat 

PURE UK Wind Electrolysis Gas Integrated RE/H2 
power systems 

2002- FC, FC cars, 
heat 

Totara Valley New-
Zealand 

Wind Electrolysis Pipeline Integrated RE/H2 
power systems 

2002-
2008 

Both local 
heating and 
power 
generation via a 
FC or hydrogen 
ICE; 2km Hy-
Link 

Production of 
H2 only 

       

Stuart 
renewable 
energy test site 

Canada PV Electrolysis Gas Production of H2 
Only 

1991-
1996 

 

Solar H2 plant 
on the Markus 
Friedli 
residential 
house 

Switzerland PV, Grid Electrolysis Battery, 
Metal 
hydride 

Production of H2 
Only 

N/A Private 
installation 

H2 generation 
from stand-
alone wind 
powered 
electrolysis 
systems 

Italy Wind Electrolysis Battery Production of H2 
Only 

1994-
1997 

Only production 
of H2 

Hydrogen 
energy for the 
future of New-
Zealand  

New-
Zealand 

Coal Coal 
Gasifier  

- Production of H2 
Only 

2002-
2008 

Small scale 
distributed 
electricity 
production from 
FC or gas 
engines 

Very small-
scale H2 
system 

       

INTA solar 
hydrogen 
facility 

Spain PV Electrolysis Gas, 
Metal, 
hydride 

FC only 1991-
1996 

The control 
selects the 
number of 
operating cells of 
the electrolyser 
as a function of 
the solar 
irradiation 

PHOEBUS 
Julich 
demonstation 
plant 

US PV Electrolysis Battery, 
Gas 

FC only 1994-
2003 

 

SAPHYS Italy PV Electrolysis Battery, 
Gas 

FC only 1994-
1998 

 

SCHATZ solar 
hydrogen 
project  

US PV Electrolysis Battery, 
Gas 

FC only 1995-
1998 

 

Windmill-
electrolyser 

Germany Wind, PV Electrolysis Gas FC only Around 
1997 
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system for H2 
production at 
Stralsund 
Integrated H2 
energy system 
in Takasago 

Japan  Grid Electrolysis Metal 
Hydride 

FC only N/A Conversion of 
excess electricity 
during night-
time 

SERC/Yurok US PV; 
External 
supply 

-  Battery, 
Gas 

Telecommunication 
station 

1999-  

FIRST Spain PV Electrolysis Battery, 
Metal 
hydride 

Telecommunication 
station 

2000-
2004 

Two different 
projects with 
and without H2 
production 
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