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‘…Yes, my friends, I believe that water will one day be employed as fuel, that 

hydrogen and oxygen which constitute it, used singly or together, will furnish 

an inexhaustible source of heat and light, of an intensity of which coal is not 

capable.’ 

Jules Verne. The Mysterious Island (1874). 
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Abstract 

This thesis aims to increase knowledge about the production of hydrogen in the maritime field 

from the electrolysis of water of marine origin.  

Although the thesis focuses on the hydrogen production part rather than its use, it touches on both 

aspects since hydrogen production makes no economic sense if it is not clear that its subsequent 

use will be profitable. Many works have been carried out in this regard, but there are still many 

unknowns. Hence the need for research in this area.  

The thesis first analyzes hydrogen as an energy vector for large-scale power transmission by sea, 

revealing for the first time under what conditions of the current panorama it is more profitable to 

export power through hydrogen than through submarine power cables. All this without 

considering any public subsidy.  

Although there are many scientific articles published about the electrolysis of water on land, there 

is not much experience available for consultation in the literature about its use in the maritime 

field. This thesis also assesses which electrolysis technology is more suitable for operating in a 

sustainable marine context from a multicriteria perspective, considering economic, social, and 

environmental aspects, and possible failure mechanisms for operating with water of marine origin, 

which has a higher concentration of impurities than land sourced water. Technologies discussed 

include direct seawater electrolysis, alkaline electrolyte electrolysis, polymeric electrolyte 

electrolysis, and solid oxide electrolyte electrolysis. As a result of the multicriteria study, it is 

obtained that the best technologies are the polymeric electrolyte and the alkaline electrolyte.  

After having identified that alkaline electrolyte electrolysis has characteristics that make it 

economically attractive, including its low acquisition cost and its long life, the thesis explores 

experimentally how an alkaline electrolyzer is affected by operating for prolonged periods with 

water sourcing from the first distillation of seawater. Through experimental tests, it has been 

possible to observe that the accumulation of impurities within the electrolyte implies a loss of 

efficiency, which translates into monetary losses. Although there are various strategies in 

managing electrolytes fouled by impurities, this thesis explores the complete replacement of the 

deteriorated electrolyte. The monetary losses arising from this loss of efficiency affect the 

economic life of the electrolyte, shortening it the more significant the monetary losses are. With 

the experimental results of the degradation of the electrolyte, it has been seen through a case study 

that the strategy of carrying out a single distillation to seawater is not economically profitable in 

the current context. This invites to research all possible combinations of water purification and 

electrolyte deterioration management methods.  
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In parallel, this thesis has started designing an alkaline electrolyte manufacturing process from 

the brine rejected in the desalination before the water electrolysis that only relies on seawater and 

electric power. This is intended to explore under what circumstances it is more convenient to 

manufacture the alkaline electrolyte in-situ in an offshore installation than to import it periodically 

to replace the deteriorated electrolyte. With the tests conducted with the first prototype on a 

laboratory scale, it has been successfully proven that it is possible to produce caustic soda from 

marine brine without any external chemical. In future work, said prototype would be redesigned 

to increase its durability and its capabilities for operation at temperatures above ambient, to 

uncover under what circumstances the in-situ production of alkaline electrolyte is preferable over 

its land-based production and shipping. 
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Resumen 

La presente tesis tiene como propósito incrementar el conocimiento acerca de la producción de 

hidrógeno en el ámbito marítimo a partir de la electrólisis del agua de origen marino.  

Aunque la tesis se centra en la parte de producción hidrógeno más que en su uso, toca ambas 

partes, ya que la producción del hidrógeno carece de sentido económico si no queda claro que su 

posterior uso vaya a ser rentable. Muchos trabajos se han realizado en este sentido, pero aún 

quedan muchas incógnitas pendientes. De ahí la necesidad de investigar en este área. 

La tesis primero analiza el hidrógeno como vector energético para transmisión de potencia a gran 

escala por vía marítima, desvelando por primera vez en qué condiciones del panorama actual es 

más rentable la exportación de potencia mediante hidrógeno que mediante cables eléctricos 

submarinos. Todo ello sin considerar ningún tipo de subsidio. 

Aunque hay mucho recorrido y bastantes artículos científicos publicados acerca de la electrólisis 

del agua en tierra, hay poca experiencia disponible para su consulta acerca de su uso en el ámbito 

marítimo. La tesis también evalúa bajo una perspectiva multicriterio, qué tecnología de 

electrólisis es más apta para operar en un contexto marino sostenible, considerando aspectos 

económicos, sociales y medioambientales, y posibles mecanismos de fallo por operar con agua 

de origen marino, la cual contiene mayor concentración de impurezas. Entre las tecnologías 

analizadas se incluyen: la electrolisis directa del agua de mar, la electrólisis de electrolito alcalino, 

la electrólisis de electrolito polimérico y la electrólisis de electrolito de óxido sólido. Como 

resultado del estudio multicriterio se obtiene que las mejores tecnologías son la de electrolito 

polimérico y la de electrolito alcalino. 

Tras haber identificado que la electrólisis de electrolito alcalino posee unas características que 

económicamente la hacen atractiva, incluyendo su bajo coste de adquisición y su larga vida, la 

tesis explora de forma experimental de qué forma le afecta a un electrolizador alcalino operar 

durante periodos prolongados con agua destilada de primera destilación de agua de mar. Mediante 

ensayos experimentales se ha podido observar que la acumulación de impurezas en el electrolito 

supone una pérdida de eficiencia que a su vez se traduce en pérdidas monetarias. Aunque hay 

variedad de estrategias en la gestión del electrolito contaminado por las impurezas, esta tesis 

explora la reposición completa del electrolito deteriorado. Las pérdidas monetarias procedentes 

de esa pérdida de eficiencia afectan en la vida económica del electrolito, acortándola cuanto 

mayores sean las pérdidas monetarias. Con los resultados experimentales de la degradación del 

electrolito, se ha visto mediante un caso de estudio que la estrategia de realizar una única 

destilación al agua de mar no es económicamente rentable en el contexto actual. Esto invita a 
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explorar diferentes combinaciones de métodos de purificación de agua y de gestión del deterioro 

del electrolito. 

De forma paralela, en esta tesis se ha iniciado el diseño de un proceso de fabricación de electrolito 

alcalino a partir de la salmuera rechazada en de la desalación previa a la electrólisis del agua, que 

únicamente requiera potencia eléctrica. Con esto se pretende explorar bajo qué circunstancias es 

más conveniente fabricar el electrolito alcalino in situ en una instalación offshore a realizar su 

importación de forma periódica para reponer el electrolito deteriorado. Con los ensayos realizados 

con un primer prototipo a escala de laboratorio se ha podido comprobar de forma exitosa que es 

posible producir sosa cáustica a partir de salmuera marina sin la necesidad de ningún químico 

externo. En trabajos futuros se rediseñará dicho prototipo para aumentar su durabilidad y sus 

capacidades de cara a la operación a temperaturas por encima a la del ambiente. 

Resumen gráfico 
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Nomenclature 

Abbreviations 

• AC: Alternating current 

• AE: Alkaline electrolysis 

• AHP: Analytic hierarchy process 

• BP: British Petrol 

• CAPEX: Capital expenses 

• CBA: Comparison by advantages 

• CER: Chlorine evolution reaction 

• CF: Capacity Factor 

• cH2: Compressed hydrogen 

• CNG: Compressed Natural Gas 

• COPRAS: Complex proportional assessment 

• CV: Coefficient of variation 

• DC: Direct current 

• DES: Direct electrolysis of seawater 

• DMFC: Direct methanol fuel cell 

• dwt: Deadweight tons 

• FND: Offshore to onshore in deep waters 

• FNS: Offshore to onshore in shallow waters 

• GBP: Sterling Pound 

• H2: Hydrogen 

• HHV: Higher Heating Value 

• HVAC: High Voltage Alternating Current 

• HVDC: High Voltage Direct Current 

• ICP-OES: inductively coupled plasma optical emission spectrometry 

• IEA: International Energy Agency 

• IGBT: Insulated gate bipolar transistors 

• IoA: Importance of advantages 

• ISO: International Standard Organization 

• KHI: Kawasaki Heavy Industries 

• LCC: Line Commutated Converter 

• LCOE: Levelized cost of Energy 

• LH2: Liquefied hydrogen 

• LHV: Lower Heating Value 

• LNG: Liquefied Natural Gas 

• MCDM: Multicriteria decision-making 

• MCFC: Molten carbonate fuel cell 

• MEA: Membrane-electrode assembly 

• M-L: Mid Life 

• NND: Onshore to onshore in deep waters 

• NNS: Onshore to onshore in shallow waters 

• O&M: Operation and maintenance 

• O2: Oxygen 

• OER: Oxygen evolution reaction 
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• PEM: Proton Exchange Membrane 

• PEME: Proton exchange membrane electrolysis 

• PMMA: Poly(methyl methacrylate) 

• PTFE: Polytetrafluoroethylene 

• RTE: Round Trip Efficiency 

• SAW: Simple additive weighting 

• SOE: Solid oxide electrolysis 

• SOFC: Solid oxide fuel cell 

• TEU: Twenty-Foot Equivalent Unit 

• TOPSIS Technique for order of preference by similarity to ideal solution 

• USD: United States Dollar. Also represented by USD. 

• VSC: Voltage Source Converter 

 

Symbols 

• 𝐴: Active area of the cell 

• 
𝜌𝐻2

𝜌𝑎𝑖𝑟
: Ratio of densities between hydrogen and air 

• 𝜂𝐹𝐶: Fuel cell efficiency 

• 𝜌𝑙(1 𝑏𝑎𝑟): Density of liquid hydrogen 

• 𝜎𝑦: Yield strength  

• 𝐶𝐵𝑅: Branch cost of the total infrastructure cost of the electric link 

• 𝑐𝐵𝑅
0 : Branch specific cost of the electric link 

• 𝑐𝐵𝑅
𝑙�̇�: Branch specific cost of the electric link, relative to distance and power 

• 𝑐𝐵𝑅
𝑙 : Branch specific cost of the electric link, relative to distance between ends 

• 𝐶𝐶: score according to TOPSIS 

• 𝐶𝑐𝑜𝑚𝑝: Installation cost of the compressor in the desalination plant 

• 𝐶𝐶𝑃: Infrastructure cost of the compression plant 

• 𝑐𝐸: Cost of electricity 

• 𝐶𝐸𝐿: Cost of the infrastructure of the electric link 

• 𝐶𝐸𝐿𝐸𝐷: Cost of energy losses induced by impurities present in the electrolyte 

• 𝐶𝐸𝑀: Management cost of the electrolyte 

• 𝐶𝐸𝑅: Cost of electrolyte renewal over lifetime 

• 𝑐𝐸𝑅
𝑁𝑅: Cost of a single electrolyte renewal 

• 𝐶𝐸𝑉: Installation cost of the evaporator 

• 𝐶𝐼: Consistency index 

• 𝐶𝑓𝑙𝑒𝑒𝑡: Life cycle cost of the fleet of ships 

• 𝐶𝐿𝐻𝑇: Cost of large-scale liquefied hydrogen spherical tanks (uninstalled) 

• 𝐶𝐿𝑃: Infrastructure cost associated to the liquefaction plant 

• 𝐶𝑂𝐹𝐹: Cost of the onshore node of the electric link 

• 𝑐𝑂𝐹𝐹
�̇� : Offshore node specific cost of the electric link, relative to power 

• 𝑐𝑂𝐹𝐹
0 : Offshore node specific cost of the electric link 

• 𝐶𝑂𝑁: Cost of the onshore node of the electric link 

• 𝑐𝑂𝑁
�̇� : Onshore node specific cost of the electric link, relative to power 

• 𝑐𝑂𝑁
0 : Onshore node specific cost of the electric link 
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• 𝐶𝑃𝐻𝑏𝑟
: Installation cost of the seawater preheater, exchanging heat with the rejected brine 

in the desalination plant 

• 𝐶𝑃𝐻𝑤
: Installation cost of the seawater preheater, exchanging heat with the distilled water 

in the desalination plant 

• 𝐶𝑃𝑃𝐿𝐶: Construction cost of the hydrogen pipeline 

• 𝐶𝑃𝑃𝐿𝑀: Material cost of the hydrogen pipeline 

• 𝐶𝑃𝑃𝐿𝑂: Other costs associated to the construction of the pipeline 

• 𝐶𝑝𝑢𝑚𝑝𝑏𝑟
: Installation cost of the brine pump in the desalination plant 

• 𝐶𝑝𝑢𝑚𝑝𝑠𝑤
: Installation cost of the seawater pump 

• 𝐶𝑝𝑢𝑚𝑝𝑤
: Installation cost of the distilled water pump in the desalination plant 

• 𝐶𝑅: Consistency ratio 

• 𝑐𝑟𝐶: Consumption rate of hydrogen during navigation 

• 𝑐𝑟𝐿,𝑂𝐿: Consumption rate of hydrogen during loading and offloading operations 

• 𝑐𝑇𝐶: Time charter rate 

• 𝐶𝑉: Cost of voyage 

• 𝑑: separation between electrodes 

• 𝑑𝑒𝑐𝑜𝑚𝑝: Differential of specific energy increment inside the control volume of the 

compressor 

• 𝐷𝑖: Internal diameter of the hollow cylinder 

• 𝛿𝑚: Differential mass of hydrogen transferred from the cH2 ship to the import terminal 

in each iteration 

• 𝐷𝑃𝑃𝐿: Diameter of the hydrogen pipeline in inches 

• 𝑑𝑠𝑐𝑜𝑚𝑝: Differential of specific entropy inside the control volume of the compressor 

• Δ𝑠𝑖: Isothermal increment of specific entropy from ambient conditions to of the pressure 

of the module of pressure 𝑖 

• Δ𝑠𝑖
𝑠: Isothermal increment of specific entropy from ambient conditions to 𝑝𝑖

𝑠 

• Δ𝑢𝑖: Isothermal increment of specific internal energy from ambient conditions to of the 

pressure of the module of pressure 𝑖 

• Δ𝑢𝑖
𝑠: Isothermal increment of specific internal energy from ambient conditions to 𝑝𝑖

𝑠 

• 𝛿𝑊𝑖𝑠𝑜𝑡ℎ: Differential work of isothermal compression 

• 𝐸𝑜: Reversible potential of the reaction at standard pressure and 25 °C 

• 𝐸𝐵𝑅: Branch energy losses of the electric link 

• 𝑒𝐵𝑅
𝑙�̇�: Specific energy losses of branch of the electric link, relative to power and distance 

• 𝐸𝐸𝐿: Energy losses of the electric link 

• 𝐸𝐸𝐿𝐸𝐷: Energy losses induced by impurities present in the electrolyte 

• �̇�𝐸𝐿𝐸𝐷
𝑁𝑅 (𝑡): time-dependent induced power losses due to electrolyte degradation  

• 𝐸𝑂𝐹𝐹: Offshore-node energy losses of the electric link 

• 𝑒𝑂𝐹𝐹
�̇� : Specific energy losses of the offshore node of the electric link, relative to power 

• 𝐸𝑂𝑁: Onshore-node energy losses of the electric link 

• 𝑒𝑂𝑁
�̇� : Specific energy losses of the onshore node of the electric link, relative to power 

• 𝐹: Faraday constant 

• ℎ𝑖: Enthalpy of the substance 𝑖 

• ℎ𝐹𝑖
: Enthalpy of formation of the substance 𝑖 

• ℎ𝑇: Specific enthalpy at the import terminal in each iteration 

• ℎ𝑉: Specific enthalpy at the cH2 ship in each iteration 

• 𝐼: Electric current 

• 𝑗: Current density 
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• 𝐾𝑑: Experience coefficient of depth. 

• 𝐾𝑠𝑝: Solubility product 

• 𝑙: Distance between ends of the power links. Pipelines and electric cables consider an 

additional 20% over the actual distance 

• 𝐿𝑐𝑦𝑙: Length of the hollow cylinder 

• �̇�𝑖: Mass flow rate of the substance 𝑖 

• 𝑚𝐶: Consumed mass of hydrogen in the journey 

• 𝑚𝑐𝑜𝑚𝑝: Resident mass of hydrogen inside the control volume of the compressor 

• 𝑚𝑖: Mass of the substance 𝑖, or mass of hydrogen corresponding to the storage module of 

pressure 𝑖 

• 𝑚𝐿: Loaded mass of hydrogen 

• 𝑚𝑂𝐿: Offloaded mass of hydrogen 

• 𝑚𝑖
𝑠: Remaining mass of hydrogen at the storage module of pressure 𝑖 right after the 

hydrogen transfer to the cH2 ship 

• 𝑀𝑖: Molar mass of the substance 𝑖 

• 𝑁𝑅: Number of electrolyte renewals over lifetime 

• 𝑁𝑠ℎ𝑖𝑝𝑠: Number of vessels in the fleet 

• 𝑁𝑣𝑜𝑦𝑎𝑔𝑒𝑠: Number of roundtrips 

• 𝑁𝑐𝑒𝑙𝑙𝑠: number of cells in the stack 

• 𝑝: Pressure 

• 𝑝0: Reference pressure 

• 𝑝𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙: Operating pressure of the electrolyzer 

• 𝑝𝑖𝑛: Pressure at the inlet of the pipeline 

• 𝑝𝑜𝑢𝑡: Pressure at the outlet of the pipeline 

• 𝑃𝑜𝑤𝑒𝑟𝑛𝑜𝑚: Power exerted by the propulsion plant of the ship at cruise speed or during 

loading and offloading 

• 𝑝𝑖
𝑠: Pressure in the storage module of pressure 𝑖 right after hydrogen transfer to the cH2 

ship 

• 𝑄𝑖: Relative score of each criteria in COPRAS 

• Δ𝑅: Resistance increase due to impurities 

• Δ�̇�𝑖𝑚𝑝𝑢𝑟𝑖𝑡𝑖𝑒𝑠: Resistance increase due to impurity acumulation 

• 𝑠: Specific entropy 

• 𝑠𝑇: Specific entropy at the cH2 ship in each iteration 

• 𝑠𝑉: Speed of the vessel 

• 𝑠𝑉𝑛𝑜𝑚
: Cruise speed of the vessel 

• 𝑇: Temperature 

• 𝑇0: Reference temperature 

• 𝑇𝑎𝑚𝑏: Ambient temperature 

• 𝑇𝑝𝑝𝑙: Average temperature inside the pipeline 

• 𝑇𝐷𝑆: total dissolved solids in terms of mass of solute per mass of dissolution 

• 𝑡𝑐𝑦𝑙: Thickness of the hollow cylinder 

• 𝑡𝐿: Lifetime 

• 𝑡𝐿𝑆: Time at low speed. Correction term to consider time when approaching and leaving 

harbor. 

• 𝑇𝐸𝑅: Period between electrolyte renewals 

• 𝑇𝑝𝑝𝑙: Average temperature inside the hydrogen pipeline 

• 𝑡𝑅𝑇: Time of round trip 
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• 𝑢: Specific internal Energy 

• 𝑉𝑜: Thermoneutral voltage at standard pressure and 25 °C 

• 𝑉𝑐𝑖𝑙: Volume of a hollow cylinder 

• 𝑉𝐻: Net volume of holds 

• �̇�𝐿: Volumetric flow rate of the loading operation 

• �̇�𝑂𝐿: Volumetric flow rate of off-loading operation 

• Δ𝑉: Voltage increase due to impurities 

• �̇�: Nominal power plugged at the export end 

• �̇�𝑒𝑥𝑡,𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙: Power consumed by the electrolyzer 

• 𝑤𝑖𝑠𝑜𝑡ℎ𝑖
: Work for refilling the cH2 storage module of pressure 𝑖, following the isothermal 

path 

• 𝑤𝑖𝑠𝑜𝑡ℎ: Work for refilling the cH2 terminal, following the isothermal path 

• 𝑤𝑙𝑖𝑞𝑢𝑒𝑓: Specific work for the liquefaction of hydrogen 

• �̇�𝑚𝑎𝑥: Maximum nominal power achieved by worldwide electric links (2 GW) 

• 𝑍: Compressibility factor 

• 𝜌𝐸𝑅: threshold concentration of impurities for electrolyte renewal 

• 𝜌𝑖𝑥(𝑇): resistivity corresponding to 𝑖𝑥 concentration of distilled water measured at 

temperature 𝑇 

• 𝛥𝜌: Resistivity increase due to impurities 

• Δ�̇�𝑖𝑚𝑝𝑢𝑟𝑖𝑡𝑖𝑒𝑠: rate of resistivity increase due to impurity accumulation 

• Δ�̇�: transformation of 𝛥�̇�𝑖𝑚𝑝𝑢𝑟𝑖𝑡𝑖𝑒𝑠 that is independent of 𝑗, 𝐴, and 𝛻𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒 

• ∇𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒: Volume of the electrolyte 
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Chapter 1. 

1. Introduction 

1.1. Motivation 

1.1.1. Population and energy 

From the viewpoint of Economic History, the world population represents one of the earliest 

metrics that allowed assessing the success of a society (Allen, 2011). In wildlife, population 

represents the ecological success of a species. Historic estimations of the world population show 

that there have been two important changes in the population growth rate in history: the Neolithic 

Revolution and the Industrial Revolution, see Figure 1.1 (Kremer, 1993). The Industrial 

Revolution formidably multiplied the population of the world in just 200 years. The Neolithic 

Revolution marked the beginning of a very long growth with a less spectacular growth rate but 

underlain profound structural changes in humanity. Before the Neolithic age, humans were 

hunters and gatherers, and societies were governed by ecology: they strongly depended on their 

environment, onto which they did not have any control. The Neolithic Revolution took place with 

the discovery of agriculture and the domestication of animals, a series of events that gave humans 

control of their environment. This meant the beginning of the economic era. 

 

Figure 1.1- World population in history. Prepared with data from (Kremer, 1993). 
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Apart from the drastic population growth after those two revolutions, there is one common 

underlying element: the available energy for humankind (Cipolla, 1978). This was discovered by 

Carlo Cipolla, an Italian economic historian, whose line of thought can be summarized in the 

following points: 

• Humans have necessities of different levels. 

o Of the physiological type: Feeding and drinking. 

o Of the elemental type: clothing and warming up. 

o Of the higher type: reading, listening to music, having fun, etc. 

• All human needs can be translated into energy flows.   

• There is a lower limit to those needs: the nutrients that a person needs to survive. 

Physiological needs vary from one person to another and depend on size, gender, the type 

of activity they develop, and the climate where they live. Usually, the energy intake varies 

between 2000 kcal/day and 4000 kcal/day. 

• There are no upper limits to the necessities of the higher type. As a result, a single person 

can consume from nothing to an incredible amount of energy. An example of the latter 

could be a person sailing across the ocean on board a superyacht that consumes 4 t/h of 

fuel. 

In a broader sense, the higher the energy consumption per capita is, the more developed society 

will be (considering that the efficiency of the conversion processes is maintained). After the 

Neolithic Revolution, energy availability increased because people were able for the first time to 

harness power produced by animals to produce useful work. After the Industrial Revolution, 

energy consumption per capita increased because people converted heat into useful work for the 

first time. Therefore, there is a close relationship between economic growth and available energy. 

1.1.2. Global Energy Outlook 

Figure 1.2 shows the evolution of the annual energy supply and energy demand is broken down 

to different energy sources from 1990 to 2019. It can be seen that the global annual energy 

generation and use increased steadily, and only dropped in 2008 after the 2007-2008 financial 

crisis. From those graphs, the main energy sources in the global mix are fossil fuels: oil, natural 

gas, and coal. Renewable energies represent a small share of the total energy breakdown. 

However, their development, except for hydropower, is very recent. Figure 1.3 isolates the 

renewable energies. There, it can be appreciated that wind and solar energy sources are increasing 

rapidly since 2010. There are various reasons for this rapid development in renewables: 
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• Strategic (York, 2012): Renewable energies decrease energy dependency from third 

countries, as they can be harnessed almost anywhere, in contrast to fossil fuels located in 

the green countries of Figure 1.4. 

• Environmental (Gawel et al., 2014): Renewable energies produce zero emissions. This is 

beneficial from the global warming, atmospheric pollution perspectives. 

• Social: Renewable energies produce more job opportunities, which increases 

employment (Hillebrand et al., 2006). Besides, their use does not have known adverse 

health effects in humans in contrast to fossil fuels (Kotcher et al., 2019). 

 

Figure 1.2- Evolution of global annual energy supply (a) and demand (b) from 1990 to 2019, 

broken down to different sources. Prepared with data from (BP, 2021). 
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About renewable energies, except for hydropower, at the beginning of the 2010s, they were 

expensive (International Energy Agency, 2020). During the last decade, their levelized cost 

consistently decreased as the technology developed during their deployment (Renewables 

Information 2017, 2017). Now, there are renewable farms of solar photovoltaic (PV) and onshore 

wind that yield levelized costs of energy (LCOE) that are lower than the equivalent of thermal 

power plants that run on fossil fuels. According to IEA’s World Energy Outlook 2020, in 2019, 

solar PV and onshore wind reached a levelized cost of 35 USD/MWh (9.7 USD/GJ), while a gas-

fueled thermal power plant based on a combined cycle with gas turbine had a price of 55 

USD/MWh (15.3 USD/GJ) (World Energy Outlook 2016, s. f.). 

The LCOE is a parameter that measures the average net present cost of electricity generation of a 

generation plant over its life. In a broad sense, it is the ratio of the sum of costs over its lifetime 

to the sum of the electrical energy produced over its lifetime. The sum of costs comprehends the 

investment expenditures, operation and maintenance (O&M), midlife refurbishments and the 

dismantling cost at the end of life. The sum of the electrical energy produced over lifetime depend 

on the installed capacity, the lifespan of the plant, and the capacity factor (CF). The CF is a 

dimensionless fraction of the actual energy output over a given period to the maximum possible 

energy output during that same period. The CF can range from 0 to 1, and depends on different 

variables, like maintenance stops, power curtailments, and in the case of renewable energies, the 

intermittence of the resource availability as well. 



Chapter 1: Introduction 

5 

 

 

Figure 1.3- Evolution of global annual renewable energy generation (a) and consumption (b) from 

1990 to 2019, broken down to different sources. Prepared with data from (BP, 2021). 
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Figure 1.4- Net exports of different fuels in 2019 (a) oil, (b) natural gas, (c) coal, and (d) biofuels. 

Green countries are net exporters while red countries are net importers. Numeric values represent 

net energy exports in EJ. Prepared with data from (BP, 2021). Regions in grey have no source 

data. 
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The LCOE is the net present value of total life cycle costs divided by the energy produced over 

the system life (Campbell et al., 2009). For this reason, it is essential to keep the CF as high as 

possible to reduce the LCOE. In the case of renewable energies, the CF strongly depends on 

resource intermittency. In the case of wind, the long-term wind speed probability distribution 

follows a Weibull distribution (Seguro & Lambert, 2000). Such a distribution can be defined 

through the average wind speed and its coefficient of variation (CV) for the given period. In this 

sense, Figure 1.5 exemplifies how two wind speed probability curves with the same average wind 

speed but different CVs results in different CFs. The red dashed curve represents the power 

generation curve of a generic wind turbine and the orange curve represents the wind speed 

probability. The wind turbine produces power between the cut-in and cut-out wind speeds. 

Between the cut-in speed and the rated wind speed, the generated power increases with the wind 

speed. Between the rated wind speed and the cut-out wind speed, the wind turbine produces the 

rated power, reaching a state of saturation. Above the cut-out wind speed, the wind turbine enters 

in “survival mode”. In both cases of Figure 1.5, the average wind speed of the wind speed 

distributions coincides with the wind turbine’s rated wind speed, but they differ in the CV: (a) has 

a CV=0.5 while (b) has a CV=0.2. As a result, in Figure 1.5 (a), a considerable share of the wind 

speed probability falls out of the range comprehended between the rated speed and the cut-out 

speed. As a result, the observed CF is 0.62. In (b), the observed CF is equal to 0.93 as most of the 

wind speeds probability falls under a high-power output region.  

To maximize the energy generation of a wind turbine while keeping a high CF, it is best to use a 

wind resource with a high average wind speed and a low CV. In this sense, the best wind resource 

is not found on land but at sea. However, offshore wind is typically more expensive mainly 

because of the foundations, construction, and submarine-related electrical networks (Esteban 

et al., 2011). According to the World Energy Outlook 2020 of IEA, in 2019, the LCOE of offshore 

wind in Europe was 75 USD/MWh (20.8 USD/GJ) (World Energy Outlook 2016, s. f.). Future 

projections of the LCOE of offshore wind farms indicate that they will decrease but still they will 

be more expensive than onshore equivalents (World Energy Outlook 2016, s. f.).  Then, why 

harnessing offshore wind? Because the energy potential of onshore wind is typically limited and 

insufficient to sustain its hinterland by itself (Esteban et al., 2011). 

In any case, offshore wind technology has not yet reached the maturity level of the onshore analog, 

and current future projections underlie a higher uncertainty. On land, wind turbines must be built 

on-site. At sea, a wind turbine has the potential to be completely assembled at the shipyard and 

then transported in one single piece with its foundation or platform to the location of the wind 

farm (Collu et al., 2014; Salom et al., 2017), which presents important potential savings in the 

construction phase. As the assembly process of offshore wind turbines becomes more 

standardized and the annual production volume increases, the offshore wind technology will 
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become cheaper, benefitting from economies of scale. Offshore wind will likely have a substantial 

share in the future energy mix. One of the reasons is the net zero-emissions goal by 2050 of the 

Paris Agreement signed in 2016 (Roelfsema et al., 2020). 

  

Figure 1.5- Exemplification of how two wind speed probability curves with the same average 

wind speed but different coefficients of variation (CV) produce different CFs: (a) CV=0.5 and 

CF=0.62, (b) CV=0.2 and CF=0.93. The average wind speed of both wind distributions is equal 

to the rated wind speed. The power generation curves in red dashed are generic of a wind turbine. 

Figure 1.6 analyzes the worldwide offshore wind resource through its average wind speed (a) and 

its average percentual variation throughout a year (b). As said earlier, the best wind resource is 

located in areas with high average wind speeds and low variations. From those graphs, it can be 

discovered that the wind resource is unevenly distributed, like the fuels in  Figure 1.4 and that 

there will be some degree of intermittency.  The first issue implies that in the future, bulk power 

will have to be transmitted over long distances to connect power-rich regions to power-hungry 

ones. The second issue implies that the installed capacity must exceed the energy needs to satisfy 

the power needs at times of low power generation unless mechanisms to store power at peak 

generation times are provided. 
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There are different solutions, including conventional electric power transmission and reversible 

hydropower storage (Beires et al., 2018). However, electric power transmission may become 

expensive at long distances, and reversible hydropower is reserved for specific locations. In this 

sense, other alternatives are being investigated. One of them that has been gaining prominence 

since the beginning of the 2010s is hydrogen. 

Hydrogen is the most abundant element, accounting for circa 75% of the total mass of the 

Universe (Stolten et al., 2016). Despite that, hydrogen was not discovered until 1776 by Henry 

Cavendish. Currently, hydrogen is involved in many different chemical industry applications, but 

not until recently has it started to gain relevance as an energy vector. With the signature of 

agreements on carbon emissions, some developed countries have started to regard hydrogen as an 

interesting solution to decarbonize sectors where it is proving difficult to reduce emissions 

effectively. Some of these sectors include long-haul transport and heavy industries like steel or 

iron.  

Hydrogen is one of the leading alternatives for renewable energy storage, and it is proving to be 

a cheap and efficient alternative to store energy for months (Caglayan et al., 2020). This way, 

hydrogen can store solar PV and wind energy, whose availability does not always match demand. 

Hydrogen can serve as a cheap energy carrier (Saadi et al., 2018a, 2018b)to transport energy from 

regions with abundant solar and wind resources like Australia or South America to energy-hungry 

regions thousands of kilometers away (Fuel Cells and Hydrogen Joint Undertaking, 2019). At the 

end of 2019, the first liquid hydrogen carrier vessel was launched in Japan to transport hydrogen 

produced in Australia to Japan, within the framework of a pilot project to establish a mass marine 

transportation supply chain (KHI, 2019). The name of the vessel is Suiso Frontier, which means 

hydrogen frontier. 
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Figure 1.6- Offshore wind resource analysis. (a) shows the annual average of wind speed, (b) 

shows the average percentual variation of windspeeds throughout a year. Prepared with data from 

(Huai-Min, 2020). 

1.1.3. Hydrogen facts 

Even though pure hydrogen cannot be found in nature, it can be produced from a variety of 

sources. Its source conditions the carbon footprint it leaves behind, and depending on how clean 

it is, literature has established a color code (International Energy Agency, 2019). Each color 

qualifies how environmentally friendly the respective hydrogen is (International Energy Agency, 

2019). This classification is shown in Figure 1.7. 

(a)

(b)
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Figure 1.7-Colors of the hydrogen according to the literature with regard to its original source. 

Prepared with data from (International Energy Agency, 2019). 

Norsk Hydro erected the first large-scale electrolysis plant for hydrogen production in 1927 in 

Norway, which was powered by hydropower (Häussinger et al., 2011). At that time, the concept 

of green hydrogen did not exist yet. Still, albeit this was the main source of industrial-scale 

hydrogen production in the world. Since hydrogen production by electrolysis of water heavily 

depends on cheap electricity, it has been restricted to sites close to inexpensive sources of electric 

power, traditionally hydropower stations. With the development of large-scale fossil fuel 

reforming plants, global production of hydrogen started to shift in the following years towards 

this production scheme, which is more flexible regarding location. At present, hydrogen sourcing 

from electrolysis installations only represents about 5% of the worldwide produced hydrogen, 

mostly in small-scale production plants (Dincer & Acar, 2015). That is because, on that scale, the 

operation of an electrolysis plant is simpler. Most of the remaining share of the produced 

hydrogen corresponds to the grey type. After all, it is the one with the lowest levelized cost. 

However, the downtrend of renewable electricity prices is heralding a come-back for green 

hydrogen.  

Hydrogen can serve as an energy carrier that can be cheap to store or to transport, making it an 

attractive fuel (Godula-Jopek et al., 2012; International Energy Agency, 2019). Then, hydrogen 

can be converted into electricity and heat through thermal engines or fuel cells. Fuel cells are 

electrochemical devices that can produce electricity directly from a fuel (Stolten et al., 2016). In 

contrast to thermal engines, their efficiency is not limited to the one of Carnot, and it is not size-

dependent (Larminie & Dicks, 2003). State-of-the-art fuel cells that operate with hydrogen as fuel 

offer efficiencies that can surpass 50% at nominal load and offer even higher efficiencies at partial 

loads. According to the literature, fuel cells will likely play an important role in decarbonizing 

long-distance or intensive transport (Becker et al., 2017; International Energy Agency, 2019).  
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As stated in the previous paragraph, hydrogen can be used as a fuel. In this sense, Table 1.1 

compares key aspects between a reference fuel, namely methane, with hydrogen under different 

states. In such a table, 𝐿𝐻𝑉  and 𝐻𝐻𝑉 are the Lower and Higher Heating Values, respectively, 

whereas 𝜌 is the density. There, 𝑤𝑚𝑖𝑛 is the theoretical minimum work, or reversible work, 

necessary to perform the physical transformation of a stream of the substance from ambient 

conditions (restricted dead state), namely 𝑇0 and 𝑝0 to the corresponding 𝑇 and 𝑝 of the state in 

question. In this work 𝑇0 = 25 ℃ and 𝑝0 = 100 kPa. The minimum work is defined by the 

following equation (Chang, 2015): 

𝑤𝑚𝑖𝑛 = ℎ(𝑇, 𝑝) − ℎ(𝑇0, 𝑝0) − 𝑇0 · [𝑠(𝑇, 𝑝) − 𝑠(𝑇0, 𝑝0) ] (1)   

 

On the one hand, without considering the mass of the storage system, hydrogen presents more 

energy per unit mass than methane. On the other hand, hydrogen presents less energy density than 

methane. This fact affects the net volume of the fuel tank, meaning that tanks must be larger for 

hydrogen for the same range or endurance. About  𝑤𝑚𝑖𝑛 hydrogen requires much more energy 

input than methane for its transformation to energy denser forms. The liquid state is the energy 

densest for methane and hydrogen. In that state, methane requires -162 °C, while hydrogen -253 

°C. 

Table 1.1- Key aspects of different forms of methane and hydrogen regarding their transformation 

and long-term storage (Chase et al., 1986; Lemmon et al., 2010). Liquid hydrogen includes the 

normal to para conversion. 

 Specific energy   Energy density 

 LHV 
(MJ/kg) 

HHV 
(MJ/kg) 

𝜌  
(kg/m3) 

𝑤𝑚𝑖𝑛   
(MJ/kg) 

LHV 
(MJ/m3) 

HHV 
(MJ/m3) 

CH4 (298.15, 1 bar) gas  50 55.5 0.65 0.000 32.4 36.0 

CH4 (298.15, 275 bar) comp. 50 55.5 201.15 0.817 10057.6 11163.9 

CH4 (111.51, 1 bar) liq.  50 55.5 422.59 1.083 21129.4 23453.7 

H2 (298.15 K, 1 bar) gas 120 141.7 0.08 0.000 9.8 11.5 

H2 (298.15 K, 275 bar) comp. 120 141.7 19.09 7.111 2290.5 2704.7 

H2 (20.22 K, 1 bar) liq.  120 141.7 70.88 12.498 8505.7 10043.8 

 

Although hydrogen is a more inconvenient fuel than methane, it is of great interest to decarbonize 

specific applications in the global economy. Many countries have issued roadmaps that include 

hydrogen for the decarbonization of their economies (International Energy Agency, 2019). 

Considering that one of the preferred methods for green hydrogen production is water electrolysis 

paired with renewable energies, one of the most promising contexts in the future will be the 

marine. The marine context presents a renewable energy potential superior to the inland context 
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(Esteban et al., 2011). Besides, seawater is a preferable water source when drinking water is 

scarce. 

By observing the evolution of marine hydrogen production publications each year, the scientific 

community agrees that marine hydrogen is becoming an exciting source to study for the future. 

Figure 1.8 shows the histogram of annual publications found on Google Scholar with the 

keywords “marine” & “electrolysis”.  

 

Figure 1.8-Histogram of annual publications found on Google Scholar with the keywords 

“marine” & “electrolysis”. 

To sum up, the world population is growing, and so is the energy required to cover their needs. 

To that end, different energy sources are being harnessed. Since the Industrial Revolution, fossil 

fuels have covered most of the global energy mix, mainly due to their flexibility and low cost. 

Their intensive use pollutes the planet affecting wildlife and human health and is believed to 

accelerate climate change. Renewable energy sources have slowly started to being deployed to 

replace fossil fuels in the energy mix. The signature of new Agreements on carbon emissions is 

speeding up the deployment of renewable energies. However, there are some challenges that need 

solving for their effective operation: 

• There are certain sectors in the industry that are difficult to decarbonize. 

• The uneven distribution of renewable energy resources foretells that bulk energy 

transportation solutions will be needed to transport energy from energy-rich regions to 

energy-hungry areas. 

• Renewable energies are intermittent, and excess power must be stored to cope with power 

needs at times when power generation is insufficient. 
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Hydrogen seems an excellent candidate to address these three challenges. To conclude, it has been 

deemed that the production of hydrogen through the electrolysis of seawater at sea is worth 

studying. During the literature review the following knowledge gaps were identified: 

• How well hydrogen performs as an energy vector for bulk power transmission at sea. 

• What electrolysis technology is the most suitable for the sustainable production of 

hydrogen in a marine context. 

• The performance behavior of an alkaline electrolyzer operating with water sourcing from 

seawater for extended periods, and the electrolyte renewal rate. 

• Under what conditions the offshore production of the alkaline electrolyte is more 

attractive than importing it from land. 

1.2. Objectives 

The general goal of this thesis is to study hydrogen production methods through the electrolysis 

of seawater in a sustainable marine context. To achieve this purpose, the following specific 

objectives are set: 

1. Investigate under what conditions the power transmission through hydrogen is more 

inexpensive than through electricity with submarine power cables. 

2. Investigate what is the most suitable electrolysis technology for hydrogen production in 

a sustainable and cost-effective marine context. 

3. Gain insight into the challenges associated with the operation of an alkaline electrolysis 

of water sourcing from the first distillation of seawater. Observe the performance 

degradation of the electrolyte and estimate its renewal rate. 

4. Propose an alternative electrolyte renewal management strategy at sea: begin a research 

line on caustic soda production from seawater brine. 

1.3. Structure of the thesis 

The present thesis relies on a common structure in scientific publications: 

1. Introduction: This chapter states the interest of the selected research topic of this thesis 

and the research objectives and details the structure thereof. 

2. State of the Art: This chapter comprises a literature review including a brief historical 

background with enough facts on the current state of technology to identify the 

knowledge gaps that this work will address. 

3. Methods: This chapter provides the theoretical background, the materials and the 

methods that will lead to the results. 

4. Results: This chapter presents the main results of the thesis. 
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5. Discussion: This chapter presents a critical assessment of the results and how they answer 

to the problems stated in the Introduction and the knowledge gaps presented in the State 

of the Art. 

6. Conclusions: This chapter summarizes the main findings of this thesis. 

7. Future work: This chapter identifies the challenges and knowledge gaps identified within 

the framework of this thesis that will be addressed in the future. 

Chapters from 3 to 6 are subdivided in four sections: 

i. Power transmission at sea: This section aims to unveil under what circumstances is 

cheaper to perform bulk power transmission at sea with hydrogen as an energy vector. 

ii. Multicriteria analysis of electrolysis technologies for hydrogen production from 

seawater: This section ranks four different electrolysis technologies suitable to perform 

seawater electrolysis in green sustainable manner. The results of this section show that 

alkaline electrolysis is very promising for marine applications. 

iii. Hydrogen production at sea: This section studies the performance loss of an alkaline 

electrolyzer that operates with distilled water sourcing from seawater. 

iv. Chlor-alkali: This section designs a process and a laboratory-scale chlor-alkali single cell 

to produce alkaline electrolyte from seawater brine, aimed to replace the fouled 

electrolyte of the alkaline electrolyzer. This technology would reduce the human presence 

in the maintenance and operation of the alkaline electrolyzer, which in hostile offshore 

contexts is desirable. 

An additional chapter will detail the published material in scientific journals and in congress 

proceedings within the framework of this thesis. 
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Chapter 2. 

2. State of the art 

This Chapter aims to give a brief historical background and provide enough facts on the current 

state of technology and research for an easier identification of knowledge gaps. 

2.1. Power transmission at sea 

2.1.1. Power transmission at sea: electricity 

In 1882 electricity was already a commodity. Electric power generation was performed in direct 

current (DC) with dynamos. Depending on the consumer type: lighting, fixed motors and railway 

systems, different voltages were required, and so different DC generators were used to suit the 

specified voltage. At that time, the limitations of electric power transmission over long distances 

for low voltage consumers was evident.  

In 1881, Lucien Gaulard and John Dixon Gibbs invented a primitive form of the alternating 

current (AC) transformer, “the secondary generator”. Later, in 1884, Lucien Gaulard built in 

Turin, Italy, a demonstrative plant 34 km away of the venue of the International Exhibition which 

connected the plant with the venue with a power line of 2 kV and 130 Hz using several secondary 

generators, demonstrating that transformers allowed the efficient transmission of AC power at 

high voltage and low current over long distances while providing a secondary voltage suitable for 

safe operations (Guarnieri, 2013b). In 1889, Sebastian Ziani De Ferranti placed a high voltage 

power station at Deptford on the Thames, transmitting power to London 45 km away with a 10 

kV and 85 Hz line with a rated power of 1 MW, a record at that time (Guarnieri, 2013c). 

In 1885 George Westinghouse bought the patents from Gaulard and Gibbs, and in 1886 he 

established the Westinghouse company, which improved the closed-core transformer. Later in 

1888, Nikola Tesla patented the induction motor, while AEG in Germany patented the first three-

phase asynchronous motors and the first three-phase transformers in 1890, discovering the 

superiority of thre-phase currents. In 1891, at the International Electro-Technical Exhibition in 

Frankfurt, the first experimental three-phase distribution line was presented by AEG and 

Maschinenfabrik Oerlikon: over 175 km long between Lauffen waterfalls and Frankfurt, at 15 kV 

and 40 Hz, see Figure 2.1Figure 2.. Such an event consolidated the three-phase AC grid 

distribution scheme. 
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Figure 2.1- Alternator installed in Lauffen as part of the three-phase experimental transmission 

line for the Frankfurt am Main International Electrical exhibition of 1891. (Figure courtesy of 

Wikimedia Commons: http://commons.wikimedia.org/wiki/File:Lauffen-

Frankfurt_1891e.jpg?uselang=eng). 

AC power transmission has undergone over a century of evolution. Countless improvements have 

been implemented to such technology. Due to the competitive costs of alternators and 

transformers, nowadays, most of the transmitted electricity worldwide is done through polyphase 

AC systems (Guarnieri, 2013a). Nevertheless, High-Voltage Direct Current (HVDC) can be more 

competitive than HVAC for specific applications.  

In 1882 in Paris, Marcel Deprez presented the first HVDC transmission system at the Munich 

Electrical Exhibition. It consisted of a DC power line between Miesbach and Munich rated at 1.5 

kW at 2 kV, over 57 km. It was an interesting proof of concept, but the efficiency was under 50%. 

In 1885, René Thury built the first long-distance DC system in Bözingen, Switzerland, rated at 

30 kW and 500 V. In 1889, he switched to higher voltages with an actual HVDC transmission for 

the Acquedotto de Ferrari-Galliera company in Italy, with a rated power of 630 kW and a voltage 

of 14 kV, which was a record at the time. This system resorted to series-connected DC generators 

insulated from the ground-coupled via belts to a prime mover, and voltage balancing loads 

consisting of motors that drove low-voltage dynamos via belts. Thury’s system was more efficient 

and more compact than the one of Eddison. Nevertheless, it could not compete with three-phase 

high voltage AC transmission due to the inherent low cost of alternators and transformers. 

In 1902 new momentum came to HVDC through the high-voltage rectifiers, when Peter Cooper 

Hewitt invented the mercury-arc valve technology. Then, in Sweden in 1929, ASEA (before 

merging into the ABB of today) placed grading electrodes in the valve gaps, increasing the 

http://commons.wikimedia.org/wiki/File:Lauffen-Frankfurt_1891e.jpg?uselang=eng
http://commons.wikimedia.org/wiki/File:Lauffen-Frankfurt_1891e.jpg?uselang=eng
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withstood voltage. In 1932 in USA, General Electric used mercury-vapor valves in the 

transmission line at Mechanicville of 12 kV DC. One decade later, Germany built ±200 kV HVDC 

line of buried cable that ran for 115 km between Vockerode and Berlin. The Allied forces 

requisitioned it before the system went online and tested the system in their territories not long 

after. This increased the HVDC technology development speed in the east and the west.  

During the 1950s, the HVDC boosted due to the maturity level it was reaching. For underwater 

applications, the length-dependent reactive power of AC submarine cables made the HVDC 

technology especially attractive for such applications. ASEA built the first line commutated 

converter (LCC) HVDC system in 1954 between Gotland and the mainland of Sweden. This 

provided the island with cheap hydropower. The link consisted of two series-connected 6-pulse 

converters of 50 kV based on mercury-arc valves that acted as a 12-pulse converter. After that 

feat, ASEA participated in a series of international projects of similar nature during the following 

decades.  

In the late 1960s, the thyristor valves began their development. In 1972 came into service an 

HVDC link of the Eel River in Canada erected by General Electric. Since then, GE became one 

of the top suppliers of thyristor-based HVDC technology. 

In 1979 a European Consortium built an HVDC link between Cabora Bassa in Mozambique and 

Johannesburg in South Africa that extended for more than 1,420 km with a rated power of 1.9 

GW and a voltage of ±533 kV. In that project, AEG developed 3.2 kV thyristors under GE’s 

license, given that ASEA retired from the project with their mercury-arc valves for political 

reasons related to an ongoing civil war in Mozambique.  

Semiconductor-based thyristors made the HVDC technology more accessible than mercury-arc 

valves. As a result, many manufacturers started to build a broader range of thyristors. In the 

successive years until the present day, HVDC has become a mature and established technology. 

Examples of what is being achieved with the state-of-the-art UHVDC in the world: 

• In China, the Xaingjiaba-Shanghai line operates at ±800 kV with a rated power of 7.2 

GW over 2,000 km, from a hydropower station in Xiangjiaba to Shanghai. 

• In Brazil, The Rio Madeira HVDC carries 6.3 GW at ±600 kV from hydropower plants 

located at Porto Velho over 2,375 km of distance. 

In both cases, the power losses are rated at less than 7%.  

Since the introduction of insulated gate bipolar transistors (IGBT) in the 1980s, self-commutation 

became possible. The HVDC technology operating under that principle for rectification and 

inversion was named voltage sourced converters (VSC). The core difference between VSC and 

LCC is the ability of the IGBT valves to switch off. As a result, VSC does not need a synchronous 
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voltage to perform the commutation. As opposed to LCC technology, VSC technology has black 

start capabilities, which is especially useful to perform power transmission to isolated grids like 

offshore platforms or from isolated grids like offshore wind farms. VSC technology, however, 

presents higher losses than the LCC equivalent at the converter stations. Furthermore, it is less 

mature, and the achieved rated powers are smaller. Although as time elapses, their rated powers 

will eventually catch up with those of LCC. 

On land, HVDC are used for interconnections that connect high power over long distances, where 

HVAC would be costlier or impracticable. HVDC can serve as well to interconnect two 

independent grids that operate at different frequencies or are simply asynchronous. At sea, 

currently, there are 28 HVDC submarine power cables in operation in the world. However, soon 

that list will be increased (Ardelean & Minnebo, s. f.). 

There are several reasons why HVDC technology may be cheaper than HVAC for long distances 

(Ardelean & Minnebo, s. f.): 

• Increased resistance: although both end transformer substations are more efficient in 

HVAC than the rectifier and inverter substations of HVDC, the conductor of HVAC 

presents higher losses per unit of distance. As a result, the conductor of HVDC can be of 

a smaller cross-section. 

o Skin effect: while in DC the current flows for the entire section of the conductor, 

in AC, the current tends to flow near the surface, reducing the effective cross-

section, increasing the resistance. 

o Self-capacitance: the capacitance between the active conductors and the 

surrounding earth or water increases with the distance. As a result, after a certain 

distance, the cable's reactive power would leave no usable power upon 

transmission. 

• The number of conductors: a three-phase HVAC requires at least three conductors to 

perform the power transmission. In contrast, an HVDC with ground return only would 

require one conductor. 

• Larger footprint: to mitigate the self-capacitance effect of HVAC, conductors must be 

placed spatially with increased clearance. 

The optimum cross-section of a conductor from a monetary perspective is defined by the law of 

conductor size of Kelvin. Such a law states that that the optimum cross-section area is the one 

that makes the economic losses due to energy losses equal to the capital cost of producing that 

cable (Loew, 1928). In any case, the breakeven distance that makes HVDC more attractive than 

HVAC at sea is known to be at a distance of 50 km (Bahrman & Johnson, 2007; Kalair et al., 

2016; Khan et al., 2019). 
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For submarine HVDC power transmission, the following topologies can be found (Ardelean & 

Minnebo, s. f.): 

Monopolar with ground return, see Figure 2.2. This topology features a single conductor and 

uses the sea as a return path by using electrodes at both ends. This configuration reduces the costs 

of materials and cable laying. However, the ground return can lead to corrosion problems in 

surrounding metallic structures due to the galvanic corrosion that may result from stray currents 

(Paul, 2015). Furthermore, the ground return can damage marine ecosystems through the 

evolution of chlorine in the anodic (positive) electrode (G. Schmidt et al., 1996), which is very 

toxic and corrosive. This layout can be used as a first lay when laying a bipolar configuration. 

 

Figure 2.2-Example of monopolar transmission with ground return. This example uses two series-

connected six pulse modulators to perform the rectification and inversion from and to three-phases 

AC grids, respectively (Ardelean & Minnebo, s. f.). 

Monopolar with metallic return, see Figure 2.3. Should the return path feature low conductivity, 

a metallic return can be used. This increases the installation cost but produces less galvanic 

corrosion of the stray current type to the surrounding structures. 
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Figure 2.3- Example of monopolar transmission with metallic return. This example uses two 

series connected 6 pulse modulators to perform the rectification and inversion from and to three-

phases AC grids, respectively (Ardelean & Minnebo, s. f.). 

Bipolar configuration, see Figure 2.4. This topology features two poles of opposite polarity, 

being positive and negative. The bipolar configuration presents twice the power rating of the 

monopolar equivalent. In normal conditions, the current flows in a loop without using the ground. 

This eliminates the corrosion problems and the production of chlorine. The direction of the power 

flow can be controlled by switching the polarities of both poles. The bipolar configuration is 

relatively reliable since a service disruption in one of the poles can be solved using the remaining 

operative pole under monopolar configuration with ground return, with the power capacity 

halved. This can be done for short periods, since the grounding electrodes are not prepared for 

this type of operation. 
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Figure 2.4- Example of bipolar transmission. This example uses for each pole two series 

connected 6 pulse modulators to perform the rectification and inversion from and to three-phases 

AC grids, respectively. The neutral points are grounded (Ardelean & Minnebo, s. f.). 

Although submarine cables can last about 30 years, frequently they report faults during their 

lifetime. In fact, between 1990 and 2005, 49 faults were reported in worldwide submarine power 

cable systems over 60 kV due to external or internal factors, see Figure 2.5 (Rosevear et al., 2009). 

Such faults, meant service disruption: some of them partial and some of them complete. Such 

faults occurred globally once every 16 weeks in different locations. 
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Figure 2.5-Reported faults of submarine power systems over 60 kV worldwide between 1990 

and 2005 (Rosevear et al., 2009). 

Regarding the “other” factors that appear in Figure 2.5, they are those that do not strictly adjust 

to the definition of internal or external factors, being the main ones corrosion, mechanical impact 

from wave action, accidental thermal exposure, and others. Out of the 49 other cases reported in 

Figure 2.5, the distribution of the affected components is shown in Figure 2.6. There it can be 

seen that the most frequent component to report failures is the cable. 

 

Figure 2.6- Reported failures from 1990 to 2005 of cable system components (Rosevear et al., 

2009). 

The distribution of times of service disruption of submarine power cables, reported between 1990 

and 2005, is shown in Figure 2.7. It can be seen that almost half of them were repaired within one 
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month since the fault was reported. However, the time needed for repair could extend to even 

more than 6 months. The time of repair is associated with the losses due to service disruption and 

the repair cost, which usually involves the hiring of specialized scuba divers and special vessels, 

whose daily cost of hiring could easily surpass 100 k€. 

 

Figure 2.7- Outage time distribution of submarine power cables that reported faults between 

1990 and 2005 (Rosevear et al., 2009). 

Cost values of high-power transmission systems are limited. Thus their statistical analysis can be 

misleading (Westermann et al., 2012). This is because every project is subject to very different 

boundary conditions that may result in expenses of a greater or lower magnitude. It is estimated 

that the accuracy obtained from that data analysis would be about ±30% error. In this sense, the 

most reliable method to compare HVAC and HVDC costs is by directly asking for quotations 

from different manufacturers for every specific case. In any case, the uncertainty will be within 

±15%. In 2012, the Working Group B4.46 of e-cigré elaborated a document where economic 

aspects of AC and DC power transmission systems were discussed (Westermann et al., 2012).  

Figure 2.8 shows the investment cost of conversion stations for each technology, namely, HVAC, 

LCC-HVDC, and VSC-HVDC, from available information of existing projects (Westermann 

et al., 2012). It can be seen that HVDC stations are significantly costlier than those of HVAC. 

Figure 2.9 shows the specific cost per unit of distance of HVAC and HVDC (Westermann et al., 

2012). Typically the specific costs for HVDC cables are lower than those of HVAC (Saadi et al., 

2018a, 2018b). Geographical conditions and bathymetry strongly influence the costs of cable 

installation. Unexpectedly it can be seen that for 1500 MW, the cable cost for HVDC is higher 

than for HVAC. This could be due to the source of that piece of data, which corresponds to earlier 

projects (Westermann et al., 2012). 
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Figure 2.10 shows the cost for reactive power compensation of cables on land (Westermann et al., 

2012). While HVAC presents a cost of 63 k€/km on land, HVDC has a cost of 0. To that cost an 

additional 7 k€/MVAr must be added (Westermann et al., 2012). Furthermore, static capacitance 

depends on the rated voltage of the AC cables (Dalessandro et al., 2007). In this case the data 

refer to 380 kV cables. These are some of the reasons why for underwater applications, HVDC is 

frequently more convenient than HVAC, especially considering that offshore converter stations 

are more expensive than land-based stations.  

 

Figure 2.8-Converter station investment cost in M€  (Westermann et al., 2012). 
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Figure 2.9-Power cable costs in M€/km  (Westermann et al., 2012). 

 

Figure 2.10- Reactive power compensation cost in k€/km  (Westermann et al., 2012). 

2.1.2. Power transmission at sea: chemical 

Maritime transport has been characterized over a century ago as “the world’s key industry” as it 

is able of moving goods so efficiently between continents that it provides an essential  ingredient 

in the international economy growth (Harlaftis et al., 2012).  Even before that, its potential was 
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already known by Adam Smith back in 1776 through his book “The Wealth of Nations” (Smith, 

1776). 

 “…a broad wheeled wagon attended by two men and drawn by eight horses 

in about six weeks time carries and brings back between London and 

Edimburgh nearly 4 tons weight of goods. In about the same time a ship 

navigated by six or eight men, and sailing between the ports of London and 

Leith, frequently carries and brings back 200 tons weight of goods.” 

Waterborne navigation has over 3,500 years of history, having its beginning in the Pacific Ocean 

(Doran, 1974) and in the Mediterranean sea (Ward, 2001). Back then, their construction was 

precarious, consisting of canoes with one or two outriggers in Asia and monohull planked boats 

in Egypt. Such vessels used a sail as the main mean for propulsion in the pacific, although in 

Egypt also rowers assisted in the propulsion. Navigating open waters was very risky with those 

boats. Commerce in the Mediterranean was performed under the shelter of the coast, as storms 

could easily sink the ships. At that time, the cargo capacity was small, and consisted of unitized 

cargo in containers like amphoras in the Mediterranean (Twede, 2002). The compass which 

appeared for the first time in China during the 11th century (Merrill & McElhinny, 1983), and 

portolan charts in the 13th (Kelley, 1977) allowed to venture to the open waters without getting 

lost. This enabled loxodromic navigation (Weintrit & Neumann, 2017), which was reasonably 

accurate for short distances. New developments were introduced in vessels throughout the years 

that made nautical navigation safer and easier, although the first radical changes in naval 

architecture arrived between 14th and 18th centuries (Love, 2006).  Vessels had much higher 

freeboards: this not only augmented the cargo capacity, but also made navigation safer in open 

waters (Love, 2006). Sail rigs were improved, which allowed harnessing the wind more efficiently 

through a broader range of apparent wind headings (Love, 2006). The development of celestial 

navigation made it possible to navigate long distances over high seas, solving the course drift 

issue that limited the compass exclusive navigation (Love, 2006). The arrival of accurate 

timekeeping onboard through the marine chronometer invented by John Harrison in 1761 took 

celestial navigation to its best (Forbes, 1966), remaining in force until the GPS era. Until the 

Industrial Revolution, the cargo capacity of vessels continued to improve slowly but steadily. 

During this period, the cargo was still carried under break bulk form. 

With the arrival of the Industrial Revolution in the 19th century, new building materials started 

being used such as steel. At the beginning the metal plates were assembled through rivets, which 

would later be superseded by welding. These new materials and boatbuilding techniques allowed 

for an impressive increase in the size and cargo capacity of ships. The introduction of engines on 
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board greatly reduced the sailing times of ships, making maritime transport more reliable in all 

senses, including timewise.  

The first crude oil journey through the sea occurred in 1861, with the merchant two-masted brig 

Elisabeth Watts. In November of that year, 1329 barrels were loaded on the ship at the Port of 

Philadelphia to cross the Atlantic in a journey that would last for 45 days, see Figure 2.11. 

 

Figure 2.11- Port of Philadelphia in November 1861. Merchant ship Elizabeth Watts about to be 

loaded with 1329 crude oil barrels. Credit to the American Oil & Gas Society. 

Loading the crude in barrels was very time consuming and involved safety issues during their 

loading and offloading. Loading the crude in bulk would imply a great improvement for its 

transport. For this reason, the first merchant ship to transport crude oil in bulk was built less than 

two years later. It was an iron ship of three masts named Ramsay. Not long after, in 1878 the first 

steam ship built to transport crude oil in bulk was built.  It was the ship Zoroaster, which can be 

seen in Figure 2.12. It was made of Bessemer Steel by the Lindholmen Shipyards in Gothemburg, 

Sweden, for Branobel (Nobel brothers) one of the biggest oil companies at the time. Zoroaster 

had a cargo capacity of 242 dwt (deadweight tons) and a travel speed of 10 kn (5.144 m/s) (Tolf, 

1976). 
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Figure 2.12- Tanker Ship Zoroaster. Built in 1878 in Sweden for the oil company Branobel (Nobel 

brothers). 

Later, in 1886, the SS Gluckauf (Good luck) was built in Germany, which is considered by many 

the precursor of current tanker ships (Devanney & Beach, 2006). The Gluckauf had a cargo 

capacity of 2,300 dwt and a travel speed of 10 kn (5.144 m/s). This vessel incorporated a 

watertight bulkhead in the centerline plane that separated the 8 tanks of the port side from the 8 

tanks of the starboard side. 

The next relevant feat in the history of tankers took place in 1892, when the Murex with 3,500 

dwt capacity became the first authorized tanker ship to cross the Suez canal (Stewart, 2016). 

The demand for oil tankers kept rising. By 1900 there were already in operation about 145 crude 

oil tankers with an average capacity of 4,150 dwt. Approximately 56% of the tanker fleet was 

sailing under the British flag. The Exchange volume of crude oil between USA and Europe 

already totaled more than 2.3 Mt. 

In 1908 an innovation was introduced into the oil tankers’ design: the Isherwood Boatbuilding 

System. The designs incorporating this system had longitudinal structure instead of the 

conventional transversal structure. This allowed ships with longer length. The first boat to be built 

under this principle was the Paul Paix with 6,600 dwt. 

In 1921 the global oil tanker fleet has a cargo capacity of 7 Mdwt, with an average capacity of 

12,000 dwt per vessel. At this point in history, tankers effectively and economically transported 

crude in the globe, although the number of accidents and casualties made this transport potentially 

unsafe and environmentally risky. In this sense, in 1933 the first inert gas system was installed on 

board an oil tanker ship of the Sun Oil Company (Devanney, 2010). In 1935 an oil tanker was 

built completely through welding: the tanker ship Moira, with a gross tonnage of 1,560 GT (the 

gross tonnage is a nonlinear measure of the ship internal volume with no physical significance 

used by the International Maritime Organization for historical reasons). 
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In 1956, Egypt nationalized the Suez Canal, leading to the Suez crisis, which resulted in a service 

disruption between October of 1956 and March 1957 (Pierre, 2014). As a result, ships navigating 

from Europe to Middle East Countries and vice versa had to circumnavigate Africa, lengthening 

the travel distance greatly. The size of new built ships to sail between these regions drastically 

augmented to improve the round-trip efficiency. Hence, a new record was achieved in oil tankers, 

reaching a cargo capacity of 47,750 dwt in a single vessel. Between 1967 and 1975 the Suez Canal 

closed anew, this time crude carriers reached a record of 200,000 dwt.  

New regulations came into force, making crude carrier designs less prone to oil spills. In this 

sense, nowadays all new buildings have a double-hull design. This type of design reduces the 

likeliness of oil spillage in case of collision. Altogether, regulations helped to reduce the number 

of oil spills, see Figure 2.13.  

 

Figure 2.13- Number of medium to large oil spills (>7 t) between 1970 and 2020. Used with 

permission from ITOPF (ITOPF, 2020). 

The shipping of natural gas has a shorter and more recent history. The main reasons are technical: 

at ambient conditions (25 °C and 1 bar) natural gas presents a density of 0,696 kg/m3 (Lemmon 

et al., 2010), too light to be transported efficiently. If it is cooled down to -162 °C, it liquefies, 

and its density increases to 452.2 kg/m3, 650 times denser than at ambient conditions (25 °C and 

1 bar). It is evident that liquefied natural gas (LNG) presented a list of challenges: 

• Boil-off: as liquid natural gas receives heat from the environment, it starts evaporating. 

By releasing the natural gas vapor from the tank where it is stored, the pressure is kept 

constant.  
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• Tank materials: cryogenic temperatures contract the materials through the thermal 

expansion coefficient, but it often implies undergoing a transition from ductile to brittle, 

which could lead to leaks.  

• Thermal insulation: A suitable insulation greatly reduces the boil-off rate. 

The first LNG ship was the Methane Pioneer, which was built in 1959. Such a ship had a modest 

capacity of 5,000 m3. Its propulsion plant was based on diesel and had a power of 1.3 MW. Since 

there was not any natural gas consumer on board, the boil-off gas was vented to the atmosphere. 

Steam-based propulsion plants were flexible since the boiler could operate with multiple fuels. 

This concept allowed burning the boil-off gas effectively for propulsion. The first ship to 

incorporate this principle was the Methane Princess in 1964 with a cargo capacity of 35,000 m3 

(Tusiani & Shearer, 2007). The capacity of the LNG fleet kept increasing. In the late 1960s, the 

SCF Polar and SCF Arctic already reached 71,500 m3 of cargo capacity. The development of 

Moss spherical tanks increased the cargo capacity of LNG carriers, reaching about 150,000 m3 in 

the late 1970s. Such tanks, where double walled spherical tanks with a void space between walls. 

The void space allowed to detect tank leaks before failure, which made LNG transport safer 

(Mokhatab et al., 2014). However, Moss tanks were expensive to manufacture. They could be 

made only in specialized facilities due to the great dimensions of the spheres. 

In the late 1980s, major marine engine companies started developing dual-fuel reciprocating 

engines, able to run on boil-off gas and fuel oil. In 1995, Wärtsilä released the first dual-fuel 

engine (Babicz, 2015).  

Between 1996 and 2002, Gaztransport & Technigaz, patented the technology related to the 

membrane type tanks, which were cheaper and easier to manufacture than the spherical tanks 

(Dhellemmes, 2002; Dhellemmes & Jean, 2000; Jean & Chauvin, 1996).  

In 2005, Qatargas gave rise to two new types of LNG ship, with cargo capacities between 210,000 

m3 and 266,000 m3: the Q-flex and the Q-max, see Figure 2.14. 
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Figure 2.14- Q-max Mozah ship at the port of Bilbao 

(https://commons.wikimedia.org/wiki/File:Mozah.JPG). (Wikimedia Commons: Q-max Mozah, 

s. f.) 

At the end of 2019, the world LNG fleet totalled 541 vessels, out of which 419 were of the 

membrane type and 129 of the self-supporting type. The average cargo capacity at the time 

exceeded 160,000 m3 per vessel (International Gas Union, 2021). 

The history of bulk Hydrogen shipping has just started. In 2019 the first liquefied hydrogen ship 

(LH2) was launched, under the name Suiso Frontier (hydrogen frontier) (Kawasaki Heavy 

Industries, s. f.). In 2020 the construction was completed through the installation of the hydrogen 

tanks, which carry 1,250 m3 of liquefied hydrogen at a temperature of -253 °C, see Figure 2.15. 

The ship will travel between Japan and Australia, to import hydrogen from coal gasification 

produced in Australia, over 9,000 km. It is expected that in this decade the fleet will increase 

gradually, as the demand for Hydrogen rises.  

 

https://commons.wikimedia.org/wiki/File:Mozah.JPG
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Figure 2.15-Suiso Frontier at Kawasaki Heavy Industries Kobe Shipyard (Unini, 2020). 

Power transmission at sea, in chemical form is something worth considering from an economic 

perspective. According to a study performed by Saadi, Lewis and McFarland in 2018 (Saadi et al., 

2018a, 2018b), the specific cost of power transmission of crude oil and LNG is very low. This 

can be seen in Figure 2.16.  

 

Figure 2.16-Comparison of the specific cost of power transmission: crude oil and LNG by ship, 

and electric power through overhead lines. Box plot chart elaborated with data from (Saadi et al., 

2018a, 2018b). The lower heating value (LHV) was used as fuel mass to energy conversion term. 

The whiskers represent the maximum and minimum values, the box includes values between Q1 
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and Q3, the cross in it represents the average value, the horizontal line in the box stands for the 

median. The circles represent all the discrete values of the dataset. 

As shown in Figure 2.16, there is more than one order of magnitude of difference in the specific 

cost of power transmission between the waterborne chemical forms and electricity. For more 

clarity, Figure 2.17 shows the comparison of only crude oil and LNG as energy carriers. It can be 

seen that the specific cost of power transmission of LNG, is about one order of magnitude higher 

than crude oil. This is because the cost of the associated ship is higher due to the peculiarities of 

the transported good, as its energy density is smaller. This can be seen in Figure 2.18. 

 

 

Figure 2.17- (a) Comparison of the specific cost of power transmission under chemical form: 

crude oil and LNG. (b) specific cost of power transmission with crude oil only for higher detail. 

Box plot chart elaborated with data from (Saadi et al., 2018a, 2018b). The Lower heating value 

was used as fuel mass to energy conversion term. The whiskers represent the maximum and 
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minimum values, the box includes values between Q1 and Q3, the cross in it represents the 

average value, the horizontal line in the box stands for the median. The circles represent all the 

discrete values of the dataset. 

 

Figure 2.18- Comparison of the energy density of crude oil and LNG. Bar plot chart elaborated 

with data from (Saadi et al., 2018a, 2018b; Staffell, 2011). The error bars represent the calculated 

uncertainty of the energy density as a product of the HHV and the density of the fuel. 

2.2. Hydrogen production at sea 

The electrolysis of water is the electrochemical reaction responsible for splitting water molecules 

into hydrogen and oxygen, by subjecting water to direct current (Godula-Jopek, 2015). The device 

where such a reaction occurs is an electrolyzer. An electrolyzer usually comprises stacked series-

connected single cells to reduce the size and weight of the device. A single electrolysis cell is 

composed of two electrodes, an electrolyte, and a separator.  The electrolyte is the part responsible 

for conducting ions in the electrolysis reaction. Frequently, electrolysis technologies are classified 

upon the electrolyte they use: mainly Alkaline, Proton Exchange Membrane, and Solid Oxide. 

The electrolyte, when solid, acts as a separator as well. Separators are necessary only for liquid 

electrolytes like the alkaline one. Their function is to avoid the mixture of the output gases from 

the electrolysis reaction. The electrodes are the part responsible for conducting the electrons. The 

name they receive depends on the type of ions they attract in the electrolyte they are in contact 

with: the electrode that attracts negative ions, that is, anions, is called “anode,” which is positive; 

whereas the electrode that attracts positive ions, that is, cations is called “cathode,” which is 

negative. 

In an electrolysis cell with an alkaline electrolyte, the reactions are: 

• Anode: 4 OH− → O2 + 2 H2O + 4 e−     𝐸𝑜 = −0.40 V 
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• Cathode: 4 e− + 4 H2O → 2 H2 + 4 OH−     𝐸𝑜 = −0.83 V 

• Overall: 2 H2O → 2 H2 + O2     𝐸
𝑜 = −1.23 V 

In an electrolysis cell with an acidic electrolyte, the reactions are: 

• Anode: 2 H2O → O2 + 4 e− + 4 H+     𝐸𝑜 = −1.23 V 

• Cathode: 4 e− + 4 H+ → 2 H2     𝐸
𝑜 = 0.00 V 

• Overall: 2 H2O → 2 H2 + O2     𝐸
𝑜 = −1.23 V 

Regardless of the case, oxygen is always produced at the anode and hydrogen is produced at the 

cathode, being the overall reversible potential of the reaction 𝐸𝑜 = −1.23 V. As with most real 

processes, electrolysis reactions do not occur reversibly.  To start the electrolysis reaction a 

slightly higher potential than 1.23 V must be applied. This is due to the activation overpotential, 

which depends on the reaction kinetics. The activation overpotential is affected by the effect of 

catalysts, the pressure and the temperature. Once the electrolysis reaction starts, current starts 

flowing. As a result, another overpotential appears: the ohmic. The ohmic overpotential is due to 

the resistance of the electrolyte to conduct ions, and the resistance of the electrodes to conduct 

electrons. Both overpotentials give rise to the polarization curve shown in Figure 2.19. Both 

overpotentials have a dissipative effect that turns input power into heat, in addition to the desired 

chemical outputs: hydrogen and oxygen. It must be noted that the reversible electrolysis reaction 

is endothermal. For an electrolysis reaction that occurs at a constant temperature and pressure that 

exchanges heat with a reversible heat source at the same temperature, the Gibbs free energy 

increment Δ𝐺𝐻2𝑂
𝑜  represents the reversible work, that is, the minimum work needed to split water, 

and the product of temperature of the reaction and the entropy increment of the reaction 𝑇 · Δ𝑆𝐻2𝑂
𝑜 , 

represents the reversible heat that is supplied by the reversible heat source: 

Δ𝐺𝐻2𝑂
𝑜 + 𝑇 · Δ𝑆𝐻2𝑂

𝑜 = Δ𝐻𝐻2𝑂
𝑜  (2)  

As a result, three operation regions appear, see Figure 2.19: 

• Thermo-neutral: when the cell voltage supplied to the cell is equal to the thermo-neutral 

voltage 𝑉𝑜:  |𝐸𝑜| + 𝑂𝑣𝑒𝑟𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙𝑠 = |𝑉𝑜|. See 𝑉𝑜 in Figure 2.19. 

• Endothermal: when the cell voltage supplied to the cell is higher than the reversible 

voltage |𝐸𝑜| and lower than the thermo-neutral voltage |𝑉𝑜|.  |𝐸𝑜| + 𝑂𝑣𝑒𝑟𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙𝑠 <

|𝑉𝑜| 

• Exothermal: when the cell voltage supplied to the cell surpasses the thermo-neutral 

voltage 𝑉𝑜.  |𝐸𝑜| + 𝑂𝑣𝑒𝑟𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙𝑠 > |𝑉𝑜| 
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Figure 2.19- Generic polarization curve of an electrolysis cell of water 

The history of alkaline electrolysis dates back to 1789 when Paets van Troostwyk and Deinman 

observed the electrical decomposition of water into “flammable air,” that is, hydrogen, and vital 

air, oxygen (van Troostwijk & Deiman, 1789). 

Electrodynamic generators appeared in the 1870s with the Industrial Revolution. They made 

electrolysis an economical method for hydrogen production. In this sense, in 1891, Guillaume 

presented an article on the industrial production of hydrogen from water (Guillaume, 1891). 

In the late 1880s, d’Arsonval made an alkaline electrolyzer operating with 30% in weight of KOH, 

which used cloth as a diaphragm and iron electrodes to produce oxygen (Engelhardt, 1904).  

In 1899, Schmidt filed a patent that would lead to the first industrial electrolyzer based on the 

press-filter design (O. Schmidt, 1899). His invention used asbestos cloth strengthened with rubber 

on the edges as a diaphragm. The average cell voltage was 2.5 V, an efficiency record at the time 

(Godula-Jopek, 2015). The main use for this technology was industrial such as metallurgy due to 

the high temperatures that the combustion of hydrogen and oxygen could achieve. 

In 1905, Haber published his work on ammonia production through the Haber process (Haber, 

1905). This became an important milestone in industrial hydrogen production. In the 1920s and 

1930s, the demand for hydrogen would drastically increase for fertilizer based on ammonia and 

ammonium nitrates for explosives. 

In 1927, Norsk Hydro built an electrolysis plant of 125 MW for ammonia production at Rjukan, 

and another one in 1947 in Glomfjord of 380 MW for the production of ammonia and heavy water 

(Da Rosa, 2009). 
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With the arrival of the 1950s, electrolytic hydrogen stepped down: hydrogen could be produced 

more economically from fossil fuels at much lower costs from coal gasification and natural gas 

steam reforming. As a result, the Norwegian large-scale electrochemical plant at Glomfjord would 

close in 1992 (Godula-Jopek, 2015). 

The solid polymer electrolyte concept appeared for the first time in the 1950s, when the US space 

program was looking for alternative approaches for power generation under zero gravity. Fuel 

cells operating with hydrogen and oxygen with a solid polymer electrolyte presented promising 

performances under such conditions (Grubb, 1959). Liquid electrolytes were problematic under 

zero gravity. 

In the 1960s, DuPont De Nemours synthesized sulfonated polymers with remarkable physical and 

microstructural properties that became famous under the commercial name Nafion® (Mauritz & 

Moore, 2004). This membrane presented a high conductivity to protons, which gave name to the 

related electrolysis technology “proton exchange membrane” (PEM). 

In the 1970s and the 1980s, hydrogen started being noticed as an effective alternative energy 

carrier due to the oil crises of the 1970s (Russell, 1980). Any country with access to electric power 

and water could produce hydrogen. However, the financial costs of PEM electrolysis, were a clear 

disadvantage against the more consolidated technology of alkaline electrolysis. 

In the early 2000s public support became available in many industrialized countries to start 

developing the hydrogen economy. In the European Union (EU), the European Commission 

created a joint public-private partnership under the name of “The Fuel Cell and Hydrogen Joint 

Undertaking (FCH-JU). Since then, many small-scale demonstrator projects have been deployed. 

One of the most relevant projects in this sense is the BIG HIT at the Orkney Islands of Scotland 

(Commission, 2003). The BIG HIT created a replicable and scalable hydrogen economic model, 

where hydrogen would be produced from renewables, then stored and used for land and marine 

transport, and heat and stationary power purposes. The results of the project showed that it implied 

a positive contribution to the islanders. 

The EU has recently presented a green agreement known as the “EU Green Deal” (Claeys et al., 

2019). It is an ambitious plan that incorporates 50 specific actions to combat climate change that 

aim to turn Europe into the first climate-neutral continent by 2050. Due to the implications of this 

agreement, it is expected that in the 2020s, hydrogen will start playing a significant role in the 

energy sector. 

The main facts on the electrolysis technologies regarding energy efficiency 𝜂 and specific cost 

can be found in Figure 2.20 and Figure 2.21, respectively. Figure 2.20 compares the reported 

energy efficiency of alkaline and PEM electrolysis systems of the leading worldwide suppliers 
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(Buttler & Spliethoff, 2018).  There, it can be seen that alkaline electrolysis typically presents 

higher efficiencies than PEM. Figure 2.21 compares the specific cost of the electrolysis systems 

based on alkaline and PEM electrolytes (Saba et al., 2018). The net power output was obtained 

through the product of the mass flow rate of output hydrogen with its higher heating value (HHV) 

(141.88 MJ/kg). It can be noted that the specific costs of alkaline electrolyzers are typically lower 

than those of PEM electrolytes. 

Solid Oxide Electrolysis (SOE) is a promising technology from an efficiency perspective (Astariz 

& Iglesias, 2015). However, it still lacks the maturity level that alkaline and PEM electrolysis 

have (Buttler & Spliethoff, 2018). SOE presents a clear disadvantage for a marine renewable 

contex: the slight chance of finding a renewable high-temperature heat source to keep the 

electrolysis unit at its operating temperature. This type of technology uses ceramic electrolytes, 

often yttria-stabilized zirconia, which are capable of conducting O2− at high temperatures, 

frequently around 800 °C. 

 

 

Figure 2.20- Efficiency of electrolysis technologies for hydrogen production from water, based 

on the higher heating value of hydrogen. Box plot elaborated with data from (Buttler & Spliethoff, 

2018). The whiskers represent the maximum and minimum values, the box includes values 

between Q1 and Q3, the cross in it represents the average value, the horizontal line in the box 

stands for the median. The circles represent all the discrete values of the dataset. 
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Figure 2.21- Comparison specific costs of alkaline and PEM systems, reported  between 2010 and 

2020. Net power output has been calculated at the source reference as the product of out the output 

mass flow rate of hydrogen and its higher heating value. Box plot elaborated with data from (Saba 

et al., 2018). The whiskers represent the maximum and minimum values, the box includes values 

between Q1 and Q3, the cross in it represents the average value, the horizontal line in the box 

stands for the median. The circles represent all the discrete values of the dataset. 

Until now, all that has been said about electrolysis technologies for hydrogen production involved 

the use of pure water. Electrolysis technologies for hydrogen production from seawater have not 

been widely studied in the literature (Meier, 2014). All the studies that cover hydrogen production 

from seawater have reached only pre-commercial status (Abdel-Aal et al., 2010; Badea et al., 

2007; Balaji et al., 2009; Dionigi et al., 2016; Jadhav et al., 2020; Yu et al., 2019; Zang et al., 

2020; Y. Zhao et al., 2019). Nevertheless, electrolysis technologies have operated at sea for quite 

a long time, since 1953, as life-support systems on nuclear submarines for the on-board 

production of oxygen (Ayers, 2019; Mazurek, 2005; Shadle & Daley, 1991; Szymanski, 2010). 

In these systems, hydrogen would be discharged overboard as a reaction byproduct. 

There are two approaches to perform the electrolysis at sea for hydrogen production: 

• Direct electrolysis of seawater: seawater is introduced as it is in an electrolysis cell for 

hydrogen production. 

• Indirect electrolysis of seawater: seawater is first desalinated and purified, and then 

introduced in an electrolysis cell. This is an extension of land-based water electrolysis, 

with the prior desalination and purification of seawater. This type of electrolysis is the 

one that operates on submarines as a life-support system for oxygen production. Although 

maintenance and lifespan data have not been found in the literature, it is expected that 

electrolyzers at sea will present shorter timespans. This is because purified water from 

seawater will likely have a higher impurity content than purified water from freshwater.  
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There are mainly three possible reactions that could occur when operating with saltwater in an 

electrolysis cell (Abdel-Aal et al., 2010). The products of such reactions are (D’Amore-

Domenech & Leo, 2019): 

a) Hydrogen and oxygen: the electrolyzer follows the electrochemical reaction of water 

electrolysis. This naturally occurs for very low current densities, below the practical 

threshold. Otherwise, specific means must be supplied to favor the Oxygen Evolution 

Reaction (OER) over the Chlorine Evolution Reaction (CER). Such means could be the 

deposition of certain catalysts on the anode (Yu et al., 2019) or selective ion coatings 

(Balaji et al., 2009), or a combination of both. 

b) Chlorine, hydrogen and alkalis: The electrolyzer follows the electrochemical reaction of 

the chlor-alkali process (O’Brien et al., 2007). This only happens if a suitable diaphragm 

or ion selective membrane is used to prevent the alkalis formed in the cathode to reach 

the anode. 

c) Hydrogen and hypochlorites: it follows the electrochemical reaction of the chlorate 

production process (Ihonen et al., 2017). This is the most likely to occur when applying 

a direct current to seawater. 

For reaction paths b) and c) suitable anodes must be used to prevent their corrosion. Failing to do 

so will result in rapid anode corrosion, see Figure 2.22. There, a stainless steel anode was used as 

an anode. After starting the electrolysis reaction, corrosion products from the anode began to 

dissolve in the saltwater. 

 

Figure 2.22-Quick laboratory test to see the corrosion effect on a stainless-steel anode during the 

electrolysis of seawater. The green color in the water is due to the corrosion products from the 

anode that is rapidly being corroded. 
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The direct electrolysis of seawater is a promising solution, although at its current state, its use is 

impractical for the production of hydrogen due to the following reasons (D’Amore-Domenech & 

Leo, 2019): 

1. The production of Cl or chlorates are harmful to the environment.  

2. The low concentration of salts in seawater (typically 3.5% in mass) offers a low ion 

conductivity. This leads to important ohmic overpotentials, which translates into bigger 

and more expensive electrolyzers. 

3. The presence of Mg2+(aq. ), Ca2+(aq. ) and SO4
2−(aq. ) in seawater lead to scaling 

(Rutherford & Ver Hoeve, 1992). As a result, direct seawater electrolysis cells require 

periodic washes with acidic agents, and the use of ion exchange resins to reduce water 

hardness to minimize the scaling rate (O’Brien et al., 2007).  

4. Anodes are expensive. Normally they are made of IrO coated Ti, which offer a great 

chemical stability against chlorine (Kato et al., 2014).  

5. Direct electrolysis of seawater is a very inefficient process regarding H2(g) production. 

With cell voltages that round 4.0 V, their specific energy consumption is about twice the 

one of the electrolysis of water. 

2.3. Chloro-alkali process 

The reason why chloro-alkali technology is being studied in this PhD thesis is due to a collection 

of facts: 

• This PhD thesis aims to study alternative ways to produce green hydrogen at sea 

economically. In this sense, it already has been identified through Figure 2.20 and Figure 

2.21, that alkaline electrolysis is currently more efficient and cheaper than PEM. 

• Seawater has to be desalinated and purified. Inevitably some impurities will remain. 

• Impurities in feed water deteriorate the alkaline electrolyte (Mazioli et al., 2019). 

• The electrolyte has to be replaced periodically (Godula-Jopek, 2015). 

• The electrolysis stack must be rinsed with acidic water to remove the precipitated 

deposits. 

• The logistic and replacement of a caustic agent implies risks, which should be avoided. 

• The byproduct of seawater desalination is brine (Ghalavand et al., 2015). 

• Depurated brine is the main feed of the chlor-alkali cell (O’Brien et al., 2007). 

To sum up, through a chlor-alkali process, one can produce NaOH at sea. This could avoid the 

maritime logistics of the electrolyte replacement for an alkaline electrolysis unit. Besides, with 

the outputs of the chlor-alkali cell, one can produce HCl, which is useful to remove the 
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precipitated deposits from the electrolysis unit and neutralize the fouled electrolyte for a safer 

disposal. 

The beginning of the history of the chlor-alkali industry dates back to the 19th century, with the 

Industrial Revolution (O’Brien et al., 2007). The textile and paper industries at that time 

demanded tremendous amounts of chlorine for bleaching. At the beginning, the needed chlorine 

was produced by a sequence of chemical processes: 

• Hydrochloric acid HCl production through the Leblanc process (O’Brien et al., 2007). 

• Chlorine production Cl2 through the Weldon process first, later through the Deacon 

process (Mond, 1896). 

The Leblanc process yielded a relatively cheap HCl because the same was used to obtain caustic 

soda NaOH. However, in the late 19th century, a more efficient way to produce caustic soda was 

discovered, the Solvay process, which shifted the NaOH production scheme to this method. As a 

result, the HCl began to become scarce and expensive, a fact that motivated the pursuit of new 

production methods. In the 1850s patents were issued to Cook, Watt and Stanley regarding the 

electrolytic production of chlorine from brine (Baldwin, 1927), the precursor of the chlor-alkali 

industry. 

During the electrolysis of brine the following reactions occur: 

• Anode: Cl− → Cl2 + 2 e−     𝐸𝑜 = −1.36 V 

• Cathode: 2 e− + 2 H2O → H2 + 2 OH−     𝐸𝑜 = −0.83 V 

• Overall: 2 NaCl + 2 H2O → Cl2 + H2 + 2 NaOH     𝐸𝑜 = −2.19 V 

The main difficulty of ensuring that those reactions happen lied in the separation of the output 

chemical products. Failing to do so, would end up in the chlorine Cl2 reacting with the caustic 

soda NaOH to form sodium hypochlorite NaClO. Charles Watt devised a diaphragm separator in 

1851 that retained the formed NaOH at the cathode, while allowing water and sodium ions to pass 

through. This was the first chlor-alkali diaphragm cell. However, this technology remained 

dormant until the development of the electrodynamic generators in the 1860s. 

Initially, the diaphragms were made of cement, but since the 1890s cement was replaced by 

asbestos due to the improved performance. Regarding anodes, magnetite was suitable as an anode 

but it presented a current density limitation of 400 mA/cm2. Platinum did not have such constraints 

but it was too expensive, this resulted in graphite being used as anode material. However the wear 

of the graphite anodes increased the gap between electrodes, increasing the ohmic overpotential. 

The industry was looking for a material with a good chemical stability under the very demanding 

conditions of a chlor-alkali cell. Platinum/iridium activated titanium was found to have very good 
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corrosion resistance when used for electrodes in brine electrolysis. Nevertheless, their life was 

either short or their price was high. 

In the 1960s, patents were issued to Henri Bernard Beer, describing thermal decomposition 

methods to coat titanium substrates with mixed crystals of valve metal oxides and platinum group 

oxides, which exhibited low cell voltages and long lives as anodes. These anodes were given the 

commercial name DSA®, for dimensionally stable anodes. 

Due to the public concern of the effects of asbestos on human health after exposure, this material 

became banned in many countries. Today diaphragms are made of microporous 

polytetrafluoroethylene (PTFE). 

During the development of diaphragm cell technology, a new variant appeared: The membrane 

chlor-alkali cell. Those membranes are of the ion-selective type because they allow Na+ ions to 

move freely while blocking negative ions. As a result, membrane technology surpassed the current 

efficiencies and the NaOH concentration of the diaphragm technology. In Figure 2.23, a 

schematic of the membrane chlor-alkali cell is shown. 

In the 1960s, DuPont De Nemours synthesized sulfonated polymers with remarkable physical and 

microstructural properties that became famous under the commercial name Nafion® (Mauritz & 

Moore, 2004). With just these membranes, low concentrations of NaOH were achieved. Later, 

asymmetric membranes were introduced, with sulfonic acid groups on the anode side and 

converted groups on the cathode side, with the appearance of Flemion™ developed by the Asahi 

company (Paidar et al., 2016). These new membranes consisted of a bilayer of a sulfonated 

membrane and a carboxylated membrane. Today, an additional layer of PTFE is added in between 

to strengthen the membrane (O’Brien et al., 2007). 
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Figure 2.23- Schematic of the membrane chlor-alkali cell. 

Table 2.1 shows an overview that compares the diaphragm and membrane chlor-alkali 

technologies, respectively. Although the diaphragm technology is less efficient, it typically lasts 

longer while being more resilient to impurities in brine than the membrane analog. 

Table 2.1-Overview of the Diaphragm and Membrane chlor-alkali technologies (O’Brien et al., 

2007). 

 Diaphragm Membrane 

NaOH concentration 12% 35% 

Cell Voltage (V) 3.5-4.0 2.9-3.5 

Current efficiency 95-97% 97-98% 

Lifetime (years) 10 7 

Current density (mA/cm2) ~200 ~400 

Damage suffered from 

impurities in NaCl brine 
Low High 
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Chapter 3. 

3. Methods 

3.1. Power transmission at sea 

3.1.1. Introduction 

This chapter presents the methods of the comparison between hydrogen and electricity as energy 

vectors for bulk power transmission at sea without considering uncertainties. A  more detailed 

version of the methods with uncertainties  is available as supplementary information in (d’Amore-

Domenech et al., 2021).  

The transportation of vast amounts of energy over long distances does not have a single solution. 

It requires social, economic, and environmental considerations (Kalair et al., 2016). The concept 

of energy and the difference between energy sources and energy carriers must be understood to 

comprehend the previous statement.  

Although energy is a concept that is thoroughly known, it is not easy to define. According to 

(Çengel & Boles, s. f.), energy can be considered as the capacity to produce changes. It is well 

established that energy can be transformed or stored. Such fact is the foundation of the First Law 

of Thermodynamics (Wark, 1995). Nevertheless, real processes that lead to energy transformation 

inherently present some irreversibility. For instance, a warm cup of tea sitting on a table will cool 

down after a certain period, but never will it warm up again by itself. This example illustrates that 

some energy transformations imply a loss of quality in energy that represents the irreversibility 

of the process. In this case, the loss of internal energy of the tea produces the heat delivered to the 

environment. The quality change in energy in real processes is the subject of study of the Second 

Law of Thermodynamics (Moran et al., 2010).  

An energy source comprises any form of energy that can be found as such in nature without any 

transformation. In contrast, energy carriers, also known as energy vectors, are those forms of 

energy that are easy to transport from one place to another, and not necessarily are present as such 

in nature. In most cases, energy vectors stem from transformations of energy sources.  The most 

common energy sources are listed in Table 3.1. 
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Table 3.1-List most common energy sources 

Non-renewable 
Fossil Fuels 

Coal 

Natural Gas 

Oil 

Nuclear Fission power 

Renewable 

Marine specific 

Marine current 

Ocean saline gradient 

Ocean thermal gradient 

Tidal 

Wave 

Non-marine specific 
 

Geothermal 

Hydro 

Solar 

Wind 

 

Regarding fossil fuels, the solution to the problem quoted at the beginning of this section is trivial: 

they can be transported easily without needing any further transformations. This saves costs and 

energy losses at the transmission stage. Fossil fuels can be transported by land, water, and 

although less frequently, by air. The most common means to achieve this are pipelines, ships, 

trucks, and trains. However, other primary sources, like renewables, require a transformation to 

an energy vector to facilitate their transportation and their use. In this regard, the most common 

energy carrier is electricity, which can be transported efficiently over long distances both by land 

and water via overhead lines or through isolated cables when buried, and through submarine 

cables when in water. An advantage of electricity is that it is readily usable to produce work 

through simple and efficient machines. In contrast, fossil fuels require thermal engines to produce 

work, which are more inefficient. Their maximum theoretical efficiency is limited to the one of 

Carnot (Wark, 1995).  This implies that a significant amount of the energy contained in fossil 

fuels is inevitably lost to the environment as heat. At present, small reciprocating engines such as 

those installed in cars, have efficiencies between 30% and 40% (Lee et al., 2017). Contrarily, 

large thermal plants can achieve thermal efficiencies around 50% (Ibrahim et al., 2017), 
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considerably reducing energy losses and costs due to scale effects, which results in a lower 

levelized cost of energy. For this reason, the fossil fuel transformation to usable work is 

centralized in large thermal plants, instead of a decentralized scheme where the end-user directly 

receives the fossil fuel to transform it into usable work through small reciprocating engines. An 

example of this is shown in Figure 3.1, where a large-scale thermal plant transforms the chemical 

energy contained in liquefied natural gas (LNG) into electricity, which is then distributed through 

the local grid to the end users. Finally, the end users use such electricity for a very broad spectrum 

of tasks. Such tasks may include powering appliances, heating systems, lighting, and others. 

 

 

Figure 3.1-Current paradigm of distribution and use of fossil fuel as a primary energy source by 

end users: They are transformed into electricity in large-scale thermal plants, benefitting from 

high efficiencies, then electricity is delivered to the end-user through the electric grid. 

In any case, the electric infrastructure that enables electricity transportation, is not only expensive 

but also the maximum rated power it can convey is fixed. If such rated power is to be increased 

at some point during its lifetime, a considerable investment would be needed. With the 

development of fuel cells, other alternatives to the scheme shown in Figure 3.1 are starting to be 

contemplated. Such alternatives offer better prospects regarding the specific cost concerning 

power and distance, and depending on the transmission means, they can be more flexible 

regarding a mid-life rated power increase, as will be explained with further detail later. 

Fuel cells support the idea of a decentralized scheme being appropriate as fuel conversions into 

electricity would have similar efficiencies to those obtained by the thermal power plant shown in 

Figure 3.1. This has relevant implications since, under a decentralized scheme, the waste heat that 

otherwise would be lost to the environment can be employed for cogeneration by the end-user. 

Cogeneration possibilities include but are not limited to the production of domestic hot water and 

heating. In this sense, the ratio of the usable energy by the end-user to the chemical energy 
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contained in the fossil fuel increases, yielding a much smarter use on the fuel overall. This concept 

is outlined in Figure 3.2. 

 

Figure 3.2- Alternative to current paradigm of distribution and use of fossil fuel as a primary 

energy source by end users: First the natural gas is distributed through the natural gas grid, then 

it is transformed into electricity in decentralized power modules based on fuel cells with similar 

efficiencies to current large scale thermal power plants. 

Most commercial fuel cells need hydrogen to produce power, although it is possible to feed them 

with other fuels. There are specific types of fuel cells like direct methanol fuel cells (DMFC) that 

can be fed by the fuel they can oxidize without intermediate steps. Otherwise, the transformation 

of the fuel into hydrogen is required before its use inside a fuel cell. There are different 

mechanisms to produce hydrogen from a hydrocarbon, but one of the most common is through 

the steam reforming reaction. Such reaction can be performed by a steam reformer. A steam 

reformer is an endothermic device that produces hydrogen, and carbon monoxide and carbon 

dioxide as byproducts, from a mixture of the fuel with superheated steam at high temperatures 

(700 – 1100 °C). For methane, the chemical equilibria involved in steam reforming reactions are 

the following: 

CH4 + H2O ⇌ CO + 3H2 
(3)  

CO + H2O ⇌ CO2 + H2 
(4)  

 

The efficiency of a typical methane steam reformer is around 70% (Morgenthaler et al., 2020). 

Low-temperature fuel cells are incompatible with carbon monoxide, and in the case of alkaline 

fuel cells also with carbon dioxide, as they can suffer from poisoning. For this reason, a purifier 

is essential in order to ensure that hydrogen purity complies with the standard for fuel cells (ISO, 

2019). Unlike low-temperature fuel cells, high-temperature fuel cells, such as molten carbonate 

fuel cells (MCFC) or solid oxide fuel cells (SOFC), do not suffer from such poisoning. Thus, they 

do not need a purifier. Besides, SOFC and MCFC do not necessarily need a steam reformer, as 

with high temperatures, steam reforming can occur inside them. For this reason, SOFCs are one 
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of the preferred solutions to conduct the concept outlined in Figure 3.2 (International Energy 

Agency, 2019). 

Although natural gas is the cleanest fossil fuel, it still contributes to global warming (H. Chen 

et al., 2019). Since the Paris Agreement went into effect in 2016, there is a tendency to shift 

towards renewable energies to decarbonize the future (Roelfsema et al., 2020). Therefore, the 

concept shown in Figure 3.2, despite being quite innovative, must be understood as transitional. 

The infrastructure of natural gas already exists in many cities worldwide, which is a good starting 

point. Many studies have been conducted to see if the natural gas infrastructure is compatible with 

hydrogen, potentially a carbon-free fuel (International Energy Agency, 2019; Isaac, 2019; 

Melaina et al., 2013). Those studies have concluded that it is impossible to introduce pure 

hydrogen in the already existing natural gas infrastructure. The two main reasons behind such 

incompatibility are that pipeline materials would suffer from hydrogen embrittlement (Hafsi et al., 

2018) and the different air-fuel mixtures in burners (Ge et al., 2019). However, those same studies 

concluded that small amounts of hydrogen could be blended with natural gas in the existing 

infrastructure without the appearance of hydrogen embrittlement in the pipeline or without 

needing to change the existing burners (International Energy Agency, 2019). The maximum 

allowable blend of hydrogen in the natural gas infrastructure depends on the location, but it pivots 

around 10% in volume (International Energy Agency, 2019). 

Before these breakthroughs, the problem quoted at the beginning of this chapter applied to 

renewable energies had a trivial answer: electricity. However, the possibility of producing cheap 

green hydrogen has unlocked a multitude of possibilities. Of course, converting electricity into 

hydrogen and back again into electricity implies higher energy losses than the pure electric 

alternative. Nevertheless, from a life cycle cost perspective, the answer is not clear. In terms of 

power and distance, the electric grid infrastructure is more expensive than the equivalent for a 

gaseous fuel, as shown in Table 3.2. Therefore, if the life cycle cost associated to the energy losses 

of the hydrogen infrastructure is sufficiently low, the hydrogen solution may be more inexpensive 

than the electric alternative. For this reason, renewables must be cheap, as the FCHJU pointed 

out. 

Table 3.2-Typical prices related to the electric and the natural gas infrastructure in 2018 USD. 

For natural gas the lower heating value of 47 MJ/kg was applied to convert mass dimensions into 

energy dimensions (Saadi et al., 2018a, 2018b). 

 Electric infrastructure Natural gas infrastructure 

Characteristic items 
Overhead lines 

Electric substations 

Pipelines 

Compressor stations 

Specific cost (kUSD/GW km) 500-3600 40-160 
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Iceland presents an electric grid that is nearly 100% renewable, mainly breaking down into 

geothermal and hydropower. Both sources feature low wholesale prices. In fact, until the last 

decade, wholesale contracts for major aluminum companies could feature prices below 20 

USD/MWh (Askja Energy, 2017). Although Iceland presents an energetic advantage over other 

countries, its geographical conditions make it difficult to export bulk electricity elsewhere. 

Nevertheless, an electric link of 1.2 GW is being considered between Iceland and the United 

Kingdom with an estimated budget of 4800 M€, which would cover a distance of 1000 km 

(Ardelean & Minnebo, s. f.). With the wholesale prices of electricity that Iceland has, green 

hydrogen could be a competitive energy vector. Since Iceland is an island, all the possible 

solutions of exporting hydrogen will have to go by water.  

Offshore wind farms are evolving fast. In fact, for the next decade, the electricity price of offshore 

wind is expected to fall below 43 GBP/MWh (11.94 GBP/GJ) (Durakovic, 2019), a price that 

could make hydrogen attractive for certain distances. For this reason, hydrogen should be studied 

as an alternative energy carrier as well. 

The energy sector is quickly evolving and is not showing signs of stopping anytime soon. New 

forms for marine power transmission will have to be studied to keep the life cycle cost of the 

related infrastructure as low as possible. For that reason, this chapter aims to define a methodology 

to determine in what circumstances hydrogen is more competitive than electricity as a marine 

energy vector.  

Since the context of this analysis is marine, two options appear. The first one is to export 

renewable energy from one shore to another (NN). The second one is to export renewable energy 

from an offshore site to the shore (FN). The average power requirements for a power link 

connecting offshore wind farms with their respective hinterlands coincide with their average rated 

power, which currently is around 600 MW. Regarding NN scenarios, at present, submarine cables 

connect 1-2 GW, usually under High voltage Direct Current (HVDC) alternative (Ardelean & 

Minnebo, s. f.). In this sense, for the NN scenario, the targeted power capacity is 2 GW, which is 

the maximum capacity at present, whereas the targeted power is 600 MW for the FN scenario. 

Concerning the energy vectors, many alternatives would be possible, making the list almost 

infinite. However, for this study, a short selection of them has been made to facilitate the analysis. 

Such a selection consists of the following alternatives:  

• When using electricity as an energy vector, only HVDC submarine cables will be studied. 

• When using hydrogen as an energy vector, three alternatives will be studied: Submarine 

pipeline, liquefied hydrogen transported by ship (LH2), and compressed hydrogen 

transported by ship (cH2). 
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About the scope of the study, the analysis excludes the power distribution network at the origin 

and at the destination. This simplifies the problem while focusing on the main differences of the 

marine power transmission. It should be noted that the resulting LCOE from this analysis does 

not represent the perceived LCOE by the end-user.  

The bathymetry of the ocean seabed is an important driver on the laying of cables and pipelines, 

because not only the specific craft used for such task would require different capabilities, but also, 

their materials will have to be adjusted to withstand their own weight at the hang-off point in deep 

waters. In addition, the cost of the platform for the FN scenario will imply different costs between 

shallow and deep waters. For these reasons, four scenarios will be studied: onshore to onshore in 

shallow waters NNSW, onshore to onshore in deep waters NNDW, offshore to onshore in shallow 

waters FNSW, and offshore to onshore in deep waters FNDW. In this regard, shallow water 

scenarios will consider continental shelf waters, with an average depth of 50 m, whereas deep 

water scenarios will consider waters with a depth average of 600 m. Such a decision stems from 

the fact that only three submarine cables have been laid deeper than 600 m and only for specific 

intervals (see Table 3.5). Table 3.3 summarizes the relationship between the four devised 

scenarios.  

Table 3.3-Summary of the four scenarios under study: depth represents a flat and featureless 

seabed, and Gross power represents the connected power at the renewable energy export end. 

Scenario Depth (m) Gross power (MW) 

NNSW 50 2000 

NNDW 600 2000 

FNSW 50 600 

FNDW 600 600 

 

Figure 3.3 outlines the concept of the electric link for the four scenarios assumed in this work. 

Regardless of the distance between ends, there are no intermediate electric substations. For the 

NNSW and NNDW scenarios, both end substations are located onshore. For the FNSW and 

FNDW scenarios, the exporting end substation on the left is located on a jacket platform. In 

contrast, the other one is located onshore. 
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Figure 3.3-Schematics of the electric link under the four scenarios under study. 

About marine power transmission with hydrogen, the delivery at the receiving end would be in 

the form of hydrogen. This assumption is made for practical reasons: 

• Although fuel cell stacks are stackable, until now, a plant on the GW scale has not been 

attempted (International Energy Agency, 2019).  

• Burning the received hydrogen in a thermal power plant next to the hydrogen receiving 

point would result in losing the waste heat that could be used for cogeneration, see Figure 

3.1. 

• Since fuel cells feature high efficiencies regardless of their size, they allow for 

decentralized power generation, which allows for efficient waste-heat recovery for 

cogeneration purposes. See Figure 3.2. 

• The specific cost of power transmission under the form of hydrogen is typically cheaper 

than under the form of electricity (Saadi et al., 2018a, 2018b). 

It should be noted that the resulting LCOE for hydrogen power transmission does not include the 

conversion to electricity. Therefore, an increase in the LCOE upon conversion to electricity 

should be expected.  

Figure 3.4 depicts the schematics of the hydrogen-through-pipeline link concept assumed for this 

analysis. There is only a pressurized electrolysis plant at the exporting end wherefrom hydrogen 

is injected into a submarine pipeline without the need for a compression plant. To simplify the 

analysis, no compression stations are assumed, regardless of the distance between ends. The 

pressure drop inside the pipeline is constrained to be invariant with the distance. To that end, the 

diameter of the pipeline is adjusted to fulfill such a constraint. This will result in higher material 

costs of pipelines, since the diameter will be larger with the distance. Adding compressor stations 

along the way would help to reduce the diameter of the pipeline, reducing the specific cost of 

pipeline per unit of distance at the expense of each compressor station, see Table 3.2. For 

clarification, in this study, pipelines are cylindrical in all cases. 
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Figure 3.4-Schematics of the hydrogen-through-pipeline link under the four scenarios. 

Figure 3.5 outlines the schematics of the concept of the hydrogen transported by ship under 

liquefied state. There are an electrolysis plant, a liquefaction plant, and liquefied hydrogen storage 

tanks at the renewable energy export end. In contrast, at the import end, only the liquefied 

hydrogen storage facilities are found. The bulk liquefied hydrogen transportation is performed by 

hypothetical ships whose propulsion plant is based on fuel cells. This way, they can move more 

efficiently while solving the boiloff problem. At the import terminal, a small amount of hydrogen 

will be kept in the holds for two reasons: to keep the hold tanks cold for when they are refilled, 

reduce thermal cycling and the instantaneous vaporization of cryogenic hydrogen, and allow the 

ship to complete the round trip. 

 

Figure 3.5-Outline of Liquefied hydrogen transportation by ship. 

Figure 3.6 outlines the concept of bulk compressed hydrogen logistics by ship. At the export 

terminal, there are an electrolysis plant, a hydrogen compression plant, and compressed hydrogen 

storage modules to store the produced hydrogen between visits of cH2 ships. The transfer of the 

pressurized hydrogen storage modules to the cH2 ship is done by transferring hydrogen from such 

modules to the ship in cascade from pressure modules at different pressures. The low-pressure 
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modules will be the first to transfer hydrogen to the ship, then the intermediate-pressure modules, 

and finally the high-pressure modules. The advantage of the cascade transfer is that the 

pressurized hydrogen can be transferred at high rates without a compressor when loading the ship. 

The main disadvantage of this solution is that some hydrogen will remain in the pressure modules 

permanently. Thus, the storage will be more costly. At the import terminal, there will be a 

compression plant to transfer hydrogen from the ship to the import terminal after the pressures 

between the cH2 ship and the storage modules become equal. Analogously to the LH2 scheme, 

the propulsion plant will be based on fuel cells. In this sense, some hydrogen will remain on board 

the cH2 ship so that it can complete the roundtrip with a pressure margin of 5 bar. 

 

 

Figure 3.6- Outline of compressed hydrogen transportation by ship.   

One of the problems that may arise when making a life cycle cost analysis of very different 

alternatives, such as in this case, is the inconsistency of comparison. Such a problem sources from 

the lack of common boundary conditions, which could lead to biases. To mitigate this, it is 

necessary to harmonize some boundary conditions so that the comparison is consistent. To that 

end, the following common assumptions are made: 

• The lifespan of all links under study is estimated to be of 30 years. 

• All monetary terms are calculated in 2018 USD: an annual inflation rate of 2.5% is 

applied to cost data sourcing from other periods, which complies with the annual world 

average (CIA World Factbook, 2017). Whenever the cost data source from another 

currency and another year, the conversion rate is first applied, and then the inflation rate. 

This overrides the fact that the costs of technologies that feature a low maturity level may 

drop due to the increased experience in the manufacturing process. In this sense, this 

assumption affects to a higher degree the hydrogen-related technologies. 

• The breakdown of costs for all alternatives is as follows: 
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o Capital expenses (CAPEX): they include all the expenses related to the erection 

of the infrastructure, including the plot of land and concessions of territorial 

waters where applicable. No financial costs are assumed. 

o Operation and Maintenance (O&M): they include all the costs related to the 

operation and maintenance of the infrastructure. They neither include the cost of 

energy losses nor extraordinary interventions due to natural episodic events that 

may result in prolonged disruptions of service, nor the monetary losses incurred 

by those prolonged disruptions of service themselves. 

o Costs of energy losses: energy losses of the link translated into monetary terms. 

The monetary conversion factor is the price of electricity at the export end. Three 

prices are explored: 20 USD/MWh, 40 USD/MWh, and 60 USD/MWh. The 

reason to explore three hypothetic prices is based on the fact that forecasts on 

electricity prices are not always reliable. According to (International Energy 

Agency, 2020) in some parts of the world, the LCOE of renewable energies could 

be as low as 20 USD/MWh by 2040. The 20 USD/MWh represents the low, 40 

USD/MWh represents the mid while the 60 USD/MWh high electricity price 

scenario. 

o Mid-life refurbishment costs: they include installation costs of new systems to 

cope with technical obsolesce during the life of the power link. They also include 

foreseen installation costs of replacement of systems with a shorter lifespan than 

the 30 years. 

o End-of-life costs: they involve costs associated with the decommissioning and 

retirement of the infrastructure. 

Analogously, the estimation of energy requirements and energy losses is also harmonized from a 

thermodynamic perspective. Thermodynamic properties from fluids are calculated with 

REFPROP (Lemmon et al., 2010), and the source of thermochemical data is extracted from 

(Chase et al., 1986). 

3.1.2. Models for the estimation of life cycle costs and energy losses of marine electric 

power transmission 

As said in the State of the Art chapter, there are mainly two methods to perform an HVDC 

transmission between two AC grids. The first one is through Line Commutated Converters (LCC), 

and the second one is through Voltage Source Converters (VSC). The LCC technology is more 

mature than the VSC technology. Thus, bulk power transmission is extensively more used. The 

main reasons for choosing LCC over VSC can be seen in Table 3.4. However, LCC does not have 

black start capabilities, which means that both ends must be connected to electric grids with 
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permanent power. For offshore wind farms, that possibility does not exist in the offshore end, as 

there might be times when power is not produced. For that reason, for offshore applications, VSC 

technology is preferred. 

Table 3.4-Comparison of key features between LCC and VSC technologies for HVDC 

transmission. 

Features LCC VSC 

Black start capabilities No Yes 

Energy losses at end 

substations (Ardelean & 

Minnebo, s. f.; Bahrman & 

Johnson, 2007) 

~0.7% ~1% 

Size of end substations Larger Smaller 

The specific cost of end 

substations 
Lower Higher 

 

As seen in the State of the Art, HVDC links have different topologies apart from LCC and VSC 

that can affect their final cost. Other important parameters that can affect the final cost are the 

power of the link, the distance between ends, water depth, and the bathymetry profile of the 

seabed. All these aspects influence the final cost. In this sense, a world database of submarine 

HVDC transmission systems has been made to find any important relationships between these 

aspects and their final erection cost. Such a database can be seen in Table 3.5. Regretfully, data 

are insufficient and very dispersed to extract any reliable regressions for cost estimations. For this 

reason, peer-reviewed simplified generic models with a broad spectrum of validity will be used 

instead. 

Table 3.5-World database of submarine HVDC transmission systems. 

Name Mass of Water Cost 

(M€) 

Power 

(MW) 

Distance 

(km) 

Max 

depth 

(m) 

Erection 

year 

Configuration VSC/LCC Ground 

Return 

NorNed North Sea 600 700 580 410 2007 bipolar LCC 
 

SAPEI Tyrrhenian Sea 750 1000 420 1650 2012 bipolar LCC 
 

SACOI Tyrrhenian Sea 
 

300 121 450 1968 monopolar 
 

Yes 

HVDC Italy-

Greece (Grita) 

Ionian Sea 339 500 160 1000 2001 monopolar LCC Yes 

East-West 

Interconnector 

Irish Sea 600 500 186 
 

2012 homopolar 
 

BritNed North Sea 600 1000 250 60 2011 bipolar 
  

SwePol Baltic Sea 301 600 239 90 2000 monopolar LCC 
 



Chapter 3: Methods 

59 

 

Name Mass of Water Cost 

(M€) 

Power 

(MW) 

Distance 

(km) 

Max 

depth 

(m) 

Erection 

year 

Configuration VSC/LCC Ground 

Return 

Baltic Link Baltic Sea 225 600 231 60 1994 monopolar 
 

Yes 

Skagerrak I Baltic Sea 
 

250 127 600 1977 monopolar LCC 
 

Skagerrak II Baltic Sea 
 

250 127 600 1977 monopolar LCC 
 

Skagerrak III Baltic Sea 
 

440 127 500 1993 monopolar LCC 
 

Skagerrak IV Baltic Sea 375 700 137 600 2014 monopolar VSC 
 

Cometa 

HVDC 

Mediterranean 

Sea 

375 400 244 1485 2012 bipolar LCC 
 

Fennoskan 1 Gulf of Bothnia 
 

500 200 117 1989 bipolar LCC 
 

Fennoskan 2 Gulf of Bothnia 150 800 200 
 

2011 bipolar 
  

EstLink 1 Gulf of Bothnia 40 350 74 
 

2006 bipolar VSC 
 

EstLink 2 Gulf of Bothnia 320 650 145 
 

2014 monopolar LCC 
 

Kontek Baltic Sea 500 600 52 
 

1995 monopolar 
  

Gotland Baltic Sea 
 

30 98 160 1954 monopolar 
  

Gotland Baltic Sea 
 

130 92 
 

1983 monopolar 
  

Gotland Baltic Sea 
 

130 92 160 1987 monopolar 
  

HVDC Cross-

Channel 

English Channel 
 

2000 46 
 

1986 bipolar 
  

HVDC Moyle Irish Sea 150 500 55 
 

2001 monopolar 
  

Storebælt Sea 
 

600 32 
 

2010 monopolar LCC 
 

Kontiskan 1 Kattegatt Strait 
 

250 21 80 1965 bipolar 
  

Kontiskan 2 Kattegatt Strait 
 

300 21 80 1988 bipolar 
  

Neptune 

Cable 

Lower Bay 600 660 80 25 2007 bipolar 
  

Trans Bay 

Cable LLC 

San Francisco 

Bay 

462 400 85 
 

2010 bipolar 
  

Vancouver 

Island Pole 1 

Strait of 

Georgia 

 
312 33 200 1968 bipolar 

  

Vancouver 

Island Pole 2 

Strait of 

Georgia 

 
370 33 200 1977 bipolar 

  

Cross Sound 

Cable 

Long Island 

Sound 

 
330 39 40 2005 bipolar 

  

HVDC Leyte-

Luzon 

San Bernardino 

Strait 

 
440 21 

 
1988 monopolar 

  

HVDC 

Hokkaidō–

Honshū 

Tsugaru Strait 
 

300 44 290 1979 monopolar 
  

Kii Channel 

HVDC system 

Kii Channel 
 

1400 50 70 2000 bipolar 
  

HVDC Inter-

Island 

Cook Strait 672 1200 40 300 1965 bipolar 
  

Basslink Bass Strait 
 

500 290 75 2006 monopolar 
  

Western Link 
 

1000 2200 385 
     

IFA 2 English Channel 270+ 1000 240 
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The generic model for cost prediction will have to consider rated power, distance between ends, 

and water depth. In this sense, a generic linear model with proven validity has been found that 

can perfectly serve for estimating the CAPEX of the infrastructure (Härtel et al., 2017). 

Nevertheless, such model only depends on the distance between ends, and the rated power. For 

this reason, a slight modification will be made on such model. The cost of the erection of the 

infrastructure 𝐶𝐸𝐿 is the following: 

𝐶𝐸𝐿 = ∑𝐶𝐵𝑅(𝑙, �̇�, 𝑑) + ∑𝐶𝑂𝑁(�̇�) + ∑𝐶𝑂𝐹𝐹(�̇�, 𝑑) 
(5)   

 

 there 𝐶𝐵𝑅(𝑙, �̇�, 𝑑) represents the cost of the branch, 𝐶𝑂𝑁(�̇�) the cost of the onshore substations, 

and 𝐶𝑂𝐹𝐹(�̇�, 𝑑) the cost of the offshore substations. 

𝐶𝐵𝑅(𝑙, �̇�, 𝑑) is calculated as follows: 

𝐶𝐵𝑅(𝑙, �̇�, 𝑑) = [𝑐𝐵𝑅
𝑙�̇� · 𝑙 · �̇� + ⌈

�̇�

�̇�𝑚𝑎𝑥 
⌉ (𝑐𝐵𝑅

𝑙 · 𝑙𝑓 + 𝑐𝐵𝑅
0 )] · 𝐾𝑑(𝑑) 

(6)   

 

𝑐𝐵𝑅
𝑙�̇� represents the specific cost of the branch associated to both distance between ends 𝑙 and 

power rating �̇�;⌈
�̇�

�̇�𝑚𝑎𝑥 
⌉ is the correction coefficient for the no-power-dependent cost component 

of the branch, defined by the ratio between �̇� and the maximum rated power erected �̇�𝑚𝑎𝑥; 𝑐𝐵𝑅
𝑙  

stands for the branch-specific cost associated to 𝑙;  𝑐𝐵𝑅
0  is the fixed cost for building a branch; and 

𝐾𝑑(𝑑) is the experience coefficient that corrects the depth dependency of the total branch cost. 

For shallow waters, 𝐾𝑑(𝑑) is assumed to be the unit, but for deep waters, it has been obtained 

from comparing the estimated installation cost of this model and the actual cost of Grita, 

Skagerrak IV and Cometa HVDC. 

𝐶𝑂𝑁(�̇�)  and 𝐶𝑂𝐹𝐹(�̇�, 𝑑)  are calculated with the following equations: 

𝐶𝑂𝑁(�̇�) = 𝑐𝑂𝑁
�̇� · �̇� + ⌈

�̇�

�̇�𝑚𝑎𝑥 
⌉ 𝑐𝑂𝑁

0  
(7)   

𝐶𝑂𝐹𝐹(�̇�, 𝑑) = [𝑐𝑂𝐹𝐹
�̇� · �̇� + ⌈

�̇�

�̇�𝑚𝑎𝑥  
⌉ 𝑐𝑂𝐹𝐹

0 ] · 𝐾𝑑(𝑑) 
(8)   

 

Here, 𝑐𝑂𝑁
�̇�  and 𝑐𝑂𝐹𝐹

�̇�  are the specific cost of the end substations associated to their power rating 

�̇�; 𝑐𝑂𝑁
0  and 𝑐𝑂𝐹𝐹

0  are the non-power-dependent specific costs of the end substations.  
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OPEX are driven by many factors, as they include personal wages, insurances and others. For this 

reason, the most common practice is to estimate it as a fraction of the erection cost. 

Normally, mid-life refurbishments are conducted once or more times throughout the life cycle of 

the infrastructure. As it is difficult to predict what subsystems will be updated and their associated 

cost, in this thesis, they will be estimated through a fraction of the erection cost. 

The energy losses of the electric link 𝐸𝐸𝐿 throughout the life cycle are estimated with the next 

expression: 

𝐸𝐸𝐿 = ∑𝐸𝐵𝑅(𝑙, �̇�) + ∑𝐸𝑂𝑁(�̇�) + ∑𝐸𝑂𝐹𝐹(�̇�) 
(9)   

The branch energy losses are estimated with the next equation: 

𝐸𝐵𝑅(𝑙, �̇�) = 𝑒𝐵𝑅
𝑙�̇� · 𝑙 · 𝑡 · ⌈

�̇�

�̇�𝑚𝑎𝑥 
⌉ 

(10)   

There, 𝑒𝐵𝑅
𝑙�̇� represent the specific energy losses per year and unit of distance. The energy losses 

at the onshore 𝐸𝑂𝑁 and offshore 𝐸𝑂𝐹𝐹 stations, respectively, are estimated through the following 

equations: 

𝐸𝑂𝑁(�̇�) = 𝑒𝑂𝑁
�̇� · 𝑡 · ⌈

�̇�

�̇�𝑚𝑎𝑥 
⌉ 

(11)   

𝐸𝑂𝐹𝐹(�̇�) = 𝑒𝑂𝐹𝐹
�̇� · 𝑡 · ⌈

�̇�

�̇�𝑚𝑎𝑥 
⌉ 

(12)   

 

Table 3.6 lists all the assumptions needed to perform all the estimations concerning life cycle 

costs and energy losses. Apart from those, the actual distance between ends is corrected by a 

factor of 1.2, to consider that the cable will not take the shortest path to avoid areas with steep 

slopes and obstacles. In this case the reason behind that choice is arbitrary but based on existing 

infrastructure. This factor should be tuned for each specific case, as it will depend on the ocean 

bathymetry, the seabed composition, marine currents, etc.  

Table 3.6-List of assumptions for costs and energy losses estimation of electric links. 

𝑐𝐵𝑅
𝑙�̇� (MUSD/GW/km) (Härtel et al., 2017) 1.183 

𝑐𝐵𝑅
𝑙  (MUSD/km) (Härtel et al., 2017) 0.829 

𝑐𝐵𝑅
0  (MUSD) (Härtel et al., 2017) 0.854 

𝑐𝑂𝑁
�̇�  (MUSD/GW) (Härtel et al., 2017) 98.653 
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𝑐𝑂𝑁
0  (MUSD) (Härtel et al., 2017) 34.617 

𝑐𝑂𝐹𝐹
�̇�  (MUSD/GW) (Härtel et al., 2017) 113.986 

𝑐𝑂𝐹𝐹
0  (MUSD) (Härtel et al., 2017) 54.657 

𝐾𝑑(𝑑) shallow 1 

𝐾𝑑(𝑑) deep  2.3 

�̇�𝑚𝑎𝑥 (GW) (Härtel et al., 2017) 2 

Yearly OPEX (%𝐶𝐸𝐿) (De Nooij, 2011) 0.67% 

M-L refurbishment (%𝐶𝐸𝐿) (Härtel et al., 2017) 33.33%  

End of Life (%𝐶𝐸𝐿) 0% 

𝑒𝐵𝑅
𝑙�̇� (TJ/km/y) (Purvins et al., 2018) 1.368 

𝑒𝑂𝑁
�̇�  (TJ /y) (Rosevear et al., 2009) 441.50 

𝑒𝑂𝐹𝐹
�̇�  (TJ /y) (Rosevear et al., 2009) 630.72 

 

3.1.3. Models for the estimation of life cycle costs and energy losses of marine power 

transmission through hydrogen 

Three forms of hydrogen transportation will be analyzed in this work. As they share some 

common systems (see Table 3.7), instead of preparing a layout with a different subsection for 

each alternative, all alternatives will be mixed in this subchapter by explaining the model for each 

of the subsystems that appear in Table 3.7. 

Table 3.7-Systems required in each alternative. 

 
Desalination 

plant 

Electrolysis 

plant 
Pipeline 

Compression 

plant 

cH2 

storage 

modules 

cH2 

ship 

Liquefaction 

plant 

LH2 

storage 

tanks 

LH2 

ship 

Pipeline Export Export Yes - - - - - - 

Bulk 

cH2 by 

ship 

Export Export - 
Export 

Import 

Export 

Import 
Yes - - - 

Bulk 

LH2 by 

ship 

Export Export - - - - Export 
Export 

Import 
Yes 

 

Desalination plant 

Desalination systems can be divided into those that change the state of aggregation of water and 

those that do not (Ghalavand et al., 2015). Among those that change the water state of aggregation 
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of water, the most common are those that produce vapor, which are frequently known as thermal 

methods. Regarding the methods that do not require changing the state of aggregation of water, 

the most frequent ones are Reverse Osmosis (RO) and electrodialysis. These last methods can 

perfectly run on electricity with low specific energy consumption. However, the quality of the 

output water is often worse than that obtained with thermal methods. Although thermal methods 

are often more energy demanding than non-thermal methods, some of them can match the specific 

energy consumption of RO (Hu et al., 2018). This is the case for vapor recompression, which uses 

as the sole heat source for boiling seawater the condensing vapor at a higher pressure. Due to its 

increased complexity, the CAPEX and O&M costs of a vapor recompression plant will be higher 

than those of a RO plant. Nevertheless, the desalination plant will have little impact on the final 

breakdown of costs. Besides, since electrolyzers can suffer damage from impurities present in 

input water, it is preferred to produce water with higher quality than water with a lower specific 

cost. For these reasons, the chosen desalination method for this study will be vapor recompression. 

A good trade-off between simplicity and efficiency can be obtained by a single-effect vapor 

recompression plant, like the one proposed in (Jamil & Zubair, 2017). Two plate-and-frame 

seawater preheaters compose such plant: one that recovers heat from the rejected brine and the 

other that recovers heat from the distilled water; three pumps: one for the feed seawater, other for 

the rejected brine and another for the distilled water; one shell-and-tube evaporator and one vapor 

compressor. All the equations for the cost estimation of the desalination plant components have 

been recovered from (Jamil & Zubair, 2017). All values are in SI units and the currency is in 2017 

USD. 

The following equation defines the cost of the preheater 𝐶𝑃𝐻 (Jamil & Zubair, 2017): 

𝐶𝑃𝐻 = 1000 · (12.86 + 𝐴𝑃𝐻
0.8) 

(13)   

where 𝐴𝑃𝐻 is the heat exchange area of the pre-heater of seawater. For the one using distilled 

water as hot stream (Jamil & Zubair, 2017): 

𝐴𝑃𝐻𝑤
= 100 ·

𝐴𝐸𝑉

4226
 

(14)   

For the other one using brine as hot stream (Jamil & Zubair, 2017): 

𝐴𝑃𝐻𝑏𝑟
= 24.4 ·

𝐴𝐸𝑉

4226
 

(15)   

where 𝐴𝐸𝑉 is the exchange area of the evaporator, which can be left as a function of the mass flow 

rate of the produced vapor �̇�𝑣 (Jamil & Zubair, 2017): 

𝐴𝐸𝑉 = 325.08 · �̇�𝑣   
(16)   
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The cost of the evaporator 𝐶𝐸𝑉 can be estimated by (Jamil & Zubair, 2017): 

𝐶𝐸𝑉 = 250 · �̇� · Δ𝑇𝑚
−1 · Δ𝑝𝑡

−0.01 · Δ𝑝𝑠
−0.1 

(17)   

There, �̇� is the rate of the heat rate exchanged in the evaporator between the condensing distilled 

water in the tubes and the seawater in the shell. Δ𝑇𝑚 is the minimum temperature difference 

between the condensing distilled water and the water vapor. Δ𝑝𝑡 and Δ𝑝𝑠 are the pressure drop at 

the tubes and the shell, respectively. To obtain  �̇� the following expression is used (Jamil & 

Zubair, 2017): 

�̇� = 𝐴𝐸𝑉 · 𝑈 · 𝐿𝑀𝑇𝐷 
(18)   

𝑈 is the overall heat transfer coefficient, and LMTD is the log mean temperature difference. 

The cost of the vapor compressor 𝐶𝑐𝑜𝑚𝑝 is estimated with the following equation (Jamil & Zubair, 

2017): 

𝐶𝑐𝑜𝑚𝑝 = 7364 · �̇�𝑣 · 𝑃𝑅 · 𝑒𝑓𝑓0.7 
(19)   

where 𝑃𝑅 is the pressure ratio of the compressor; 𝑒𝑓𝑓 =
𝜂𝐶𝑜𝑚𝑝

1−𝜂𝐶𝑜𝑚𝑝
 and  𝜂𝑐𝑜𝑚𝑝 is the isentropic 

efficiency of the compressor. The cost of each pump  𝐶𝑝𝑢𝑚𝑝is estimated with the next expression 

(Jamil & Zubair, 2017): 

𝐶𝑝𝑢𝑚𝑝 = 13.92 · �̇�𝑙𝑖𝑞𝑢𝑖𝑑 · Δ𝑝0.55 · 𝑒𝑓𝑓1.05 
(20)   

where �̇�𝑙𝑖𝑞𝑢𝑖𝑑 is the mass flow rate of the pumped liquid and Δ𝑝 stands for the pressure increment 

performed by the pump, which can be approximated to the pressure drops in the heat exchangers.  

The mass flow rate of steam �̇�𝑣 is related to the subsequent hydrogen production rate �̇�𝐻2
. In 

this work, such relation is defined by the mass ratio of the distilled water and the output of pure 

hydrogen of the low-temperature electrolysis plant defined in reference (D’Amore-Domenech & 

Leo, 2019). Therefore, the relation is the following: 

�̇�𝑣 = �̇�𝐻2
· 9.26 

(21)   

The lifetime of the desalination plant components is difficult to predict. Different literature 

sources place them in a very wide range of lifetimes. For the pumps and the compressor, corrosion 

and wear are the main factors lifespan-wise. For heat exchangers, fouling would be the main 

responsible (Friebel et al., s. f.). The highest fouling and corrosion rates could be expected, given 

that most of them either operate with seawater or brine. With that in mind, (Jamil & Zubair, 2017) 

sets the lifespan of the plant in 20 years, without component replacement, it is safe to believe that 

one complete midlife refurbishment will have to be conducted. The end-of-life cost is provisioned 
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to be 0.5 MUSD 2018, since in this case it is assumed that the recycling of the plant components 

will pay a small amount compared to the dismantling cost. 

The installation cost of the desalination plant 𝐶𝑑𝑒𝑠𝑎𝑙, including the operation and maintenance 

costs is the following: 

𝐶𝑑𝑒𝑠𝑎𝑙 = 𝐶𝐸𝑉 + 𝐶𝑐𝑜𝑚𝑝 + 𝐶𝑝𝑢𝑚𝑝𝑠𝑤
+ 𝐶𝑝𝑢𝑚𝑝𝑏𝑟

+ 𝐶𝑝𝑢𝑚𝑝𝑤
+ 𝐶𝑃𝐻𝑤

+ 𝐶𝑃𝐻𝑏𝑟
 

(22)   
It is worth noting that Eqs. (13)-(20) are in 2017 USD. 

The energy consumption of the pumps and compressors �̇�𝑝𝑢𝑚𝑝,𝑐𝑜𝑚𝑝 is estimated with the 

following equation: 

�̇�𝑝𝑢𝑚𝑝,𝑐𝑜𝑚𝑝 = �̇�𝑙𝑖𝑞,𝑣

Δℎ𝑖𝑠

𝜂𝑝𝑢𝑚𝑝,𝑐𝑜𝑚𝑝
 

(23)   

 

where Δℎ𝑖𝑠 is the specific enthalpy increment of the working for a isentropic compression. 

Table 3.8- List of assumptions for costs and energy losses estimation of the desalination plant. 

Δ𝑝𝑠 (kPa)  (Jamil & Zubair, 2017) 0.03 

Δ𝑝𝑡 (kPa) (Jamil & Zubair, 2017) 0.06 

Δ𝑇𝑚 (K) (Jamil & Zubair, 2017) 7 

𝑈 (kW·m-2·K-1) (Jamil & Zubair, 2017) 1.83 

𝐿𝑀𝑇𝐷 (K) (Jamil & Zubair, 2017) 12.7 

𝑃𝑅 (Jamil & Zubair, 2017) 1.21 

𝜂𝑝𝑢𝑚𝑝  0.85 

𝜂𝑐𝑜𝑚𝑝  0.85 

�̇�𝑠𝑤 (Jamil & Zubair, 2017) 2�̇�𝑣  

�̇�𝑏𝑟  (Jamil & Zubair, 2017) �̇�𝑣  

Δ𝑝𝑠𝑤 (kPa) (Jamil & Zubair, 2017) 5.2 

Δ𝑝𝑏𝑟 (kPa) (Jamil & Zubair, 2017) 7.9 

Δ𝑝𝑤 (kPa) (Jamil & Zubair, 2017) 1.5 

𝑇𝑠𝑤 (K) (Jamil & Zubair, 2017) 294.15 

𝑇𝑏𝑟 (K) (Jamil & Zubair, 2017) 296.15 

M-L refurbishment (%𝐶𝑑𝑒𝑠𝑎𝑙) 100% 

End of Life (MUSD) (provisioned)  0.5 

 

Electrolysis plant 

Electrolysis technologies can be classified into low-temperature and high-temperature systems. 

Contrary to high-temperature systems, low-temperature electrolyzers have already been applied 
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successfully in marine contexts as life-support systems onboard nuclear submarines and in closed 

aquaculture cages for oxygen production. In such applications, hydrogen was released to the 

environment as a byproduct. Regarding high-temperature electrolyzers, they are more efficient 

than low-temperature systems. However, the low-temperature electrolysis systems present better 

prospects for being coupled with marine renewable farms, as explained in further detail in the 

Discussion chapter. For these reasons, low-temperature electrolysis technologies are chosen. One 

of the benefits of low-temperature electrolysis is that it features pressurized operation. Such 

characteristic allows energy savings in subsequent processes that require pressurized hydrogen. 

Most commercial low-temperature electrolyzers operate at 30 bar, although models with higher 

operating pressures exist but are less common. CAPEX estimation models of pressurized 

electrolysis plants must consider the effects of scale: larger plants should present lower specific 

costs for the produced hydrogen. Also, CAPEX models shall consider the nominal efficiency of 

the electrolyzer. A more efficient electrolyzer is larger and heavier, thus, more expensive. In this 

sense, the efficiency of an electrolysis cell can be obtained by dividing the thermoneutral voltage 

𝑉𝑜 by the cell voltage. By looking at a typical water electrolysis polarization curve, like the one 

shown in Figure 2.19, it can be seen that for the 100% efficiency, which occurs at the intersection 

of the curve with 𝑉𝑜, the current densities are very low. This would imply large electrode areas 

that result in big and expensive electrolyzers. A common practice is to dimension the electrolyzer 

for cell voltages that correspond to 85% efficiency (Godula-Jopek, 2015). State-of-the-art 

electrolyzers can achieve that efficiency with current densities of about 1 A/cm2.  

The cost estimation of a PEM electrolysis plant 𝐶𝐸𝐶  will be based on (Lümmen et al., 2019; Oi & 

Wada, 2004), as it complies with everything said above. The adapted model is the following: 

𝐶𝐸𝐶 = 84120507 ·
�̇�𝐻2

0.79

𝑗0.32
 

(24)   

Here, �̇�𝐻2
 is expressed in (

kg

s
) and the current density 𝑗 in (

A

cm2) and the cost in USD.  

Currently, the lifespan of an electrolyzer can be up to 100,000 h (O. Schmidt et al., 2017). 

Considering that such a lifespan turns out to be about 11 years, at least two complete midlife 

refurbishments could be expected. The expected annual OPEX are 40 USD/kW (Oi & Wada, 

2004; O. Schmidt et al., 2017). 

The electric power consumed by the electrolysis plant �̇�𝑒𝑥𝑡,𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙 can be calculated with the 

following equation: 

�̇�𝑒𝑥𝑡,𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙 =
�̇�H2

· ℎH2
+ �̇�O2

· ℎO2
− �̇�H2O · ℎH2O

𝜂𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙
 

(25)   
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Where �̇�H2
=

𝑀H2

𝑀H2O
· �̇�H2O; �̇�O2

=
1

2
·

𝑀O2

𝑀H2O
· �̇�H2O, and the enthalpies are obtained as follows: 

ℎH2
= Δℎ𝑓H2

𝑜 (𝑇𝑜) + [ℎH2
(𝑇, 𝑝) − ℎH2

𝑜 (𝑇𝑜)] 
(26)   

ℎO2
= Δℎ𝑓O2

𝑜 (𝑇𝑜) + [ℎO2
(𝑇, 𝑝) − ℎO2

𝑜 (𝑇𝑜)] (27)   

ℎH2O = Δℎ𝑓H2O

𝑜 (𝑇𝑜) + [ℎH2O(𝑇, 𝑝) − ℎH2O
𝑜 (𝑇𝑜)] (28)   

There, ℎ𝑓𝑖

𝑜 (𝑇0) is the enthalpy of formation of the substance 𝑖 at (𝑇𝑜, 𝑝𝑜), and 

[ℎ𝑖(𝑇, 𝑝) − ℎ𝑖
𝑜(𝑇𝑜, )] is the enthalpy increment of the substance 𝑖 from (𝑇𝑜, 𝑝𝑜) to (𝑇, 𝑝).  

Only a fraction of the power consumed by the electrolysis plant accounts for energy losses. In the 

electrolyzer, the electric energy is being transformed into chemical energy in the form of hydrogen 

�̇�H2
· 𝐻𝐻𝑉H2

 and heat �̇�𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙. Therefore, the energy losses, which take the form of heat 

�̇�𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙, are  calculated with the first law of thermodynamics (energy balance): 

�̇�𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙 + �̇�𝑒𝑥𝑡,𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙 =
𝑑𝐸

𝑑𝑡
|
𝐶𝑉

+ �̇�𝑜𝑢𝑡 − �̇�𝑖𝑛   
(29)   

For steady-state 
𝑑𝐸

𝑑𝑡
|
𝐶𝑉

= 0: 

�̇�𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙 + �̇�𝑒𝑥𝑡,𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙 = �̇�𝑜𝑢𝑡 − �̇�𝑖𝑛     (30)   

Here, �̇�𝑜𝑢𝑡 − �̇�𝑖𝑛 = �̇�H2
· 𝐻𝐻𝑉H2

; being 𝐻𝐻𝑉H2
 the higher heating value of hydrogen.  

Therefore: 

�̇�𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙 = −�̇�𝑒𝑥𝑡,𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙 + �̇�H2
· 𝐻𝐻𝑉H2

 (31)   

Since the system is exothermal, �̇�𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙 is negative. Thus, the energy losses are |�̇�𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙|. 

It is worth noting that to calculate the levelized cost of hydrogen, it is necessary to obtain the cost 

of the energy consumed by the electrolysis plant over its lifetime. For that reason, �̇�𝑒𝑥𝑡,𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙 is 

used. From the viewpoint of the life cycle cost of the electrolysis plant, since the hydrogen will 

sell at the destination, it will pay off the cost of hydrogen production. For that reason, for the life 

cycle cost estimation of the electrolysis plant, the cost of energy losses of the plant will be used 

instead.  

Table 3.9 contains the list of assumptions used to estimate the thermoeconomic parameters that 

correspond to the electrolysis plant.  

 



Chapter 3: Methods 

68 

 

Table 3.9- List of assumptions for costs and energy losses estimation of the electrolysis plant 

𝑗 (A/cm2) (Godula-Jopek, 2015) 1 

𝜂𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑠𝑖𝑠  (Godula-Jopek, 2015) 0.8 

Yearly OPEX (%𝐶𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙) (Buttler & Spliethoff, 2018) 1.5% 

M-L refurbishment (%𝐶𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙) (Provisioned) 200% 

End of Life (%𝐶𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙) (Provisioned) 10% 

𝑇0 (°C) 25 

𝑇O2
 (°C) (Godula-Jopek, 2015) 80 

𝑇H2
 (°C) (Godula-Jopek, 2015) 80 

𝑇H2O (°C) 25 

𝑝0 (kPa) 100 

𝑝O2
 (kPa) (Godula-Jopek, 2015) 5000 (pipeline) 3000 (LH2 & cH2) 

𝑝H2
 (kPa) (Godula-Jopek, 2015) 5000 (pipeline) 3000 (LH2 & cH2) 

𝑝H2O (kPa) (Godula-Jopek, 2015) 5000 (pipeline) 3000 (LH2 & cH2) 

Δℎ𝑓H2

𝑜 (𝑇𝑜) (kJ/mol) (Chase et al., 1986) 0 

Δℎ𝑓O2

𝑜 (𝑇𝑜) (kJ/mol) (Chase et al., 1986) 0 

Δℎ𝑓H2O

𝑜 (𝑇𝑜) (kJ/mol) (Chase et al., 1986) -285.830 

𝐻𝐻𝑉H2
 (MJ/kg) (Godula-Jopek, 2015) 141.88 

 

Pipeline 

As happens with submarine cables, submarine pipelines tend to take longer paths than the direct 

straight-line path. 

Breakdown of installation costs for offshore pipelines is divided into the following groups 

(Kaiser, 2017): 

• Materials: pipeline, weight coating, corrosion coating, cathodic protection, and others. In 

this sense, the design of the pipeline is governed by multiple factors, but the most 

important are throughput, nominal pressure, the pressure drop between ends, and depth.  

• Construction: survey, pipeline laying, and other labor costs. The list of other labor costs 

includes burial, pipeline crossings, field joint coating, riser, and tie-in work. Depending 

on the capabilities of the pipeline laying vessel, and the availability of the fleet, different 

rates apply. This extrapolates to survey vessels. In any case, there is not a transparent spot 

market for any of them; therefore, estimations must always be made. 
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• Others: Engineering, project management, inspection, repair, and any costs that do not 

belong to the other groups of costs. 

No specific model for cost prediction of submarine pipelines has been found. However, available 

models from the Hydrogen Delivery Scenario Analysis Model (HDSAM) (Elgowainy & Reddi, 

2015) for hydrogen land pipelines can be adjusted for submarine purposes. To do this, data from 

(Kaiser, 2017) has been used for such adjustments.  

Materials for submarine pipelines should be the same as those used in their land analogues, except 

for sacrificial anodes, which are not very expensive. For large diameters, increased wall thickness 

and/or weight coatings have to be applied to increase their stability on the seabed (Kaiser, 2017). 

To correct this a 15-20% increase on the raw pipeline cost should be expected as a result of adding 

the weight coating (Kaiser, 2017). Therefore, the material cost per km of pipeline, with more than 

12 inches of diameter, as a function of the internal diameter in inches according to HDSAM 

(Elgowainy & Reddi, 2015) and considering an additional 20% for weight coating is the 

following: 

𝐶𝑃𝑃𝐿𝑀 = 98981 · 𝑒𝐷𝑃𝑃𝐿·0.0697 (32)   

With 𝐶𝑃𝑃𝐿𝑀 in USD and 𝐷𝑃𝑃𝐿 in inches. 

Normally construction costs take more than 50% of the total share of offshore pipeline costs, 

therefore they are the most representative (Kaiser, 2017). In contrast to material costs, 

construction costs are very variable between pipelines, and as a result, the total cost is also very 

variable. In fact, the coefficient of variation of the total cost of submarine pipelines built between 

1995 and 2005 in the Gulf of Mexico, is higher than 80% (Kaiser, 2017). For this reason, 

construction costs, referred to as labor costs in HDSAM (Elgowainy & Reddi, 2015), are bound 

to be inaccurate on a general basis. As a matter of fact, the error incurred in labor cost estimations 

in pipeline projects according to the Federal Energy Regulatory Commission (FERC) in the Gulf 

of Mexico have ranged between 1-75% with 18.6% on average (Kaiser, 2017). Nevertheless, the 

model used to predict labor costs in HDSAM (Elgowainy & Reddi, 2015) seems to fit well with 

average submarine pipelines laid in the Gulf of Mexico (Kaiser, 2017). For that reason, the labor 

cost prediction model from HDSAM will be the chosen one for the estimation of the construction 

costs, without further modifications. Therefore, the construction cost per km of pipeline 𝐶𝑃𝑃𝐿𝐶 as 

a function of the internal diameter is (Elgowainy & Reddi, 2015): 

𝐶𝑃𝑃𝐿𝐶 = −44.69 · 𝐷𝑃𝑃𝐿
2 +  32288 · 𝐷𝑃𝑃𝐿 +  14062 (33)   

With 𝐶𝑃𝑃𝐿𝐶 in USD and 𝐷𝑃𝑃𝐿 in inches. 

The others  group of costs per km of pipeline 𝐶𝑃𝑃𝐿𝑂, with more than 12 inches of diameter is 

calculated with (Elgowainy & Reddi, 2015): 
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𝐶𝑃𝑃𝐿𝑂 = 263.60 · 𝐷𝑃𝑃𝐿
2 + 37846.8 · 𝐷𝑃𝑃𝐿 + 107171 (34)   

With 𝐶𝑃𝑃𝐿𝑂 in USD and 𝐷𝑃𝑃𝐿 in inches. 

To determine 𝐷𝑃𝑃𝐿, HDSAM calculates it using an equation based on the Panhandle B equation 

for natural gas, adapted to hydrogen. Therefore, 𝐷𝑃𝑃𝐿is calculated as follows (Elgowainy & 

Reddi, 2015): 

𝐷𝑃𝑃𝐿 = 𝑒

0.2016·

[
 
 
 𝐿𝑁(�̇�𝐻2)

0.51
+𝐿𝑁(

(
𝜌𝐻2
𝜌𝑎𝑖𝑟

)
0.961

·𝑙·𝑇𝑃𝑃𝐿·𝑍

𝑝𝑖𝑛
2 −𝑝𝑜𝑢𝑡

2 )+25.031

]
 
 
 

 
(35)   

 

In this equation all magnitudes are in SI, except for the diameter which is expressed in inches. 

The ratio 
𝜌𝐻2

𝜌𝑎𝑖𝑟
 corresponds to 𝑇 = 288.15 K and 𝑝 = 101.35 kPa, thus, 

𝜌𝐻2

𝜌𝑎𝑖𝑟
= 0.06897. 𝑇𝑃𝑃𝐿 

corresponds to the mean temperature throughout the pipeline and will be assumed to be 283 K. 𝑍 

is the compressibility factor, 𝑝𝑖𝑛 and 𝑝𝑜𝑢𝑡 are the pressures at the inlet and the outlet of the 

pipeline, respectively. The total installation cost of the pipeline 𝐶𝑃𝑃𝐿 is calculated with: 

𝐶𝑃𝑃𝐿 = 𝐶𝑃𝑃𝐿𝑀 + 𝐶𝑃𝑃𝐿𝐶 + 𝐶𝑃𝑃𝐿𝑂 (36)   

 

The total O&M costs, excluding electricity, are estimated at around 3% of the total costs of the 

pipeline (Elgowainy & Reddi, 2015). No mid-life refurbishments are expected for the pipeline. 

However, some losses of hydrogen are expected yearly as a result of the permeation of hydrogen. 

The rate estimated by HDSAM is 483 kg/(km·year) (Elgowainy & Reddi, 2015). 

Table 3.10 contains the baseline assumptions used for the thermo-economic calculations of the 

submarine pipeline. It can be seen that regardless of the distance between ends, the pressure drop 

in the pipeline is maintained. This will increase the diameter of the cylindrical pipeline instead of 

adding additional compression, which simplifies the problem. 

Table 3.10- List of assumptions for costs and energy losses estimation of the submarine pipeline. 

𝑝𝑖𝑛 (bar) 50 

𝑝𝑜𝑢𝑡 (bar) 30 

𝑇𝑃𝑃𝐿 (K) 283 

𝑍 (Lemmon et al., 2010) 1.0244 

Yearly OPEX (%𝐶𝑃𝑃𝐿) (Provisioned) [(Elgowainy & Reddi, 2015) assumes 0.5% for 

land pipelines] 

0.8% 

M-L refurbishment (%𝐶𝑃𝑃𝐿) (Provisioned) 0 
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End of Life (%𝐶𝑃𝑃𝐿) 0 

Hydrogen losses [kg/(km year)] (Elgowainy & Reddi, 2015) 483 

Correction factor for 𝐶𝑃𝑃𝐿 in deep waters (based on 𝐾𝑑 for submarine cables) 2.3 

Correction factor for offshore terminal (Pierobon et al., 2013) 1.3 

 

Compression plant 

The bulk hydrogen transmission by ship in a compressed state will require hydrogen compression 

plants as shown in Figure 3.6. A compression plant will be located at the sending end, between 

the hydrogen production plant and the hydrogen storage system. The other compression plant will 

be located at the receiving end to enable the offloading of the ship to the compressed hydrogen 

storage facility once the pressure of the ship reaches an equilibrium with the storage system at the 

terminal. 

Ideally, the compression type with the lowest energy needs is the isothermal one (Züttel, 2003). 

However, the isothermal path is attained with infinite compression stages with intercooling, which 

can only exist theoretically. The higher the number of compression stages with intercooling, the 

less energy demanding the compression will be, but the compression plant will be more 

expensive, bulkier, and heavier in exchange. In this sense, to reach the pressure of 350 bar from 

the 30 bar of hydrogen delivered by the electrolyzer, three stages of compression with intercooling 

could be considered a good trade-off between simplicity and energy savings. This configuration 

results in three compression stages with and equal compression ratio of 2.27, which is reasonably 

low. 

The cost estimation of the compression plant 𝐶𝐶𝑃 is done according to the formulation given by 

(T.-P. Chen, 2010), assuming an isothermal efficiency of 70%. Therefore, the equation of the 

installed cost of a 3-stage reciprocating compressor as a function of the mass flow rate of hydrogen 

is the following: 

𝐶𝐶𝑃 = 12615115 · �̇�𝐻2

0.6089 
(37)   

with 𝐶𝐶𝑃 in USD and �̇�𝐻2
 in (kg/s). 

Due to the poor reliability of large-scale hydrogen compressors, the common practice is to install 

three compressors of 50% the required flowrate so that two operate and one remains on standby 

(T.-P. Chen, 2010). Industrial compressors usually are meant to last about ten years; therefore, at 

least four compressors will have to be replaced. The total O&M Costs excluding electricity are 

estimated at around 6% of the total installation cost, according to the Hydrogen Delivery Scenario 

Model (HDSAM) 3.0 (Elgowainy & Reddi, 2015). 
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The actual work of compression will be calculated by dividing the isothermal work of 

compression by the corresponding isothermal efficiency. The specific work of isothermal 

compression 𝑤𝑖𝑠𝑜𝑡ℎ𝑖
 at the export terminal comprises the refilling of each storage module, from 

the initial pressure 𝑝𝑖
𝑖𝑛𝑖𝑡 until the ultimate pressure of each storage module  𝑝𝑖 (see Table 3.11). 

Such specific work can be calculated with: 

𝑤𝑖𝑠𝑜𝑡ℎ𝑖
=

(𝑚𝑖 + 𝑚𝑖
𝑠) · [Δ𝑢𝑖 − 𝑇𝑎𝑚𝑏 · Δ𝑠𝑖] − 𝑚𝑖

𝑠 · [Δ𝑢𝑖
𝑠 − 𝑇𝑎𝑚𝑏 · Δ𝑠𝑖

𝑠]

𝑚𝑖
 

(38)   

There, 𝑚𝑖 represents the mass of hydrogen to be transferred from the storage module of the 

pressure 𝑖 to the cH2 carrier, 𝑚𝑖
𝑠 is the remaining hydrogen at the storage module of the pressure 

𝑖 after the transference to the vessel. Δ𝑢𝑖, Δ𝑠𝑖, Δ𝑢𝑖
𝑠 and Δ𝑠𝑖

𝑠 are defined as follows: 

Δ𝑢𝑖 = 𝑢(𝑇𝑎𝑚𝑏, 𝑝𝑖) − 𝑢(𝑇𝑎𝑚𝑏 , 𝑝𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙) 
(39)   

Δ𝑠𝑖 = 𝑠(𝑇𝑎𝑚𝑏, 𝑝𝑖) − 𝑠(𝑇𝑎𝑚𝑏 , 𝑝𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙) 
(40)  

Δ𝑢𝑖
𝑠 = 𝑢(𝑇𝑎𝑚𝑏, 𝑝𝑖

𝑠) − 𝑢(𝑇𝑎𝑚𝑏, 𝑝𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙) 
(41)  

Δ𝑠𝑖
𝑠 = 𝑠(𝑇𝑎𝑚𝑏, 𝑝𝑖

𝑠) − 𝑠(𝑇𝑎𝑚𝑏 , 𝑝𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙) 
(42)  

𝑝𝑖
𝑠 represents the pressure of the pressure module of pressure 𝑖 right after the transfer to the cH2 

ship. 𝑝𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙 stands for the operating pressure of the electrolysis plant. 

The specific work of the isothermal compression of the whole terminal is calculated by summing 

the isothermal refilling work from each storage module, and dividing by the total mass of 

hydrogen:  

𝑤𝑖𝑠𝑜𝑡ℎ =
Σ𝑚𝑖 · 𝑤𝑖𝑠𝑜𝑡ℎ𝑖

Σ𝑚𝑖
 

(43)   

For the import terminal, the isothermal work of compression is calculated by applying the First 

Law of thermodynamics applied to the control volume of the compression plant: 

�̇�𝑖𝑠𝑜𝑡ℎ + �̇�𝑖𝑠𝑜𝑡ℎ =
𝑑𝐸

𝑑𝑡
|
𝑐𝑜𝑚𝑝

+ Σ�̇�𝑇 − Σ�̇�𝑉 
(44)   

The subindices 𝑇 and 𝑉 represent the compressed hydrogen storage modules at the terminal, and 

the compressed hydrogen tanks of the ship, respectively. �̇� is calculated by applying the Second 

Law of Thermodynamics to the isothermal compressor (reversible):  

�̇�𝑖𝑠𝑜𝑡ℎ = 𝑇𝑎𝑚𝑏 (
𝑑𝑆

𝑑𝑡
|
𝑐𝑜𝑚𝑝

+ Σ�̇�𝑇 − Σ�̇�𝑉) 
(45)   
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If the time domain is removed from the previous equations, and the mass variation within the 

control volume in each iteration is neglected, the work of the isothermal compression is estimated 

by integrating numerically: 

𝛿𝑊𝑖𝑠𝑜𝑡ℎ = 𝑚𝑐𝑜𝑚𝑝 · (𝑑𝑒𝑐𝑜𝑚𝑝 − 𝑇𝑎𝑚𝑏𝑑𝑠𝑐𝑜𝑚𝑝)

+ 𝛿𝑚[ℎ𝑇 − ℎ𝑉 − 𝑇𝑎𝑚𝑏 · (𝑠𝑇 − 𝑠𝑉)] 
(46)   

Here, 𝑚𝑐𝑜𝑚𝑝 is the mass of hydrogen inside the control volume of the compressor, 𝑑𝑒𝑐𝑜𝑚𝑝 is the 

specific energy increment concerning the previous iteration inside that control volume, 𝑑𝑠𝑐𝑜𝑚𝑝 is 

the specific entropy increment concerning the previous iteration inside the control volume, 𝛿𝑚 is 

mass of hydrogen transferred from the vessel to the import terminal between iterations, ℎ𝑇 is the 

specific enthalpy of hydrogen at the import terminal in each iteration, ℎ𝑉 is the specific enthalpy 

of hydrogen in the vessel in each iteration, 𝑠𝑇 is the specific entropy of hydrogen at the import 

terminal in each iteration, and 𝑠𝑉 is the specific entropy of the hydrogen at the vessel in each 

iteration. As there is no energy recovery at the time of offloading, the numerical integration 

disregards all the iterations wherein 𝑝𝑉 > 𝑝𝑇, which would result in negative work. 𝑚𝑐𝑜𝑚𝑝 is 

calculated in each iteration by assuming a compressor volume 𝑉𝑐𝑜𝑚𝑝 and multiplying such volume 

by the average density of hydrogen in the compressor for each iteration. 

Table 3.11 contains all the assumptions used for the calculations related to the hydrogen 

compression plant. 

Table 3.11- List of assumptions for costs and energy losses estimation of the submarine pipeline. 

Data marked with an asterisk (*) were calculated by using the assumptions for the compressed 

storage modules (see Table 3.13). 

𝑁𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑜𝑟𝑠  3 

Individual capacity  
�̇�H2

2
 

Yearly OPEX (%𝐶𝑐𝑜𝑚𝑝) (Provisioned) [(Elgowainy & Reddi, 2015) estimate a 4% for 

land compression facilities] 
6% 

M-L refurbishment (%𝐶𝑐𝑜𝑚𝑝) (Provisioned) 133.33% 

End of Life (%𝐶𝑐𝑜𝑚𝑝) (Provisioned) 10% 

𝑤 𝑖𝑠𝑜𝑡ℎ (export) (MJ/kg) * 3.5553 

𝜂𝑖𝑠𝑜𝑡ℎ (export)  (Quack, 2002) 0.7 

𝑤𝑖𝑠𝑜𝑡ℎ (import) (MJ/kg) * 0.714 

𝜂𝑖𝑠𝑜𝑡ℎ (import) (smaller and based on export) 0.6 

𝑚350 (kg) 16814 

𝑚187 (kg) 16814 
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𝑚100 (kg) 16814 

𝑚350
𝑖𝑛𝑖𝑡 (kg) 82810 

𝑚187
𝑖𝑛𝑖𝑡 (kg) 490861 

𝑚100
𝑖𝑛𝑖𝑡 (kg) 175150 

𝑝350
𝑖𝑛𝑖𝑡 (bar) 280.00 

𝑝187
𝑖𝑛𝑖𝑡 (bar) 180.09 

𝑝100
𝑖𝑛𝑖𝑡 (bar) 90.75 

𝑝𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙 (bar) (Godula-Jopek, 2015) 30 

𝑉𝑐𝑜𝑚𝑝 (m3) 1 

 

cH2 storage modules 

According to DNV GL, large quantities of hydrogen at 700 bar could be stored economically in 

pressurized storage modules, based on composite pressure vessels (Jakobsen et al., 2015). Such 

pressure vessels are type IV pressure vessels, as shown in Table 3.12. 

Table 3.12-Description of different types of pressure vessels according to the literature  (Bouvier 

et al., 2019). 

Denomination Material Stress distribution 

Type I Metallic cylinder with spherical ends 100% Metallic cylinder 

Type II 
Metallic cylinder with spherical ends. 

Cylindrical part reinforced with composites. 

50% Metallic cylinder 50% 

composites 

Type III 

Cylindrical metallic lining fully reinforced 

with epoxy impregnated carbon fiber 

filaments 

100% carbon fiber 

Type IV 

Cylindrical polymeric lining fully reinforced 

with epoxy impregnated carbon fiber 

filaments 

100% carbon fiber 

 

Regarding the cost breakdown of a type IV pressure vessel, the materials imply ¾ of the share, 

for a 700 bar tank of 5.6 kg of hydrogen, and the remainder corresponds to balance of plant (BOP) 

components (Barthelemy et al., 2017; James et al., s. f.). Foreseeably, tanks larger than 5.6 kg 

will be used inside the cH2 storage modules. Since BOP components get more diluted in larger 

tanks, materials will have even more weight in the cost breakdown. In this sense, the cost 

prediction model can be based on the mass of the tank, as the cost of materials presents a linear 
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relationship with the mass of the tank. To do that, a tank with a known cost is necessary. In this 

sense, the one investigated in (James et al., s. f.) is used to conduct the mass-cost extrapolation. 

Regarding the module architecture where the compressed hydrogen tanks will be placed, there 

are infinite possibilities regarding the sizes and shapes of such module. Given that many modules 

of equal size and shape will be used for the same facility, standardization would imply cost 

reductions. In this sense, Twenty-foot Equivalent Units (TEUs) are a marine standard used 

worldwide that can serve many purposes (Li et al., 2015). Inside an open flat rack TEU, 

compressed hydrogen tanks can be placed, providing good ventilation towards the open 

atmosphere. Inside each module, pressure tanks can be laying horizontal or vertical. Since it is 

better to have the valves in the upper part to facilitate the diffusion to the atmosphere of potential 

hydrogen leaks, the preferred position inside the TEU is standing. Following these criteria, the 

best configuration found inside an open flat rack of 5.35 m of internal length, 2.35 m of internal 

width, and 2.35 m of internal height is to have four rows of 10 compressed hydrogen tanks. To 

arrive at such configuration, yield strength of 𝜎𝑦=2.55 GPa (Barthelemy et al., 2017; Hua et al., 

2011) and an internal pressure corresponding to the rated pressure with 2.25 of safety factor, 25% 

to prevent under-filling after fast fills. The dimensions of the resulting modules are the ones 

shown in Table 3.13. There, the modules corresponding to 350 bar, 187 bar, and 100 bar belong 

to the cascade storage modules of the export terminal, whereas the 200 bar modules belong to the 

import terminal. The low (100 bar) and high (350 bar) pressures of the cascade storage at the 

export terminal have been chosen making sure that there is enough pressure difference between 

the storage modules and the ship to reduce loading time, but not too high to produce an increase 

in the temperature of hydrogen when loading the ship higher than 5 °C. The intermediate pressure 

of 187 bar has been chosen because it represents the geometric mean between 100 bar and 350 

bar. 

The yearly OPEX per module is assumed to be around 2000 USD. 

Table 3.13- Specifications of compressed hydrogen tanks module and economic assumptions 

𝑝 module (bar) 350 187 100 200 

Length (m) 6.1 6.1 6.1 6.1 

Width (m) 2.4 2.4 2.4 2.4 

Height (m) 2.6 2.6 2.6 2.6 

Number of compressed hydrogen tanks 40 40 40 40 

H2 capacity (kg) 300 170 93 180 

Empty mass of module (t) 9.5 6.1 4.4 6.4 

Cost of module (2018 USD) 216,670 114,743 61,068 122,806 
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Yearly OPEX (2018 USD) 2,000 2,000 2,000 2,000 

Estimated lifetime (years) 15 15 15 15 

Modules at the export terminal 329 2,863 1,925 - 

Min pressure (bar) 280.0 180.1 90.8 30.0 

 

cH2 ship 

The operation of a ship for bulk hydrogen transportation from a financial viewpoint can be done 

under different forms. The first, is to own a ship and hold responsibility for everything related to 

its operation. The second, is to hire a ship under different terms, holding the shipowner 

responsible to part of the expenses for its operation in exchange for a charter rate. A simple 

schematic of these different forms of exploitations can be found in Figure 3.7.  

 

Figure 3.7-Schematics of different possibilities of ship operation for bulk transportation. The dark 

green represents the costs covered by the shipowner, whereas the light green represents the 

additional costs covered by the charterer. 

Regarding the types of hire, there are basically three: bareboat charter, voyage charter and time 

charter (Mazioli et al., 2019; Plomaritou & Papadopoulos, 2017): 

• Bareboat charter is an arrangement for hiring a vessel for a specific period in which the 

shipowner has no responsibility over the ship’s administration or technical maintenance. 

In this sense, the charterer attains possession and complete control over the ship, being 

responsible for all the OPEX (Plomaritou & Papadopoulos, 2017). This includes crew, 

consumes, maintenance, insurances and port costs.  

• Time charter is another type of hiring for a specific period wherein the shipowner is in 

charge of all the fixed costs and the charterer is only liable to non-fixed costs, such as 

consumes, commissions and port charges (Plomaritou & Papadopoulos, 2017). 

• Voyage charter is a different arrangement in which the shipowner is responsible for all 

the costs related to the voyage of the ship, including all port charges, except for the 

Fixed costs Voyage costs

CAPEX
Fixed Operating 

Costs
Proportional costs

Non-proportional 
costs

Loading and 
unloading

Vessel ownership

Bareboat charter

Time charter

Voyage charter
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loading and unloading of the cargo when in FIO terms (Free in and Out) (Plomaritou & 

Papadopoulos, 2017), the most common arrangement. 

There are some advantages in chartering a vessel from a specialized company in shipping that 

make it convenient. Owning a vessel immobilizes a significant sum of capital, and its management 

can be costly and complex. A company specialized in shipping typically benefits from economies 

of scale in its management (Goulielmos et al., 2011).  Among the forms of hiring, voyage charter 

often is more expensive than time-dependent forms of hiring, they are discarded. For the intended 

form of ship operation of this work, where a cargo ship will have to travel always between two 

points for the life cycle of the link, the most desirable options would be bareboat charter or time 

charter. Between bareboat charter and time charter, often the second option is preferred for any 

non-specialized company in shipping. First, companies specialized in shipping benefit from 

reduced specific OPEX regarding crew management, maintenance, insurances... Second, hiring a 

vessel under time charter terms implies a simpler enterprise structure than hiring the vessel under 

bareboat charter. In any case, depending on the case, ship ownership can be a better option than 

chartering it (Walsh, 1966). A specific study should be conducted in each specific case. In this 

study, it is opted to hire a ship under time charter terms, because that formula allows making 

assumptions that simplify the life-cycle cost analysis while maintaining reasonably low 

uncertainties.  

Time charter rates vary from one market to another, and they depend on the transported goods. 

Charter rates also depend on the period of hiring (spot or for long-term), the size of the ship, and 

how modern the ship in question is. Very often, such markets are very transparent and 

competitive; thus, overall, the rates are supply-and-demand based, although the final rate between 

shipowner and charterer is always negotiated (Plomaritou & Papadopoulos, 2017).  

This applies to the CNG fleet for the cH2 charter rate estimation. However, the global CNG fleet 

consists of only one ship, the Jayanti Baruna (IMO: 9762039). According to (Babarit et al., 2018) 

the charter rate of a CNG equivalent to an LNG in displacement could be estimated two times the 

one of LNG. As there is no equivalent LNG ship to the Jayanti Baruna, the charter rate will have 

to be estimated since all of them are larger. In this sense, it could be safe to assume a time charter 

rate of 70 kUSD/day, considering that that price represents the charter rate of an LNG ship of 

180,000 m3, when the Jayanti Baruna is around 2,700 m3 (Babarit et al., 2018; Lemmon et al., 

2010). The Jayanti Baruna features a cargo pressure of 250 bar for CNG thanks to the technology 

of vertical cylinders, since hydrogen is less dense than natural gas the GEV Coselle solution could 

be implemented to allow for 275 bar (Taccani et al., 2020). The non-proportional costs of the 

voyage such as taxes, marine pilot and tug services, depend on the harbor and can depend on 

different characteristics of the vessel (Meersman et al., 2015). A total of 15 kUSD of non-
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proportional voyage costs are assumed per land terminal. This provision is based on cost data 

found on (Valencia Port, 2021) on port tariffs. Loading and offloading tolls or fees are not 

expected as the facilities are included in both terminals. 

Regarding fuel, for this analysis, the ships will consume part of their cargo for their propulsion. 

For this reason, no proportional voyage costs are expected, as they will be computed as costs of 

energy losses instead.  

The time of one roundtrip 𝑡𝑅𝑇 for one ship can be estimated with: 

𝑡𝑅𝑇 = 2 ·
𝑙

𝑠𝑉
+ 𝑡𝐿𝑆 +

𝑚𝑡

�̇�𝐿
+

𝑚𝑂𝐿

�̇�𝑂𝐿
 (47)   

where 𝑙 is the distance between ends, 𝑠𝑉 is the speed of the vessel during cruise; 𝑡𝐿𝑆 is the 

additional time during the approach and departure of both end terminals at low speed; 𝑚𝑡 is the 

loaded mass of hydrogen at the export terminal, which considers the total capacity of the holds 

minus the minimum residual mass of hydrogen, assumed to be the equivalent one at 5 bar of 

pressure, so that the fuel cell system of the power plant of the ship can still function at the end of 

the round trip; �̇�𝐿 is the loading flow rate of the liquefied hydrogen; 𝑚𝑂𝐿 is the off-loaded mass 

of hydrogen at the receiving terminal and �̇�𝑂𝐿 is the off-loading mass flow rate of hydrogen.  

With the development of mechanical propulsion, ships obtained independence from weather 

conditions, since they no longer had to rely on sails. This fact enabled orthodromic navigation 

which consisted in following the shortest distance between two points on a spherical surface 

(Lenart, 2017). However, with the improvement of weather predictions and computational power, 

the concept of weather routing appeared (Zis et al., 2020). Such a concept revealed that even 

though the orthodrome is the shortest path, it does not always represent the fastest, the safest, or 

the lowest fuel consumption route (Zis et al., 2020). To simplify the analysis, this work assumes 

that the vessels will follow orthodromes between waypoints. In this sense, a correction factor on 

𝑙 will not be applied on ships. 

The loaded mass of hydrogen at the export terminal 𝑚𝑡 is calculated with: 

𝑚𝑡 = 𝑉𝐻 · 𝜌(275 bar) − 𝑉𝐻 · 𝜌(5 bar) (48)   

 

The offloaded mass of hydrogen 𝑚𝑂𝐿 is calculated with: 

𝑚𝑂𝐿 = 𝑚𝑡 − 𝑚𝐶 (49)   

where 𝑚𝐶 is the consumed hydrogen in the roundtrip. The consumed mass of hydrogen 𝑚𝐶 is 

estimated through: 
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𝑚𝐶 = 2 ·
𝑙

𝑠𝑉
· 𝑐𝑟𝐶 + (

𝑚𝑡

�̇�𝐿
+

𝑚𝑂𝐿

�̇�𝑂𝐿
) · 𝑐𝑟𝐿,𝑂𝐿 

(50)   

 

there, 𝑐𝑟𝐶 is the consumption rate of hydrogen during navigation and 𝑐𝑟𝐿,𝑂𝐿 is the consumption 

rate of hydrogen during loading and offloading. The number of ships needed can be calculated 

with: 

𝑁𝑠ℎ𝑖𝑝𝑠 =
�̇�𝐻2 · 𝑡𝑅𝑇

𝑚𝐿
 (51)   

where �̇�𝐻2 is the mass flow rate of the produced hydrogen.  

If the number of ships is not an integer, then, the value of the velocity of the ship during navigation 

is reduced, until Eq. (51) yields a whole number. The reduction on the ship velocity 𝑠𝑉 also 

reduces the consumption rate of hydrogen during cruise 𝑐𝑟𝐶 according to the cubic rule: 

𝑐𝑟𝐶 =
𝑃𝑜𝑤𝑒𝑟𝑛𝑜𝑚

𝜂𝐹𝐶 · 𝐿𝐻𝑉
· (

𝑠𝑉

𝑠𝑉𝑛𝑜𝑚

)

3

 (52)   

the number of voyages 𝑁𝑣𝑜𝑦𝑎𝑔𝑒𝑠 throughout the assumed operational lifetime 𝑡𝐿 can be estimated 

through the next equation: 

𝑁𝑣𝑜𝑦𝑎𝑔𝑒𝑠 =
𝑡𝐿
𝑡𝑅𝑇

 (53)   

The cost of the link can be estimated with the next equation: 

𝐶 = 𝑁𝑠ℎ𝑖𝑝𝑠 · (𝑡𝑅𝑇 · 𝑐𝑇𝐶 + 𝐶𝑉) (54)   

where 𝑐𝑇𝐶 is the time charter rate, and 𝐶𝑉 stands for the voyage costs per land terminal. 

Table 3.14 contains the baseline assumptions used for the thermoeconomic calculations of the 

ships for the transportation of hydrogen. 

Table 3.14- Summary of baseline assumptions for the hydrogen transportation by ship 

calculations 

 cH2 

𝑐𝑇𝐶 (kUSD/day) [provisioned and based on charter rates from (International Gas Union, 

2021)] 
70 

𝐶𝑉 [kUSD/round trip·land terminal)] [provisioned and based on tariffs from (Valencia 

Port, 2021)] 
15 

Ship cargo capacity (tH2) (based on Jayanti Baruna CNG) 51.5 

𝑉𝐻 (m3) (based on Jayanti Baruna CNG) 2700 
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Nominal pressure (bar) (based on the 250 bar of Jayanti Baruna CNG) 275 

Min pressure (bar) (provisioned) 5 

𝑠𝑉 (knots) 14 

 𝑠𝑉 (m/s) 7.20 

𝑃𝑜𝑤𝑒𝑟𝑛𝑜𝑚 (sailing) (MW) (Faizal & Holmlund-Sund, 2015; Propulsion Trends in LNG 

Carriers Two-stroke Engines, 2013; Sinha & Nik, s. f.) 
4.5 

𝑃𝑜𝑤𝑒𝑟𝑛𝑜𝑚 (Loading and offloading) (MW) 1 

Power plant efficiency  𝜂𝐹𝐶 (based on LHVH2) (Stolten et al., 2016) 0.55 

𝑡𝐿𝑆 (s) (Provisioned) 3600 

�̇�𝐿  (kg/s) [Provisioned and based on (Taccani et al., 2020)] 5.4 

�̇�𝑂𝐿  (kg/s) [Provisioned and based on (Taccani et al., 2020)] 4.8 

 

Liquefaction plant 

It is difficult to make an accurate estimation of the capital cost of a liquefaction plant for various 

reasons: 

• There are many different possible configurations in existing hydrogen liquefaction plants 

(Aasadnia & Mehrpooya, 2018).  

• The most recent liquefaction plant was built in 2008 (Krasae-in et al., 2010); thus the 

investment costs of liquefaction plants might not be up to date for new installations.  

• Access to economic data on existing liquefaction plants is difficult.  

In any case, H2A models have some information regarding liquefaction plants (T.-P. Chen, 2010; 

Elgowainy & Reddi, 2015; Ringer, 2010). However, in those models, it is not recommended to 

extrapolate above 200 t/d (T.-P. Chen, 2010) since the largest hydrogen liquefaction plant in 

operation is of 30 t/d (Aasadnia & Mehrpooya, 2018). Nevertheless,  the IEA report on the future 

of hydrogen assumed a liquefaction plant of 712 t/d capacity with an estimated cost of 1,400 

MUSD (International Energy Agency, 2019). The models mentioned above were tested to see if 

any of them could represent the case devised by (International Energy Agency, 2019), which is 

well above the production rate of 200 t/d. In this sense, the model from (Elgowainy & Reddi, 

2015) had the best fit for the plant proposed by (International Energy Agency, 2019), with a value 

1,427 MUSD. Therefore, the  model from (Elgowainy & Reddi, 2015) is chosen and adapted for 

this analysis. In this sense, the cost of the liquefaction plant in USD 𝐶𝐿𝑃 can be estimated by: 

𝐶𝐿𝑃 = 240426078 · �̇�𝐻2

0.8 (55)   

where �̇�𝐻2
 is in kg/s. 
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The total annual O&M costs, excluding electricity, are estimated at around 3% of the total 

installation cost (Elgowainy & Reddi, 2015). Several mid-life refurbishments are expected, as 

compressors, turbines, and pumps of the liquefaction plant will need replacing. In this regard, 

40% of the total capital costs are expected, based on the assumption that around 20% of the total 

cost of the plant is associated with turbines, compressors, and pumps, which are the components 

subject to mechanical wear. 

Table 3.15 contains the baseline assumptions used for the thermoeconomic calculations of the 

hydrogen liquefaction plant. 

Table 3.15- Summary of baseline assumptions for the liquefaction plant calculations. 

Yearly OPEX (%𝐶𝑙𝑖𝑞𝑢𝑒𝑓) 3% 

M-L refurbishment (%𝐶𝑙𝑖𝑞𝑢𝑒𝑓) 40% 

End of Life (%𝐶𝑙𝑖𝑞𝑢𝑒𝑓) 10% 

𝑤𝑙𝑖𝑞𝑢𝑒𝑓 (kWh/kg) (Cardella et al., 2017) 6.1 

𝑤𝑙𝑖𝑞𝑢𝑒𝑓 (MJ/kg) (Cardella et al., 2017) 22.0 

 

LH2 storage 

The most inexpensive way to store large quantities of cryogenic liquid hydrogen is in double-wall 

spherical tanks. In such tanks, the outer wall is normally made of mild steel, while the inner layer 

is often made of austenitic stainless steel. The space between both walls is filled with perlite, and 

then, the air trapped in the interstices is evacuated to prevent it from condensing at the inner wall. 

Regarding the cost model, no simple model was found, apart from the one used in (T.-P. Chen, 

2010), which is outdated. However, the cost of tanks of different sizes was found. HDSAM 

Version 3.0 incorporates cost data for 4000 m3 (280 t) and 1000 m3 (70 t), with an uninstalled cost 

of 7.217 MUSD (2014) and 1.684 MUSD (2014), respectively (Elgowainy & Reddi, 2015). The 

IEA report on the future of hydrogen also has data for a tank with a capacity of 3190 t of hydrogen, 

costing 290 MUSD (2018) (International Energy Agency, 2019). With these tanks, a new 

regression is made. Such regression has a potential curve fit as it is the one that best describes the 

relationship between costs and size. This is because the main driver of the cost of large spherical 

tanks 𝐶𝐿𝐻𝑇 is the cost of materials. Therefore: 

𝐶𝐿𝐻𝑇 ∝ 𝑚𝑒𝑚𝑝𝑡𝑦 𝑡𝑎𝑛𝑘 ∝ 𝑉𝑠ℎ𝑒𝑙𝑙 · 𝜌𝑠ℎ𝑒𝑙𝑙 (56)   

Here, 𝑚𝑒𝑚𝑝𝑡𝑦 𝑡𝑎𝑛𝑘 is the mass of the empty tank; 𝑉𝑠ℎ𝑒𝑙𝑙 is the volume of the shell plates;  𝜌𝑠ℎ𝑒𝑙𝑙 

is the density of the material. Since 𝜌𝑠ℎ𝑒𝑙𝑙 is constant, then: 

𝐶𝐿𝐻𝑇 ∝ 𝑉𝑠ℎ𝑒𝑙𝑙 ∝ 𝑆𝑠ℎ𝑒𝑙𝑙 · 𝑡𝑠ℎ𝑒𝑙𝑙 (57)   
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where 𝑡𝑠ℎ𝑒𝑙𝑙 is the thickness of the shell, and 𝑆𝑠ℎ𝑒𝑙𝑙 is the surface of the shell. 𝑆𝑠ℎ𝑒𝑙𝑙 can be 

calculated with the radius of the sphere: 

𝑆𝑠ℎ𝑒𝑙𝑙 = 4 · 𝜋 · 𝑅2 (58)   

The volume of the sphere 𝑉𝑠𝑝ℎ𝑒𝑟𝑒 is: 

𝑉𝑠𝑝ℎ𝑒𝑟𝑒 =
4

3
· 𝜋 · 𝑅3 

(59)   

 

From (58) and (59), the proportion between 𝑆𝑠ℎ𝑒𝑙𝑙 and 𝑉𝑠𝑝ℎ𝑒𝑟𝑒 can be extracted: 

𝑆𝑠ℎ𝑒𝑙𝑙 ∝ 𝑉𝑠𝑝ℎ𝑒𝑟𝑒

2
3   

(60)   

𝑡𝑠ℎ𝑒𝑙𝑙 can be calculated with the thin plate theory applied to pressure vessels: 

𝑡𝑠ℎ𝑒𝑙𝑙 =
𝑅 · 𝑝

2 · 𝜎𝑦
 

(61)   

 

𝑝 changes with the size of the vessel, due to the hydrostatic pressure of liquid hydrogen: 

𝑝 = ℎ · 𝜌 · 𝑔 = (2 · 𝑅) · 𝜌 · 𝑔 (62)   

 

By combining (61) and (62): 

𝑡𝑠ℎ𝑒𝑙𝑙 =
𝑅2 · 𝜌 · 𝑔

𝜎𝑦
 

(63)   

 

Therefore, from (59) and (63) the relationship between 𝑡𝑠ℎ𝑒𝑙𝑙 and 𝑉𝑠𝑝ℎ𝑒𝑟𝑒 is extracted: 

𝑡𝑠ℎ𝑒𝑙𝑙 ∝ 𝑉𝑠𝑝ℎ𝑒𝑟𝑒

2
3  

(64)   

 

Substituting (64) and (60) in (57) we have that 𝐶𝐿𝐻𝑇 ∝ 𝑉
4

3 : 

𝐶𝐿𝐻𝑇 ∝ 𝑆𝑠ℎ𝑒𝑙𝑙 · 𝑡𝑠ℎ𝑒𝑙𝑙 ∝ 𝑉𝑠𝑝ℎ𝑒𝑟𝑒

2
3 · 𝑉𝑠𝑝ℎ𝑒𝑟𝑒

2
3 ∝ 𝑉

4
3 

(65)   

 

 With that in mind, the resulting equation, from applying the potential curve fit to the three tanks 

described above is the following: 
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𝐶𝐿𝐻𝑇 = 0.4779 · 𝑚𝐻2

1.344 (66)   

with 𝐶𝐿𝐻𝑇 in USD and 𝑚𝐻2
 in kg. 

Nevertheless, the obtained value from such an equation corresponds to the uninstalled cost. The 

installed cost can be estimated with a factor of 1.3 over the uninstalled cost of the spherical tank 

(T.-P. Chen, 2010). The total O&M Costs, are estimated at around 3% of the total installed cost 

of the tank (Elgowainy & Reddi, 2015). No mid-life refurbishments are expected for the liquid 

hydrogen storage system.  The energy losses of the tank are estimated through the reliquefaction 

energy of the boiloff of the stored hydrogen. 

Table 3.16 contains the baseline assumptions used for the thermoeconomic calculations of the 

liquid hydrogen tanks. 

Table 3.16- Summary of baseline assumptions for the liquefied storage calculations 

Yearly OPEX (%𝐶𝐿𝐻𝑇) 3% 

M-L refurbishment (%𝐶𝐿𝐻𝑇) 0% 

End of Life (%𝐶𝐿𝐻𝑇) 10% 

𝑤𝑟𝑒𝑙𝑖𝑞𝑢𝑒𝑓 (kWh/kg) (Cardella et al., 2017) 6.1 

𝑤𝑟𝑒𝑙𝑖𝑞𝑢𝑒𝑓 (MJ/kg) (Cardella et al., 2017) 22.0 

Daily boiloff (% average 𝑚H2
 stored) 0.1% 

Average 𝑚H2
 stored (% mass capacity) 50% 

Number of tanks 3 

Capacity of each tank (%𝑚H2
 exchanged with ship) 33.33% 

 

LH2 ship 

As with cH2 ships, the method for the LH2 ship hire would be under time charter terms. There is 

no fleet in operation for bulk hydrogen transportation by ship, although soon, the Suiso Frontier 

from Kawasaki Heavy Industries will start operating (Kawasaki Heavy Industries, s. f.; KHI, 

2019). Nevertheless, due to the LNG similarities, the LNG fleet can be used as a reference for 

estimating LH2 freight rates. Spot charter rates often refer to hiring durations of six months or 

less, whereas long-term charter rates refer to more than 5 years of contract durations (International 

Gas Union, 2019). The spot charter market is very volatile, whereas the long-term market is 

steadier (Plomaritou & Papadopoulos, 2017). For LNG, both spot and long-term charter rates kept 

a downward trend from the historic maximum reached in 2012 due to the Fukushima accident in 

2011. During this specific period, the long-term charter rates of LNG started from about 90 

kUSD/day in the first quarter of 2012 and decreased slowly but steadily until the first quarter of 
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2018, when they reached 60 kUSD/day. From that moment, the trend changed and raised rose 

steadily to about 70 kUSD/day for the last quarter of 2018 (International Gas Union, 2019; Steuer, 

2019). Taking the LNG information as a basis, it seems safe to assume a long-term time charter 

rate of 90 kUSD/day for a 180,000 m3 LH2 ship. 

All the equations from (43) to (48) apply to this type of ship as well. The following two are 

exclusive for this type of ship: 

𝑡𝑅𝑇 = 2 ·
𝑙

𝑠𝑉
+ 𝑡𝐿𝑆 +

𝑉𝐻

�̇�𝐿

+
𝑚𝑂𝐿

𝜌𝑙(1 bar) · �̇�𝑂𝐿

 (67)   

𝑚𝐶 = 2 ·
𝑙

𝑠𝑉
· 𝑐𝑟𝐶 + (

𝑉𝐻

�̇�𝐿

+
𝑚𝑂𝐿

𝜌𝑙(1 bar) · �̇�𝑂𝐿

) · 𝑐𝑟𝐿,𝑂𝐿 
(68)   

 

where 𝑙 is the distance between ends; 𝑠𝑉 is the speed of the vessel during cruise; 𝑡𝐿𝑆 is the 

additional time during the approach and leave of both end terminals at low speed; 𝑉𝐻 is the volume 

of the holds; �̇�𝐿 is the loading flow rate of the liquefied hydrogen; 𝑚𝑂𝐿 is the off-loaded mass of 

hydrogen at the receiving terminal; 𝜌𝑙(1 𝑏𝑎𝑟) is the saturation density of liquid hydrogen at 1 bar 

and �̇�𝑂𝐿 is the off-loading flow rate of the liquefied hydrogen. 

Table 3.17 contains the baseline assumptions used for the thermoeconomic calculations of the 

ships for the transportation of hydrogen. 

Table 3.17- Summary of baseline assumptions for the hydrogen transportation by ship 

calculations. 

 LH2 

𝑐𝑇𝐶 (kUSD/day) [provisioned and based on charter rates from (International Gas 

Union, 2021)] 
90 

𝐶𝑉 [kUSD/round trip·land terminal)] [kUSD/round trip·land terminal)] [provisioned 

and based on tariffs from (Valencia Port, 2021)] 
15 

Ship cargo capacity (tH2) (Based on average Q-Flex LNG Ship) 12,760 

𝑉𝐻 (m3) (Based on average Q-Flex LNG Ship) 180,000 

Nominal pressure (bar) 1 

Min pressure (bar) 1 

𝑠𝑉 (kn) ) (Based on average Q-Flex LNG Ship) 20 

 𝑠𝑉 (m/s) ) (Based on average Q-Flex LNG Ship) 10.29 

𝑃𝑜𝑤𝑒𝑟𝑛𝑜𝑚 (sailing) (MW) (Faizal & Holmlund-Sund, 2015; Propulsion Trends in 

LNG Carriers Two-stroke Engines, 2013; Sinha & Nik, s. f.) 
35 

𝑃𝑜𝑤𝑒𝑟𝑛𝑜𝑚 (Loading and offloading) (MW) 2 

Power plant efficiency  𝜂𝐹𝐶 (based on LHVH2) (Stolten et al., 2016) 0.55 
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𝑡𝐿𝑆 (s) (Provisioned) 3,600 

�̇�𝐿  (m3/h) [based on (Enagas, 2021)] 12,000 

�̇�𝑂𝐿 (m3/h) [based on (Enagas, 2021)] 12,000 

 

3.2. Multicriteria analysis of electrolysis technologies for hydrogen 

production from seawater 

3.2.1. Introduction 

The purpose of this section is to define a method to assess which is the best electrolysis technology 

in a marine renewable context as performed in (d’Amore-Domenech et al., 2020) under social, 

environmental, and economic perspectives. However, multicriteria analyses, such as the intended 

one, are inherently complex. One possible approach to simplify the problem would be to use 

conversion factors to harmonize all the different criteria under a single one. For instance, 

monetary conversion factors can be used to convert social and environmental aspects into 

economic ones. Nevertheless, this is not always possible since it is difficult to define accurately 

such conversion factors. The other approach, which is more indicated for problems that underly 

more uncertainty, uses Multicriteria Decision-Making (MCDM) methods. MCDM methods are 

widely used in a multitude of contexts (Baudry et al., 2018). When applying MCDM methods, 

the final decision depends on the overall rating of the alternatives. There are a number of MCDM 

methods. The ranking of alternatives is not necessarily kept regardless of the MCDM method 

used (Mousavi-Nasab & Sotoudeh-Anvari, 2018). For this reason, it is advisable to use different 

MCDM methods to check that the final ranking is consistent (Mousavi-Nasab & Sotoudeh-

Anvari, 2018; Mulliner et al., 2016; Wang et al., 2016). In this analysis, five different MCDM 

methods ensure complete consistency of the final ranking. Such methods are: Analytic Hierarchy 

Process (AHP), Choosing By Advantages (CBA), Simple Additive Weighting (SAW), Complex 

Proportional Assessment (COPRAS), and Technique for Order of Preference by Similarity to 

Ideal Solution (TOPSIS).      

AHP is one of the most frequent MCDM methods used in engineering (Moreno-Jiménez & 

Vargas, 2018; Santiago et al., 2019). Its main strength is that it checks the consistency of the 

priority assignment mathematically. Nevertheless, the priority assignment requires the engaged 

participation of experts or decision-makers. One problem that may arise in AHP is that if the 

stakeholders involved in the decision-making give high importance to converging factors among 

the alternatives, the overall rating will be similar for all, rendering a ranking of alternatives with 

a very narrow distinction. The ranking of alternatives could change in a second iteration if the 

high-importance converging factors are removed after conducting a first AHP analysis. This 
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phenomenon is independent of the consistency check since it can occur regardless of its result 

(Arroyo et al., 2015). This argument reinforces the need for other complementary MCDM 

methods. For instance, the CBA is unaffected by the problem described for AHP, although it lacks 

prioritization checks  (Arroyo et al., 2015). CBA serves as an additional tool to check the 

differentiation consistency. The remaining methods: SAW, COPRAS, and TOPSIS, use values 

from the decision matrix and are entirely analytical. This reduces the biases introduced by the 

decision maker in other methods, such as AHP (Santiago et al., 2019).  

All the methods have a similar analysis structure, but they differ in the normalization process 

made after the decision matrix. SAW is widely used due to its simplicity. In such a method, the 

candidates are ranked as a function of the weighted sum of the criteria. TOPSIS and COPRAS 

are more complex but also extensively applied to decision-making problems. While TOPSIS 

measures the Euclidean distance to the ideal and the worse solutions to rank the alternatives, the 

options are ordered according to their similarity to the ideal solution in COPRAS.  

The combination of the five methods will provide a reliable and consistent ranking on the most 

appropriate electrolysis technology to the production of green hydrogen offshore. 

In any decision-making problem there is a set of initial steps, common to all the proposed MCDM 

methods: 

1. Identification of alternatives. 

2. Definition of all the characteristics that could influence the decision-making (the factors). 

3. Definition of the criteria for each factor, that is, how each factor is assessed. 

4. Confection of the decision matrix by describing the attributes that correspond to each 

criterion for all alternatives. 

After those common steps, each MCDM method presents its own particularities. 

AHP is a structured method. First, a pairwise comparison of the alternatives is done for each 

criterion. With this, a comparison matrix is obtained for each criterion (Santiago et al., 2019). The 

way such comparisons are made is by expressing a numerical preference for one alternative over 

another. The preference is assigned with odd numbers, being 1 – indifferent; 3 – mild preference; 

5 – strong preference, and 7 – very strong preference. The reversed preference is indicated by 

using the inverse of those same numbers. It is also possible to add more degrees of preference, if 

deemed necessary. At the time of assigning preference values, there is always a subjective 

component. However, such a subjective component usually tends to get diluted. Another problem 

that may arise regardless of the subjectivity is that the prioritization can have inconsistencies, for 

instance, A>B and B>C with C>A. In this sense, the AHP method can check its prioritization 

consistency by calculating the consistency ratio 𝐶𝑅 with the following expression: 
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𝐶𝑅 =
𝐶𝐼

𝑐𝑜𝑚𝑝𝑎𝑟𝑎𝑡𝑖𝑣𝑒 𝑣𝑎𝑙𝑢𝑒
 

(69)   

 

There 𝐶𝐼 represents the consistency index, which is calculated with: 

𝐶𝐼 =
𝑚𝑎𝑖𝑛 𝑒𝑖𝑔𝑒𝑛𝑣𝑎𝑙𝑢𝑒 − 𝑠𝑖𝑧𝑒 𝑜𝑓 𝑚𝑎𝑡𝑟𝑖𝑥

𝑠𝑖𝑧𝑒 𝑜𝑓 𝑚𝑎𝑡𝑟𝑖𝑥 − 1
 

(70)  

 

The 𝑐𝑜𝑚𝑝𝑎𝑟𝑎𝑡𝑖𝑣𝑒 𝑣𝑎𝑙𝑢𝑒 in Eq.  (69) is a function of the size of the matrix (Alonso & Lamata, 

2006). If 𝐶𝑅<0.1, the overall prioritization in the matrix is deemed consistent (Saaty, 2013). In 

any case, the prioritization consistency can be verified directly from the maximum allowable 

eigenvalue that can be calculated through the previous inequation  (Alonso & Lamata, 2006). 

CBA is an MCDM method based on the collaboration of different stakeholders that relies on the 

relative advantages between alternatives (Suhr, 1999), disregarding disadvantages and criteria 

with converging results. The following steps summarize the process of CBA: 

1. Definition of the advantages of each alternative. 

2. Definition of the importance of the advantages (IoA), and this value is decided according 

to the sentiment of the stakeholders. 

3. Assessment of the cost of each IoA. 

The other methods, SAW, COPRAS, and TOPSIS, perform the point assignment on the decision 

matrix (Santiago et al., 2019). Such a decision matrix is normalized in a specific manner 

depending on the method. SAW scores the alternatives by multiplying the normalized matrix by 

the weight vector, S. COPRAS, weighs the significance of each criterion, then the benefit and cost 

criteria are summed separately to calculate the relative score of each alternative:  

𝑄𝑖 = 𝑏𝑒𝑛𝑒𝑓𝑖𝑐𝑖𝑎𝑙 𝑐𝑟𝑖𝑡𝑒𝑟𝑖𝑎𝑖 +
∑ 𝑐𝑜𝑠𝑡 𝑐𝑟𝑖𝑡𝑒𝑟𝑖𝑎𝑖

𝑚
𝑖=1

𝑐𝑜𝑠𝑡 𝑐𝑟𝑖𝑡𝑒𝑟𝑖𝑎𝑖  ∑
1

𝑐𝑜𝑠𝑡 𝑐𝑟𝑖𝑡𝑒𝑟𝑖𝑎𝑖

𝑚
𝑖=1

 
(71)   

   

There the subscript 𝑖 stands for each alternatve. 

The TOPSIS method, calculates the score of each alternative by measuring the Euclidean distance 

of each alternative to the ideal and worst solution, after normalizing the decision matrix. The score 

according to TOPSIS is calculated with:  

𝐶𝐶 = 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑤𝑜𝑟𝑠𝑒 (𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑤𝑜𝑟𝑠𝑒 + 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑖𝑑𝑒𝑎𝑙)⁄  (72)   
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3.2.2. Identification of alternatives 

Electrolysis technologies are frequently categorized in the literature regarding the electrolyte they 

use. The list of most common technologies capable of performing electrolysis at sea is the 

following (D’Amore-Domenech & Leo, 2019; Meier, 2014): 

• Direct Electrolysis of Seawater (DES). 

• Alkaline Electrolysis (AE). 

• Proton Exchange Membrane Electrolysis (PEME). 

• Solid Oxide Electrolysis (SOE). 

Figure 3.8 outlines a simplified flow chart of the electrolysis technologies able to produce 

hydrogen in a marine environment. It can be seen that each technology has different inputs, 

outputs and operating temperature range. 

 

Figure 3.8- Block diagram of different electrolysis technologies applied to a marine context. DES: 

Direct Electrolysis of Seawater; AE: Alkaline Electrolysis; PEME: Proton Exchange Membrane 

Electrolysis; SOE: Solid Oxide Electrolysis. 

Direct electrolysis of seawater (DES):  

The reactions that typically take place in the direct electrolysis of seawater electrolysis cell are 

the following: 

Anode:         2 Cl−(aq. ) → Cl2(g) + 2 e− 
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Cathode:      2 H2O(l) + 2 e− → H2(g) + 2 OH−(aq. ) 

Overall:        2 NaCl (aq. ) + 2 H2O(l) → Cl2(g) + H2(g) + 2 NaOH(aq. ) 

In this electrolysis cell, the seawater is the electrolyte itself, which is also the feed (Abdel-Aal 

et al., 2010). The electrolysis mechanism of DES are well known in the industry through the chlor-

alkali process (O’Brien et al., 2007), where the production of Cl2(g) is pursued along with caustic 

NaOH(aq. ), whereas the H2(g) is regarded as a byproduct (Guandalini et al., 2017). Currently, 

there are no commercial DES electrolyzers. Thus single electrolysis cell potential and typical 

current densities are unknown. However, the typical single-cell electrolysis potentials for the 

chlor-alkali process, which uses brine with higher ion conductivity than seawater, feature cell 

voltages around 4.0 V. In this sense, it is expected that seawater potentials would be higher to 

maintain similar current densities to those of chlor-alkali. Laboratory tests conducted with 

commercial saline swimming pool chlorinators and seawater at 20 °C show that current densities 

of DES at 4.0 V are in the range of 10 mA/cm2. To keep the electrolysis reaction efficient with 

long lasting electrodes, they are made with titanium coated with Pt , Ir and Ru as catalysts making 

them expensive. Typical saline swimming pool chlorinators made of the same materials typically 

feature a lifespan of about 10,000 h (Khouzam, 2008; J. Zhao et al., 2017). Nevertheless, the 

presence of Mg2+(aq. ) or Ca2+(aq. ) in feed seawater foreseeably will produce scaling in the 

cathode, drastically affecting its performance. An estimation through linear extrapolation based 

on commercial saline swimming pool chlorinators, indicates that the cost range of DES 

technology would be over 6,000 $/kW (Zodiac-Poolcare, 2019).  O&M can be estimated through 

the electricity price and the component replacement rate, which is once every 7 years (Khouzam, 

2008; J. Zhao et al., 2017). As a result, an O&M cost of 4%-5% of the investment cost per year 

is foreseen (Zodiac-Poolcare, 2019). 

Alkaline electrolysis (AE):  

The reactions that take place inside an AE cell are the following: 

Anode:         2 OH−(aq. ) →
1

2
 O2(g) + H2O(l) + 2 e− 

Cathode:      2 H2O(l) + 2 e− → H2(g) + 2 OH−(aq. ) 

Overall:        H2O(l) →
1

2
 O2(g) + H2(g)  

In this case, liquid water is the feed, and the electrolyte is a concentrated caustic, often NaOH or 

KOH, being more frequent the second, as it features a higher specific conductivity than the first 

(de Fátima Palhares et al., 2018). AE is the most mature electrolysis method for land-based 

hydrogen production (d’Amore-Domenech & Leo, 2017). The electrolyzers relying on these 

technologies typically operate between 60 °C and 90 °C. Although they need a separator to 
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prevent the produced gases at the anode and the cathode from mixing, their design is simple. The 

separator can get clogged due to impurities present in input water. As a result of such impurities 

the electrolyte gets fouled and loses ion conductivity. Therefore, periodic renewals of the 

electrolyte are needed. The fact that periodic electrolyte renewals are required makes AE 

technology less convenient at sea (Meier, 2014). AE usually features pressurized operation, 

normally around 30 bar. This produces energy savings in subsequent compression stages 

(Allebrod et al., 2013). AE single voltage cells are often found between 1.7 V and 1.8 V at current 

densities ranging from 100 mA/cm2 to 300 mA/cm2. The economic reasons make this technology 

the most extended for onshore stationary applications. The prediction cost band for this 

technology ranges from 500 to 1,000 €/kW for the following years. Reasons that make this 

technology cheap are the inexpensive electrodes and catalysts, based mainly on stainless steel and 

Nickel  (Saba et al., 2018). With proper maintenance, the electrolysis units can reach 100,000 h 

(Buttler & Spliethoff, 2018). Regarding how quickly it adapts to sudden power changes, it takes 

about seconds to reach a new steady-state (O. Schmidt et al., 2017). Nevertheless, if the power 

change is too sudden, a soda-like effect can happen, where the gases sweep part of the electrolyte 

(Godula-Jopek, 2015). These effects can be dampened by pairing the electrolyzer to energy 

buffers such as supercapacitors. Regarding operation and maintenance costs, they are in the 2%-

6% of the investment cost per year band (Buttler & Spliethoff, 2018). 

Proton Exchange Membrane electrolysis (PEME) 

The reactions that occur inside a PEME are the following: 

Anode:         H2O(l) →
1

2
 O2(g) + 2 H+(aq. ) + 2 e− 

Cathode:      2 H+(aq. )  + 2 e− → H2(g) 

Overall:        H2O(l) →
1

2
 O2(g) + H2(g) 

Comparable to the previous case, PEME uses liquid water as input. PEME uses a solid polymer 

with a high proton conductivity as an electrolyte (Buttler & Spliethoff, 2018). As a result, it is 

highly modular and compact, as the solid polymer allows using a zero-gap architecture. Such a 

concept is possible through the Membrane-Electrode Assembly (MEA), a single piece that unites 

both electrodes and the membrane in a three-layer sandwich. To ensure a homogeneous contact 

for even current distribution, the machining of the bipolar plates must be made with very low 

tolerances, making the manufacturing expensive. In PEME, materials are expensive as well; as a 

result, the cost prediction bands place prices between 600 €/kW and 1,300 €/kW (Buttler & 

Spliethoff, 2018). Regarding maintenance, the electrolysis stack is maintenance free throughout 

its lifespan, which does not apply to the BOP components. PEME is very sensitive to impurities 
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in feed water, thus, water treatment is required to produce ultra-pure water. Failing to produce 

such pure water could lead to irreversible damage. For instance, the presence of Mg2+(aq. ) and 

Ca2+(aq. )  can lead to the precipitation of Mg(OH)2(s) and Ca(OH)2(s) in the cathodic side of 

MEA which produce irreversible blistering in the MEA. As a result of the BOP, the O&M costs 

are in the range of 3%-5% of the investment cost per year (Buttler & Spliethoff, 2018). The 

lifespan of a well-maintained PEME system can go up to 100,000 h (Buttler & Spliethoff, 2018). 

However, it presents a slightly higher degradation rate than AE, meaning that by the end of life, 

PEME will have a lower efficiency than AE. PEME can feature pressurized operation, often at 30 

bar, which saves energy in subsequent compression stages of the produced hydrogen. Their 

current densities for single cell voltages from 1.7 V to 1.8 V are around 1,000 mA/cm2 in a 

temperature range from 60 °C to 80 °C.  

Solid Oxide electrolysis (SOE):  

The reactions that occur inside a SOE are the following: 

Anode:         O2−(g) →
1

2
 O2(g) + 2 e− 

Cathode:      H2O(g)  + 2 e− → H2(g) + O2−(g) 

Overall:         H2O(g) →
1

2
 O2(g) + H2(g) 

Contrary to the previous cases, SOE uses superheated steam as an input. The electrolyte is a 

ceramic membrane that features high conductivity of O2- ions at temperatures ranging from 700 

°C to 1,000 °C (AlZahrani & Dincer, 2018). SOE typically performs at 1.3 V with current 

densities around 1,000 mA/cm2. The reported durability of SOE systems can surpass 10,000 h in 

continuous operation (J Schefold et al., 2011; Josef Schefold et al., 2015), although they are 

sensitive to thermal cycling. To mitigate this effect, cooldown and warm-up ramps are to be 

performed very slowly. Failing to do that may lead to the appearance of cracks in the components 

due to thermal fatigue. In this technology, output hydrogen is accompanied by superheated steam, 

both at very high temperatures, making the hydrogen separation more complex and sophisticated, 

which translates into higher investment and O&M costs. The main drawback of SOE in marine 

environments lies in the slight chance of finding a heat source of high temperature to keep the 

SOE device at operating temperature at all times. Not keeping the device permanently at operating 

temperature affects the durability and the plant dynamics, which are slow from baseline. 

Prediction bands for the investment costs are unavailable due to the pre-commercial status of SOE 

technology, although they will probably be above 2,000 €/kW. For similar reasons, current 

estimations of O&M costs are unavailable but likely to be equal or higher than those of PEME 
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and AE, as the homologous BOP components will be subjected to more demanding conditions 

(Buttler & Spliethoff, 2018).  

3.2.3. Definition of factors and criteria 

The decision-making is governed by economic, environmental, and social factors (Acar et al., 

2018; Turner, 2004). 

Criteria of the economic factor shall define costs directly related to the investment cost and their 

O&M costs. Since commercial information on costs directly associated with the electrolysis with 

marine water is not publicly available, additional criteria are used to add additional information 

on O&M costs when applied to a marine renewable environment. Such additional criteria include 

nominal lifetime, resistance to impurities in the feed water, specific energy for hydrogen 

production at sea, and swiftness of response to sudden power changes. Nominal lifetime offers 

limited information in marine applications: Nominal lifetime provides accurate information when 

operating at nominal conditions; however, purified water sourcing from seawater is likely to have 

a higher impurity content than nominal water. This will cause the lifetime of the electrolysis unit 

to deviate from the nominal lifetime. For this reason, resistance to impurities has been added as a 

complementary criterion. Due to the complementary nature, the combined weight of nominal 

lifetime and resistance to impurities will have a heavier weight than a single criterion defining 

lifetime in marine conditions. This could affect the results of the multicriteria analysis, potentially 

benefiting the overall scores of electrolysis technologies that feature long nominal lifetimes and 

good behavior towards impurities in feed water. Nevertheless, there is not enough information 

available in the literature about the lifetime of electrolysis units in marine conditions.  

Criteria of the environmental factor must aim at aspects that could alter the environment in any 

manner. Without a detailed environmental impact analysis, it is almost impossible to define a set 

of specific, measurable criteria. Luckily MCDM methods allow for qualitative comparisons, and 

the chosen criterion is the risk of environmental impact. Such criterion will consider the likeliness 

and the intensity of any event that could harm the environment during the life cycle of each 

technology, including the end of life. It is worth noting that this analysis assumes that the 

electrolysis plant will run on renewable energies. Therefore, energy consumption would not have 

adverse effects on the environment. Nevertheless, the criteria related to the nominal lifetime could 

have interactions with the environmental factor. This is because an electrolysis unit could 

potentially damage the environment at the end of life. Therefore, an increase in the lifetime could 

imply an indirect benefit to the environment. 

Criteria appertaining to the social factor must evaluate the risk of harm or injury inflicted on 

workers. Again, this criterion is assessed by qualitative comparison. As it happened with the 
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environmental factor, the retirement of an electrolysis unit at the end of life could be harmful to 

the workers conducting this task. Therefore, an increase in the lifetime could imply an indirect 

social benefit. 

For simplification, every criterion involved in the decision-making is assigned a short alias. The 

criteria with their aliases are listed in Table 3.18. The weighting has been done to prioritize criteria 

in the decision-making to reduce potential draws in the final ranking. Such weights have been 

obtained by applying the AHP method to the criteria, keeping in mind the marine green-specific 

context.  

Table 3.18-Summary of criteria with weights. 

Criteria Alias Weight (%) Norms 

Investment cost Investment 4.05 Cheaper is better 

Operation and Maintenance 

cost 
Maintenance 5.14 Cheaper is better 

Nominal lifetime Lifetime 19.21 Longer is better 

Resistance to impurities Resilience 15.98 More is better 

Specific energy for 

Hydrogen production at sea 
Energy 8.03 Less is better 

Swiftness of response to 

Sudden power changes 
Dynamics 6.01 Faster is better 

Risk of environmental 

impact 
Environment 20.79 

Lower 

risk/degree of 

impact is better 

Risk of harm or injury Hazard 20.79 
Less hazardous is 

better 

 

Table 3.19 shows the pairwise comparisons that lead to the weighting shown in Table 3.18. The 

pairwise comparisons have been made by consensus from the authors of the corresponding journal 

article, considering the specific application of producing green hydrogen sustainably in marine 

environments (d’Amore-Domenech et al., 2020).  

The main eigenvalue of the matrix in Table 3.19 is 8.5826. It can be verified that it does not 

surpass the consistency limit eigenvalue of 8.9806 for size 8 matrices set by (Alonso & Lamata, 

2006). As a result, the prioritization is consistent. The weights displayed in Table 3.18 are 

calculated by normalizing the eigenvector corresponding to the main eigenvalue of Table 3.19 

with the sum of its terms. 
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Table 3.19-Prioritization of factors using the AHP method. 
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Investment 1     1      1/5  1/5  1/3  1/3  1/3  1/3 

Maintenance 1     1      1/5  1/5 1     1      1/3  1/3 

Lifetime 5     5     1     1     3     3     1     1     

Resilience 5     5     1     1     3     3      1/3  1/3 

Energy 3     1      1/3  1/3 1     3      1/3  1/3 

Dynamics 3     1      1/3  1/3  1/3 1      1/3  1/3 

Environment 3     3     1     3     3     3     1     1     

Hazard 3     3     1     3     3     3     1     1     

 

How those weights are obtained through the AHP method is explained by the following example: 

• In the intersection between Maintenance row and Resilience column in Table 3.19, a 

value of 1/5 can be found. This means that there is a strong preference for Resilience over 

Maintenance.  

• In the reverse comparison, the reverse preference is found at the intersection between 

Maintenance row and Resilience column, which is the inverse value, namely, 5. This 

comparison is repeated with all rows and columns.  

In the matrix of Table 3.19 an indifferent preference has been assigned between lifetime and 

hazard; and between lifetime and environment. Although other preferences could be assigned for 

the same context, the authors from (d’Amore-Domenech et al., 2020) considered lifetime to be of 

similar importance in both pairwise comparisons. This is because lifetime could have 

environmental and social implications as explained earlier. 

3.3. Alkaline Electrolysis under marine conditions 

3.3.1. Introduction 

One factor that most affects the quality of distilled water is the concentration of the different 

dissolved species in seawater. As seen earlier, in alkaline electrolysis, the presence of impurities 

fouls and deteriorates the electrolyte, affecting its performance. The main driver that determines 

when to renew the electrolyte is economical. As a result, the moment when the electrolyte must 

be replaced will depend on: 
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• Electricity cost: energy losses sourcing from an inefficient electrolyte will imply 

monetary losses, which will be more significant for higher electricity prices. 

• Electrolyte cost:  the complete electrolyte replacement will have a cost that could depend 

mainly on market trends and geographical location. 

The merit function to be minimized is the associated cost to the electrolyte management 𝐶𝐸𝑀. A 

simple model that represents such merit function is: 

𝐶𝐸𝑀 = 𝐶𝐸𝐿𝐸𝐷 + 𝐶𝐸𝑅 (73)   

where 𝐶𝐸𝐿𝐸𝐷 is the cost sourcing from the induced energy losses by the electrolyte degradation 

throughout the lifespan of the electrolysis unit, and 𝐶𝐸𝑅 represents the cost of the electrolyte 

renewals during the life of the electrolyzer. 

𝐶𝐸𝐿𝐸𝐷 can be estimated by the following function: 

𝐶𝐸𝐿𝐸𝐷 = 𝑐𝐸 · 𝐸𝐸𝐿𝐸𝐷 · 𝑁𝑅 (74)   

where 𝐸𝐸𝐿𝐸𝐷 stands from the induced energy losses due to electrolyte degradation; and 𝑁𝑅 is the 

number of electrolyte renewals during the life of the electrolysis unit. 𝐸𝐸𝐿𝐸𝐷can be calculated 

with: 

𝐸𝐸𝐿𝐸𝐷 = ∫ �̇�𝐸𝐿𝐸𝐷
𝑁𝑅 (𝑡)𝑑𝑡

𝑇𝐸𝑅

0

 
(75)   

being �̇�𝐸𝐿𝐸𝐷
𝑁𝑅 (𝑡) the induced power losses due to electrolyte degradation as a function of time. 𝑁𝑅 

in Eq. (74) can be obtained through: 

𝑁𝑅 =
𝑡𝐿
𝑇𝐸𝑅

 
(76)   

where 𝑇𝐸𝑅 is the period between electrolyte renewals. 𝐶𝐸𝑅 in Eq. (74) can be estimated by the 

following function: 

𝐶𝐸𝑅 = 𝑐𝐸𝑅
𝑁𝑅 · 𝑁𝑅  (77)   

Where 𝑐𝐸𝑅
𝑁𝑅  is the cost of renewing the electrolyte. As a result, after substituting Eqs. (74)-(77) in 

Eq. (73), 𝐶𝐸𝑀 is: 

𝐶𝐸𝑀 = (𝑐𝐸 ∫ �̇�𝐸𝐿𝐸𝐷
𝑁𝑅 (𝑡)𝑑𝑡

𝑇𝐸𝑅

0

+ 𝑐𝐸𝑅
𝑁𝑅)

𝑡𝐿𝐶

𝑇𝐸𝑅
 

(78)   

Regarding the minimization of 𝐶𝐸𝑀, all the variables depend on external factors; thus they are 

prefixed, except for 𝑇𝐸𝑅, which is the only variable that can be internally adjusted. Therefore, it 

will be a function easy to optimize. However, �̇�𝐸𝐿𝐸𝐷
𝑁𝑅 (𝑡) has to be obtained first.   
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The purpose of this Section is to determine 𝑇𝐸𝑅 of the alkaline electrolyte of an AE system 

operating with distilled water sourcing from seawater. To that end, the electrolyte degradation 

rate operating under such conditions must be obtained. Such degradation will progress as 

impurities from feed water accumulate in the electrolyte. The quality of distilled water will depend 

on the ion concentration in seawater, which varies from one place to other and throughout time. 

On site and real-time chemical characterization of seawater is very hard to perform (O’Brien et al., 

2007). For this reason, it can be assumed that salinity pivots around a constant value (d’Amore-

Domenech et al., 2018), from which process calculations can be performed. The following 

subsections will describe all the methods employed including the collection of seawater, the water 

distillation, and the electrolyte degradation tests that lead to the obtention of the time-dependent 

function of �̇�𝐸𝐿𝐸𝐷
𝑁𝑅 (𝑡). 

There are many possible ways to obtain electrolyte degradation at sea in a laboratory with similar 

accuracies. One extreme would be to replicate the exact actual industrial processes in a laboratory 

scale, by replicating the exact processes under the exact same conditions. The other extreme 

would be to design simplified processes based on the same principles that govern actual industrial 

processes. The first approach would be less practical as it would be costlier and more time-

consuming regarding tuning and adjustment of scale machinery. For this reason, the second 

approach is chosen. 

3.3.2. Obtention of seawater 

Earlier it has been said that ion concentration in seawater heavily depends on location and time. 

The chosen location is the Santa Pola Bay region, on the southeastern coast of Spain. Due to 

logistic constraints, the seawater is collected in different periods, in amounts of about 30 L. This 

way, the variability of ion concentration is only affected by time.  

Industrial processes do not constantly analyze ion content in water as that would be extremely 

difficult and costly (O’Brien et al., 2007). Instead, industrial processes assume a reference 

seawater ion concentration from which ion concentration pivots through time to solve the 

appointed issue. Similarly, this work assumes that the seawater ion concentration pivots around a 

fixed value (Millero et al., 2008), and will analyze one random sample of seawater to compare it 

with standard seawater. 
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Figure 3.9-Location of the Santa Pola Bay, the source of the collected seawater in different 

undetermined time intervals, to produce hydrogen and other throughputs from it in the laboratory 

in Madrid. 

The seawater collection is performed using seawater-rinsed PET plastic bottles that previously 

contained mineral water.  

The seawater is collected from the shore, out from enclosed masses of water and channels, in a 

zone where the seabed is around 2 m deep. Bottles are filled close to the seawater surface to 

minimize undesired debris collection. Figure 3.10 shows the exact location where the seawater is 

collected: The outer side of the breakwater of the entrance channel to the Marina de las Dunas 

Harbor in Guardamar del Segura. 

Santa Pola Bay
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Figure 3.10-Outer side of the entrance channel to the Marina de las Dunas Harbor in Guardamar 

del Segura. The location where the seawater is collected. 

3.3.3. Distillation column, the process of distillation and brine production 

In a previous Section, different single-stage distillation mechanisms have been discussed. There, 

vapor recompression was the chosen distillation method for an actual plant due to energetic 

reasons. However, given that energy savings are not a priority in a laboratory context, it is more 

practical to use thermal distillation at ambient pressure since the output water quality will be like 

that of vapor recompression while being much simpler, more reliable, and less likely to fail. The 

layout of the single-stage distillation column for the laboratory can be seen in Figure 3.11. The 

high-temperature heat source is the heater stirrer, which produces ebullition of the saltwater. The 

low-temperature heat source is the heat exchanger, wherein a stream of tap water cools the jacket. 

The steam produced by the heater stirrer is condensed, and by gravity, falls into the beaker where 

it accumulates. When seawater boils, bursting steam bubbles can project saltwater in every 

direction, including the vertical, risking contaminating the distilled water in the beaker. In this 

sense, a 2 L volumetric flask was chosen for its long neck, which acts as a natural trap for liquid 

projections during ebullition, returning any projected saltwater to the bottom of the flask. 

Optimum performance of the volumetric flask for water distillation has been observed when it 

approximately contains between 0.7 L and 1.4 L of liquid volume, as there is enough liquid to 

keep in suspension the precipitated solids while preventing excessive vertical excursion of the 

boiling saltwater. Since the liquid volume has to be maintained, a continuous seawater feeding 
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system has been devised. The distillation column has an orifice with an elastomeric seal normally 

meant for placing bulb thermometers to check the distillation temperature. Instead, a pipette is 

inserted through that orifice to introduce seawater into the 2 L volumetric flask. Such a pipette is 

coupled to a glass funnel using a small sleeve of silicone to keep the joint watertight. As raw 

seawater might contain debris, a funnel-shaped filter paper is placed as an interface between the 

raw seawater and the funnel. Since seawater takes some time to filter, if an open flask containing 

water is placed in reversed position in the filer paper funnel, it will release seawater only when 

the seawater level in the funnel is lower than the mouth of the flask. This simple yet effective 

system reduces human intervention in the process. A utility clamp is used to hold the volumetric 

flask containing seawater in inversed position. To avoid water spilling in the flask inversion 

process, the 1 L volumetric flask containing seawater is fitted with a short silicone hose with a 

clamp that is closed during the inversion opened once the flask is in position.  

 



Chapter 3: Methods 

100 

 

 

Figure 3.11-Layout of the distillation column used to produce distilled water and brine from 

seawater. 

The logging process registers the following data in each entry of the distillation logbook: date and 

time, incremental and accumulated volume of seawater introduced in the system, mass, and 

salinity of distilled water.  

Before starting the distillation, it is ensured that all the glassware that is going to be employed, 

including the heat exchanger, is clean and dry. Then, the process begins by placing a new clean 

filter paper funnel in the glass funnel. Next, a 1 L volumetric flask is filled with seawater, and it 

is capped with a clamped silicone hose. The 1 L volumetric flask is then turned over and placed, 

and fastened in position as shown in Figure 3.11. Once that it is checked that the free end of the 
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silicone hose is inside the filter paper funnel, the hose clamp is released, starting the seawater 

filtration. At this point, an entry is added to the distillation logbook. Next, the distillation process 

begins by turning on the heater stirrer at 100% power and at 120 rpm on an almost empty 2 L 

volumetric flask and by slightly opening the water tap that condenses the steam in the heat 

exchanger. By 30 minutes of elapsed time, the ebullition should have started. In that moment, the 

temperature of the tap water at the heat exchanger outlet is checked. The temperature should be 

40±3 °C; if it is lower, the flow has to be slightly more restricted at the water tap to avoid excessive 

water consumption; if it is higher, the water tap has to be more open to prevent evaporating the 

distilled water due to high temperature. After applying the appropriate adjustments, 5 minutes 

must elapse to see if the cooling water flow requires further adjustment. If affirmative, the tap 

water adjustment process is repeated. One hour from the inception of the ebullition, the beaker 

should contain near 300 g of distilled water, while the 1 L volumetric flask should be empty. At 

that time, the salinity of the distilled water is measured with a total-dissolved-solids (TDS) meter, 

which should not exceed a value of 15 ppm. If higher, the distilled water must be discarded. 

Then, the 1 L volumetric flask is refilled with seawater and placed in position, and if the filter 

paper funnel is fouled it is replaced. Consecutively, a new entry is added in the distillation 

logbook. The distillation rate is of 1 L every 3 h of this distillation column at the 96 kPa of pressure 

of Madrid (Sapin), in this sense, every 3 h, the 1 L flask is refilled and replaced along with the 

paper filter funnel if fouled. Accordingly, a new entry is added to the distillation logbook. This 

process is repeated until the accumulated volume of seawater in the logbook reaches 10 L, the 

moment when the distillation column is turned off. In the meantime, every time the beaker gets 

full, the distilled water is transferred to a clean PET container for its storage. As the brine in the 

2 L volumetric flask concentrates, it is expected that some solids will start to precipitate, 

presumably CaSO4 and CaCO3, potentially leading to scaling. Scaling in the bottom of the flask 

can lead to inhomogeneous temperature distribution, potentially resulting in the appearance of 

cracks. To avoid this, the stirrer can be speeded up to higher RPM. When the brine in the 2 L 

volumetric flask results from the concentration of 10 L of seawater, the brine is filtered and stored 

for later use. The distilled water in the beaker is stored in a container, and every glassware in the 

distillation column is washed thoroughly with Mucasol®, then rinsed with ultra-pure water and 

air-dried upside down. If the 2 L flask appears to be foggy, it can be due to CaCO3 accumulation, 

which can be removed by rinsing it with acidic water. 
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Table 3.20-Materials used in the distillation process. 

Item Manufacturer 
Range of 

measurement 
Accuracy 

Volumetric Flask POBEL 2000 mL ±0.50 mL 

Volumetric Flask POBEL 1000 mL ±0.30 mL 

Scale A&D 0-6000 g ±1 g 

Heater Stirrer 

AGIMATIC-E 
J.P. Selecta - - 

 

 

3.3.4. Simulation of long-term operation of alkaline electrolysis stack: electrolyte 

degradation 

Earlier, in chapter 3.2. the water electrolysis reaction inside an alkaline electrolysis unit was 

shown. To sustain the hydrogen production, water must be supplied. Depending on the quality of 

such water, some impurities will be introduced into the electrolyte. In this sense, there is a direct 

relationship between the rate of accumulation of salts (impurities) in the electrolyte and the mass 

flow rate of supplied water that obeys the following equation: 

�̇�𝑠𝑎𝑙𝑡𝑠 = �̇�𝐻2𝑂 · 𝑇𝐷𝑆 (79)   

Waters with lower quality have higher 𝑇𝐷𝑆 values. 

The theoretical consumption and production rates of the different species inside a stack of  𝑁𝑐𝑒𝑙𝑙𝑠 

are the following: 

�̇�𝐻2𝑂 =
𝑗 · 𝐴

2 · 𝐹
· 𝑁𝑐𝑒𝑙𝑙𝑠 · 𝑀𝐻2𝑂 

(80)  

�̇�𝐻2
=

𝑗 · 𝐴

2 · 𝐹
· 𝑁𝑐𝑒𝑙𝑙𝑠 · 𝑀𝐻2

 
(81)  

�̇�𝑂2
=

𝑗 · 𝐴

4 · 𝐹
· 𝑁𝑐𝑒𝑙𝑙𝑠 · 𝑀𝑂2

 
(82)  

Therefore, by substituting Eq. (80) in Eq. (79) the accumulation rate of salts remains: 

�̇�𝑠𝑎𝑙𝑡𝑠 =
𝑗 · 𝐴

2 · 𝐹
· 𝑁𝑐𝑒𝑙𝑙𝑠 · 𝑀𝐻2𝑂 · 𝑇𝐷𝑆 

(83)   

Without considering that the different constituents of the salts present in feed water will have 

different effects on the electrolyte, a lump sum approach foresees that once the concentration of 

salts in the electrolyte reaches a threshold value 𝜌𝐸𝑅, the performance will be sufficiently low to 



Chapter 3: Methods 

103 

 

justify an electrolyte substitution. If that threshold concentration 𝐶𝑂𝑁𝐶𝐸𝑅 is known, then, the 

period for the electrolyte renewal 𝑇𝐸𝑅 can be estimated as follows: 

𝑇𝐸𝑅 =
∇𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒 · 𝐶𝑂𝑁𝐶𝐸𝑅

�̇�𝑠𝑎𝑙𝑡𝑠
 

(84)   

Where 𝑉𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒 is the liquid volume of the electrolyte. Therefore: 

𝑇𝐸𝑅 =
∇𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒 · 𝐶𝑂𝑁𝐶𝐸𝑅

𝑗 · 𝐴
2 · 𝐹 · 𝑁𝑐𝑒𝑙𝑙𝑠 · 𝑀𝐻2𝑂 · 𝑇𝐷𝑆

 
(85)   

The active area 𝐴, varies from one electrolyzer to another. The volume of the electrolyte 

∇𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒 in commercial electrolysis units depends on the electrolyte reservoir size, the active 

area 𝐴, the number of cells 𝑁𝑐𝑒𝑙𝑙𝑠 and the separation between electrodes. In chapter 3.2.2. it has 

been said that state-of-the-art alkaline electrolysis units operate in a range between 100 mA/cm2 

and 300 mA/cm2. As it can be seen, many parameters can affect the 𝑇𝐸𝑅, which could vary 

between commercial electrolysis units.  

To reproduce the long-term performance behavior of an alkaline electrolysis unit operating with 

distilled water sourcing from seawater, the setup shown in Figure 3.12 is used. Such a setup has 

the following features: 

• Electrolysis stack of 2 cells: Observed voltage increase derived from impurity 

accumulation will be magnified with respect to a single electrolysis cell. This reduces the 

relative uncertainty when measuring such a voltage. 

• Gravity separation: Instead of using a diaphragm that can get clogged with precipitated 

impurities, gravity separation is easier to clean and maintain, which increases the 

reproducibility between tests. Gravity separation consists of a wall that runs from the top 

of the cell to the center, preventing gaseous outputs from mixing. 

• A wide gap between electrodes: since the presence of impurities will raise the resistivity 

of the electrolyte to conduct ions; the observed voltage increase will be higher. This 

reduces the relative uncertainty when measuring such a voltage. 

• Dead-end architecture: since it does not rely on a recirculation pump, it is less prone to 

failures.  

• Overfilling relief: the level of the electrolyte can vary with temperature and with the 

applied current density. The overfilling relief pipe helps to maintain a constant electrolyte 

level, which increases the reproducibility of the tests. Besides, some space is necessary 

between the free surface of the electrolyte and the ceiling of the electrolysis stack. Not 

ensuring such a space can end in sudden bursts during operation, with their related 

consequences. 
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Table 3.21 summarizes the key specifications for the laboratory scale electrolysis stack 

performance that will be used to reproduce the accumulation of impurities dissolved in the 

distilled water from seawater. 

Table 3.21-Specification of alkaline electrolysis stack used to reproduce the long-term 

performance degradation of an alkaline electrolysis unit operating with distilled water sourcing 

from seawater. 

 Electrolysis stack specifications 

Electrodes’ material 

Reclaimed from a commercial saline swimming 

pool chlorinator: Base of titanium coated with 

platinum and ruthenium 

Wall’s material Poly(methyl methacrylate) (PMMA) 6mm thick 

pipe’s material Polytetrafluoroethylene (PTFE) 6 mm diameter 

Active area height (mm) 50.0 ± 2.0  

Active area width (mm) 48.0 ± 0.5  

Number of cells 2 

Active Area (cm2) 24.00 ± 1.21  

Separation between electrodes (mm) 42.0 ± 0.5  

Liquid volume (measured with burette) 

(cm3) 
176 ± 1 

Current at 100 mA/cm2 (A) 2.40 ± 0.12 

Current at 300 mA/cm2 (A) 7.40 ± 0.36 

Theoretical time needed to consume 

the volume of water equivalent to the 

electrolyte at 100 mA/cm2 (h) 

109 ± 6  

Theoretical time needed to consume 

the volume of water equivalent to the 

electrolyte at 300 mA/cm2 (h) 

36 ± 2  
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Figure 3.12- Layout of the alkaline electrolysis stack used to reproduce the long-term degradation of the caustic electrolyte in the laboratory through the 

accumulation of impurities present in feed water. The measurement of its degradation is performed with polarization curves, that can be obtained by varying the 

supplied current. 
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Electrolyte durability tests should cover at least several thousand hours of operation to get an 

overview of the degradation rate of the electrolyte. However, even under uninterrupted operation, 

a year only contains 8760 h. Also, given that the design exhausts directly to the fume hood, the 

electrolyte slowly swept by the product gases is not recovered. Besides, a prolonged exposure of 

a caustic solution to open air can lead to its carbonatation, thus deteriorating its properties as an 

electrolyte. Therefore, simulated long-term degradation tests for this setup must be designed so 

that a time of operation equivalent to thousands of hours can be measured in experiments of less 

than one hour. 

It is safe to assume that during operation, the impurities that come along with the feed water will 

stay in the electrolyte and accumulate there, raising their concentration as the electrolysis reaction 

consumes water. This process is very similar to water evaporation since impurities accumulate in 

the liquid phase, while gaseous outputs leave without the impurities present in water. By analogy, 

this process of impurity concentration in the electrolyte can be performed by evaporating water, 

as it can be conducted much faster than electrolysis with lower power requirements. However, to 

prevent the carbonatation of the electrolyte, instead of concentrating impurities in a NaOH 

solution, the distilled water will be concentrated first. Later, a NaOH solution will be prepared 

with the concentrated distilled water.  

Table 3.21 shows the theoretical time needed to consume the volume of water equivalent to the 

electrolyte at 100 mA/cm2. Suppose the actual long-term test starts with a given concentration of 

NaOH dissolved in pure water, and the consumed water is replaced with distillate from seawater. 

After exhausting the time needed to consume the volume of water equivalent to the electrolyte, 

the electrolysis cell will have the impurity concentration equivalent to the distillate water. If the 

time elapsed is ten times the time needed to consume the volume of water equivalent to the 

electrolyte, the impurity concentration would be the equivalent of a distillate that has reduced its 

volume ten times through evaporation. This analogy can be extrapolated to any distillate 

concentration. The chosen concentrations of distilled water are distillate as it is (1x), ten times 

(10x), 20 times (20x), 30 times (30x), and 40 times (40x). This way the performance behavior of 

the electrolysis cell is studied at discrete times from zero to 4360 ± 240 h at a current density of 

100 mA/cm2. 

Figure 3.13 outlines the heater stirrer and the beaker used to concentrate the distilled water to the 

desired concentration. The steps for the obtention of (Yx) concentrated distilled water are 

summarized in the following points: 

1. Turn on the heater at maximum power. 

2. Check the salinity of distilled water from the distillation column by using a TDS meter. 
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3. Pour 1 L of distilled water measured with a volumetric flask in the beaker of 2 L to 

perform the concentration. 

4. Register the added water in the logbook with the following data: date and time, 

incremental and accumulated volume of distilled water introduced in the beaker, and the 

salinity of the added distilled water. 

5. After evaporating enough water to fit another 1 L of distilled water in the beaker of 2 L, 

steps 2 to 5 are repeated. This process is repeated until the accumulated volume of water 

introduced in the beaker reaches Y L. 

6. Once the volume of concentrated distillate in the beaker is slightly below 1 L, it is 

transferred to a 1 L volumetric flask. 

7. After cooling down, the remaining volume until the 1 L mark is complemented with ultra-

pure water. 

Table 3.22 shows the materials used to concentrate the distilled water. 

Table 3.22-Materials used in the concentration process. 

Item Manufacturer 
Range of 

measurement 
Accuracy 

TDS-3 (TDS meter) NOPNOG 0-999 ppm max(±1 ppm; ±2%) 

Volumetric Flasks POBEL 1000 mL ±0.30 mL 

Heater Stirrer 

AGIMATIC-E 
J.P. Selecta - - 

Water purification 

system Elix 

Advantage 

MilliporeSigma 
ISO 3696 (Grade 2 

water) 
<30 ppb 
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Figure 3.13- Setup used to concentrate de distilled water 

Once the desired set of concentrated distilled water is obtained, about 200 mL are sampled from 

each one, to be sent to a specialized laboratory with an inductively coupled plasma optical 

emission spectrometer (ICP-OES) to determine their impurity contents, along with a control 

sample of seawater. The results of the water analyses are shown in Table 3.23. 
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Table 3.23- ICP-OES Spectrometry results of the species contained in the water samples. SW 

stands for seawater, 1X, stands for distilled water; and 10X, 20X, 30X, and 40X represent the 

concentrated distilled water. 

 

 

 

 

 

 

According to (Millero et al., 2008), it is expected that the following majoritarian ions will be 

present in seawater: 

• Cations: Ca2+, Mg2+, Na+, K+, Sr+, with the most important Na+ 

• Anions: HCO3
−, Cl−, SO4

2−, with the most important Cl− 

It could be expected that a reduced proportional amount of such ions would be present in the 

distilled water. However, SO4−, HCO3
− and  Cl− are not present in Table 3.23, which is mainly 

due to the limitations of the ICP-OES Spectrometer. The missing ions are estimated by using the 

following assumptions: 

• The reference ion concentration of seawater is the one shown in Table 3.24 

• All the sulfur belongs to sulfate ions SO4− 

• The remaining positive charge that is not compensated by SO4− is compensated by 

HCO3
− and  Cl− accordingly, by using the ratio between HCO3

− and  Cl− in the reference 

seawater 

 

 

SW 

(mg/l) 

1x 

(mg/l) 

10x 

(mg/l) 

20x 

(mg/l) 

30x 

(mg/l) 

40x 

(mg/l) 

Na 13000.000 5.700 30.000 70.000 65.000 170.000 

Mg 1900.000 0.930 7.230 10.000 11.000 20.700 

Ca 570.000 0.190 12.000 11.000 3.860 3.100 

K 290.000 0.120 0.700 1.700 1.460 4.000 

Sr 4.000 <0.001 0.060 0.030 0.020 0.027 

Fe <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 

S 1040.000 0.190 2.350 4.250 4.100 9.400 
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Table 3.24-Constituents of reference seawater (Millero et al., 2008) 

Species 

Mass 

concentration 

(mg/kg) 

Molar mass 

(kg/kmol) 

Molar concentration 

(mol/kg) 

Charge (mol e-

/kg) 

Na+ 10781.45 22.990 4.69E-01 4.69E-01 

Mg2+ 1283.72 24.305 5.28E-02 1.06E-01 

Ca2+ 412.08 40.078 1.03E-02 2.06E-02 

K+ 399.10 39.098 1.02E-02 1.02E-02 

Sr2+ 7.95 87.620 9.07E-05 1.81E-04 

Cl− 19352.71 35.453 5.46E-01 -5.46E-01 

SO4
2− 2712.35 96.063 2.82E-02 -5.65E-02 

HCO3
− 104.81 61.017 1.72E-03 -1.72E-03 

Br− 67.28 79.904 8.42E-04 -8.42E-04 

CO3
2– 14.34 60.009 2.39E-04 -4.78E-04 

B(OH)4
− 7.95 78.840 1.01E-04 -1.01E-04 

F− 1.30 18.998 6.84E-05 -6.84E-05 

OH− 0.14 17.007 8.23E-06 -8.23E-06 

B(OH)3 19.44 61.833 3.14E-04 0.00E+00 

CO2 0.42 44.010 9.54E-06 0.00E+00 

Total 35165.04 - - 0.00E+00 

 

3.3.5. Electrolyte preparation 

During the operation of an actual alkaline electrolysis unit, it is expected that some caustic solute 

will be lost as hydrogen is produced. However, according to the literature, the amount lost is about 

1 mg of KOH per Nm3H2 (Godula-Jopek, 2015). For the electrolyte volume of the electrolysis 

stack and the range of operation time, the amount lost would be in the order of 10 mg. For this 

reason, this effect will be neglected. Thus, the same mass of NaOH will be used in the preparation 

of the electrolytes. The process of preparation of the electrolyte corresponding to the distilled 

water Yx is the following: 

1. Safety first: all the protection gear must be worn. This includes protection goggles, a 

laboratory coat, gloves, and a face mask suitable for caustic vapors. 

2. Place a clean empty beaker of 100 mL on the scale and tare. 

3. Add NaOH pellets carefully in the empty beaker until the scale reads 50 g. 
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4. Remove the beaker from the scale and placed on a suitable surface for potential caustic 

spills, along with a 200 mL volumetric flask. 

5. Transfer the caustic pellets from the 100 mL beaker into the 200 mL volumetric flask. 

6. Pour carefully about 150 mL of Yx concentrated distilled water into the 200 mL 

volumetric flask. 

7. Cap the 200 mL volumetric flask with a PTFE cap. 

8. Shake the 200 mL volumetric flask carefully until the pellets have completely dissolved. 

9. After cooldown, fill the empty volume between the free surface and the 200 mL mark 

with Yx concentrated of distilled water with the aid of a dropper. 

Table 3.25 details the equipment used in the elaboration of the electrolytes. 

Table 3.25-Materials used in the electrolyte preparation process. 

Item Manufacturer 
Range of 

measurement 
Accuracy 

Volumetric Flask POBEL 200 mL ±0.10 mL 

Scale PJ360 

DeltaRange 
Mettler 0-3200 g ±0.01 g 

Water purification 

system Elix 

Advantage 

MilliporeSigma 
ISO 3696 (Grade 2 

water) 
<30 ppb 

 

3.3.6. Polarization curve tests 

Polarization curve tests are conducted at a set of different temperatures to see if the effect of the 

impurity accumulation affects the electrolyte in different degrees. The chosen temperatures are: 

20 °C, 40 °C and 60 °C. To that end, the electrolysis stack is washed and dried and then introduced 

in the thermostatic chamber shown in Figure 3.14. As it can be seen, it consists of a radiator unit 

of a liquid cooling system for computers with two 80 mm fans, that introduces warm air in an 

enclosed space delimited by 6 mm sheets of PMMA, where the electrolysis stack will be located.  
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Figure 3.14- Thermostatic chamber. Its purpose is to keep the electrolysis stack at the desired 

temperature. 

Once the electrolysis stack is in position, the beaker is placed under the relief pipe to prevent 

caustic spills. Next, the stack is filled slowly and carefully with the prepared electrolyte until the 

first drop of electrolyte comes out of the relief pipe. At that moment, the heating circulator is 

turned on to a temperature slightly above the targeted temperature, measured in the end opposite 

to the radiator.  

Once the steady state at the correct temperature is achieved, the polarization curve registration 

may begin. The polarization curve is obtained by using the constant current mode of the 

voltage/current source. For each current, which is adjusted according to the external amperemeter, 

the steady-state voltage reading according to the external voltmeter is recorded. The polarization 

curve is composed of the voltage readings corresponding to all the current points gathered in 

Table 3.26. 

  



Chapter 3: Methods 

113 

 

Table 3.26-Collection of current points for the polarization curve. 

Current interval (A) Current incremental steps (A) 

0.00-0.50 0.05 

0.50-1.50 0.10 

1.50-3.50 0.20 

3.50-4.50 0.50 

 

The equipment used in the obtention of the polarization curve, they are listed in Table 3.27. 

Table 3.27-Materials used in the obtention of the polarization curve. 

Item Manufacturer 
Range of 

measurement 
Accuracy 

Thermostatic bath Bunsen 2000 mL ±0.50 mL 

Heating circulator 

Tectron Bio 
J.P. Selecta 0-100 °C ±1 °C 

Volumetric Flask POBEL 200 mL ±0.1 mL 

Regulated DC Power 

Supply PVR3003-3C 
ATTEN 

0.0-30.0 V 

0.00-6.00 A 

±0.1 V 

±0.01 A 

Multimeter 87 V 

True RMS 

Multimeter 

FLUKE 
0-1000 V 

0-10 A 

± (0.05 % + 0.001) V 

± (0.2 % + 0.02) A 

 

3.3.7. The measure of performance loss 

One of the most common methods to measure the loss of performance of an electrolysis cell is to 

observe the cell voltage at a fixed current for extended periods, usually over 4,000 h (Godula-

Jopek, 2015; Sun et al., 2019). This type of observation looks like the graph in Figure 3.15. The 

cell voltage increase is variable, but overall, it presents a linear increment of the cell voltage 

through time (Colli et al., 2019). It has not been found in the literature how the impurities from 

desalinated seawater affect the long-term performance of an alkaline electrolyzer, except in 

(Amores et al., 2019) where the output water of a single stage reverse osmosis was used. In 

(Amores et al., 2019) a linear degradation of the cell voltage was reported. 
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Figure 3.15-Representation the time evolution of the cell voltage as a form to measure the 

degradation rate during electrolysis operation at a fixed current. The performance loss shows a 

linear behavior. 

However, that way, the degradation curve only applies to a determined current for the electrolysis 

cell under study and a given operating temperature. On another regard, the observed cell 

resistance increase is a frequently used metric as well, but it is more convenient since it is more 

independent of the current. However, resistance increase is still specific for each given 

temperature. The observed resistance increase Δ𝑅, and the observed voltage increase Δ𝑉 are 

related through the Ohm’s law: 

Δ𝑅 =
Δ𝑉

𝐼
 

(86)   

In this work, instead of a continuous operation, discrete observations at different simulated times 

are made. By comparing the polarization curves of the same temperature at different times, the 

resistance increase can be measured. In this work, the performance loss is going to be measured, 

not on an actual electrolysis unit, but on a laboratory scale two-cell electrolysis stack that is 

unlikely to match neither in the distance between electrodes 𝑑 or in the actual active area 𝐴, or 

number of cells 𝑁𝑐𝑒𝑙𝑙𝑠 of a full-size electrolysis stack. To that end, the resistivity increase 𝛥𝜌 is 

more convenient, as it is a parameter that does not depend on 𝐴, 𝑑 or 𝑁𝑐𝑒𝑙𝑙𝑠. The resistivity 

increase is related to Δ𝑅 through: 

𝛥𝜌 = 𝛥𝑅
𝐴

𝑑 · 𝑁𝑐𝑒𝑙𝑙𝑠
 

(87)   
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The resistivity increase will be observed for a constant temperature. Therefore, the comparisons 

will be made for 20  °C, 40 °C and 60 °C, respectively, using the polarization curves ( 𝑉 to 𝐼) as 

raw data for the obtention of this metric. 

𝜌𝑌𝑥(𝑇) − 𝜌0𝑥(𝑇) =
𝑉𝑌𝑥(𝑇) − 𝑉0𝑥(𝑇)

𝐼
·

𝐴

𝑑 · 𝑁𝑐𝑒𝑙𝑙𝑠
 

(88)   

Where the subscript 0𝑥 represents the electrolyte composed of ultra-pure water and NaOH, and 

the subscript 𝑌𝑥 represents the same electrolyte with the impurities corresponding to Yx 

concentrated distilled water. 

3.4. Method for the design of a chloro-alkali single cell that uses seawater 

brine as feed 

3.4.1. Introduction 

Under rough weather, open waters frequently feature hostile conditions for human-crewed 

operations. For this reason, reduced human presence is often preferred in offshore contexts. In 

this sense, if there is a possibility of eliminating the electrolyte logistic chain to replace the fouled 

electrolyte, it should be considered and eventually exploited. On land, at the time of the electrolyte 

renewal, it usually is purchased and delivered to where the electrolysis plant is located. The fouled 

electrolyte is recovered for its safe disposal and recycling. At sea, however, these logistics would 

be more complex, less secure, and more expensive. As one of the contributions of this thesis 

dissertation, this subchapter aims to establish a method for designing a solution for the in-situ 

production of the alkaline electrolyte. 

3.4.2. Background theory 

At sea, alkaline water electrolysis operates as depicted in the block diagram shown in Figure 3.16. 

Focusing the attention on the alkaline electrolysis unit, as the distilled water comes with 

impurities, the electrolyte gets fouled and must be replaced after a particular operation time. In 

the previous seawater distillation step, seawater is introduced in the distiller to produce the needed 

distilled water, while at the same time, a byproduct is produced: brine.  
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Figure 3.16-Block diagram of alkaline electrolysis of water at sea. Distilled water is introduced 

in the electrolysis unit. As it comes with impurities, the electrolyte gets fouled and has to be 

replaced. 

The main raw material for the chlor-alkali process is sodium chloride NaCl, obtained by different 

sources, such as solar salt from seawater (Garcia-Herrero et al., 2017). There are mainly three 

technologies able to perform the chlor-alkali process: diaphragm cell, membrane cell, and 

mercury cell. Due to environmental reasons, the mercury cell is being replaced by other 

technologies, especially the membrane cell, since it presents a higher energy efficiency than the 

diaphragm. Currently, in Europe and Asia, the predominant technology is the membrane cell, 

whereas, in America, the prevailing technology is the diaphragm (Garcia-Herrero et al., 2017). 

The purity requirements of the NaCl dissolution are different from one technology to another. 

Diaphragm technology typically tolerates a higher presence of impurities than membrane cell 

technology. If the selected source of NaCl is the byproduct brine from seawater it will be certainly 

accompanied by impurities, as such source will contain the solutes present in reference seawater 

in Table 3.24, but in a higher concentration. For this reason, diaphragm cell technology is a perfect 

candidate to start examining the idea of producing NaOH as an electrolyte for alkaline electrolysis 

of water for hydrogen production at sea.  

The reactions that occur inside the chlor-alkali cell are the following (d’Amore-Domenech et al., 

2018): 

Anode:         2 Cl−(aq. ) → Cl2(g) + 2 e−    𝐸0 = −1.36 𝑉 

Cathode:      2 H2O(l) + 2 e− → H2(g) + 2 OH−(aq. )    𝐸0 = −0.83 𝑉 

Overall:        2 Cl−(aq. ) + 2 H2O(l) → Cl2(g) + H2(g) + 2 OH−(aq. )     𝐸0 = −2.19 𝑉  

If NaCl is used as the source of chloride Cl(aq.)
− , then the overall reaction results in: 

2 NaCl (aq. ) + 2 H2O(l) → Cl2(g) + H2(g) + 2 NaOH(aq. )      
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Figure 3.17 outlines the working principle of a diaphragm chlor-alkali cell. The diaphragm acts 

as a barrier between the anodic side and the cathodic side of the cell. As a result, two distinct 

electrolytes appear the anolyte at the anode and the catholyte at the cathode. The anolyte is acidic 

while the catholyte is basic. The catholyte is continuously bled under the name of caustic liquor, 

which typically contains about 12% NaOH and 14% NaCl. The caustic liquor is then concentrated 

by evaporating water, until it is saturated with NaOH, yielding a solution of 50% NaOH and <1% 

NaCl. 

 

Figure 3.17- Schematic of a diaphragm chlor-alkali cell. The diaphragm acts as a barrier between 

the anodic side and the cathodic side of the cell. As a result two distinct electrolytes appear the 

anolyte at the anode and the catholyte at the cathode. 

The diaphragm is a crucial component in a chlor-alkali cell, and it shall fulfill the following 

functions: 

• The diaphragm must provide electrical insulation to maximize the Faradic efficiency: 

electrons must not travel across the diaphragm. 

• The diaphragm must prevent the migration of OH− to the anode. As the anode is the 

positive electrode, it naturally attracts anions (negative ions). Failing to prevent the OH− 

migration to the anode, it would react instantly with the produced Cl2 to yield 

hypochlorite, which not only reduces the output of the two value products, but also 

promotes O2 evolution over Cl2. 

• The diaphragm must allow water and cations to pass through. If the diaphragm is 

impermeable to cations (in addition to anions) the device will behave as a capacitor and 

not as a chlor-alkali cell. If the diaphragm does not allow water to go through, it will not 

be possible to sustain the reaction, nor to get the caustic liquor. 

Traditionally, asbestos was used as a diaphragm material, but its use is receding due to 

environmental and health issues. New materials such as polytetrafluoroethylene (PTFE) are being 

used with great success.  
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The electrodes must be corrosion-resistant, with low activation energies, while being highly 

conductive to electrons. Currently, anodes are based on titanium substrate with a coating 

composed of RuO2 + TiO2, whereas cathodes are based on nickel. 

NaCl brine sourcing from seawater will have certain impurities. The expected impurities and their 

effects in a diaphragm cell are summarized in the following lines: 

• Mg2+, Ca2+ and Sr2+ precipitate in the diaphragm as they enter in contact with the caustic 

catholyte. This clogs the micropores, reducing the efficiency of the cell, and it reduces 

the output of NaOH. 

• HCO3
− reacts with the Cl2 leading to a loss of current efficiency at the anode and 

contaminating the stream of Cl2 with CO2. 

• SO4
2− produces scaling in the anode and can precipitate in the diaphragm. Both effects 

reduce the efficiency. 

A simple yet effective principle to reduce impurities is to exploit the low solubility products of 

certain binary components of those same impurities. These solubility products can be found in 

Table 3.28. In this sense, concentrating the seawater brine will cause: 

• CaCO3 to precipitate as the concentration of Ca2+ and HCO3
− rises. 

• CaSO4 to precipitate as the concentration of Ca2+ and SO4
2− rises. 

The precipitated solids can be separated from the brine with a simple filtration system. 

After having removed Ca(CO3) and Ca(SO4) by concentrating seawater brine near the saturation 

of NaCl, Mg2+ can be removed by adding NaOH, which will cause Mg(OH)2 to precipitate, 

rendering the brine slimy with a foggy appearance. As time elapses, the slime will settle at the 

bottom. A filtration system will suffice to separate the precipitated Mg(OH)2. However, the filters 

will clog with the Mg(OH)2 slurry, thus mechanical means to prevent the clogging of the filter 

are required. After that, HCl is added to reduce the pH of the brine to a value slightly above 2. 

Doing this, will prevent the hypochlorite formation at the anode, along with the O2 evolution. 

Table 3.28-Solubility products of main seawater brine impurities 

Substance Solubility product 

Ca(SO4) 5.6 · 10−12 

Ca(CO3) 8.7 · 10−9 

Mg(OH)2 5.6 · 10−12 

The solubility product is defined as: 

𝑎𝐴(𝑠) ↔ 𝑐𝐶+(𝑎𝑞. ) + 𝑑𝐷−(𝑎𝑞. ) (89)  
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𝐾𝑠𝑝 = [𝐶]𝑐[𝐷]𝑑 (90)  

 

where [𝐶] and [𝐷] represent the concentrations of the dissolved ions in 
mol

dm3 while 𝑐 and 𝑑 are the 

reaction coefficients of the corresponding ions.  

3.4.3. Identification of subsystems 

Figure 3.18 shows an overview of the subsystems necessary to transform the rejected brine from 

the seawater distillation process into usable NaOH for the alkaline water electrolysis system for 

hydrogen production sea. The first subsystem will be in charge of concentrating the rejected brine. 

The second subsystem will electrolyze the depurated brine to produce caustic liquor, Cl2 and H2. 

The third subsystem will convert the outputs from the second subsystem to value products. 

Caustic liquor will be concentrated to produce saturated NaOH. Cl2 and H2 will be combined in 

a reactor to produce HCl, which will be used for different plant processes, like the acidification of 

the seawater brine. HCl will be used as well for the maintenance of the plant, for instance, the 

removal of limescale deposits, and the neutralization of basic wastes such as Mg(OH)2. 

 

Figure 3.18-Overview of the chlor-alkali system for caustic electrolyte production at sea 

The design process will be composed of the following milestones: 

1. Design requirements 

2. Simple diagram 

3. Detailed design 

4. Fabrication 

5. Test 

6. Redesign, prototype, repeat 
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The results from each milestone will be the input of the next. 
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Chapter 4. 

4. Results 

4.1. Power transmission at sea 

This Section presents the results of the comparison between hydrogen and electricity as energy 

vectors for bulk power transmission at sea without considering uncertainties. A  more detailed 

version of the results, with uncertainties is available in (d’Amore-Domenech et al., 2021).  

Before continuing reading this chapter, it is important to bear in mind the following assumptions: 

• The LH2 ship, based on the Qatar standards for LNG, has a cargo capacity of 180,000 m3 

which in turn is equivalent to 12,600 t of liquid hydrogen. 

• The cH2 ship, based on the Jayanti Baruna CNG, has a cargo capacity of  2,700 m3 at 275 

bar, which is equivalent to 51.5 t of compressed hydrogen. 

• The pipeline assumes no compression stations. The cylindrical pipeline diameter is 

adjusted as a function of the distance according to the Panhandle B equation to maintain 

the pressure drop. 

• The electric cable assumes a linear cost increase with distance with no intermediate 

converter stations. 

4.1.1. Life cycle cost comparison 

NNS: Onshore to onshore shallow waters 

Figure 4.1 compares life cycle cost as a function of the distance of all the alternatives: electric, 

pipeline, LH2 ship, and cH2 ship for the NNS scenario. Starting with an electricity price at the 

sending end of 20 USD/MWh (5.6 USD/GJ), for short distances, the most inexpensive power 

transmission means is the electric, as it could be foreseen. After about 1,170 km of distance, the 

pipeline becomes the cheapest alternative. Then, after 2,210 km, the LH2 ship alternative is more 

affordable than the electric solution but is still more costly than the submarine pipeline. After 

about 2,550 km, the LH2 ship alternative turns into the least expensive option. If the price of 

electricity at the sending end rises to 40 USD/MWh (11.1 USD/GJ), the breakeven point between 

the submarine pipeline and the submarine cable goes to 2,140 km of distance. The distance at 

which the LH2 alternative becomes less costly than the electric one moves to 2,600 km, and the 

distance at which the LH2 solution becomes the cheapest option becomes 2,740 km. If the 



Chapter 4: Results 

122 

 

electricity price at the sending end increases to 60 USD/MWh (16.7 USD/GJ) the decision 

between the pipeline and the submarine cable renders the submarine cable the best candidate for 

short distances until 2,970 km, where the liquid hydrogen becomes the most inexpensive option. 

NND: Onshore to onshore deep waters  

Figure 4.2 compares life cycle cost as a function of the distance of all the alternatives: electric, 

pipeline, LH2 ship, and cH2 ship for the NND scenario. The cH2 ship alternative is the most 

expensive regardless of the electricity price and the distance. Starting with a price of electricity at 

the sending end of 20 USD/MWh (5.6 USD/GJ), the cheapest alternative is the electric one for 

short distances. After about 430 km of distance, the pipeline becomes the most inexpensive 

alternative. Then, from 990 km, the LH2 ship alternative becomes cheaper than the electric 

solution, but still, it is more expensive than the submarine pipeline. After about 1,310 km, the 

LH2 ship becomes the least expensive option. If the price of electricity at the sending end increases 

to 40 USD/MWh (11.1 USD/GJ), the breakeven point between the submarine pipeline and the 

submarine cable moves to 780 km of distance. The LH2 alternative becomes less costly than the 

electric one at about 1,190 km, and it becomes less expensive than the pipeline at 1,410 km. If the 

electricity price at the sending end rises to 60 USD/MWh (16.7 USD/GJ) the indifference point 

between the submarine pipeline and the submarine cable goes to 1,150 km of distance. The 

distance at which the LH2 alternative becomes cheaper than the electric one moves to 1,390 km, 

and the distance at which the LH2 solution becomes the most affordable option becomes 1,500 

km. 

FNS: Offshore to onshore shallow waters 

Figure 4.3 shows the comparison of life cycle cost as a function of the distance of all the 

alternatives: electric, pipeline, LH2 ship and cH2 ship for the FNS scenario. Regardless of the 

electricity price at the sending end, the pipeline and the cH2 ship are always more expensive than 

the electric alternative. For 20 USD/MWh (5.6 USD/GJ) the LH2 alternative gets cheaper than 

the submarine cable after 5,500 km. If the price of electricity at the sending end rises to 40 

USD/MWh (11.1 USD/GJ), the indifference point between the submarine cable and the LH2 ship 

moves to 5,750 km of distance. If the price of electricity at the sending end rises to 60 USD/MWh 

(16.7 USD/GJ) the submarine cable becomes costlier than the LH2 alternative at 5,970 km. 

FND: Offshore to onshore deep waters 

Figure 4.4 shows the comparison of life cycle cost as a function of the distance of all the 

alternatives: electric, pipeline, LH2 ship and cH2 ship for the FND scenario. The pipeline 

alternative and the cH2 transported by ship are never cheaper than the electric alternative. 

Contrarily, the LH2 alternative becomes cheaper than the electric alternative for different 
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distances: for 20 USD/MWh (5.6 USD/GJ) at 2,850 km, for 40 USD/MWh (11.1 USD/GJ) at 

3,020 km and 60 USD/MWh (16.7 USD/GJ) at 3,180 km. 



Chapter 4: Results 

124 

 

 

Figure 4.1- Life cycle cost comparison between alternatives in the NNS Onshore to onshore 

shallow waters scenario. 
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Figure 4.2- Life cycle cost comparison between alternatives in the NND Onshore to onshore deep 

waters scenario. 

0

20000

40000

60000

80000

100000

120000

140000

0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

NND 20 USD/MWh

Electric

Pipeline

LH2 Ship

cH2 Ship

0

20000

40000

60000

80000

100000

120000

140000

0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

NND 40 USD/MWh

Electric

Pipeline

LH2 Ship

cH2 Ship

0

20000

40000

60000

80000

100000

120000

140000

0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

NND 60 USD/MWh

Electric

Pipeline

LH2 Ship

cH2 Ship

Distance between ends (km)

Li
fe

cy
cl

e
co

st
(M

U
SD

)
Li

fe
cy

cl
e

co
st

(M
U

SD
)

Li
fe

cy
cl

e
co

st
(M

U
S

D
)



Chapter 4: Results 

126 

 

 

Figure 4.3- Life cycle cost comparison between alternatives in the FNS Offshore to onshore 

shallow waters scenario. 
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Figure 4.4- Life cycle cost comparison between alternatives in the FND Offshore to onshore deep 

waters scenario. 
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4.1.2. Life cycle energy losses comparison 

Figure 4.5 compares the life cycle energy losses of all the alternatives for all the four scenarios 

NNS, NND, FNS and FND. The alternatives present practically a consistent ranking throughout 

the 10,000 km of distance analyzed, being, under the assumptions made, the most efficient option 

the electric link, then the pipeline link, then the LH2 link and then the cH2 link. 

 

Figure 4.5- Life cycle energy losses comparison between alternatives in all the four scenarios 

NNS, NND, FNS and FND. 
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cost of the electrolysis plant, which includes two complete midlife refurbishments, is relatively 

small while the cost of the desalination plant is completely negligible. As the distance between 

ends increases the cost of the pipeline becomes more important in the share of costs. There is a 

notable difference in the life cycle cost between the shallow water (NNS and FNS) and deep-

water scenarios (NND and FND). 

 

Figure 4.6- Life cycle cost breakdown of the hydrogen through pipeline alternative for all the four 

scenarios: NNS, NND, FNS and FND at a price of electricity of 40 USD/MWh (11.1 USD/GJ) at 

the sending end. 

Figure 4.7 shows the breakdown of costs of the LH2 link at an electricity price of 40 USD/MWh 

(11.1 USD/GJ). The cost of the ships is relatively small throughout the whole interval. For the 

onshore-to-onshore scenarios NNS and NND, a step increase can be observed at 6,090 km due to 

the increase in number of ships in the link. This is because the one-ship fleet has reached the 

nominal cruise speed 𝑠𝑉𝑛𝑜𝑚
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 at the 
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as one single ship suffices for the whole range of distances. About the liquefaction plant, its cost 

is more than twice the one of the electrolysis plants. The most important share in the cost 
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hydrogen storage tanks, when they have similar capacities. This can be explained by the 

distributed payments through the 30 years of the life cycle that stem from the chartering of the 

fleet. Between NNS and NND there is no difference in cost and between the FNS and FND the 

only item with a difference in cost is the offshore platform. 

 

Figure 4.7- Life cycle cost breakdown of the liquefied hydrogen ship alternative for all the four 

scenarios: NNS, NND, FNS and FND at a price of electricity of 40 USD/MWh (11.1 USD/GJ) at 

the sending end. 
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Figure 4.8- Life cycle cost breakdown of the compressed hydrogen ship alternative for all the four 

scenarios: NNS, NND, FNS and FND at a price of electricity of 40 USD/MWh (11.1 USD/GJ) at 

the sending end 
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4.1.4. Breakdown of life cycle energy losses 

Figure 4.9 shows the breakdown of the life cycle energy losses in the hydrogen through pipeline 

link. The main source of energy losses is the electrolysis plant regardless of the distance. For 

increasing distances, the hydrogen permeation through the pipeline becomes more important. At 

10,000 km the permeation through the pipeline can reach a 5% of the total share of energy losses 

for the onshore-to-onshore scenarios NNS and NND, and a 16% for the offshore-to-onshore 

scenarios FNS and FND. In any case, the desalination plant represents negligible losses in relative 

terms. 

 

Figure 4.9- Life cycle energy losses breakdown of the hydrogen through pipeline alternative for 

all the four scenarios: NNS, NND, FNS and FND 
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Figure 4.10 shows the breakdown of the life cycle energy losses of the LH2 link where the main 

sources of energy losses in decreasing order of magnitude are the electrolysis, the liquefaction 

and the ships themselves. The rest of the contributions to the energy losses are negligible in 

relative terms. The liquefaction and the electrolysis present a constant value, independent of the 

distance between ends, contrary to the energy losses incurred by the ships. For the onshore-to-

onshore scenarios NNS and NND, they present a saw tooth pattern. This is because at 6,090 km 

the one ship fleet reaches the top speed of 𝑠𝑉𝑛𝑜𝑚
, therefore, to comply with the constraint of the 

produced �̇�𝐻2
 at the export terminal the fleet must be increased to two ships, that travel at a lower 

speed, which is more efficient. This saw tooth pattern cannot be seen in the offshore to onshore 

scenarios FNS and FND, since �̇�𝐻2
 is lower and in consequence a single ship is enough for the 

complete range from 0 to 10,000 km. 
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Figure 4.10- Life cycle energy losses breakdown of the LH2 alternative for all the four scenarios: 

NNS, NND, FNS and FND 

Figure 4.11 shows the breakdown of the life cycle energy losses of the cH2 link. The main sources 

of energy losses are the electrolysis plant, the cH2 fleet and the hydrogen compression plant at the 

export terminal. The saw pattern that appeared in the LH2 ships at the onshore-to-onshore 

scenarios NNS and NND is repeated here for the cH2 ships in all the four scenarios. It can be 

noted that the saw teeth are much smaller because the number of ships is increased in much shorter 

spans of distance due to the much smaller capacity of each ship to carry hydrogen. 
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Figure 4.11- Life cycle energy losses breakdown of the cH2 alternative for all the four scenarios: 

NNS, NND, FNS and FND 
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alternative becomes the cheapest. The breakeven distances between the LH2 alternative and the 

pipeline alternative can be seen in Table 4.1. 

Table 4.1 - Breakeven points between the pipeline link and the LH2 link regarding levelized cost 

of hydrogen and distance between ends 

Scenario Breakeven distance (km) Levelized cost of hydrogen (USD/kg) 

NNS 3,160 3.42 

NND 1,620 3.40 

FNS 3,950 5.51 

FND 2,290 6.12 

 

 

Figure 4.12- Levelized cost of hydrogen in 2018 USD per kilogram for all the four scenarios: 

NNS, NND, FNS and FND at a price of electricity of 40 USD/MWh (11.1 USD/GJ) at the sending 

end. 
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4.2. Multicriteria analysis of electrolysis technologies for hydrogen 

production from seawater 

4.2.1. Multicriteria Assessment 

This Subsection aims to obtain the final order of preference of each electrolysis technology in a 

marine renewable context, attending to all the criteria defined in the Methods Section. In this 

sense, to facilitate the evaluation process of the MCDM methods (AHP, CBA, COPRAS, SAW& 

TOPSIS), Table 4.2 condenses the relevant attributes of all technologies concerning all the criteria 

that have been already displayed in chapter 3.2.2 Identification of alternatives. The results shown 

here are available with more detail in (d’Amore-Domenech et al., 2020). 

It is worth mentioning that the environmental aspect has been fixed as a fundamental requirement. 

Therefore, the desirable solution shall not produce any harm or change to the marine flora and 

fauna. In this sense, the only alternative that makes an environmental impact upon use is DES. 

Among the remaining options, AE has a slight chance of producing caustic spills that could harm 

the environment with high severities, which could be prevented by implementing 

countermeasures at an additional cost; PEME and SOE have remote chances of producing any 

changes to the environment with low severities. With this information, DES should be discarded 

for the intended scenario, prior to performing the MCDM analysis. However, from an academic 

perspective, it is interesting to see how well it performs to see if it leads to any conclusion.  

The hazard criterion in Table 4.2 highlights the highest differentiating risk of each technology as 

a combination of chance and severity of a potential situation, activity, event or environment that 

could cause injury, ill health or death to any person throughout the life cycle of the electrolysis 

plant.  
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Table 4.2- Outline of attributes of the electrolysis technologies attending to all factors shown in 

Table 3.18. Data with an asterisk have been estimated; therefore, uncertainty is expected 

(d’Amore-Domenech et al., 2020). These attributes with their corresponding reference can be 

found in chapter 3.2.2 

Criteria Grading rule DES AE PEME SOE 

Investment 
Cheaper is 

better 
> 6000 $/kW 500-1000 $/kW 

600-1300 

$/kW 
> 2000 $/kW 

Maintenance 
Cheaper is 

better 
> 240 $/kW/y* 10-60 $/kW/y 18-65 $/kW/y >65 $/kW/y* 

Lifetime 
Longer is 

better 
10,000 h 100,000 h 100,000 h 10,000 h 

Resilience 
More is 

better 
Acceptable Very good Very bad Very good 

Energy Less is better 
440 MJ/kg @ 

350 bar 

170 MJ/kg @ 

350 bar 

170 MJ/kg @ 

350 bar 

135 MJ/kg @ 

350 bar 

Dynamics 
Faster is 

better 
Fast Fast Very Fast Slow 

Environment 

Lower 

risk/degree 

of impact is 

better 

Very High 

(Chlorine and 

very caustic 

brine) 

Medium 

(Very caustic 

electrolyte, 

small chance) 

Low Low 

Hazard 

Less 

hazardous is 

better 

Very High 

(Chlorine and 

very caustic 

brine) 

Medium 

(Very caustic 

electrolyte, 

small chance) 

Very Low 

Medium 

(Superheated 

steam, small 

chance) 

 

The following step is to make the decision matrix. To this end, the intervals of Table 4.2 are 

transformed into discrete values of those intervals. The chosen value will be the worst known 

discrete number within intervals in Table 4.2. Qualitative values are converted into numeric 

values by using linguistic conversions (Jadidi et al., 2008; Roszkowska, 2011) available in Table 

4.3 (Grading rule). Then, the decision matrix is made, which is shown in  

Table 4.4; where the signs (+) and (-) by the criteria indicate whether they are of the benefit or 

cost type, respectively. Benefit signifies that a higher value is better, whereas cost implies that a 

higher value is worse. 
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Table 4.3- Linguistic equivalence to Crisp Values (d’Amore-Domenech et al., 2020). 

Resilience Dynamics Environment Hazard Value 

Very Bad (VB) Very Slow (VS) Very Low (VL) Very Low (VL) 1 

Bad (B) Slow (S) Low (L) Low (L) 3 

Acceptable (A) Moderate (M) Medium (M) Medium (M) 5 

Good (G) Fast (F) High (H) High (H) 7 

Very Good 

(VG) 
Very Fast (VF) Very High (VH) Very High (VH) 9 

 

Table 4.4- Decision Matrix (d’Amore-Domenech et al., 2020). All alternatives are assigned a 

numeric value for each criterion based on Table 4.2 and the linguistic conversions of Table 4.3. 

Criteria DES AE PEME SOE 

Investment (-) 6000 1000 1300 2000 

Maintenance (-) 240 60 65 65 

Lifetime (+) 10000 100000 100000 10000 

Resilience (+) 5 9 1 9 

Energy (-) 440 170 170 135 

Dynamics (+) 7 7 9 3 

Environment (-) 9 5 3 3 

Hazard (-) 9 5 1 5 

 

Then, the structured comparison of all technologies is made with all the MCDM methods. 

Regarding the AHP, the pairwise comparisons for all the criteria are shown in a single matrix in 

Table 4.5. There, information is clustered in arrays respecting the order of criteria shown in Table 

4.2 (Investment, Maintenance, Lifetime, Resilience, Energy, Dynamics, Environment, Hazard). 

The AHP method results are shown in Table 4.6. There, it can be verified that all of the 

eigenvalues corresponding to each criterion are inferior to the limit value of 4.2727 for size 4 

matrices (Alonso & Lamata, 2006). Therefore, it can be considered that the AHP prioritization is 

consistent.  

Table 4.7 shows the results of the application of CBA on the selected electrolysis technologies, 

which consists in giving a numerical importance to the relative advantages. The scoring is 

assigned from zero (-) to the worst cases, to 100 to the best cases, for each criterion. Intermediate 

scores are assigned linearly for attributes in conformity with the decision matrix in  

Table 4.4. To end, the scores are multiplied by the weights shown in Table 3.18, to confer relative 

importance to all the criteria.  
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Table 4.5- Criterion-by-criterion AHP comparison. The arrays displayed in each cell of the table 

gather information on the pairwise comparison for each criterion in the same order as the one 

shown in Table 4.2: Investment, Maintenance, Lifetime, Resilience, Energy, Dynamics, 

Environment and Hazard (d’Amore-Domenech et al., 2020). 

 DES AE PEME SOE 

DES (1,1,1,1,1,1,1,1) 
(1/5,1/3,1/5,1/3,1/3,1,1/

5,1/5) 

(1/5,1/3,1/5,5,1/3,1,1/

7,1/7) 

(1/3,3,1,1/3,1/5,5,1/7

,1/5) 

AE (5,3,5,3,3,1,5,5) (1,1,1,1,1,1,1,1) (3,3,1,7,1,1,1/3,1/3) (5,5,5,1,1/3,5,1/3,1) 

PEME 
(5,3,5,1/5,3,1,7,

7) 
(1/3,1/3,1,1/7,1,1,3,3) (1,1,1,1,1,1,1,1) (3,5,5,1/7,1/3,5,1,3) 

SOE 
(3,1/3,1,3,5,1/5,

7,5) 
(1/5,1/5,1/5,1,3,1/5,3,1) 

(1/3,1/5,1/5,7,3,1/5,1,

1/3) 
(1,1,1,1,1,1,1,1) 

  

Table 4.6- Ranking of electrolysis alternatives for hydrogen production at sea by using the AHP 

method (d’Amore-Domenech et al., 2020).  

Criteria Weights (%) Eigenvalues DES AE PEME SOE 

Investment 4.05 4.1981 0.0636 0.5439 0.2706 0.1219 

Maintenance 5.14 4.1981 0.1431 0.5048 0.2876 0.0645 

Lifetime 19.21 4.0000 0.0833 0.4167 0.4167 0.0833 

Resilience 15.98 4.0735 0.1626 0.3950 0.0473 0.3950 

Energy 8.03 4.0435 0.0781 0.1998 0.1998 0.5222 

Dynamics 6.01 4.0000 0.3125 0.3125 0.3125 0.0625 

Environment 20.79 4.0735 0.0473 0.1626 0.3950 0.3950 

Hazard 20.79 4.0735 0.0519 0.2100 0.5281 0.2100 

Total 100.00 4.0620 0.0976 0.3034 0.3401 0.2589 

 

Table 4.8 summarizes the scores of the different electrolysis technologies regarding the other 

MCDM methods: COPRAS, SAW and TOPSIS. These scores represent the relative importance 

of each technology. They are directly obtained from the decision matrix in Table 5 after using the 

corresponding mathematical transformations of each method, without decision-maker 

participation. About the score, the higher it is, the more suitable the solution is.  
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Table 4.7- Ranking of electrolysis alternatives for hydrogen production at sea by using the CBA 

method (d’Amore-Domenech et al., 2020). 

 Importance of Advantages Importance of Advantages (weighted) 

Alias DES AE PEME SOE DES AE PEME SOE 

Investment - 100 94 80 - 4.05 3.81 3.24 

Maintenance - 100 97 - - 5.14 4.99 - 

Lifetime - 100 100 - - 19.21 19.21 - 

Resilience 50 100 - 100 7.99 15.98 - 15.98 

Energy - 90 90 100 - 7.23 7.23 8.03 

Dynamics 67 67 100 - 4.03 4.03 6.01 - 

Environment - 67 100 100 - 13.93 20.79 20.79 

Hazard - 50 100 50 - 10.39 20.79 10.39 

Total         12.02 79.96 82.82 58.44 

 

Table 4.8- Scores of electrolysis alternatives for hydrogen production at sea obtained by 

COPRAS, SAW and TOPSIS methods (d’Amore-Domenech et al., 2020). 

Method DES AE PEME SOE 

COPRAS 

(𝑄) 0.1191 0.2936 0.3587 0.2286 

SAW (𝑆) 0.2914 0.7206 0.8281 0.5965 

TOPSIS 

(𝐶𝐶) 0.1752 0.7052 0.7109 0.5478 

 

4.3. Alkaline Electrolysis under marine recreated conditions 

This Section presents the results related to the long-term use of water sourcing from the first 

distillation of seawater as a feedstock for an alkaline electrolyzer that uses concentrated NaOH as 

electrolyte. 

Table 4.9 shows the ion concentrations in the sampled seawater, and the set of different 

concentrated distilled waters from seawater: 1x, 10x, 20x, 30x and 40x. By looking at the figures 

in such a table, ion concentrations of 30x concentrated distilled water have something amiss since 

concentration values do not fall where they should. Given that 30x concentration is right in the 

middle between those of 20x and 40x, ion concentrations corresponding to 30x should be centered 

between those of 20x and 40x. A graphical representation can be of aid in this regard. In Figure 

4.13, the ion concentrations behave linearly regarding the concentration Yx of distilled water. In 

such a figure it can be checked that the 30x values are much lower than expected by the linear 

regression. An explanation for this can be due to a combination of the following factors: 
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• The water collection spot is close to the river mouth of the Segura River. 

• The Segura River is of intermittent flow. 

• The region was hit by heavy rain about a week before of the collection of the seawater 

that was used to produce most of the distilled water needed for the preparation of the 30x 

concentrated solution. This happened in September of 2019. 

With this factor in mind, it can be inferred that the salt concentration in seawater at that time and 

at that spot drastically dropped. In any case, due to the strong deviation of the ion concentrations 

of 30x, it has been decided not to use it in the electrolyte degradation analysis. 

Figure 4.14 shows the graphical representation of the concentrations of Ca2+ and Sr2+ through 

distilled waters of different concentrations. Contrary to the previous case where all the selected 

ions showed similar and good correlations, Ca2+ and Sr2+ do not correlate well. This can be due 

to the fact that ion concentration in seawater varies through time. In any case, Ca2+ and Sr2+ are 

not very representative as they represent a small portion of the impurities. 

Table 4.9 -Ion concentrations in sampled seawater and the concentrated distilled waters 1x, 10x, 

20x, 30x and 40x 

  
SW 1x 10x 20x 30x 40x 

(mg/l) (mg/l) (mg/l) (mg/l) (mg/l) (mg/l) 

Na+ 13000 5.700 30.000 70.000 65.000 170.000 

Mg2
+ 1900.00 0.93 7.23 10.00 11.00 20.70 

Ca2
+ 570.00 0.19 12.00 11.00 3.86 3.10 

K+ 290.00 0.12 0.70 1.70 1.46 4.00 

Sr2
+ 4.000 0.000 0.060 0.030 0.020 0.027 

Cl− 24488 11.492 83.809 148.283 131.018 309.918 

SO4
2− 3115.719 0.569 7.040 12.733 12.283 28.161 

HCO3
− 132.766 0.062 0.454 0.804 0.710 1.680 

Total 43500.533 19.063 141.293 254.549 225.351 537.586 
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Figure 4.13-Graphical representation of ion concentrations of different concentrated distilled 

waters sourcing from seawater that present a linear correlation. Here it can be seen that the values 

corresponding to 30x concentrated distilled water fall out of the linear regression. 

 

Figure 4.14- Graphical representation of the concentration of Ca2+ and Sr2+ ions present in 

different concentrated distilled waters sourcing from seawater, which do not correlate well.  
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only ultra-pure water and NaOH. The rest of concentrations 1x, 10x, 20x and 40x include as well 

the corresponding impurities shown in Table 4.9. 

Table 4.10 -Times required for the electrolyte to reach impurity concentrations equivalent to those 

present in the different Yx concentrated distilled water at a current density of 100 mA/cm2. There 

0x represent ultra-pure water. 

Concentration Time (h) 

0x 0±0 

1x 109±6 

10x 1090±61 

20x 2180±122 

40x 4360±244 

 

Figure 4.15 shows the polarization curves at 20 °C, 40 °C and 60 °C of the electrolytes 

corresponding to impurities of (a) 0x, (b) 1x, (c) 10x, (d) 20x, (e) 40x. It can be appreciated that 

with increasing concentration of impurities, the steepness of the polarization curves increases. In 

other words, for the same temperature and current, the stack voltage rises with growing impurity 

concentrations, which complies with what it was expected. 

Figure 4.16 compares the polarization curves of the different impurities’ concentrations 0x, 1x, 

10x, 20x and 30x at the same temperatures: (a) 20 °C, (b) 40 °C and (c) 60 °C. In this figure it 

can be checked that the effect of the impurities in the voltage increase is greater for lower 

temperatures than for higher temperatures. This translates into higher energy losses due to 

impurity accumulation for lower temperatures. 

Figure 4.17 represents the observed resistance increase due to the accumulation of impurities 

Δ𝑅𝑖𝑚𝑝𝑢𝑟𝑖𝑡𝑖𝑒𝑠 of the electrolysis stack operating with water sourcing from the first distillation of 

seawater at an equivalent current density of 100 mA/cm2 at the temperatures: (a) 20 °C, (b) 40 °C 

and (c) 60 °C.  

In (a) and (b), for 20 °C and 40 °C, respectively, it can be seen that the first three points are aligned 

while the last point (40x) is misaligned with the first three points. In contrast, in (c) for 60 °C, all 

the points except for the second (1x), are aligned. According to alkaline electrolysis cells 

degradation curves available in the literature, the degradation rate of an alkaline electrolyzer 

shows a linear behavior (Amores et al., 2019; Colli et al., 2019). In this sense, a linear regression 

is made by removing the misaligned points of each set of points of (a), (b) and (c), obtaining the 

corresponding regressions (i) 20 °C, (ii) 40 °C and (iii) 60 °C.  
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Considering a linear regression of the type 𝑦 = 𝑚 · 𝑥 + 𝑏, Table 4.11 shows the values of the 

coefficients 𝑚 and 𝑏 with their standard errors, along with the coefficient of determination 𝑅2. 

All linear fits correlate well, which is a good indicator for the predictability of the electrolyte 

degradation. As a note, 𝑏 seems to have a very high relative standard error. This is fine since, in 

theory, this function should be homogeneous 𝑏 = 0, since after zero hours of operation, the 

resistance increase should be zero. 

Table 4.11 - Linear estimation coefficients of the graphs shown in Figure  

Temperature (°C) 𝑚 (Ω/h) 𝑏 (Ω) 𝑅2 

20 (2.274±0.077)·10-4 (1.172±0.939)·10-2 0.9977 

40 (1.302±0.146)·10-4 (1.904±1.777)·10-2 0.9756 

60 (5.732±0.379)·10-5 (-1.062±0.947)·10-2 0.9913 
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Figure 4.15- Polarization curves at 20 °C, 40 °C and 60 °C of the electrolytes corresponding to 

impurities of (a) 0x, (b) 1x, (c) 10x, (d) 20x, (e) 40x. It can be seen that with increasing 

concentration of impurities, the steepness of the polarization curves increases. 
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Figure 4.16- Comparison of the polarization curves corresponding to different concentrations of 

impurities at constant temperature: (a) 20 °C, (b) 40 °C and (c) 60 °C. At lower temperatures, the 

effect of the impurities has a more significant impact on the voltage increase. 
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Figure 4.17- Representation of the observed resistance increase due to impurities 𝛥𝑅𝑖𝑚𝑝𝑢𝑟𝑖𝑡𝑖𝑒𝑠 at 

different temperatures: (a) 20 °C, (b) 40 °C and (c) 60 °C. 

The reason behind such high uncertainties in Figure 4.17 may lie in the temperature of the 

electrolyte during the polarization curve tests, which is suspected to increase even though the 

electrolysis stack is thermostated. The reasons that support such a hypothesis are: 

• The temperature of the electrolyzer is measured in the surface thereof. 

• The wall material of the electrolyzer is PMMA of 6 mm thick.  
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• The thermal conductivity of PMMA is low, around 0.2 W/(m·K). 

• For high currents, high voltages are observed in the polarization curve. This means that 

the electrolysis reaction is occurring under a highly exothermal regime. 

• As a result, due to the poor capacity of the PMMA to evacuate the excessive heat, the 

temperature of the electrolyte rises. 

• Although the electrolysis cell converges to a new voltage within seconds for each current, 

the current source is adjusted by hand. The reason why the current was adjusted manually 

was to reduce response time should hazardous events occur, like sudden electrolyte 

losses, fire, or bursts.  

• Adjusting the current by hand typically takes about 1 minute for each point of the 

polarization curve. As a result, a polarization curve test lasts approximately 30 min, 

enough time to produce noticeable changes in the electrolyte temperature. 

In this sense, Figure 4.18, shows the observed resistance increase due to impurities 𝛥𝑅𝑖𝑚𝑝𝑢𝑟𝑖𝑡𝑖𝑒𝑠 

measured at different currents for different temperatures: (a) 20 °C, (b) 40 °C and (c) 60 °C. The 

distribution should be horizontal as the same resistance increase should be observed regardless of 

the current for all the isotherms. Instead of that, a negative slope is observed, which complies with 

the hypothesis that the electrolytes’ temperatures do not remain constant. 

The current setup allowed direct control of the current of the electrolysis stack to mitigate possible 

hazardous events. Since no accidents occurred, future setup designs could rely on automated 

power sources with kill switches. This would reduce the duration of the polarization curve tests, 

reducing the variation of the temperature. In addition, the setup could be enhanced by using a 

liquid coolant instead of air and materials with higher thermal conductivity to increase the 

temperature control.  

In any case, this setup fulfills the objective of getting an approximate value of degradation rate of 

the electrolyte, which is linear. The slope value 𝑚 in Table 4.11 represents the rate of resistance 

increase due to impurities Δ�̇�𝑖𝑚𝑝𝑢𝑟𝑖𝑡𝑖𝑒𝑠. With those values the rate of resistivity increase 

Δ�̇�𝑖𝑚𝑝𝑢𝑟𝑖𝑡𝑖𝑒𝑠 is calculated in Table 4.12. It is important to note that Δ�̇�𝑖𝑚𝑝𝑢𝑟𝑖𝑡𝑖𝑒𝑠 is directly 

proportional to the water consumption rate �̇�𝑤, which is proportional to the current 𝐼, and 𝐼 is 

equal to the product of the current density 𝑗 and the active area 𝐴. Therefore, Δ�̇�𝑖𝑚𝑝𝑢𝑟𝑖𝑡𝑖𝑒𝑠 ∝

 �̇�𝑤 ∝ 𝐼 ∝ 𝑗 · 𝐴. At the same time, the increase rate of the impurity concentration is inversely 

proportional to the total volume of the electrolyte ∇𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒, thus Δ�̇�𝑖𝑚𝑝𝑢𝑟𝑖𝑡𝑖𝑒𝑠 ∝
1

∇𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒
. To 

that end, a transformation of Δ�̇�𝑖𝑚𝑝𝑢𝑟𝑖𝑡𝑖𝑒𝑠 that is independent of 𝑗, 𝐴, and ∇𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒 is made. 

Such transformation is: 
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Δ�̇� = Δ�̇�𝑖𝑚𝑝𝑢𝑟𝑖𝑡𝑖𝑒𝑠 ·
∇𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒

𝑗 · 𝐴
 

(91)   

 

Table 4.12- Resistivity increase rate 𝛥�̇�𝑖𝑚𝑝𝑢𝑟𝑖𝑡𝑖𝑒𝑠 due to impurity acumulation in the electrolyte. 

𝛥�̇� is a transformation of 𝛥�̇�𝑖𝑚𝑝𝑢𝑟𝑖𝑡𝑖𝑒𝑠 that is independent of 𝑗, 𝐴, and 𝛻𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒 

Temperature (°C) Δ�̇�𝑖𝑚𝑝𝑢𝑟𝑖𝑡𝑖𝑒𝑠 (Ωm/s)  Δ�̇� (Ωm4/C) 

20 (6.497±0.625)·10-6  (4.765±0.245)·10-10 

40 (3.720±0.649)·10-6  (2.728±0.354)·10-10 

60 (1.638±0.210)·10-6  (1.201±0.101)·10-10 
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Figure 4.18- Observed resistance increase due to impurities 𝛥𝑅𝑖𝑚𝑝𝑢𝑟𝑖𝑡𝑖𝑒𝑠 measured at different 

currents for different temperatures: (a) 20 °C, (b) 40 °C and (c) 60 °C. The distribution should be 

horizontal, meaning that each isotherm should observe the same resistance increase regardless of 

the current. Instead of that, a negative slope is observed. This complies with the hypothesis that 

the temperatures of the electrolyte do not remain constant. 
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If a constant 𝐼 is applied, the resistivity increases linearly through time, thus �̇�𝐸𝐿𝐸𝐷
𝑁𝑅 (𝑡) can be 

calculated with: 

�̇�𝐸𝐿𝐸𝐷
𝑁𝑅 (𝑡) =

Δ�̇� · 𝑗 · 𝑑 · 𝑁𝑐𝑒𝑙𝑙𝑠 · 𝑡 · 𝐼2

∇𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒
 

(92)   

As a result, the 𝐸𝐸𝐿𝐸𝐷 is: 

𝐸𝐸𝐿𝐸𝐷 = ∫
Δ�̇� · 𝑗 · 𝑑 · 𝑁𝑐𝑒𝑙𝑙𝑠 · 𝑡 · 𝐼2

∇𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒
𝑑𝑡

𝑇𝐸𝑅

0

=
Δ�̇� · 𝑗 · 𝑑 · 𝑁𝑐𝑒𝑙𝑙𝑠 · 𝐼2

2 · ∇𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒
· 𝑇𝐸𝑅

2  
(93)   

Therefore, 𝐶𝐸𝑀 is: 

𝐶𝐸𝑀 = (𝑐𝐸 ·
Δ�̇� · 𝑗 · 𝑑 · 𝑁𝑐𝑒𝑙𝑙𝑠 · 𝐼2

2 · ∇𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒
· 𝑇𝐸𝑅

2 + 𝑐𝐸𝑅
𝑁𝑅)

𝑡𝐿𝐶

𝑇𝐸𝑅
 

(94)   

 

To find the 𝑇𝐸𝑅 that minimizes 𝐶𝐸𝑀:  

𝑑𝐶𝐸𝑀

𝑑𝑇𝐸𝑅
= 0 

(95)   

𝑑𝐶𝐸𝑀

𝑑𝑇𝐸𝑅
= (𝑐𝐸 ·

Δ�̇� · 𝑗 · 𝑑 · 𝑁𝑐𝑒𝑙𝑙𝑠 · 𝐼2

2 · ∇𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒
−

𝑐𝐸𝑅
𝑁𝑅

𝑇𝐸𝑅
2 ) 𝑡𝐿𝐶  

(96)  

Therefore: 

𝑇𝐸𝑅 = √
𝑐𝐸𝑅

𝑁𝑅 · 2 · ∇𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒

𝑐𝐸 · Δ�̇� · 𝑗 · 𝑑 · 𝑁𝑐𝑒𝑙𝑙𝑠 · 𝐼2
 

(97)  

It can be seen that with the assumptions made, 𝑇𝐸𝑅 does not depend on the lifespan of the 

electrolyzer 𝑡𝐿𝐶. 

With this, a simple case study of a 10 MW stack operating at 60 °C with water sourcing from the 

first distillation of seawater can be done to get an idea of the order of magnitude 𝑇𝐸𝑅. Knowing 

an estimate of that value is useful for sizing the associated chlor-alkali plant, as well as for 

considering other strategies regarding seawater desalination. Table 4.13 shows the baseline values 

of the different parameters that affect the study, which comply with data available in the literature.  

It can be seen that with the chosen parameters 𝑇𝐸𝑅 = 117 h, a very short time considering that 

the life of alkaline electrolysis units frquently span for over 100,000 h. An estimation like this 

one cannot be considered definitive until a sensitivity analysis is conducted, especially 

considering the ephemeral life of the electrolyte that the results suggest. To that end, each 
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parameter is varied ±5% independently, to see how they affect  𝑇𝐸𝑅. Figure 4.19 shows the results 

of that sensitivity analysis. There, it can be seen that all the parameter variations imply 𝑇𝐸𝑅 

variations under ±5%, except for 𝑗. This means that the result of 𝑇𝐸𝑅 is quite robust, and will be 

found close to 120 h. During this time near 200 m3 of water would be consumed, which is 

equivalent to <6 times the volume of the electrolyte ∇𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒, which lies within the range of 

the experimental measures. Those 200 m3 of water would cost about 200 €, assuming a desalinated 

water cost of 1 €/m3. 

 

Table 4.13 - Baseline values of the case study: A 10-MW alkaline electrolysis stack that operates 

at 60 °C with water from the first distillation of seawater. 

Parameter Value 

�̇�𝑠𝑡𝑎𝑐𝑘 (MW) 10 

𝑉𝑠𝑖𝑛𝑔𝑙𝑒 𝑐𝑒𝑙𝑙 (V) (Godula-Jopek, 2015) 2.00 

𝐴 (m2) 1.000 

𝑗 (A/cm2) (Godula-Jopek, 2015) 0.300 

𝑑 (cm) (Godula-Jopek, 2015) 2 

𝑐𝐸𝑅
𝑁𝑅  (€) 4500 

𝑐𝐸 (€/MWh) 60 

𝑐𝐸 (€/GJ) 16.67 

Δ�̇� (Ωm4/C) 1.20E-10 

∇𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒 (m3) 35.34 

𝑁𝑐𝑒𝑙𝑙𝑠  1667 

𝑇𝐸𝑅 (h) 116.71 
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Figure 4.19- Tornado chart of the sensitivity analysis that varies independently the baseline 

assumptions of the case study of the 10-MW alkaline electrolyzer that operates with water from 

the first distillation of seawater, which can be found in Table 4.13. 

4.4. Design of a chloro-alkali single cell that uses seawater brine as feed 

Chapter 3.4. aimed to establish a method for designing a solution for the in-situ production of the 

alkaline electrolyte. This chapter shows the results of applying that method, which are subdivided 

into the subsystems of Figure 3.18: 

• Subsystem 1: Brine preparation. Here the raw brine from seawater desalination is 

processed and depurated to serve as the feed of a chlor-alkali cell. This subsystem aims 

to increase the quality of the output caustic liquor of the chlor-alkali cell while extending 

its life. 

• Subsystem 2: Brine electrolysis. Here depurated brine is electrolyzed in a chlor-alkali cell 

coupled to an HCl reactor to produce valuable HCl to sustain internal processes and 

caustic liquor as a precursor of NaOH. 

• Subsytem 3: Product processing. Here caustic liquor is processed to produce NaOH with 

a purity suitable for the alkaline electrolyzer that produces hydrogen. 
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Subsystem 1: Brine preparation 

The rejected brine sourcing from the distillation column will be first concentrated until saturation 

of Na+, as the chlor-alkali process is more efficient with saturated brines (O’Brien et al., 2007). 

Then the brine will be subjected to a purification process composed of the three stages shown in 

Figure 4.20: Mg2+ removal, SO4
2- removal and Ca2+ removal. Other impurities will be present in 

the brine such as K+ that will not be removed since they do not present known negative effects on 

the chlor-alkali reaction or the subsequent water electrolysis reaction using the resulting NaOH 

product. 

 

Figure 4.20- Main stages of brine purification: Mg2+ removal, SO4
2- removal and Ca2+ removal. 

Such ions are removed by exploiting the low solubility products that were shown in Table 3.28.  

First, for the Mg2+ removal, NaOH is added. As a result, Mg(OH)2 precipitates forming a 

homogeneous white slime that can be separated using filters or letting the mixture settle. The first 

option would clog the filters making the separation time indefinitely long. The second is faster, 

although the bottom of the settling device must have a hopper shape and a drain to remove the 

Mg(OH)2 slime. The Mg(OH)2 slime would be sent to a waste tank, and the Mg2+ depleted brine 

would continue to the next stage. In the laboratory-scale process, a pear-shaped separatory funnel 

like the one shown in Figure 4.21 can perform the settling and then the separation. 

 

Figure 4.21- Pear-shaped separation funnel. 

RemovalMg2+ RemovalSO4
2- RemovalCa2+ 
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Second, to remove the SO4
2-, CaCl2 is added to the brine. As a result CaSO4 precipitates. Which 

tends to produce scaling. To avoid this, the SO4
2- removal requires agitation, so that the produced 

CaSO4 remains in suspension. This time, as this compound is easier to separate, it can be removed 

through filtration. The separated CaSO4 is sent to the waste tank, and the SO4
2- depleted brine 

continues onto the next step. 

Third, the Ca2+ is removed by blowing CO2 microbubbles into the brine. This precipitates CaCO3, 

as long as the pH value of the brine at this stage is above 10.33 (Bang et al., 2011). This 

requirement is fulfilled after the Mg(OH)2 removal by the addition of NaOH. Again, CaCO3 can 

produce scaling; thus, agitation is required to maintain the precipitated in suspension. Once the 

precipitation is over, the CaCO3 is easy to separate through filtration. The Ca2+ depleted brine 

continues onto the next step, while the CaCO3 is sent in a slurry to a reactor to produce the CO2 

required for Ca2+ removal and the CaCl2 required for the SO4
2- removal, according to the following 

reaction: 

CaCO3(s)
+ 2 HCl(aq) → CaCl2(s) + CO2(g) + H2O(l) 

As it can be appreciated, this process sustains itself without requiring almost any external 

chemicals: 

• The NaOH for the Mg2+ removal is a product of the chlor-alkali. 

• The CaCl2 for the SO4
2- removal is produced from a byproduct of the Ca2+ removal with 

HCl, which is an indirect product of the chlor-alkali. 

• The CO2 for the Ca2+ removal is recycled from the CaCO3 byproduct of this same stage. 

Since it is expected that not all CO2 could be recycled, the implementation of atmospheric 

carbon capture systems will be investigated. 

In a diaphragm chlor-alkali cell, the depurated brine is introduced in the anolyte, where the 

chlorine evolution reaction occurs. Introducing an alkaline brine will result in the production of 

hypochlorites upon contact with the produced Cl2. This phenomenon can be seen in Figure 4.22, 

where the yellowish areas appear in the anolyte of a chlor-alkali cell. The acidification can be 

done by adding HCl from the chlor-alkali process. 
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Figure 4.22-“Laboratory chlor-alkali cell Mark I” test. The yellowish color in the anolyte indicates 

that hypochlorites are being produced. This occurs when introducing an alkaline brine in the 

anolyte, or when the diaphragm fails to contain the OH- formed in the catholyte. 

Subsystem 2: Brine electrolysis 

The first step in the design process is to make a detailed list of the design requirements: 

• A means to elevate the pressure of the depurated brine to produce a continuous flow of 

brine to the chlor-alkali cell shall be provided. 

• A means to control the flow rate of the depurated brine towards the chlor-alkali cell must 

be provided. 

• A means to check the pH value at the anolyte and the catholyte shall be provided. The 

direct measure is preferable, although the indirect measure is also accepted. 

• Suitable electrodes capable of withstanding the demanding conditions, namely, iridium 

oxide on a titanium substrate, shall be provided. 

• A suitable diaphragm must be provided. 

• The cell shall be designed in a way that allows the inspection and replacement of the 

diaphragm. 

• A mean to control the flowrate of the gaseous products shall be provided. 

• All materials, including hoses, must have high chemical stability towards high 

concentrations of NaOH, HCl, Cl2 and H2. 

• Materials of the chlor-alkali cell must be transparent for visual inspection. This is to 

observe the undesired formation of hypochlorites, check the status of the diaphragm, or 

even see if solids are precipitating. 



Chapter 4: Results 

158 

 

• A suitable reactor to produce HCl from Cl2 and H2 shall be designed. 

• A mean to ignite the Cl2 and H2 reaction to produce HCl must be provided. 

• The ignition mean shall withstand the demanding conditions of the reaction chamber. 

• A suitable mean to store the produced HCl shall be provided. 

The next step in the design of a laboratory-scale chlor-alkali cell, is to make a simple diagram of 

the setup that presumably will be able to comply with all the listed requirements. The resulting 

diagram of the setup after several iterations can be seen in Figure 4.23. The description of the 

components from left to right is the following: 

• Depurated brine tank: It is intended to store the depurated brine from the subsystem 1. 

It will be as well the mean to elevate the pressure of the depurated brine, whose principle 

will be based on gravity (hydrostatic pressure). To maintain the pressure relatively 

constant regardless of the remaining volume of brine, the tank shall be wide, so that the 

pressure variation between full and empty does not exceed more than 5 cm of column of 

water (about 0.49 kPa). The tank will be located at an adjustable height above the chlor-

alkali cell. The reason for this is to allow the calibration of the pressure to match the 

pressure drop of the diaphragm, which is unknown. 

• Brine control valve: It is intended to block the flow from both directions when closed, 

and to allow the flow in a single direction (towards the chlor-alkali cell) when open to 

allow. The valve will serve as well as a throttling valve.  

• Chlor-alkali cell: It is the main component of the setup. It will receive the depurated 

brine in the anode side of the diaphragm (anolyte) and release Cl2 from the anode and H2 

from the cathode. Furthermore, NaOH liquor will be recovered from the electrolyte of 

the cathode side (catholyte). It will be made of Poly(methyl methacrylate) PMMA. 

• NaOH liquor control valve: the valve will allow to control the flow, to increase or 

decrease the concentration of the NaOH in the caustic liquor in steady state. Restricting 

the flow will increase the NaOH concentration. The maximum concentration will depend 

on the capacity of the diaphragm to block the OH- ions that naturally tend to travel to the 

anode. 

• Reactant control volume cylinders: They allow to measure the output of the gaseous 

streams of Cl2 and H2 prior to introducing them into the HCl reactor. At the beginning, 

the cylinders are full of water, and the valve at the top shut. As the Cl2 and H2 enter their 

respective cylinders, water moves to their corresponding compensation reservoirs. As 

both gases will be under the same conditions of temperature and pressure, same volume 

is the same amount of substance. They will be made of PMMA. 
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• Purge valves: At the beginning of the reaction, the tubes have air trapped in their insides. 

To prevent air from entering the HCl reactor, the purge valves placed on top of the reactor, 

are opened to let the stored Cl2 and H2 sweep the air to the fume hood. 

• HCl reactor: The HCl reactor is a vertical transparent cylinder with an open end at the 

bottom, which is submerged in a water reservoir. Initially the cylinder is filled with water 

from the reservoir. The HCl reaction is ignited by a UV led. The reactor will be made of 

PMMA.  

  

Figure 4.23-Diagram of the “laboratory chlor-alkali cell Mark I” 

Once the diagram has been deemed acceptable, a more detailed design is conducted, which is 

shown in Figure 4.24. The list of the components is shown in Table 4.14. 

As PMMA sheets would be glued together, the design took into account that adhesives work best 

if they operate joining surfaces that present shear forces against each other, rather than axial 

forces. To increase the contact surface between the PMMA sheets operating in shear conditions, 

jigsaw patterns have been designed. These can be seen in  Figure 4.24. The chlor-alkali cell at 

this stage of the design presents two tubes in the front walls to allow the introduction of pH meter 

probes. 
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Table 4.14 – List of the components of the 3D detailed design of the chlor-alkali cell shown in 

Figure 4.24. 

No. Description No. Description 

1 Depurated brine tank. 10 HCl reactor check valve: Cl2 side 

2 Depurated brine flow control valve. 11 Chlor alkali H2output check valve 

3 Depurated brine check valve. 12 H2 three-way pipe fitting 

4 Chlor-alkali cell. 13 H2 control volume cylinder 

5 Chlor alkali Cl2 output check valve. 14 
Water reservoir of the H2 control 

volume cylinder 

6 Cl2 three-way pipe fitting. 15 HCl reactor shutoff valve: H2 side 

7 Cl2 control volume cylinder. 16 HCl reactor check valve: H2 side 

8 
Water reservoir of the Cl2 control 

volume cylinder 
17 HCl reactor three-way pipe fitting 

9 HCl reactor shutoff valve: Cl2 side 18 HCl reactor 

 

 

Figure 4.24- Detalied design of the “laboratory chlor-alkali cell Mark I”. The description of the 

numbers quoted in the figure are available in Table 4.14.   

Once the detailed design is completed, the manufacturing process begins. The PMMA sheets are 

cut according to the design plans, with jigsaw patterns. In Figure 4.25, the work-in-progress of 

the chlor-alkali cell can be seen. During the machining and cutting of the PMMA sheets it has 

been observed that PMMA melts in the surface in contact with the cutting tool. As a result, this 

yielded high tolerances, close to 1 mm. In addition, when drilling holes in the PMMA plates it 
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was relatively easy to crack them, making the fabrication process more complex. For these 

reasons, at this point it was decided not to place the tubes for the pH meter probes, since pH 

measures could be done out of the chlor-alkali cell. 

 

Figure 4.25- Work-in-progress of the chlor-alkali cell. Here, the high tolerances of the machining 

of PMMA can be seen.  

In Figure 4.26, a closeup picture of the chlor-alkali cell can be seen. There it can be appreciated 

that the unions between PMMA sheets have glue in excess to avoid leaks. Nevertheless, small 

leaks were present regardless of the amount of glue used. For that reason, a beaker was placed 

beneath the chlor-alkali cell to recover all possible leaks. Typically, the leak rate was of one drop 

every ten minutes, which was considered acceptable. In that figure, a trial is being conducted with 

filter paper as a diaphragm. Depurated brine enters the chlor-alkali cell from the left, and caustic 

liquor leaved the cell on the right. The tube immersed in water in the right side is the HCl reactor, 

which combines the Cl2 and the H2. The titration of the caustic liquor using a 4 M HCl dissolution 

as an acid indicated that the NaOH concentration in the liquor was near 1 M, using 

phenolphthalein as an indicator. In this trial, after about thirty minutes the filter paper broke. 

Despite the flaws in the setup, this trial of the “laboratory chlor-alkali cell Mark I” was considered 

a success. 
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Figure 4.26- Closeup of the “laboratory chlor-alkali cell Mark I” in one of the first trials. In this 

trial filter paper is used as a diaphragm. The filter paper breaks down after thirty minutes. 

In Figure 4.27 a general overview of the “laboratory chlor-alkali cell Mark I” is shown. It can be 

seen that the arrangement differs to the design shown in Figure 4.24 in the following points: 

• The chlor-alkali cell does not have the tubes for the pH meter probes. The reason, 

explained earlier, is due to the difficulty in drilling and machining the PMMA without 

producing holes with excessive tolerances or cracks that would compromise water or gas 

tightness of the cell. 

• The Cl2 control volume cylinder and its associated water reservoir have been removed. 

This was due to the loss of gas tightness of the cylinder after several trials. Probably, the 

Cl2 corroded the tube fitting, as discoloration of the plastic was observed prior to its 

failure. 

• A rubber suction bulb is incorporated to remove air trapped in the HCl reactor and the 

pipes. 

This time the setup used a commercial PTFE diaphragm (Merck Omnipore™ 10 µm JC), which 

endured several weeks of trials, until the cell was disassembled for cleaning as debris from 

corrosion products of the pipe fittings and valves started to accumulate in the anolyte. The NaOH 

concentration in the caustic liquor this time neared 2 M, which indicates that the diaphragm is a 

key component.  

In Figure 4.28, how the diaphragm looked before and after the trials is shown. The black pigments 

are suspected to be residues of the tube fittings. 
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Figure 4.27-General overview of the “laboratory chlor-alkali cell Mark I.”  

 

Figure 4.28-Appearance of the PTFE diaphragm Merck Omnipore™ 10 µm JC before and after 

use in trials. At the end of the trials, after several weeks of use, the PTFE diaphragm was perfect, 

although stained from corrosion products of the pipe fittings of the anolyte side. 

The “laboratory chlor-alkali cell Mark I” could be considered a successful first attempt since it 

proved that NaOH and HCl could be produced from seawater brine. However, the chosen pipe 

fittings and valves proved unsuitable for the demanding conditions they were subjected to. 

Before After
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Besides, this design could only operate at room temperature when chlor-alkali cells typically 

operate at higher temperatures to benefit from higher efficiencies. Besides, the chosen 

manufacturing process yielded high tolerances that resulted in leaks difficult to eliminate. The 

specifications of the design are summarized in Table 4.15. 

With these lessons learned, a “laboratory chlor-alkali cell Mark II” is being designed, with the 

aim of performing long-term tests to study the life-cycle thermo-economics of this process in real 

scale and calculate the levelized cost of the produced NaOH as a function of the levelized cost of 

electricity.  

Table 4.15  –Specifications of the “laboratory chlor-alkali cell Mark I.” This first iteration 

succeeded in demonstrating HCl and NaOH production from seawater brine. However, it had 

water-tightness and durability issues in the fittings. 

Component Description 

Diaphragm Merck Omnipore™ 10 µm JC 

Wall material PMMA sheets cut with mechanical means 

Wall thickness (mm) 6 

Wall adhesive PMMA disolved in acetone 

Electrode material 

From commercial saline swimming pool 

chlorinator: Ti Substrate coated with Pt and 

Ru 

Electrode height (mm) 85 

Electrode width (mm) 40 

Electrode-diaphragm gap (mm) 25 

Tube material PTFE 

Tube diameter (mm) 6 

Pipe fittings and valves type Rapid type 

Pipe fittings and valves material PTFE-lined polyoxymethylene (POM) 
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Subsystem 3: Product processing 

The caustic liquor of a commercial diaphragm chlor-alkali cell typically has a concentration of 

12% NaOH in weight. The first step is to concentrate the caustic liquor through a process of 

evaporation until the NaOH gets saturated. During this process, the NaCl precipitates in crystals 

that can be easily separated from the caustic dissolution. At the end of this process the NaOH 

reaches a concentration of about 50% in weight, with a content of 1% NaCl (d’Amore-Domenech 

et al., 2018). 

Second, the 50%-NaOH dissolution is sent to a crystalizer where NaOH is crystallized into 

NaOH·3.5H2O crystals. Then such crystals are rinsed with water, rendering crystals with a 

negligible content of NaCl (Schlafer et al., 2000).  

Third, the purified crystals are dissolved in water to their saturation point and stored in a tank in 

liquid form for later use in the alkaline electrolyzer. 

Figure 4.29 shows a flow chart of the integrated process for hydrogen production from seawater 

using alkaline electrolysis and a chlor-alkali process for electrolyte renewal management. 
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Figure 4.29- Flow chart of the integrated alkaline electrolysis plant for hydrogen production from 

seawater with a chlor-alkali process for the in situ electrolyte renewal management. It is possible 

to produce H2 and valuable NaOH and HCl from seawater to sustain the efficient hydrogen 

production process from seawater. 
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Chapter 5. 

5. Discussion 

5.1. Power transmission at sea 

This work made several simplifications to perform this analysis that comply with standard 

practices of reliable literature. Nevertheless,  deviations from the infrastructure cost predictions 

are bound to occur due to the nature of these projects, especially for submarine cables and 

pipelines (Kaiser, 2017; Schell et al., 2017). Such deviations depend on many factors that are not 

possible to control. Some examples are the cost of materials, the variability of the charter rates of 

the particular vessels used during cable laying or pipeline laying, local concessions for the use of 

the seabed in different territorial waters, differences in the cost of manual labor, differences in the 

cost of land and others. These cost deviations are not limited to the erection of the infrastructure. 

They apply to the life cycle, especially for the submarine cable and pipeline, which are prone to 

ruptures, especially in areas of intense human activity. These cost deviations lead to high costs 

for the reparation and the inherent interruption of the service with unknown duration (Masoudi 

et al., 2019). It is no mystery that such ruptures have an important impact on the life cycle cost of 

the link. Nevertheless, they have not been taken into account in this work because the exact 

probability and magnitude of the uncertain incidents cannot be predicted from a generic 

perspective. For these reasons, the reader must treat the results of this study as generic and conduct 

a detailed and specific study for each case. In any case, this thesis studied the comparison of 

different energy vectors for bulk power transmission at sea for the first time, providing insight on 

the matter.  

Results should be treated carefully as in the case of hydrogen, the transformation of hydrogen into 

electricity and usable heat belongs to the end-user distribution, which is out of the scope of the 

study. In any case, the perceived cost by the end-user will be higher for both electricity and 

hydrogen solutions as it will take into account the life-cycle cost of each distribution network. 

Further research is required to determine how higher for each specific case. 

About the source end infrastructure, the construction costs of the electrolysis plants for the power-

transmission-through-hydrogen alternatives are only about 10%-30% higher than both end 

substations of the full-electric power transmission alternative. This fact applies to all four 

scenarios: NNS, NND, FNS, and FND. However, due to the lifespan of 100,000 hours of the 
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electrolyzers, they must be fully refurbished two times during the life cycle. This relatively short 

life makes the electrolysis plant life-cycle costs triple those of the electric power substations from 

a life-cycle perspective. Therefore, extending the lifespan of the electrolyzers to 30 years without 

compromising the current construction cost will be vital in shortening the breakeven distance of 

hydrogen. 

Regarding matters that affect submarine cables and submarine pipelines, depending on the 

capabilities of the pipeline laying and cable laying vessels and their availability at the moment of 

laying, different rates apply (Kaiser, 2017). This variability in rates implies a risk when estimating 

the infrastructure construction budget. 

The assumption of increasing the pipeline diameter to maintain a constant pressure at the import 

end regardless of the distance, although it simplifies the problem, does not represent an optimal 

solution. However, installing several intermediate compressor stations would reduce the pipeline 

diameter. For this reason, the stakeholder must make a more detailed study to find out the number 

of compressor stations along the way that represents the lowest life-cycle cost. 

Contrary to submarine pipelines and cables, both hydrogen-ship alternatives under time charter 

present a broader coverage for unforeseen mid-life repairs. The first reason is that under time 

charter terms, the shipowner covers this expense through the charter rate, as the insurance 

premium is their responsibility. The second reason is that the logistics manager can charter other 

substitute ships during the unavailability of the ship to avoid service disruption during the repair. 

For these reasons, waterborne transport presents lower risks than submarine cable and pipeline 

solutions. Therefore, both submarine pipeline and cable cost predictions are more optimistic than 

those obtained with both types of ships. For this reason, the estimated breakeven distances shown 

in Figures 4.1-4.4 might move to a shorter length for the LH2 ship and the cH2 ship alternatives. 

Charter rates in the bulk shipping business represent the intersection of the supply and demand 

curves. Both depend on global changes in the consumption of bulk commodities and the 

availability of ships for their transportation (Scarsi, 2007). Supply and demand are easy to foretell 

from one year to another, as the demand will depend on the decisions of policymakers and 

economic growth in the case of hydrogen. Supply will depend on the worldwide order list of ships 

for that specific type of cargo. 

All these facts point out that the cost prediction for the bulk hydrogen transportation by ship could 

be more accurate, as they are subject to fewer sources of deviations. 

The hydrogen liquefaction plants are sophisticated and require much more space than the 

equivalent compression plants. For this reason, it does not seem as likely to find soon a hydrogen 

liquefaction plant installed on an offshore platform as it would be to find an equivalent 
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compression plant. However, offshore hydrogen liquefaction will be just a matter of time, as the 

same happened to offshore LNG (Gu & Ju, 2008). Regarding liquefaction capabilities, the largest 

hydrogen liquefaction plant currently in operation can liquefy up to 34 t/d (0.39 kg/s) (Krasae-in 

et al., 2010), but the scenarios studied in this work will need liquefaction capacities of more than 

260 t/d (3.01 kg/s). Therefore, liquefaction plants with higher capacity than current state-of-the-

art plants have to be developed (International Energy Agency, 2019). 

Regarding large-scale hydrogen storage, it has not been proved economically feasible in scientific 

literature elsewhere than in underground cavities, such as salt caverns or depleted fossil fuel 

reservoirs, or pipe storage (Andersson & Grönkvist, 2019). Nevertheless, in 2015, DNV GL 

released a report in which large quantities of hydrogen at 700 bar could be stored economically 

in storage modules based on composite pressure vessels (Klinge Jacobsen & Schröder, 2012). In 

this study, the most expensive facility of the export end corresponds to the storage modules, which 

agrees with most of the scientific literature. Although the layout of the storage modules is 

probably not optimal, the room for improvement after an optimization does not present prospects 

as good as those of other cheaper solutions for bulk hydrogen storage under a compressed state. 

So far, this work has discussed only economic features concerning the power links. Nevertheless, 

other relevant features can affect the decision-making, as was implied at the beginning of the 

Introduction. In this sense, this work will discuss the following aspects: depth limitations, energy 

losses, energy quality, flexibility to change the destination, and the flexibility to change the power 

equivalence of the link. 

Depth limitations 

Although distance does not imply a technical limitation, depth does. Currently, the technological 

limit regarding depth for cable laying is 3,000 m (Purvins et al., 2018). Analogously, pipelines 

will be facing the same problem for similar depths. Therefore, linking two points separated by a 

mass of water with very deep unavoidable areas using submarine cables or pipelines will be 

challenging. In contrast, ships are not subject to any challenges regarding depth, except in very 

shallow waters. 

Energy losses 

The best alternative regarding energy losses is the electric one, as all the hydrogen alternatives 

present an important and common source of energy losses: the electrolysis plant. Among the 

hydrogen solutions, the best one is the pipeline, followed by the bulk LH2 transported by ship due 

to the energy losses from the hydrogen liquefaction. About the cH2 vessels, although the 

compression energy losses are much lower than those of hydrogen liquefaction, their round-trip 
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efficiency is much lower. For this reason, it is the alternative with the worst performance 

regarding energy losses. 

In 2021 Global Energy Ventures received the approval in principle from the American Bureau of 

Shipping for their concept ship of cH2. Their cH2 carrier ship, with a size comparable to a Qatar 

standard LNG ship could transport 2,000 t of hydrogen at 250 bar. These facts would drastically 

drop the cH2 shipping cost according to the assumptions made in this thesis, where a ship could 

only transport about 51 t of hydrogen. Besides, in their recently published feasibility study, there 

would be no storage at the terminals, as the ship would stay docked for long periods. Therefore, 

the study regarding cH2 shipping should be repeated with the new boundary conditions to find 

likely variations in the breakeven distances found in this thesis. 

Energy quality 

Hydrogen can be transformed into electricity by the end-user through fuel cells. Although the 

effective use of hydrogen energy could reach 95%, only about 60% would be converted into 

electricity, and the rest up to 95% could be converted into usable heat for co-generation (Arsalis, 

2019). In this sense, heat presents fewer uses than electricity, which is why the submarine cable 

alternative offers a higher quality than the energy perceived under the form of hydrogen. 

Flexibility to change the destination 

Either a submarine cable or a submarine pipeline is once laid, they have a fixed route. On the 

other hand, ships can change their route, granting them flexibility. 

Flexibility to change power equivalence of the link 

About the electric link, despite being able to withstand punctual overloads in power transmission, 

steady-state power transmission cannot surpass the nominal power (Aidong et al., 2007). To that 

end, they must increase their capacity. For that reason, a new cable must be laid and the end 

substations resized. For all the hydrogen technologies based onshore, plants can add new adjacent 

facilities at any time. In pipelines, the pipeline manager can raise the flow rate of hydrogen at the 

expense of increasing the pressure drop between ends. Thus, they are more flexible than electric 

links but still present some limitations. Regarding waterborne transportation, the fleet of ships 

can increase their sailing speed until they reach their top speed, or even more, the fleet manager 

could charter more vessels at any time. 

5.2. Multicriteria analysis of electrolysis technologies 

This work has applied different MCDM methods to various electrolysis technologies, DES, 

PEME, AE, and SOE, to produce green hydrogen at sea, to rank them under a list of specific 

criteria. The methods involved AHP, CBA, COPRAS, SAW, and TOPSIS. The criteria involve 
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economic, environmental, and social factors relevant to the prioritization of technologies in the 

sustainable exploitation of green hydrogen production. Figure 5.1 shows the weighing of the 

economic, social, and environmental factors obtained with the weight distribution present in Table 

3.18. The economic factor is the most important, even though the single criterion with the highest 

weight value in Table 3.18 does not correspond to any economic factors. Figure 5.1 differentiates 

the economic factor into Investment costs and O&M for better comprehension. The remaining 

share divides between social and environmental factors, which correspond to the single criterion 

with the highest weight value in Table 3.18. This last fact makes sense given the green and 

sustainable context. 

 

Figure 5.1- Distribution of importance of criteria for the assessment. 

According to the results, the preferred method for sustainable hydrogen production at sea with 

electrolysis is PEME, closely followed by AE. The reason for this lies in the AHP and CBA 

methods. While AE scores well on all economic-related criteria, on Environmental or Social 

criteria, it does not perform that well, being the third option.  

Section 3.2 states that sometimes the ranking of the alternatives could vary depending on the 

MCDM method used. This work uses five different MCDM methods to ensure that the obtained 

rank is coherent and consistent. In this sense, all methods determine that, with the specifications 

of the current state of technology, and for the specific mission of producing cheap green hydrogen 

at sea, the best technology is PEME, followed by AE, then SOE, then DES, as shown in Figure 

5.2. There the rankings yielded by all methods coincide, thus, being reliable.  

Usually, AHP and CBA methods imply subjective and hesitant components in the pairwise 

comparisons (Acar et al., 2018). However, as the final ranking of both methods coincides with 

those yielded by COPRAS, SAW and TOPSIS, the hesitancy and subjectivity are diluted in the 
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process for AHP and CBA, rendering a relatively objective ranking.  This objectivity is due to 

COPRAS, SAW, and TOPSIS do not have hesitancy or subjectivity, except for the weight 

distribution step among the criteria. This work obtained the weighing by applying AHP to rank 

the criteria for all methods. 

 

Figure 5.2- Ranking of electrolysis at sea as a function of the MCDM method used 

To end, a sensitivity analysis is performed on the assigned weights to see if a new weight 

distribution affects the obtained ranking. By introducing small variations, such as 5% or 10%, in 

the weight assignments, the robustness of the obtained ranking could be checked. Assigning a 

lower weight to the social and environmental factors could rank AE first, as it presents the best 

scores in the criteria related to the economic factor, where PEME does not score that well, see  

Table 4.4.  

In this sense, a sensitivity analysis on the weight distribution of Table 3.18 can reveal if the 

ranking changes by varying the social and environmental factor weights equally by a 5% and 

10%. This leads to four new weight distributions (i)-(iv), showed in Table 5.1: 

(i) Hazard and Environment decrease 5%, while the remaining criteria increase 

proportionally to keep the sum of weights equal to 100%. 

(ii) Hazard and Environment decrease 10%, while the remaining criteria increase 

proportionally to keep the sum of weights equal to 100%. 

(iii) Hazard and Environment increase 5%, while the remaining criteria decrease 

proportionally to keep the sum of weights equal to 100%. 

(iv) Hazard and Environment increase 10%, while the remaining criteria decrease 

proportionally to keep the sum of weights equal to 100%. 

Figure 5.3 shows the resulting rankings from these variations. There, concerning the baseline case 

shown in Figure 5.2, all rankings remain invariant for all methods, except TOPSIS in the (i) and 

(ii) variations, where AE and PEME exchange their positions. These variations prove that the 
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ranking is robust, as small variations in the weight assignment do not change the order of 

preference for most of the MCDM methods. 

The very narrow difference between AE and PEME in TOPSIS and CBA could mean that both 

technologies may play an essential role in producing green hydrogen at sea. 

 

Table 5.1- Variation of weights related to social and environmental factors from the baseline case. 

(i) to (iv) scenarios represent weighing variations that add or subtract importance to Hazard and 

Environment. 

Criterion Baseline 
(i) 

-5% 

(ii) 

-10% 

(iii) 

+5% 

(iv) 

+10% 

Investment 4.05 4.19 4.34 3.91 3.76 

Maintenance 5.14 5.32 5.51 4.96 4.77 

Lifetime 19.21 19.89 20.58 18.53 17.84 

Resilience 15.98 16.55 17.12 15.41 14.84 

Energy 8.03 8.32 8.60 7.744 7.46 

Dynamics 6.01 6.22 6.44 5.80 5.58 

Environment 20.79 19.75 18.71 21.83 22.87 

Hazard 20.79 19.75 18.71 21.83 22.87 
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Figure 5.3-Sensitivity of the ranking under the variation of the weights corresponding to social 

and environmental factors for the cases defined in Table 5.1. 

 

5.3. Alkaline electrolysis under marine conditions 

One of the goals of this thesis is to study the performance degradation of an alkaline electrolyte 

to estimate its renewal rate. The experiments with a two-cell stack of alkaline electrolysis of water 

have permitted to observe the performance deterioration due to the rising concentration of 

impurities in the electrolyte due to the long-term use of water sourcing from the first distillation 

of seawater.  

To reduce the actual time of the long-term experiments, this work developed a method based on 

the concentration of the distilled water. With different concentrations of such distilled water, 

different electrolytes with constant NaOH concentrations were prepared, representing different 

operating life. As a result, it was possible to simulate the performance degradation of the 

electrolysis reaction in a relatively short time. 
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These experiments aimed to get a general idea of the degradation rate of an alkaline electrolyzer 

that operates with distilled water from the first distillation of seawater. To this end, this part of 

the thesis included the design and fabrication of a two-cell electrolysis stack. Some of the key 

features of its design and their reasons are: 

• Wide space between electrodes: more space between electrodes would mean a higher 

sensitivity to the accumulation of impurities. This would mean lower relative 

uncertainties in the measures of the resistance increase. 

• Two-cell stack: the number of cells acts as a multiplier of the observed resistance 

increase. This feature reduces the relative uncertainties in the measures of the resistance 

increase. 

• Non-disassemblable design: this type of design reduces the chance of electrolyte leaks 

that could affect measures, which reduces uncertainties in this sense. 

• Gravity separation: diaphragms can get fouled between tests and can be difficult to wash 

in a non-disassemblable stack. As a result, they can get clogged, raising the observed 

resistance increase due to impurities. Gravity separation is easier to wash, and it was 

considered a reliable separation method in a scientific publication (Davis et al., 2018). 

During the tests, it was observed that this method of separation only works well for low 

current densities. 

• Non-circulating electrolyte design: this feature allows to control better the volume of 

electrolyte, reducing uncertainties. 

• Transparent design: this feature allows seeing expected and unexpected phenomena 

during the electrolysis reaction. 

• Air temperature control: this feature allows temperature setting aimed to produce 

polarization curves at different temperatures. 

Beforehand it was expected that the performance of the electrolysis reaction would decrease 

linearly with the accumulation of impurities, which at the same time present a linear increase 

through time (Amores et al., 2019). The results on the performance degradation do not contradict 

such an expectation. However, since the results yielded high uncertainties, as seen in Figure 4.17, 

it is difficult to confirm such an expectation reliably. The source of these high uncertainties is 

mainly attributed to the lack of temperature control of the electrolyte at high currents, which is 

suspected of becoming hotter, thus reducing the observed resistance increase of the electrolyte.  

The design of the experimental setup will be improved in future editions to allow better 

temperature control of the electrolyte. Overall,  the experiments could be considered a success. 

The results confirm that it is not cost-effective to produce hydrogen in alkaline electrolyzers using 
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water sourcing from the first distillation of seawater as a feed with the current boundary 

conditions. Besides, this fact has been confirmed using minimal resources.  

In the case study, for 10 MW alkaline electrolyzers that use water from the first distillation of 

water, the economic life of the electrolyte has been found to be in the order of 120 h. These results 

can be considered reliable. An indicator that proves the reliability of that finding is that the 

electrolyzer consumed an amount of water of fewer than six times the electrolyte volume during 

that time: 6x, which is in the range of the experimental measures that covered different instants 

from 0x to 40x.  In any case, 120 h is a brief time considering that the lifespan of commercial 

alkaline electrolysis units can exceed 100,000 h. With this result, the most cost-effective water 

purification approach for alkaline electrolysis is still unknown. In any case, should the solution 

be in distillation, alkaline electrolyzers will need more than one distillation stage. Adding one 

additional distillation stage would double the cost of the desalinated brine. However, it would 

reduce the ion concentration by about 2000 times if the salt rejection ratio is maintained (see the 

total salt contents from seawater to 1x in Table 4.9), which would reduce the transformed 

resistivity increase rate Δ�̇� by that amount. As a result, this would increase the time between 

electrolyte renewals 𝑇𝐸𝑅 nearly by 45 times, yielding circa 5400 h of electrolyte life in the studied 

10 MW electrolyzer example. New experiments will be conducted with the future improved setup 

to confirm this. 

In addition, it has been checked that Δ�̇� is lower for increasing temperatures. Therefore, another 

good strategy to lengthen the economic lifespan of the electrolyte would be to increase its 

operation temperature above 60 °C. To confirm this, the improved setup will withstand 

temperatures of 100 °C. 

The distilled water analysis results indirectly observed that the concentration of the different ions 

in seawater varies through time for a given specific location. In the case of these experiments, the 

location was Guardamar del Segura, Alicante, Spain. Typically, small variations have been 

observed. Thanks to that, it was possible to see a linear increase of ion concentrations concerning 

the distilled water concentration. However, episodic events could be the cause of important 

variations, such as the heavy rains that occurred before collecting the water used to produce the 

30x distilled water. In this sense, to avoid the proximity to any river mouth, a different seawater 

collection point will be chosen in the future. Also, portable salinity meters and a thermometer will 

be used to note the salinity and the seawater temperature at the time of collection for better 

traceability. 



Chapter 5: Discussion 

177 

 

5.4. Design of a chloro-alkali cell that uses seawater brine as feed 

The chlor-alkali system aims to enable local production of the NaOH to renew the deteriorated 

electrolyte of the alkaline electrolyzer for hydrogen production in an offshore marine situation, 

which is attractive from the safety and the environmental viewpoints. However, other electrolyte 

management strategies are possible, such as shipping the electrolyte to the location of the alkaline 

electrolyzer and shipping back the deteriorated electrolyte. Depending on the situation, one or 

another strategy could be more attractive from an economic perspective.  

One of the advantages of the chlor-alkali process is that it uses a byproduct from the desalination 

process; which is a necessary step for the alkaline electrolysis for hydrogen production. Using the 

rejected brine to produce NaOH will add value to the value chain. Such a byproduct is the rejected 

brine, rich in NaCl, the input that the chlor-alkali process needs to produce valuable NaOH, Cl2, 

and H2. However, the rejected brine includes impurities that are deleterious to the chlor-alkali 

process. Thus treatment for the brine is required. Usually, on land, this treatment involves the use 

of external chemicals. However, the chlor-alkali process needs a brine depuration process that 

does not rely on outsourced chemicals to avoid shipments at sea. To this end, it has been designed 

a simple brine purification process. The process relies on the low solubility products of different 

salts containing the deleterious species present in the raw rejected brine in their chemical 

structure. The designed depuration process appears to be effective in theory since negligible 

concentrations of the harmful ions would remain. However, to confirm this, long-term 

experiments must be conducted on a chlor-alkali cell. These experiments would include 

performance degradation and surface topography analysis of the electrodes and the diaphragm. 

The aim of these experiments is to determine the levelized cost of the electrolyte to determine in 

what circumstances the in situ production of NaOH is less costly than NaOH produced on land. 

In this work, the "laboratory chlor-alkali cell Mark I" has been designed and built. The design had 

attractive features, although the fabrication had flaws that need solving: 

• The manufacturing process yielded very high tolerances that resulted in leaks that were 

not possible to seal completely. This will be solved by switching to more precise cutting 

methods like laser cutting. 

• The tube fittings and valves presented a short life because their datasheets did not specify 

their materials or their compatibility with NaOH and Cl2. This will be solved by choosing 

other manufacturers that specify the component materials and their compatibilities. 

Regardless of the flaws that the "laboratory chlor-alkali cell Mark I" had, it successfully 

demonstrated the production HCl and NaOH from treated seawater brine with little resources. 
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The future design of the "laboratory chlor-alkali cell Mark II" will incorporate temperature control 

for up to 90 °C. To that end, the new design will include brine and catholyte recirculation with 

preheating, and gas-liquid separators. This high temperature implies using other materials for the 

chlor-alkali cell since PMMA drastically loses its rigidity slightly over 60 °C (Agrawal et al., 

s. f.).  

Regarding product processing, a simple process has been designed to purify the produced NaOH. 

In theory, the quality of the product should be enough for an alkaline electrolysis unit; however, 

extensive tests must be conducted to confirm this.  

The produced HCl, will have multiple uses. One of them will be the production of CaCl2 for the 

SO4
2- removal of the brine from the waste CaCO3 of the Ca2+ removal process, see Figure 4.29. 

Other uses will be related to washing the different plant components that will scale, like boilers, 

settling tanks, etc. Another intended use of the produced HCl will be to neutralize the waste tank, 

which will be very alkaline, considering that it will contain the fouled electrolyte of the alkaline 

electrolysis unit and Mg(OH)2. In theory, once the waste tank has a pH value matching the 

seawater, it should be safe to return it to the sea. However, extensive tests should be made to 

confirm this, including environmental impact analysis. 
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Chapter 6. 

6. Conclusions 

6.1. Power transmission at sea  

In this study, four power transmission alternatives for maritime contexts have been analyzed: one 

based on electricity and three based on hydrogen. The electric topology analyzed was high voltage 

direct current (HVDC) through a submarine cable. The hydrogen alternatives covered were 

hydrogen through a submarine pipeline, bulk liquefied hydrogen transported by ship in the 

liquefied state (LH2 ship), and bulk hydrogen transported by ship in a compressed state (cH2 ship). 

The comparison was performed under four scenarios: onshore to onshore in shallow and deep 

waters, NNS and NND, respectively and offshore to onshore in shallow and deep waters, FNS 

and FND, respectively. The scope of the study covered from one end to the other, without 

considering power distribution at the receiving end. Results should be treated carefully as in the 

case of hydrogen, transformation of hydrogen into electricity and usable heat belong to the end-

user distribution, which is out of the scope of the study. In any case, the perceived cost by the 

end-user will be higher for both electricity and hydrogen solutions. Further research is required 

to determine how higher for each specific case. 

The first conclusion that can be extracted from the four scenarios is that for greater power 

equivalences of the links, the hydrogen alternatives are benefited when compared to the electric 

alternative. For the FNS and FND, with a power rating of 600 MW, the electric cable is the best 

energy vector. In contrast, for NNS and NND with a power rating of 2 GW with the electricity 

price at the exporting end cheaper than 40 USD/MWh (11.1 USD/TJ), the hydrogen alternatives 

of the pipeline and the LH2 ship present better prospects than the electric solution for distances 

above 1,000 km and 2,000 km, respectively. 

The least sensitive option to a change of distance is the LH2 alternative. In contrast, the least 

sensitive option to changes in electricity prices is the electric one since it is the option with the 

lowest energy losses. 

The hydrogen's levelized cost at the receiving terminal is competitive when electricity prices are 

under 40 USD/MWh (11.1 USD/GJ) for the submarine pipeline and the LH2 alternative for a great 

range of distances. 
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Whereas the electric alternative and the submarine pipeline alternative have both ends fixed, the 

LH2 ship and the cH2 ship alternatives are not bound to a unique receiver of the exported energy. 

This fact makes both ships very attractive. 

There is another fact that makes the ship alternatives more attractive than the electric. Should 

there be plans for increasing the power rating of the link during mid-life, new ships could be 

chartered at any moment requiring only to expand the electrolysis and liquefaction plants. In the 

case of submarine pipelines or cables, apart from expanding the sending end infrastructure, new 

pipelines or cables should be laid. As a result, the ship alternative is more flexible than the pipeline 

or cable. 

From the results of this analysis, it can be seen that, under the assumptions made, the cH2 ship 

alternative does not present good prospects. However, in 2021 Global Energy Ventures received 

the approval in principle from the American Bureau of Shipping for their concept ship of cH2. 

Their cH2 carrier ship, with a size comparable to a Qatar standard LNG ship, could transport 2,000 

t of hydrogen at 250 bar. According to the assumptions made in this thesis, these facts would 

drastically drop the cH2 shipping cost, where a ship could only transport about 51 t of hydrogen. 

Besides, according to their recently published feasibility study, there would be no storage at the 

terminals, as the ship would stay docked for long periods. Therefore, the study regarding cH2 

shipping should be repeated with the new boundary conditions to find likely variations in the 

breakeven distances found in this thesis. 

6.2. Multicriteria analysis of electrolysis technologies 

Multicriteria decision-making methods (MCDM) have been used to rank a set of electrolysis 

technologies able to produce green hydrogen from seawater in the most sustainable and cheap 

manner. The list of technology candidates comprises direct electrolysis of seawater (DES), 

alkaline electrolysis (AE), proton exchange membrane electrolysis (PEME), and solid oxide 

electrolysis (SOE). The chosen MCDM methods are the Analytic Hierarchy Process (AHP), the 

Comparison by Advantages (CBA), Simple Additive Weighting (SAW), Complex Proportional 

Assessment (COPRAS), and Technique for Order of Preference by Similarity to Ideal Solution 

(TOPSIS). The first two methods have been selected to ensure consistency in prioritization (AHP) 

and differentiation (CBA). This is especially useful when two technologies under comparison 

have converging attributes in high-importance factors. The remaining three methods, SAW, 

COPRAS and TOPSIS, are chosen to reduce the biases of decision-maker in AHP and CBA as 

they are entirely analytical.  

All the MCDM methods agree on the ranking of all technologies, being the fittest option PEME, 

then AE, followed by SOE, thus, rendering DES as the worst possible option. 
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The difference in the final score between AE and PEME, according to some of the MCDM 

methods used, is relatively narrow, meaning that both technologies may play an essential role in 

the production of hydrogen at sea using energy from marine renewable farms.  

6.3. Alkaline electrolysis under marine conditions 

Many indicators suggest that hydrogen technologies may play an important role in the energy 

transition of the years to come. Hydrogen could be a transition towards zero-emission fuels that 

are sustainable and cost-effective. In this thesis it has been discovered that hydrogen can be a 

cost-effective energy vector to perform power-transmission in long distances, as long as the 

electricity cost at the source is sufficiently low. Another variable that influences the levelized cost 

of hydrogen and its cost-effectiveness as an energy vector for bulk power transmission is the 

lifecycle cost of the electrolysis plant. 

The lifecycle cost of the different electrolysis technologies for hydrogen production on land is 

well known. In this sense, AE is known to be the most inexpensive electrolysis technology on 

land. At sea, it is known that PEME and AE are used onboard nuclear submarines as life support 

systems and in some fish farms of the closed cage type to produce oxygen. However, there is little 

or no reported experience in the literature to determine the lifecycle cost of any of the electrolysis 

technologies at sea. In any case, among the electrolysis technologies, AE, seems to be the most 

resilient to impurities in the water feed. It is therefore the alternative that potentially has the 

longest lifespan at sea. 

In this work, laboratory tests have been conducted with a two-cell alkaline electrolysis unit that 

operates with water sourcing from the first distillation of seawater. The experiments observed the 

long-term performance degradation of the electrolysis stack operating with water from the first 

distillation of seawater for over 4000 h of operation at 100 mA/cm2. An extrapolation of the 

observed resistance increase in the laboratory stack to a 10 MW electrolysis unit operating at 300 

mA/cm2 at 60 °C using the same feed water, revealed that the electrolyte would have to be 

renewed every 120 h of use to maintain the lifecycle costs of the hydrogen production to a 

minimum. Considering that the life of an alkaline electrolyzer on land normally exceeds 100,000 

h, this results reveal the importance of the water and electrolyte management strategies. 

To conclude, further research must be conducted in this research line to produce a competitive 

marine green hydrogen. 

6.4. Design of a chloro-alkali cell that uses seawater brine as feed 

The electrolyte of an alkaline electrolyzer has to be renewed periodically. It has been identified 

that such an electrolyte can be produced from seawater brine by using the chlor-alkali process. 
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This would eliminate the need for a specific logistic chain for those chemicals. Besides, there will 

be certain circumstances wherein the produced NaOH from the rejected brine will have a lower 

levelized cost than NaOH sourcing from land-based facilities. However, there is not enough 

reported experience in the scientific literature to estimate the levelized cost of the alkaline 

electrolyte using seawater brine as feed in an offshore context.  

Within the framework of this thesis, a single chlor-alkali cell has been designed and built. The 

aim of this chlor-alkali cell is to determine the levelized cost of NaOH. The design can be 

considered successful prooving the concept of NaOH production using seawater brine. However, 

further improvements must be made to the design and fabrication to obtain useful results to 

determine the lifecycle costs of NaOH production. In the current build, there are watertightness 

and durability issues that need addressing. To solve them, a new chlor-alkali cell is being 

designed, seeking watertightness, durability, and temperature control. This new version will 

observe different performance indicators in durability experiments, such as variations in the 

balance of masses and energy balance.  

6.5. Concluding remarks 

Overall, during the elaboration of this thesis, it has been seen that hydrogen will play an important 

role in the energy transition towards the decarbonization of the global economy. With the current 

panorama, hydrogen is already cost-effective for different energy applications: 

• In zero-emission mobility applications requiring intensive use, long-range or an 

application of both hydrogen is often a cost-effective solution. 

• In combined heat and power geneartion: the current model allows using natural gas 

from the natural gas grid in fuel cells to produce cost-effective electric power, hot 

water, and heating. In the future, hydrogen will be used instead, first blended with 

natural gas and then eventually pure. 

• In power transmission: there are certain conditions where hydrogen is a more 

inexpensive transmission mean than electricity. Such conditions involve a combination 

of cheap renewable power, high power ratings, and long distances. 

Regardless of these applications, hydrogen already plays an important role in society, as countless 

processes in the industry rely on hydrogen. Regarding the energy transition, it is key to research 

cheap green and sustainable manners to produce hydrogen for the future. This thesis represents 

the beginning of a new research path towards finding alternative cheap green hydrogen production 

alternatives at sea. Only research will tell if hydrogen produced this way will be competitive with 

other alternatives while being sustainable and responsible with the environment. In any case, a 

bright future awaits. 
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Chapter 7. 

7. Future work 

Each of the objectives addressed in this dissertation has the potential to be further elaborated in 

future work. 

7.1. Power transmission at sea 

The scope of the study did not include the distribution of power to the end user. Further research 

must be conducted to find out the actual perceived cost by the end-user of the electric power 

including and excluding cogeneration in hydrogen.   

Only pure hydrogen options have been researched for bulk power transmission, namely 

compressed and liquefied. Liquefied hydrogen resulted in being more inexpensive than the 

compressed one mainly due to the higher round-trip efficiency.  Other forms to transport hydrogen 

may be good alternatives to improve the round-trip efficiency even further, as they contain more 

mass of hydrogen per unit volume. These forms include ammonia, methanol, liquid organic 

hydrogen carriers and others.  New models will have to be elaborated to see if these alternatives 

reduce the power transmission costs even further. 

New boundary conditions have appeared in 2021 regarding compressed hydrogen shipping that 

could make it more competitive. In this sense, the analysis should be repeated to find out the 

updated breakeven points. 

7.2. Alkaline electrolysis under marine conditions 

This thesis measured the performance degradation of an alkaline electrolysis stack operating with 

water sourcing from the first distillation of seawater. Although the results were useful, they 

presented a high degree of uncertainty. Regarding future works, first the experimental setup will 

be redesigned to reduce the uncertainties. Then, other water purification strategies will be studied, 

emphasizing on water quality and cost. Once done, long-term performance degradation tests will 

be conducted with the different waters, to unveil what is the most inexpensive water treatment 

technology depending on the electricity costs. These long-term performance degradation tests, 

will include the repeated characterization of the electrolyzer components over their lifetime to 
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gain insight on their degradation and possible improvements to reduce the overall cost of water 

electrolysis at sea. 

7.3. Chlor-alkali process at sea 

This thesis designed a process for the production of caustic soda from seawater brine and 

electricity. The brine treatment process was designed to rely only on chemical products that could 

be extracted from seawater brine. A first laboratory-scale prototype was designed and 

manufactured, but fabrication tolerances were too high, and the chosen pipe fittings resulted to be 

incompatible with the corrosive chemicals produced during the chlor-alkali process. This resulted 

in important leaks after several weeks of trials that made impossible the continuous long-term 

operation of the device. A new setup will be designed to perform long-term tests at different 

temperatures to obtain enough useful data on the value product: caustic soda, its purity, and its 

cost. 

7.4. Marine recreated conditions 

Currently, most offshore wind farms sit on the continental shelf and have foundations in their 

platforms of the fixed type like gravity, monopile, tripile and jacket. These platforms have motion 

conditions similar to fixed installations onshore. This means that waves, winds and currents will 

not affect the electrolysis plant in any manner. However, it is expected that in the future the 

number of floating offshore wind farms will increase. It could be expected that these type of wind 

farms will send their power to a floating electrolysis plant for hydrogen production. If that were 

to be the case, the platform would be subjected to motions sourcing from waves, winds and 

currents. Potentially these motions could affect the performance of the electrolysis plant. To test 

the limits of operations and the performance behavior of the electrolysis plant, an experimental 

setup is being designed. This experimental setup will allow to test isolated motions at different 

amplitudes and frequencies. Figure 7.1 shows a work-in-progress design to test sway and surge 

motions independently.  
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Figure 7.1- Experimental test bench aimed to reproduce sway and surge independently. 
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