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ABSTRACT
The world’s energy demand is met mainly by the ifosels today. The use of such fuels, however,seauserious
environmental issues, including global warming, reztayer depletion and acid rains. A sustainabltisn to the issues is
to replace the fossil fuels with renewable oneglémenting such a solution, however, requires awaieg a humber of
technological barriers including low energy densityermittent supply and mobility of the renewalgleergy sources. A
potential approach to overcoming these barriero isise an appropriate energy carrier, which carestwansport and
distribute energy. The work to be reported in théper aims to assess and compare a chemical ecemmggr, hydrogen,
with a physical energy carrier, liquid air/nitrogemd discuss potential applications of the physiaerier. The ocean energy
is used as an example of the renewable energyemim¢he work. The assessment and comparisoraaied out in terms
of the overall efficiency, including production,ostge/transportation and energy extraction. Thdaremwmental impact,
waste heat recovery and safety issues are alsadeoed. It is found that the physical energy carriey be a better

alternative to the chemical energy carrier undemescircumstances, particularly when there are wastt sources.
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1. Introduction

Burning of fossil fuels as the main cause of somoss environmental issues such as greenhouset,effeone layer
depletion and acid rains has long been recogni¥eddh obvious (and also hard) solution is to repléhe fossil fuels with
renewable ones such as wind, solar, ocean energletCurrently, the renewable energy resourcedaut for ~ 5% of
global power capacity and 3.4% of global power gatien excluding large hydropower (which is abobt% of the global
power generation) [3]. Like a number of other coigst the UK government has set a target for etgistrgeneration from
renewable resources to be increased from about atg¥esent to 20% by 2020, and EU proposed rgcanteven higher
goal of between 30 and 40% [4].,As a consequengeifisant efforts have been made in the renewablergy research and
these efforts have been mostly focused on solard,whiomass and geothermal sources. While theseeare very
promising, the world’s oceans could emerge as aoitant source to provide economically viable resigie sources [5].
Ocean winds blow harder and with more reliable =tescy than the wind on land, which more thanetffthe greater cost
of building offshore wind power facilities. Oceatides also contribute massive amounts of renewahkrgy that is
gravitationally derived through the interplay ottkarth and the moon. The energy from ocean wawedgidal streams,
along with ocean-based wind energy, make the wordeans a source of renewable energy that malyeimext few
decades greatly outstrip solar energy as an ecaadaiternative.

However, renewable energy sources particularly vaind solar are intermittent and they often domatch the actual
energy demand. This makes the energy storage amer poanagement increasingly important. There haen bieports that
the amount of wind energy that could be utilizedgsen times greater than the current situatiansifable storage facility is
available [6]. Energy storage refers to a processtbring energy produced at times of low demamtilaw generation cost
and releasing at times of high demand and highrgéina cost or when there is no more generatiomciypavailable. The
stored energy can be in the form of either poténtiargy (e.g. chemical, gravitational or electriaergy) or kinetic energy
(e.g. thermal energy or motion).

This paper is concerned about the use of oceanvedte energy resources. A potential issue for #e af the ocean
resource is the remote locations [7], which requinégh capital, operation and maintenance costhefconventional
electricity transmission and distribution approachee used. An alternative is to use an energagtomedium, which can
be transported by ships. For such an approach ti& We energy storage medium is the key. An ideergy storage

medium is the one that has a high energy densitycan be detached easily and completely from therg¢ion and release



devices so that they can be transportable. Insemise, the energy storage medium can be regardedeagergy carrier, and
the conventional methods of large scale energygeorpproaches are less useful. For example, thegulihydroelectric
storage (PHS) method stores the gravitational gnefrgvater, which is not suitable for transportatidhe compressed air
energy storage (CAES) method stores energy indim 6f high pressure air, which has a low energysidg and is hence
too bulky to transport.

It is well known that hydrogen has been regardea jpspular carrier of renewable energy in remotations [8; 9; 10].
Using such a chemical energy carrier, the ocearggrgenerates electricity first, which is then useclectrolyze water to
produce hydrogen. Hydrogen is then transportetiecend-users for transforming back to electricitkioetic energy by a
fuel cell or other devices. Cryogens normally refems liquid media at a temperature below ~ “@5@nd are physical
energy carriers [11]. Examples of the cryogensiigelliquefied natural gas (LNG), liquid air anduiid nitrogen. The use of
liquid air/nitrogen as an energy carrier is not awnly known until fairly recently [12; 13; 14; 15Energy storage using
liquid nitrogen / liquid air involves the productiof the cryogen through an air separation andefagtion process. The
cryogen is then transported to end-users where lieated using the environment heat, waste prdessor heat from
renewable resources (e.g. solar) if available axphmds to generate electricity using a cryogeniat lengine. As a
renewable energy carrier, cryogen can also prodidest cooling and refrigeration, air conditioningits and acts as power
source for vehicles and ships.

Fig. 1 illustrates schematically the use of ocean enengy ydrogen and cryogen as the energy carrierss paper
assesses and compares the performance of two ecamggrs mainly for the use of ocean renewableggnthough the
results are expected to be applicable to othemrable energy resources. Liquid air and nitrogem lvél used as the model
cryogens. The assessment includes production, getbransportation and energy extraction processewed as their
environmental impacts and safety issues. Notehy@togen in its liquid form is also a cryogen. Etarity and conciseness,

liquid hydrogen will not be referred as a cryogehis paper.

2. Carrier production

Two main technologies used to produce hydrogercansidered in this work, reforming reaction andewxaplitting. The
most common hydrogen production method in commerge today is the former, which uses hydrocarbonsther

chemical compounds such as coal and biomass asteeks. However, as the renewable resources aresichere (wind,



tides and waves) contain only the mechanical enefgypoving masses of air or water, direct chemjath of hydrogen

production is to split water using electrical eneggnerated by the kinetic energy of renewableuess. Therefore,
hydrogen production using the ocean resources eamdscribed as follows. The kinetic energy of mgvimasses
(air/seawater) is extracted first by mechanical mraes to form the mechanical energy of the machiée fraction of

extractable power depends on the form of energyeatiéction processes and devices, and is limiyed theoretical value
determined by the thermodynamics. For example geeubound of the wind energy extraction by anlitheaizontal axis

machine is 0.593 (power coefficient) under sombeaageneral assumptions. Then the mechanical eoéiting mechanical
machines is converted to electricity with a conirefficiency of about 75-95%. Finally, the elécat energy is employed
to produce hydrogen by electrolysiEable 1 summarizes the performance of electrolysis teclyiesy along with their
feedstock and efficiencies (defined as the lowihgatalue of hydrogen produced divided by electreagergy consumed in
the electrolysis cell) [16; 17; 18]. In the summaaple, the high temperature electrolysis efficier dependent on the
temperature at which the electrolyzer operatesthackfficiency of the thermal energy source. Ifrgthing is considered,
the efficiency of converting mechanical energytemical energy (hydrogen) is within a range of 3766.5%.

As mentioned above, the cryogen production is dmnéhe air separation/liquefaction process in whicjogenic or
Stirling engine coolers liquefy the main componeasttair through the well-known Joule—Thomson effseteFig. 2. This is
different from the hydrogen production process iasubsed above as both the compression and reftigierprocesses in
the liquefaction process could be directly powebsdthe mechanical work of the ocean energy. Theeefoyogen
production could be more competitive than hydrogesduction in terms of the overall efficiency arapital costs as the
electricity conversion process is essential indty@gen production end. However cryogen produdcm energy-intensive
process. Currently the efficiency of practicallajuefaction plants strongly depends on the plaates; se@able 2 for the
typical data of cryogenic industry [19]. Note thia¢ efficiency of air separation / liquefaction e with a capacity of few
tons/day of liquid nitrogen are about 50% [20], dhedre are reports that the efficiency could béhfer enhanced to 60%

and higher [21; 22; 23].

3. Carrier storage/transportation



As the energy carriers are produced at the offsporeer generation facility, they have to be stosed transported to an
onshore location for distribution to the end-usétgdrogen could be delivered to onshore facilitttmugh one of the three
forms: gas (compressed), liquid (liquefied), origdin a solid hydrogen carrier). In the gaseousnfohydrogen can be
compressed and transported to onshore in presdwa@ainers. Because of its low molecular weipglhtirogen molecules
are very small and leakage can be an issue pantig@t high pressures. Because of this, the stopagssure of hydrogen is
limited to ~ 35 MPa at present. Liquefaction of rogkn and its transportation in containers aresaabéished technology.
However, the liquefaction process is energy-intengind about 30-40% of the energy content is loghé liquefaction
process [24]. Because of its added complexity arstiscfor both generation and transportation, tleeafidiquid hydrogen is
not regarded as an attractive option.

Table 3 shows the volumetric capacity of hydrogen undefediit conditions. The energy density increasesality
with increasing storage pressure, and liquid hyenobas a higher value. As mentioned above, higbspre storage of
hydrogen gas is limited by the weight of the steragnisters and possible leakage development.iipieses potential
safety issues [25]. A promising way to replace tomventional hydrogen fuel storage methods is ® aissolid state
hydrogen carrier, which refers to any substancedha store and transport hydrogen in either a @@rar a physical state.
The advantages of using solid carriers are bettietysand reliability in comparison with liquid compressed gas storage
methods. The carrier is charged with hydrogen etofifshore generation site and transported to arsivbere hydrogen is
stripped off. The carrier needs to be taken backeoharging (two-way carrier) or decomposed atgthi@t of hydrogen use
(one-way carrier). Examples of hydrogen carriecduile ammonia (one-way) and liquid hydrocarbons metal hydrides
(two-way). It is reported that some of the hydroganriers could attain a volumetric capacity ashhag liquid hydrogen
[26; 27]. However the weight of current hydride sinbtes and their container is much greater than dh the stored
hydrogen, so extra energy is required during bb#rging and discharging processes. While consitkeraearch has been
done on the hydrogen carrier technology, no regat® been found so far on the commercial useeofalnriers.

Compared to hydrogen, the delivery of cryogen icimeasier. Once produced and stored in insulatethicers,
cryogen is ready to be delivered. No extra eneegpired except for the pumping power consumptioithvis negligible
for a liquid. As shown iTable 3, the volumetric energy density of cryogen is mimler than liquid hydrogen but at the
same order of magnitude with compressed hydrogeshduld be noted that the volume-based energyitdensf both

cryogen and compressed hydrogen gas (at practipabssures) are significantly lower than that aflitional fossil fuels.



The only energy loss of cryogen is the heat dissipaof cryogenic tank at the ambient pressure wigign be less than 1%

per day in an insulated Dewar using conventiorgllation technologies.

4. Energy extraction

Upon delivered to end users’ side, the energy dtorehe energy carriers is extracted. Currentrietdgies converting the
chemical energy of hydrogen to mechanical energglectricity energy use one of the two methods, lmestion and
electrochemical conversion in e.g. a fuel cell.

For the combustion method, both hydrogen intecoatbustion engines and hydrogen fuelled gas tustiaee been
investigated28; 29; 30; 31]Because of high burning temperature, hydrogesriai combustion in a conventional engine
produces a very high level of nitrogen oxides wtgalise environmental problems. Although there aremaber of ways to
decrease nitrogen oxides emissions, this will desaethe efficiency of the engine at the same tifiés is serious as
currently the low heating value (LHV) efficiency ioternal combustion is only 20~35%. Another apptos the use of gas
turbines in hydrogen fueled combustion prior to ckhpure oxygen is generated from an air separatiohto avoid the
production of nitrogen oxides. In such a procesgiid water is often used as a mixing fluid to aéexge the turbine inlet
temperature, sekig. 3 (a). Here water is preheated by the exhaust gas frengdéls turbine. Different from the internal

combustion, the burning temperature of these cyisldanited by the turbine inlet temperature (TIWhich is currently

about 1308C. In these cycles the exergy loss mainly is callsepreheating and mixing of the three input streaattants

in the combustor and accounts for about 40~50%s, THus the energy consumed by pure oxygen prazhyctihe overall

LHV efficiency of this type of cycles is limited tmbout 50% using current technologies and may aser¢o about 60% if

the turbine inlet temperature is increased to ~200@ith future developments in turbine and mateeahnologied32].

A different approach to the direct combustion ofifogen is the so-called chemical-looping methodefdraction of
hydrogen chemical energy as showrkig. 3 (b). Such a method uses two successive reactions| oxéde reduction with
hydrogen, and subsequent oxidation of the metahibyyielding the metal oxide and a high-tempematfiue gas. The
resulting high temperature gas is then used to ptwvbines. By adding a chemical-looping procelss,dxergy loss in the
combustion process decreases significantly [33; 1843 claimed that the LHV efficiency of hydrogénsuch a cycle could

be as high as 63%32; 35]



Another approach for enhancing hydrogen energyaetitm efficiency is the use of fuel cells, whicbutd replace
internal combustion engines and turbines as a pyimvay to convert chemical energy to kinetic orcéieal energy. Fuel
cells work via electrochemical principles, and hlemsece more efficient than heat engin€able 4 [36; 37; 38]lists the
technical information of three types of hydrogeeliied fuel cells including typical efficiencies, enqating temperatures,
catalysts and other operating parameters, whereficeency refers the cell efficiency and the systefficiency is generally
10% lower. However, there are still a number ofieas for the industrial take-up of the fuel celthnologies; these include
requirements for high purity of hydrogen, high sotd manufacturing, low cell reliability and shatrvice life. For
example, the cost of fuel cell technologies is abo#+5 times more expensive than the combustioimesd turbines, while
its service life 2-3 times short§39].

In contrast to hydrogen, energy extraction fronoggn is much more straightforward and easier. digiti/nitrogen is
heated and expands to produce power. This is sitala steam engine but expansion of cryogen doegmit pollutants
such as NQ and particulate matters etc. Heating of the cryogses the free environmental heat. However, tleeggx
efficiency of this approach is limited to about 4@%a considerable portion of the exergy is infthe of cold, which is
wasted during the heating process. In order todwpthe efficiency, combined cycles are studietetmver the waste cold
energy by integrating the direct expansion of ceyowith other cycles, sdég. 4 for an example where a direct expansion-
Rankine hybrid cycle with propane as the workingdfifor the Rankine cycle. The combined methodscfgogenic energy
extraction has been discussed in detail by theoasiin Ref [40]. It has been concluded that the lwoed cycle cryogenic
heat engines could have an exergy efficiency of7f8%6 under ideal conditions [12; 41].

The exergy efficiency of cryogen expansion coulduséher enhanced if the working fluid is superleebby waste heat
or heat from other renewable sources such as gdglaresent, only high grade waste heat in gasriarpower cycles could
be recovered efficiently by heat recovery steamegsor (HRSG) technology while low grade heat isegally vented. The
use of a cryogen expansion cycle can be a vergtefieway to recover such low grade heat as thénigopoint of air or
nitrogen is much lower than the ambient temperatGieen et al[41] claimed that the exergy could be improved from
~78% to 117% if the working fluid were superheat@e100C, and the exergy efficiency could be doubled éf Waste heat

is as high as 30C. Note that here the waste heat is regarded r@® @&fiergy source in the calculations by Chen ¢44].

5. Concluding remarks and outlook



This paper assesses and compares two energy sahyerogen and cryogen, for exploitation of oceaargy sources. The
assessment and comparison are based on the osffigiéncy including production, storage/transpticia and energy
extraction. The environmental impact, waste heabvery and safety issues are also touched upon. fall@ving
observations are drawn:

* The production efficiencies of hydrogen and cemare similar at 40 ~ 65% based on the curremintdogies.
However, cryogen may be more competitive than hyeincas an energy carrier in terms of capital dostsause there is no
electricity conversion at the cryogen productiod.en

* As an energy-intensive process which consume® up40% of the chemical energy, pretreatment dggiired for
the storage and transportation of hydrogen regssdiéthe form of the carrier being compressed lgasefied hydrogen or
solid hydrogen carrier. In addition, the hydrogamrier transportation may be two-way if the two-veayrier is adopted. In
contrast, transportation of cryogen requires neifiretreatment nor other carriers but insulatedtainars. However it
should be noted that hydrogen has a higher volicretiergy density than cryogen regardless of sefagns.

e The energy extraction efficiency of hydrogen degse significantly on the conversion methods. Culyemas
turbine and fuel cell methods have better perfogearthan conventional internal combustion engihesigh significant
developments are needed in order for the fuel teelhnologies to be competitive. Cryogen engineg;oifl recovery
technology is employed, may have an even highareficy than the fuel cell technologies.

* Waste heat especially low grade heat could bevered efficiently by the use of cryogen engines.

« Although hydrogen is regarded as a clean fuetpgén oxides can be produced if air is used aaaant.
Cryogen is much more environmentally friendly as gocesses of production (using the ocean enargy)extraction are
both physical involving no chemical transformati&@ven the transportation of the cryogen can begagebased.

Overall, hydrogen is viable as an ocean energyiezaonly if a practical method to store and cargdiogen is
introduced and fuel cells become cheap, more talécaimpurities of hydrogen, and with their seevidfe much improved.
Before these are achieved, cryogen appears torbere attractive energy carrier as there are felwnieal difficulties to
overcome. Moreover, the overall efficiency of trsewf cryogen can be greatly increased if low giaekt is used in the
process of cryogen energy extraction. The low griaglat can be obtained from either traditional he@dpstrials like
power plants or directly from the abundant renewabkblar energy. As mentioned before, the elecfriciinversion
efficiency of solar energy is limited; it is muchster to use solar thermal energy in countriesskl®svith good sunshine

(e.g. India with a mean daily solar radiation ofIBA/n?[42]) via e.g. a cascading way. Solar energy, alitly the thermal
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energy storage technology using e.g. phase chaatgriais, has been extensively studied and useldefating, cooking and
even electricity production [42; 43; 44; 45]. THere, a solar-cryogen hybrid energy storage systépmears to be a
promising way for both transportation system amtteicity production. In such a system, solar epésgstored in the form
of heat in e.g. phase change materials and othewable energy like ocean energy is stored in @yogfter transported to
end users, the two energy sources are combinedotiuge kinetic power or electricity, using the aga as the working
fluid. As both the heat and cold sources are géeeérhy renewable energy sources and there are emichl reactions

involved, the system can be very environmentahttig and sustainable.
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Tablel
Efficiencies of the different electrolysis techngiles

Electrolysis Technology Feed stock Efficiency Métur
Alkaline Electrolyzer water + electricity 50 ~ 60% Commercial
PEM Electrolyzer water + electricity 55 ~ 70% Né&zm
Solid Oxide Electrolysis Cells water + electricityheat 40 ~ 60% Med. Term
Table?2
Real world efficiency for liquid air/nitrogen prodiibn in typical cryogenic industry
Plant Scale (Litres/hour) 100 1000 5000 10000
Efficiency of liquid air production ~0.11 ~0.31 30. 0.4~0.5
Efficiency of liquid nitrog_;en production ~0.11 ~6.2 ~0.30 0.35~0.4
Table3
Volumetric capacity of energy carriers under difgrconditions
Energy Carrier Liquid Air Liquid Nitroget Compressed Hydrogen Liquid Hydrogen
Pressure (bar) 1 1 50 150 250 350 1
Volumetric capacity
(KWh/n?) 177 171 133 377 593 785 2360
Table4
Efficiency of hydrogen fuel cells
Fuel cell type Operating Electrolyte Catalyst, Electrical Qualified
temperature (°C) anode efficiency (%) power (kW)
Alkaline (AFC) KOH (aqueous
70 ~ 100 solution) Ni 60 ~ 70 10 ~100
Proton exchange polymer membrane
membrane (PEM) 50 ~ 100 Pt 50~ 70 0.1 ~500
Phosphoric acid Phosphoric acid
(PAFC) 150 ~ 220 (immobilized liquid) Pt 40 ~ 55 5 ~ 10000
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