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Preface

This thesis has been written to conclude the Master of Science program in Mechanical Engineering with
the track Energy- & Process Technology (EPT) offered by the faculty of 3mE at the Delft University of
Technology. Writing this thesis has given me a great inside in large-scale energy storage solutions, which
is of huge importance to facilitate the energy transition.

During my Bachelor I saw a documentary about the Sahara Forest Project. This is a project that
aims to provide fresh water, food and renewable energy in hot arid regions as the desert, which fascinated
me. From this day on I got more and more attracted to creating a sustainable future. After my Bachelor,
my passion for renewable energy solutions made me eventually switch from Aerospace Engineering to
Energy- & Process Technology.

This research presents a feasibility study done on large-scale energy storage in combination with the
transportation by tankers. It is satisfying to see the willingness of DAMEN to change and to create a
sustainable future in such a conservative market.

I would like to express my gratitude to my supervisors Wiebren de Jong from the TU Delft and
Don Hoogendoorn from DAMEN. Many hours of meetings, discussions and conversations over the last
year have contributed to the final version of this report. Your experiences and insights gave me a great
understanding in large-scale energy storage in combination with the mindset needed during a research
process.
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Abstract

Climate change, depletion of fossil fuels, and economic concerns are among the main drivers of sustainable
energy transition. The Netherlands has drawn up ambitious goals in the energy transition. However,
numerous studies have shown that there is a lack of space in the Netherlands to adapt to a 100% green
economy. To solve this dilemma it is necessary to import renewable energy from other countries. Solar
electricity prices are dropping rapidly in high solar irradiation areas and are currently the worlds cheapest
source of electricity, likewise this is in places where space is often abundant. This thesis examines the
techno-economical feasibility of importing solar energy from Morocco to the Netherlands. As subsidized
solar electricity is bought by the Dutch government for 0.125 €/kWh, the target is to find a solution
below this demand. All energy storage systems are analyzed thoroughly and an energy and cost analysis
is performed for a cable, chemical energy storage, thermal energy storage and liquid air energy storage.

A HVDC submarine power cable between Morocco and the Netherlands is compared in proportion to
the costs and distance of the NorNed cable. A HVDC submarine power cable over a distance of 2600 km
results in a LCoE of 0.113 €/kWh. Other energy storage systems use a tanker to transport the stored
energy. In this thesis liquid hydrogen, ammonia and methanol are analyzed as chemical energy storage
systems. Liquid hydrogen is produced by cooling and expanding hydrogen, ammonia is produced by the
Haber-Bosch process and methanol is formed by reacting Hy and COs. Fuel cells are used to convert
fuels back into electricity. The most efficient and cost effective solution for chemical energy storage is
storing electricity in the form of liquid hydrogen. A round-trip efficiency of 27% with a LCoE of 0.491
€/kWh is obtained in 2015, from the predictions of 2030 a round-trip efficiency of 40% with a LCoE of
0.159 €/kWh is derived. The next concept is based on thermal energy storage with Solar Salt as energy
carrier. Solar Salt is heated in the receiver of a solar tower where heat from the sun is concentrated to
by heliostats. Hot Solar Salt is transported to the Netherlands by a tanker and a steam cycle is driven
utilizing the heat of hot Solar Salt. The energy efficiency obtained from solar irradiation to electricity in
the Netherlands is 28%, the output power is only 1% less than the output power should be if the power
block was located in Morocco. An electricity price of 0.164 €/kWh is obtained, but if heat is delivered
a heat price of 0.069 €/kWh can be realized. The final designed energy storage system combines liquid
air with the heat of hot Solar Salt. Liquid air and hot Solar Salt are produced in Morocco and in the
Netherlands electricity is produced with high efficiencies due to the large temperature differences. The
system described results in a electricity price of 0.108 €/kWh with an energy efficiency of 58.7% from
electricity and hot Solar Salt to electricity in the Netherlands.

It is concluded that storing electricity in chemical energy storage via the processes described in
this thesis will lead to too high costs to be used as energy storage solution. There are possibilities in
direct fuel conversion technologies due to high conversion efficiencies, only developments are still in its
experimental phase. The combination of liquid air with Solar Salt complies to the cost requirement,
some more research is required on the electricity generation process described, but the concept shows
a lot of potential. Finally, heat of Solar Salt can be provided at a price of 0.069 €/kWh, subsidized
solar heat is bought by the Dutch government for 0.095 €/kWh. This gives possibilities to effectuate a
business case.
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Chapter 1

Introduction

Since the beginning of the industrial revolution humanity is significantly influencing the climate, the
emission of greenhouse gases has led to a significant temperature rise. According to NASA the global
mean temperature in 2016 was 0.99 °C above the average temperature during the base period 1951-1980
[21]. Scientists have predicted that life on earth will be irreversibly changed if global warming passes
the barrier of 2 °C. More and heavier natural disasters, major mass extinction and melting of the arctic
(which will cause even more greenhouse gases to be released), are some of the expected consequences. To
prevent this from happening, 195 countries signed the Paris climate agreement at the 215" Conference
of the Parties of the United Nations Framework Convention on Climate Change in Paris in December
2015.

1.1 Problem Statement

The target for the Netherlands set in the Paris climate agreement is to have 14% renewable energy of its
total energy consumption in 2020. In 2014 and 2015 this was only 5.5% and 5.8% respectively [22], only
a growth of 0.3 percentage point in one year. The Netherlands need to take more action to fulfill these
requirements. The EU has set itself a long-term goal of reducing greenhouse gas emissions by 80-95% in
2050 [23].

To generate the total energy consumption of the Netherlands in a sustainable way will demand a
lot of space. 17% of the total area of the Netherlands (land and sea) should be filled with solar panels
or 104% of the total area needs to be occupied by wind turbines to obtain a 100% green economy, see
Appendix A [24]. In these calculations energy storage is not taken into account and no spacing between
solar panels is used. Together with the fact that space is already limited, it seems to be almost impossible
to reach a 100% green economy using only land in the Netherlands.

Another problem is the intermittency of wind and solar power. There are different solutions for this
problem; smart charging, oversize peak generation, interconnect geographically dispersed and techno-
logically diverse renewable generation types, and of course energy storage. Creating a grid base load
obtained by renewable energy sources is one of the challenges for the energy transition to a sustainable
future. A solution to these problems could be to import sustainable energy.



1.2 Subsidized Solar Electricity in the Netherlands

The electricity price achieved in the Netherlands is dependent on the subsidy of the Dutch government.
The subsidy program of the Netherlands is called SDE+4. The SDE+ is an exploitation subsidy; this
means that producers receive a subsidy for the renewable energy they generate, because the cost price
of renewable energy is higher than that for energy from fossil fuels. SDE+ reimburses the difference
between the cost price of renewable energy and the market value of the energy supplied: the unprofitable
top. The subsidy is granted over a period of 8, 12 or 15 years. The amount of years and the amount of
subsidy depends on the technology used and the quantity of renewable energy produced.

The Dutch government has a budget for all renewable energy sources; biomass, solar, hydro, geother-
mic and wind. The SDE+ program has two opening rounds in 2017, per opening round €6 billion is
reserved for all categories together. Every round has three phases with all a maximum phase amount;
for solar energy the first phase is sold for 0.09 €/kWh, the second phase for 0.11 €/kWh and the third
phase for 0.125 €/kWh. If the €6 billion budget is finished, no more subsidies are issued [25]. Last
spring a part of the budget remained partially untapped [26]. The goal is to find a business case with a
levelized cost of electricity (LCoE) of 0.125 €/kWh, but preferably lower to increase the opportunities
of obtaining subsidies.

1.3 Market Potential

Solar energy is rapidly becoming the cheapest source of energy on this planet. In only 2 years the price
in auctions of solar electricity has tumbled down from $6¢t to $2.4ct per kWh in Abu Dhabi [27]. Solar
energy can be produced worldwide, but the highest solar irradiation is found in areas around the equator.
In the Netherlands subsidized solar electricity is bought from 0.09 €/kW till 0.125 €/kW [25]. This is
done to stimulate cheaper renewable energy projects, since the possibility of the budget being finished is
significantly lower in the 1% round than the 3"¢ round. This facilitates a market to transport sustainable
energy from areas around the equator to the northern and southern latitudes in a similar manner as a
conventional oil tanker. DAMEN would like to investigate the possibilities in this market. This thesis
will investigate the market opportunities of importing solar energy.

1.4 Research Questions

The information given in the last sections lead to the following main research question of this thesis:

7[s it techno-economically feasible to store and transport solar energy using maritime shipping from
areas with high solar irradiance to the Netherlands.”

The corresponding subquestions are:

e What area’s will be considered?
What are existing and potential area’s in the world where solar electricity can be cheaply generated,
what systems are used to obtain the electricity. This is explained in Chapter 2.

e At what order of power is the project operating?
The state-of-the-art solar power plants power outputs are discussed in Chapter 2. On behalf of
these power outputs, the energy imported for this project is determined. The power output in the
Netherlands depends on the round-trip efficiency of the relevant energy carrier.



What are promising enerqy carriers?
In Chapter 3 and Chapter 4 all the potential energy carriers to store and transport electricity are
obtained.

e How to select the right energy carrier?
In Chapter 3 and Chapter 4 the energy carriers will be analyzed on the costs, specific energy and
round trip efficiency to obtain the cheapest and most efficient energy storage system.

o Which components are needed?
What components are needed to fulfill the operation, and what are the corresponding costs of those
components.

o What are the energy conversions through out the whole chain?
An energy diagram is given for all the selected concepts. The losses from electricity to energy
storage, transport losses and the losses from energy storage to electricity are calculated.

o Which concept will lead to the lowest CAPEX and LCoE?
The CAPEX and LCoE of the final concepts will be calculated, from this a potential business can
be derived to store and transport energy at this moment, or in the future.

1.5 Report Structure and Methodology

In Chapter 2 the processes to generate electricity from solar energy are investigated. The area’s with
high solar irradiance with corresponding state-of-the-art prices and power sizes are shown. In Chapter 3
all energy storage concepts are surveyed and selected by means of their specific energy and round-trip
efficiencies. The chemical energy storage concepts are analyzed in Chapter 4. For thermal energy storage
the specifications of CSP are used as input, because this is more efficient. For all other energy storage
options, electricity obtained by PV systems is used. The most promising energy storage systems obtained
with chemical energy storage are liquid hydrogen, methanol and ammonia. Chapter 2 describes these
synthesizes processes, the costs are calculated and block diagrams and energy flows of the process are
given. In Chapter 5 a design will be made where molten salt is used as energy carrier and finally in
Chapter 6 a design will be made with liquid air and molten salt combined. For an overview of the report
structure, see Figure 1.1.

Solar Energy Selection Design
2 384 58&6

Thermal Storage Molten Salt
kil

3 5l
Energy Balance
i)
Mechanical Liquid Air

Storage
3.2 ©

Electrochemical
Storage

Design
4

)

Chemical
Storage

Electrolysis
34 4.1

‘ Liquid Hydrogen

421

Ammonia
43.1

Methanol
43.2

Figure 1.1: Overview of the report structure






Chapter 2

Solar Energy

The sun provides the earth with a staggering quantity of energy. In one hour the sun radiates more
energy to the earth than the world consumes in one year. The energy is used by all living organisms
in the world. Solar energy can be used passively; by heating and lighting a room. Or actively; by
capturing, storing and converting solar energy into electricity. The two main systems used to produce
electricity from solar energy are: Concentrated solar power (CSP) and photovoltaics (PV). In Section 2.2
and Section 2.3 the working principle of these systems are described, also an overview of the state-of-
the-art power capacities and electricity prices is given. CSP will only be used for thermal energy storage
concepts in further chapters, for chemical and cryogenic energy storage, always electricity obtained from
PV systems is taken as input. In Section 2.1 all the potential geographical areas where CSP and PV
systems can be profitable are displayed. The area with the best characteristics for CSP and PV and the
shortest distance to the Netherlands will be taken as area where the solar energy will be imported from.
In Section 2.4 the costs of a submarine high voltage direct current (HVDC) cable are calculated to find
out if this is a viable solution, otherwise ships will be used.

2.1 High Irradiation Areas

There are different types of irradiance; direct normal irradiance (DNI), diffuse horizontal irradiance
(DHI) and global horizontal irradiance (GHI). DNI is the amount of radiation received by a surface that
is always held perpendicular to the sun. DHI is the amount of radiation received on a horizontal plane
which does not come from a direct path of the sun, but is scattered by for instance clouds or buildings.
GHI is the sum of DNI and DHI received on a horizontal plane, this means that the DNI has to be
corrected for the zenith angle of the sun, see Equation (2.1).

GHI = DNI -cos(f) + DHI (2.1)

To look for appropriate areas with respect to CSP systems, the direct normal irradiation (DNI) is
essential. For PV systems also the diffuse horizontal irradiation is important. This is due to the fact
that heliostats reflect only the direct normal irradiation, while for PV systems also indirect radiation is
converted into electricity. To obtain the total irradiation used by PV plants, the GHI is not used because
the GHI is calculated using a fixed horizontal plane, while PV plants have solar tracking systems which
will point the PV system into the direction where the irradiation is the highest at a specific moment. To
calculate the total irradiance on a PV system, the DNI and DHI are added without multiplying the DNI
with the zenith angle of the sun, this is called the global tilted irradiation (GTI), see Equation (2.2). The



assumption made is that the DHI is the same for a horizontal plane as a tilted plane, since the diffuse
irradiation comes from all directions.

GTI = DNI+GHI (2.2)

Looking at Figure 2.1 it can be seen that the areas around the world with the highest solar irradiance
are; Chile, North Africa, South Africa, Australia, Middle East and Central America. See Appendix B
for more GHI and DNI maps of the world and zoomed in on Africa and the Middle East.
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Figure 2.1: Global Horizontal Irradiation World [1]

2.1.1 Geographic Location Selection

Without looking at the efficiencies and costs for the energy storage system used, two other inputs are
of great importance to obtain low cost electricity in the Netherlands; the purchase price of electricity
and the distance the stored energy has to be transported over. Obviously, importing electricity to the
Netherlands would be the cheapest if the purchase price is the lowest and the transported distance is
the shortest. Looking at Table 2.3 and Table 2.4, most of the project are situated in the Arab Gulf
States. Comparing regions in Figure 2.1 with the GHI of the Arab Gulf States, it can be seen that
Morocco is the country closest to the Netherlands with an irradiation comparable to that of the Arab
Gulf States. Also the political situation in Morocco is stable compared to the other countries in Africa
and the Middle East. At this moment, only the NOOR III CSP project is situated in Morocco and it is
expensive compared to other projects, see Table 2.3. Most of the recent projects being built are in the
United Arab Emirates and at this moment the largest solar park of the world is being built in Dubai
[28]. The goal is to generate 5000 MW of solar power by 2030, with PV and CSP power combined. PV
systems are cheaper than CSP plants, but not able to produce electricity at night.

Nowadays the largest and cheapest CSP plants and PV systems are realized among others in Dubai,
see Table 2.3 and Table 2.4. Comparing Dubai to Agadir, the solar irradiation in Morocco is better, see
Figure 2.2. Agadir is chosen because it is a city with high solar irradiation in Morocco with direct access
to the sea. Using the Solargis Imaps App it is found that the average DNI and DHI of Agadir is 2281
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Figure 2.2: Solar irradiation Agadir and Dubai [1]

EWh/m? /year and 640 kW h/m? /year respectively, while for Dubai the average DNI and DHI are 1975
kEWh/m?/year and 867 kW h/m?/year respectively, see Figure 2.2. CSP plants have more potential
in Agadir then Dubai, because the DNI is higher in Morocco. Also PV plants have more potential in
Agadir than in Dubai if a solar tracking system is used, because the GTI is higher in Morocco. Morocco
is also busy expanding there solar energy production [29], therefore the potential route Morocco - the
Netherlands is chosen, or more precise: Agadir - Rotterdam.

2.1.2 Irradiation Variation

It is also important to know the monthly DNI and GHI throughout the year. In Figure 2.3 it can be seen
that the DNI and GHI in Morocco are only 60% in the winter compared to the summer. Figure 2.3 gives
an overview of the DHI and DNI in Quarzazate, a city in the centre of Morocco where CSP projects are
situated. It is assumed that the monthly irradiation variation is the same in Agadir. Less energy will be
stored and transported during the winter and it is reasoned that in autumn and spring the power plants
will produce 80% of their full power per day and during the winter this will only be 60%.
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Figure 2.3: Monthly variation DNI and GHI in Ouarzazate, Morroco 2005 [2]



2.2 Concentrated Solar Power

There are three different systems that make use of concentrated solar power; the parabolic trough system,
the power tower systems and the dish engine system. At this moment the power tower system and the
parabolic trough system are produced on commercial scale, the maturity of dish engine systems is lower.
The cheapest and most energy efficient option at this moment is the power tower system [30], since
it is able to reach higher temperatures which results in higher Rankine cycle efficiencies. Whenever
concentrated solar power is mentioned, the power tower system is used.
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Figure 2.4: Solar power tower system [3]

The solar power tower system consists out of a collector field, wherein over a 100,000 heliostats are
placed for a 150 MW system, a receiver system, a thermal storage system and a power block. The
collector field concentrates sunlight onto the receiver. In the receiver the concentrated sunlight heats
molten salt from 290 °C to 565 °C, where molten salt always stays in the liquid phase. The molten
salt used is known as ’solar salt’ and the mixture consists out of 60wt% sodium nitrate (NaNOgs) and
40wt% potassium nitrate (KNOj3). The heated molten salt can be stored in storage tanks. Hot molten
salt is then used to convert pressurized water into pressurized steam, for this several heat exchangers
are used. The pressurized and heated steam runs through a steam turbine where it generates electricity.
The low pressure, low temperature steam which leaves the steam turbine is condensed into water in the
condensate tank. Water is pressurized using a pump and the cycle starts all over again. This process can
be seen in Figure 2.4. The big advantage of concentrated solar power over photovoltaics is the ability to
store the heated molten salt. The steam turbine system is therefore also able to operate at night, which
results in a more reliable base load electricity source.

2.2.1 Electricity Price & Power Capacity

In Table 2.3, an overview of different concentrated solar power projects is given. Comparing Table 2.3
and Figure 2.1, it can be seen that the countries of the projects all have a high irradiation. The typical
power capacity of a single solar tower system lies between 100 - 150 MW; for the project in Dubai this
was not clarified. Another point worth mentioning is the high capacity factor of the Copiapo plant in
Chile. The plant will operate for a large part of the year 24 hours per day, with a capacity factor over
the whole year of 80%. The capacity factor is the ratio of the actual electrical output of the CSP plant



per year to the maximum possible electrical output of the CSP per year. If the storage capacity of a
CSP plant is enlarged, the capacity factor of the CSP plant will also increase since the CSP plant will
operate for more hours during the night at full power. The prices of CSP are rapidly dropping every
year. Although the prices in Morocco are high compared to Dubai, the solar irradiation conditions are
better in Morocco: The direct normal irradiation in Dubai is 1975 kW h/m? /year, while Noor III obtains
a direct normal irradiation of 2600 kW h/m? /year [31]. One of the explanations of this difference is the
large price drop in the period 2015 to 2018; in 2015 the Noor III project started, while the project in
Dubai starts in 2018. In Chile the auction price in 2014 for a CSP plant was 0.11 €/kWh [32], while in
2017 the auction price tumbled down to 0.057 €/kWh [30].

Table 2.3: Overview specifications CSP plants

Project Country Power Capacity Storage Operating Auction Price
[MW,] [GWh./yr] [hr] [yr] [€/kWh]

NOOR III [33] Morocco 150 500 8 2017 0.136

Redstone [34] South Africa 100 480 12 2018 0.113

Copiapo [35] Chile 260 (2-130) 1800 13 2019 0.057

Dubai [36] UAE 700 (5-140) - 15 2020 0.066

Port Augusta [37]  Australia 150 495 7 2020 0.055

A significant growth in global CSP capacity is foreseen, rising from the current 4.7 GW to reach a
capacity between 10 GW and 22 GW by 2025 [38]. With the increase in CSP capacity and the decreasing
price trend of the last years, see Table 2.3, it is reasoned that in high irradiance areas a CSP plant with
an electricity price between 0.055 and 0.066 €/kWh is realistic. Because the conditions in Morocco are
better than the conditions in Dubai, a price of 0.057 €/kWh is taken.

The state-of-the-art CSP systems are able to reach a power output of 150 MW of electricity. It is
assumed that 2 CSP plants are operating next to each other generating a total power of 300 MW. The
amount of 2 CSP plants is taken because nowadays it is common to build 1 or 2 CSP plants at one site.
With a capacity factor the same as in Chile (80%), the annually produced energy will be 2100 GWh.
Correcting this for the irradiation variation, this leads to a power output of 300 MW during summer,
240 MW during autumn and spring, and 160 MW during winter.

Heat Price

The goal of the energy storage based on CSP is to transport thermal energy from Morocco to the
Netherlands. Therefore it is necessary to calculate the cost to heat molten salt right after the thermal
storage system, because from this point the molten salt can be transported. This is done by dissecting
the CSP tower system into multiple sections. In Figure 2.5 the cost breakdown of a CSP tower system
is shown. The energy efficiency of the power block is 42% [39], this is also confirmed by Thomas Bauer
from the German Aerospace Center (DLR).

Looking at Figure 2.5, it can be seen that around 75% of the total costs are the receiver system,
heliostat field, thermal energy storage system, tower and a part of the costs for engineering and site
preparation, contingencies and owners costs. The other 25% are the costs of the power block, balance op
plant and the other part of the costs for engineering and site preparation, contingencies and owners costs.
It is assumed that the O&M, personnel and other variable costs are divided in the same proportion. So
the costs to heat molten salt including storage are 75% of the total costs. Also the ratio of kWhy,, to
kWh, needs to be accounted for; with an energy efficiency of the power block of 42%, 1 kWh of heat
is needed to produce 0.42 kWh of electricity. Therefore the price per kWh of heat drops by a factor of
0.42. This leads to a price of 0.018 €ct/kWh to heat and store molten salt, see Equation (2.3).

Pricepeq: = 0.0573 - 0.75 - 0.42 = 0.018€/kWh (2.3)
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Figure 2.5: Cost breakdown CSP tower South Africa 100 MW 15hr storage [4]

2.3 Photovoltaic system

A photovoltaic (PV) cell is an electronic device which directly converts photons into electricity. If the
energy of a photon is large enough, the semiconducting material absorbs the photon and creates an
electron-hole pair. This is the energy needed for an electron to break free from its bond. When an
electron breaks free this leaves an empty space which is called a hole, a hole is similar to an electron,
but with a positive charge. The electron runs through the external load creating a current, after passing
through the load the electron meets up with a hole completing the circuit, see Figure 2.6.

antireflection coating

front contact
emitter

sunlight

rear contact

Figure 2.6: PV cell [5]

A PV system consists of several components, except for a PV cell it also contains mounting and
cabling of the whole system. For large PV projects solar tracking systems are often used to improve the
systems performance by pointing the PV panels to the direction with the most irradiation.

2.3.1 Electricity Price & Power Capacity

In Table 2.4 an overview of some operating and under construction standing PV systems is given. The
prices are significantly lower than for CSP projects, but for PV systems no storage is included. In Abu
Dhabi a large PV project is under construction, at this site 1177 MW of power will be generated. In
China and India there are already existing PV sites with a power of 900 - 1500 MW [40], they are not
mentioned in the overview because no prices are known.
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Table 2.4: Overview specifications PV plants

Project Size Operating Auction Price
[MW]  [yr] [€/kWh]

Zambia [41] 47 2017 0.0545

Dubai [42] 800 2018 0.0272

Abu Dhabi [43] 1177 2019 0.0220

Saudi Arabia [44] 300 2019 0.0163

Chile [45] 242 2024 0.0195

With the large amount of new PV projects issued and the prices which continues to drop, see Table 2.4,
it is assumed that the maximum power capacity in high solar irradiance areas is 800 MW with an
electricity price of 0.022 €/kWh. A capacity factor of 30% is taken, this capacity factor is obtained in
the US and Libya [46] [47], it is assumed the same for Morocco. This results in 2100 GWh electricity
production per year. In the summer the PV system will produce 7200 MWh/day of electricity, taking
the irradiation variation into account, which corresponds to 9 hours of operation at peak-load. In the
autumn and spring the capacity of the PV system is 7.2 peak-load hours/day and in the winter this
becomes only 5.4 peak-load hours/day.

2.4 Cable or Ship

The first solution which comes to mind to transport electricity is to use cables. In this section the
possibility of cables is discussed. For long distance transmission, a high-voltage direct current (HVDC)
electric power transmission system is normally used instead of the more common alternating current (AC)
systems. HVDC transmission systems are less expensive over large distances and suffers lower electrical
losses. However, they need to have an AC-DC and a DC-AC converter, therefore HVDC transmission
lines are only used for larger distances [48]. HVDC power cables can be used over land or underwater.
Cables over land will be difficult, because cables have to pass three countries (Spain, France and Belgium)
before it reaches the Netherlands. These countries will not allow such transmission lines through their
territory for free. The exact price is impossible to calculate, but it is assumed to be too high to suffice
the 0.125 €/kWh criteria set in Section 1.2.

Table 2.5: Cable Morocco - the Netherlands in ratio with NORNED

Cable NorNed [49] Cable MarNed

Length [km] 580 2600
Efficiency [%)] 95.8% 82.5%
CAPEX [M€] 600 2690
O&M (0.4%) [M€] 2 11
Power output [MW] 670.6 577.5
Lifetime [yr] 20 20
CRF30ycar (r=5%) [] 1.605 1.605
Ceabiesogear [ME] 1011 4532
Esoyear,pv [TWh] 35.3 30.4
Bsoyear.csp [TWh] 94.0 81.0
LCoFE qpie,Pv [€ct/kWh] 2.87 14.92
LCOEcable,CSP [€ct/kWh] 1.07 5.60
LC0E,qpe + LCoEpy [€ct/kWh]  5.07 17.12
LCoEqpie + LCoEcsp [€ct/kWh]  6.80 11.33

Submarine power cables are used to interconnect countries over large distances underwater. One
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of the largest submarine power cable in the world is the NorNed cable, this cable interconnects the
electrical grids of the Netherlands and Norway. To estimate the costs of such a cable from Morocco to
the Netherlands (MarNed), the costs of the NorNed cable are proportionally taken over the distance,
see Table 2.5. The NorNed cable has a length of 580 km, while the MarNed cable should have a length
of 2600 km, this is the distance between Morocco and Agadir over sea. Therefore all the costs of the
MarNed cable are 2600/580 = 4.48 times the costs of the NorNed cable. The efficiency of the NorNed
cable is 95.8%, to obtain the efficiency of the MarNed cable, the efficiency of the NorNed cable is done
to the power of the distance ratio, this results in an efficiency of 0.958*4® = 82.5%, the power output
of the MarNed cable is lower than the power output for NorNed. The O&M costs are taken at 0.4% of
the CAPEX per year [50], and the lifetime is set at 20 years [50]. In Equation (2.4) the capital recovery
factor (CRF) is calculated. The CRF is the ratio of a constant annuity to the present value of receiving
that annuity for a given length of time. In this case this is the factor by which the capital costs have to
be paid back for over a lifetime (n) of 20 years with a discount rate (r) of 5%. The CRF over 30 years
becomes 1.952.

r(14r)™

n=1.952 2.4
At —1 =19 (24)

CRF?)Oyem“ =

The levelized cost of electricity of the cable (LCoE qpie) is calculated by dividing the total cost over
30 years (Ceapiesoyear) by the total amount of energy over 30 years (Esgyears). To calculate Esgyears, &
capacity factor of 80% and 30% is taken for respectively CSP and PV, as these are the capacity factors
obtained for CSP and PV. The maximum power input of both CSP and PV are 700 MW, this is not
corrected to the power of 300 MW and 800 MW reasoned in Section 2.2 and Section 2.3, because the
prices for such cables are not known. It is assumed that the scale-up benefits of a longer cable for CSP
weigh up against the scale-down of the power input. The LCoE of a cable becomes 11.33 €ct/kWh,
which is lower than the 0.125 €/kWh criteria set in Section 1.2, which could make it a viable concept.
However, it is not known if the 3 countries (Spain, France and Belgium) will allow such transmission
lines through their sea territory. It is assumed that the countries will do this for free, so the maximum
LCoE in the Netherlands using a ship should be lower than 0.113 €/kWh.

CAPEX - CRFsopear + O&M - Lifeti
LCOE sapre = e + ifetime (2.5)
year

2.5 Conclusion

There are two main technologies which are used to generate electricity from solar energy; CSP and PV
systems. An overview of state-of-the-art CSP and PV systems is given in Table 2.4 and Table 2.3 which
gives a maximum power of 300 MW with an electricity price of 5.73 €ct/kWh for CSP and a maximum
power of 800 MW with an electricity price of 2.2 €ct/kWh for PV. The price to heat and store molten
salt is calculated in Equation (2.3) and is 1.80 €ct/kWh.

Due to the high solar irradiation conditions, close distance and the fact that Morocco is a relatively
stable country, Morocco is chosen to be the country where the solar energy will be imported from. The
irradiation in the summer is 60% of the irradiation in the winter, this results in less energy which can
be transported during the winter. A cable from Morocco to the Netherlands is possible if it is approved
politically for free. Concepts where electricity is stored and then transported by ship need to have a
LCoE in the Netherlands lower than 0.113 €/kWh to compete with the cable. In the next chapter all
energy storage systems are obtained and critically reviewed. All the carefully chosen assumptions the
system choice is based on in this chapter are:
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Table 2.6: Overview of assumptions

Power CSP

Power PV

Price electricity CSP

Price heat CSP

Price PV

Route

Ratio summer : winter

Ratio summer : autumn or spring
Price Cable

2150

800

5.73

1.80

2.20

Morocco - the Netherlands
0.6

0.8

11.3

MW
MW
€ct/kWhe
€ct/kWhy,
€ct/kWh,

€ct/kWh
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Chapter 3

Energy Storage Systems & Selection

In this chapter all potential energy storage systems are discussed. After the principles of all the potential
energy storage systems are explained, a selection is made in Section 3.4. In Figure 3.1 an overview of
different energy storage systems and their typical energy capacities is shown. Flywheels and supercapac-
itors will not be treated in this chapter due to their low energy capacities. Also pumped hydro power
will not be covered, because it is simply impossible to transport gravitational potential energy on a ship.
Chemical energy storage will be discussed in Chapter 4, an entire chapter has been assigned to this
due to their large energy capacity and large variety of solutions. An overview of all the energy storage
methods with their specific energy is given in Table 3.6.
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Figure 3.1: Energy storage systems [6]

3.1 Thermal Energy Storage

One of the most important forms of energy storage is thermal energy storage. In thermal energy storage
(TES) energy is used to heat or cool an energy carrier. This energy carrier can be used for space
heating/cooling, water heating/cooling or electricity generation. Space and water heating/cooling is not
the goal of this thesis, but it will be taken into account if it can be combined with electricity generation.
To convert heat into electricity, steam turbines or heat pumps are often used. To find good thermal
energy storage mechanisms it is important to find an energy carrier with the right characteristics. TES
can be achieved by three different systems: latent heat storage (LHS), thermochemical heat storage and
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sensible heat storage (SHS). In this thesis TES is always combined with CSP, the operating temperature
of CSP is 565 °C.

3.1.1 Latent Heat Storage

Latent heat storage (LHS) is based on the heat release or heat absorption during the phase change
of a material. This can be from solid to liquid or liquid to vapor, or vice versa. Energy storage in
the form of liquid to vapor is not practical as the gas phase requires large volumes or high pressures.
The main advantages of phase changing materials (PCM) over sensible heat storage (SHS) are higher
energy densities and there is no temperature difference, also LHS is generally more energy efficient.
Disadvantages are low thermal conductivity and large change in volume during phase transition, the
technology readiness level is also lower. Typical PCM’s are paraffin wax, salt hydrates, and fused salts.

When adding energy to a solid PCM, the material will start to increase in temperature as it absorbs
the thermal energy. At a specific temperature, the material will start to melt and start its phase transition
from solid to liquid, if heat is released the process is reversed. This phase transition will occur at (almost)
constant temperature. The amount of energy released during melting is the total difference in enthalpy
(h) in solid state and liquid state, see Equation (3.1).

q=Anh (3.1)

Nowadays there are several PCM materials which are commercialized, however these materials have
a phase change temperature in the range of 112 - 164 °C [16], which is too low to act as suitable energy
carrier, because low temperatures will give low Carnot cycle efficiencies. There are a couple of PCM’s
which have a melting temperature between 500 - 600 °C, but these are not further evaluated due to the
low technology readiness level, low thermal conductivity and problems with solid deposits on the heat
transfer surface.

3.1.2 Thermochemical Heat Storage

Thermochemical heat storage is a promising concept of storing heat, higher energy densities can be
obtained than for SHS and LHS and also there is no heat loss during storage, which makes it very
suitable for long-term energy storage. The downside is that it is not sufficiently developed yet.

When adding sufficient heat to a thermochemical energy storage system, a reaction of chemical bonds
at the molecular level will separate the thermochemical material. The heat will be stored if the materials
are separated, this can be on ambient temperature. After adding the two materials together, the heat
will be released again. Figure 3.2 illustrates this process. The energy density of the thermochemical
material will depend on the specific enthalpy (h) change during the reaction, see Equation (3.2).

In Table 3.1 an overview of reactions that have been investigated to be used as thermochemical heat
storage is given. When looking for an energy carrier which is suitable for CSP, the temperature should
be in the range of 500-600 °C. The reaction with calciumhydroxide (Ca(OH)s) and calciumoxide (CaQ)
stands out above the rest due to the high energy density, the right reaction temperature and low material
costs.

The dehydration/hydration cycle of calciumhydroxide/calciumoxide is shown in Figure 3.3. The idea
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Table 3.1: Chemical storage materials and reactions [16]

Compound Reaction Material energy density Reaction temperature [°C]
Ammonia [50] NH; + AH < 1/2N, + 3/2H, 67 kJ/mol 400-500
Methane/water [51] CH,4 + H,0 < CO +3H, n.a. 500-1000
Hydroxides, e.g. [51] Ca(OH;) « Ca0 + H,0 3 GJ/m3 500
Calcium carbonate [51,52] CaCO; « Ca0 + CO, 4.4 GJ/m? 800-900
Iron carbonate [53] FeCO3 < FeO + CO, 2.6 GJ/m? 180
Metal hydrides [51] Metal xH, < metal yH; +(x — y)H, 4GJ/m? 200-300
Metal oxides (Zn and Fe) [54] e.g. 2-step water splitting using Fe304/FeO redox system n.a. 2000-2500
Aluminium ore alumina [55] na. na. 2100-2300
Methanolation-demethanolation [56] CH30H « CO + 2H, n.a. 200-250
Magnesium oxide [57] MgO + H,0 < Mg(OH), 3.3 GJ/m? 250-400

is to transport Ca(OH )z at 25 °C from the Netherlands to Morocco. Heating the Ca(OH )2 to 510 °C
with the use of CSP will start the endothermic reaction to obtain CaO and H2O at 510 °C, this uses
94.6 + 54 = 148.6 kJ/mol of heat. The heated water will run through a steam turbine in Morocco, while
the cooled CaO is shipped to the Netherlands. In the Netherlands CaO is brought into contact with
H>0 to start an exothermic reaction where 63.6 kJ/mol of heat is released. This heat will feed a steam
turbine in the Netherlands and the Ca(OH)y will be transported to Morocco again.

Ca(OH), (s) +94.6 k) Cao (s) + H20 (g)
5102C - 510°C 5102C
+54.0 kJ -235kl -61.5kl
Ca(OH), (s) -63.6 kJ Cao (s) + H20 (1)
25°9C - 25°C 25°C

Figure 3.3: Ca(OH)2/CaO dehydration/hydration cycle [8]

At the German Aerospace Center (DLR) there is a prototype with 20 kg of Ca(OH)s. At this moment
it is not possible to achieve full reversibility at the dehydration step, which results in a limited number
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of cycles from about 20 and also the order of power nowadays is low [8]. Therefore this process is not
selected to be used as energy carrier, but it will be very interesting when all drawbacks are overcome,
because shipping and storing CaO is very easy.

3.1.3 Sensible Heat Storage

Sensible heat storage (SHS), is an energy storage method where energy is added to increase the temper-
ature of a material without changing its phase. In SHS a solid or a liquid material is used as a storage
medium, examples of storage mediums for SHS are: water, metals, concrete, bricks, sand, rock beds,
oil, molten salt, molten glass, soil, etc. There are thousands of materials which are suitable for SHS,
however less are suitable for high temperatures. The energy density of a certain medium is dependent
on the heat capacity coefficient (c,) and the temperature difference, see Equation (3.3).

q==Cp- (THot - Tcold) (33)

To achieve high energy densities, materials with high temperature differences in one phase combined
with a high heat capacity coefficient have to be found. There are some problems with solid sensible
heat storage, first of all the ability to store the heat for a longer period of time is difficult, also the heat
transfer is difficult to manage and finally the purity of the solid often degrades after a number of cycles.
Therefore the focus is put on liquid SHS, in Table 3.2 an overview of different liquid SHS materials with
corresponding temperature ranges is given.

Table 3.2: Sensible heat liquid materials [16]

Storage medium Temperature Average Average thermal Average heat Volume specific Media costs Media costs
D ——— density conductivity capacity heat capacity per kg per kWh,
Cld(fQ)  Hot(O  (kgim’) (W/mK) (kg K) (kWh/m?) (US$/kWh;) (US$/kWhy)

HITEC solar salt 120 133 - - - - - -

Mineral oil 200 300 770 0.12 2.6 55 0.30 4.2

Synthetic oil 250 350 900 0.11 2.3 57 3.00 43.0

Silicone oil 300 400 900 0.10 2.1 52 5.00 80.0

Nitrite salts 250 450 1825 0.57 1.5 152 1.00 12.0

Nitrate salts 265 565 1870 0.52 1.6 250 0.50 3.7

Carbonate salts 450 850 2100 2.0 1.8 430 2.40 11.0

Liquid sodium 270 530 850 71.0 13 80 2.00 21.0

Nitrate salt is chosen as thermal energy carrier because it has the lowest costs and it comes out of
the CSP plant, therefore the temperature range is the same. More advantages of nitrate salts are the
high thermal stability, high heat capacity, high density, non-flammability and low vapor pressure. Due
to the low vapor pressure pressurized vessels are not required. There are 3 nitrate salts primarily used in
thermal energy storage: (1) Hitec Salt, a ternary mixture of 7% sodium nitrate (NaNO3), 53% potassium
nitrate (KNOgs) and 40% sodium nitrite (NaNO3). (2) Calcium nitrate salt (Hitec XL), a ternary mixture
of 7% NaNOg, 45% KNO3 and 48% calcium nitrate (Ca(NO3)z2). (3) Solar Salt, a binary mixture of 60%
NaNOj3 and 40% KNOj3 [51]. Hitec Salt is in liquid phase between 142 °C and 535 °C at atmospheric
pressure, Hitex XL is in liquid phase between 120 °C and 500 °C at atmospheric pressure, and Solar
Salt has a liquid phase between 220 °C and 600 °C at atmospheric pressure. The heat capacities of all 3
nitrate salts are close to each other, but the prices of the salts differ. The cost of Hitec Salt is $0.93, the
cost of Hitec XL is $1.19 and the cost of Solar Salt is $0.49. Combining the specifications on all 3 salts
it is concluded that Solar Salt is the best option since it can reach the highest temperature for a more
efficient Rankine cycle and also the cost is the lowest. Only the liquid temperature range is slightly in
favor of Hitec Salt. However the better performance on the temperature range do not weigh up against
the advantages of Solar Salt. Therefore Solar Salt is chosen as thermal energy carrier. If molten salt is
mentioned further in the report, Solar Salt is the type of molten salt used.
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3.2 Mechanical Energy Storage

There are several energy storage systems which make use of mechanical energy storage. Only compressed
air energy storage (CAES) and cryogenic energy storage (CES) will be treated in this section, because
the other mechanical energy storage systems are not viable to be used on a ship.

3.2.1 Compressed Air Energy Storage

Compressed air energy storage (CAES) stores its energy as pressure difference. Air is compressed to
high pressures with a turbo-compressor when electricity is abundant. When electricity is needed, the
compressed air is heated and expanded through a turbo-expander to generate energy. Nowadays com-
pressed air is stored in rock mines, salt caverns, aquifers or depleted gas fields. CAES can obtain a
specific energy of 0.2 MJ/kg and an energy density of 21.6 kJ/L at a pressure of 100 bar [52]. A 500,000
m? large tanker would only ship 3 GWh of energy. The energy density of CAES is too low to be a viable
energy storage solution on a tanker.

3.2.2 Liquid Air Energy Storage

Liquid air energy storage (LAES) is a long duration, large scale energy storage solution that can be
located at the point of demand. The LAES system can be divided into three parts; the charging part,
storage part and discharging part. At the charging part, air is taken out of the atmosphere and impurities
such as water and carbon dioxide are removed. The cleaned air is compressed to very high pressures,
where the air is intermediately cooled to obtain high pressurized air at atmospheric temperature. The
high pressurized air will be expanded through an turboexpander to drastically decrease the temperature
until the air liquefies.

The liquid air can now be stored in well insulated storage tanks. Liquid air is stored at very low
temperatures so there will be some standing losses. A liquid air system loses its stored energy through
heat leakage into the main cryogenic storage tank which causes boil-off. These losses are nowadays lower
than 0.2wt% per day [53].

To regenerate electricity, the liquid air is pumped to high pressures. The liquid air will be evaporated
and superheated to ambient temperature or higher temperatures with the use of the heat stored in the
first step or waste heat. Now the air is a high pressurized gas at high temperature, which will run through
a turbine and generate electricity, in Figure 3.4 the process is visualized. The efficiency of the cycle can
be raised if the heat obtained by compression is stored and used to heat the pressurized air before it
runs through a turbine to generate electricity. Also the cold which is removed during the evaporation of
liquid air can be stored and used to cool the compressed air to low temperatures before expansion. With
these heat and cold storage, energy densities of 0.66 M J/kg, 0.51 MJ/L, and round-trip efficiencies over
50% can be achieved [54].

3.3 Electrochemical Energy Storage

There are two kinds of electrochemical energy storage systems, batteries and flow batteries. Batteries are
produced in many sizes and are the oldest and most commonly known form of energy storage. Batteries
have a wide spectrum of power supply, which varies from watts to hundreds of kilowatts.
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Figure 3.4: Liquid air energy storage process [9]

3.3.1 Batteries

Batteries consist out of an anode, cathode and electrolyte, which allow a chemical reaction to take place
so a current can be produced when required. If the chemical reaction is reversed by adding a current,
the battery charges. The two main batteries used for medium scale energy storage are the lead-acid
and Lithium-ion batteries. There are also batteries available which can not be charged, these kind of
batteries are obviously not used.

3.3.2 Flow Batteries

A flow battery is a type of electrochemical cell where chemical energy is provided by two chemical
components dissolved in liquids contained within the system and separated by a membrane. ITon exchange
occurs through the membrane while both liquids circulate in their own respective space. When electricity
is needed, ions flow through the membrane and an electric current is generated by redox reactions. If
excess electricity is available, the flow battery is charged by running an electric current through the circuit
and the reverse redox reaction will occur so the ions will flow back through the membrane, see Figure 3.5.
The advantages of flow batteries are the low cost of the system and the high round trip efficiency, the
main disadvantage is the low specific energy of the system. Four different flow batteries are considered in
this report; the zinc-iodine bromide flow battery, the vanadium flow battery, the polysulphide bromide
flow battery and the iron flow battery, the corresponding specific energies are stated in Table 3.6.

lon Membrane

1
Negative ‘ ‘ Positive
Electrolyte ‘X | Electrolyte
Tank ' Tank
\'
)
L y

- 5

Power Source / Load

Negative
Electrode
SAINSOY

PpaIpay

Figure 3.5: Flow Battery [10]
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3.3.3 Chemical Energy Storage

Chemical energy storage is receiving world attention due to its potential to replace petroleum products
and reduce greenhouse gas emission significantly. One of the most popular chemical energy storage is
hydrogen energy storage. Hydrogen is not easy to store and transport due to its high volatility and low
specific energy, therefore it is is necessary to pressurize, liquefy or adsorb hydrogen. Another possibility
is to convert hydrogen with a chemical reaction into other fuels, such as ammonia, methanol, methane
or formic acid. It is also possible to convert ammonia, formic acid or methane directly from electricity,
however these processes are still in a stage of infancy. The energy density of chemically generated fuels
is high. In Chapter 4 this topic will be elaborated on.

3.4 Selection

In this section the costs of transportation are calculated for differently sized ships, see Section 3.4.1. The
maximum profit per trip is also calculated on the basis of the specific energy and efficiency. Combining
the costs of transportation and profit per trip, the minimum specific energy combined with efficiency
needed is calculated, see Section 3.4.2. The energy carriers obtained in the previous sections with their
specific energies are displayed in Table 3.6, these energy storage systems will be evaluated and a selection
will be made in Section 3.4.3.

3.4.1 Specific Cost per Ton

In this section the price per ton cargo for different sized tankers is determined. Energy carriers with
high specific energy only need ships with a small DWT, and vice versa. In Table 3.4 the data of different
sized tankers is shown. The specifications and assumptions of the route are shown in Table 3.3. LHVgp
is the lower heating value of the energy density and LHVgg is the lower heating value of the specific
energy.

Table 3.3: Specifications and Assumptions Morocco - the Netherlands

Distance 2600 km
harbour time* 48 hr
Engine efficiency [55] 47 %
LHVjiesel,sE [56] 42.7 MJ/kg
Pdiesel [57] 880 kg/m3
LHViiesel,ED 37.6 MJ/L
COStdiesel [58} 0.27 €/L
C’-R‘FBOyea'r‘>k>}< 1.952 -
Lifetime* 30 yr
Crew* 100,000 €/yr

* DAMEN Shipyards
** See Equation (2.4)

All data from the tankers and container vessels is taken from [17], except for the crew size and ship
costs. The crew size and ship costs are determined proportional to the ship costs and crew size of an
ultra large crude carrier (ULCC) with a deadweight tonnage (DWT) of 560000 ton. The crew size of
the 560000 DWT ULCC is 38 and the ship cost is 120 million euro, this data is obtained from DAMEN
Shipyards. The largest ship has a DWT of 560000 ton, this is in the same range as the largest tankers
nowadays.
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Table 3.4: Data Tankers [17]

Name Small Handysize Aframax Suezmax

Ship size DWT 5000 10000 20000 40000 60000 85000 105000 115000 125000
Speed knots  13.5 14.5 15.5 15 15 15 15 15 15
SMCR power MW 234 4.1 7.1 8.5 10.1 12.3 13.4 14.3 15.2
Crew # 2 3 4 5 7 9 10 11 12
Cost Ship M€ 5 6 8 12 16 22 26 28 30
Name Suezmax VLCC ULCC

Ship size DWT 150000 165000 260000 280000 300000 319000 360000 440000 560000
Speed knots 15 15 15 15 15 15 15.5 15.5 15.5
SMCR power MW 16 16.8 21.8 22.6 23.5 24.6 27.8 231.1 36.7
Crew # 14 15 22 24 26 27 30 37 46
Cost Ship M€ 35 38 58 62 66 70 79 95 120

First the amount of days needed for one round trip is calculated with use of the speeds defined in
Table 3.4 and the harbour hours defined in Table 3.3; this lays between 11 and 13 days. This results
in a range of total round trips of 840 to 1000 in 30 years. With the assumptions and data known from
Table 3.3 and Table 3.4, all the costs are calculated; fuel costs, crew costs, ship costs and harbour costs.
With all the costs known the cost of cargo per ton per round trip is obtained, see Figure 3.6.

The large range of DWT is important for this thesis, energy carriers with high specific energy only
need small DWT and vice versa, because the energy input is a constraint. As can be seen in Figure 3.6
the costs continue to fall for higher DWT. Especially for low DWT the costs rise rapidly.

16

Specific Cost Cargo per Trip [euro/ton]

2 ! ! ! ! !

3 4 5 6
DWT [ton] %105

Figure 3.6: Price of transporting one ton of cargo per round-trip for differently sized tankers
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3.4.2 Minimum Specific Energy

In this section the minimum specific energy is calculated, this is done by comparing the cost of ton cargo
per trip from the previous section with the revenue of the energy carrier with the variables conversion and
specific energy. The revenue per trip is calculated in Equation (3.4) for PV systems and Equation (3.5)
for CSP systems, where n is the round-trip efficiency, this is the efficiency of electricity to the energy
carrier and back to electricity again. SE is the specific energy of the specific storage system. The DWT
of 560000 ton is taken because the cost per ton is the lowest for a tanker with a DW'T of 560000 ton. The
revenue is calculated by multiplying the SE (kWh/kg) with the profit obtained from selling one kWh at
0.125 €/kWh minus the costs of the energy carrier of 0.022 €/kWh for PV or 0.018 €/kWh for CSP
divided by the round-trip efficiency of the specific energy carrier. To obtain the total revenue per trip,
this is multiplied with the total amount of kg on one tanker (DWT - 1000). The dashed lines and the
points A,B,C and D are explained in Section 3.4.3.

Revenuepy = (0.125 — 0.022/n) - DWT - 1000 - SE (3.4)
Revenuecsp = (0.125 — 0.018/n) - DWT - 1000 - SE (3.5)
15— ULCC 560000 PV 15 ULCC 560000 CSP

investment = 0 investment = 0
investment = 1100 - 10° investment = 180 - 10°

\ \‘ xC
\ xB
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05 \ 05~ \\
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Minimum SE [MJ/kg)
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(a) PV minimum specific energy (b) CSP minimum specific energy

Figure 3.7: Specific energy of an energy carrier compared with the round-trip efficiency of the energy
carrier and costs of a 560000 DWT ULCC

As can be seen in Figure 3.7, the blue solid line represents the minimum SE combined with efficiency,
but without any investment costs. No costs for the equipment to transfer electricity into the specified
energy carrier and back is taken into account at this point. Equation (3.4) is compared to the cost of
one trip.

3.4.3 Selection

The minimum SE at 100% conversion is 0.11 MJ/kg. So all concepts which have a lower energy density
than 0.11 MJ/kg are eliminated. As can be seen in Table 3.6, except for chemical energy storage, 4
concepts have a higher energy density than 0.11 MJ/kg. These concepts are shown in Table 3.5.

When looking at Figure 3.7a, the ZIBB flow battery (A) is just below the blue solid line and therefore
eliminated. The SE and conversion of the lithium ion battery (C) are very good. However, a battery is
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Table 3.5: Description points Figure 3.7

Point  Process Specific Energy [MJ/kg] Efficiency [%]
A Flow Battery ZIBB 0.15 70
B Liquid Air 0.66 50
C Li-ion Battery 0.72 97
D Molten Salt 0.48 42

designed to be able to run over 100000 cycles in his lifetime, this has no advantage in this case. Over
a lifetime of 30 years, the maximum number of cycles of a ship is 1000. The price of batteries is often
displayed in $/kWh, where the lowest price at this moment is 200$/kWh. With 1000 cycles, this comes
down to an energy price per kWh of 0.28/kWh. This is already higher than the 0.125 $§/kWh sold in the
Netherlands, so the lithium ion battery is also eliminated.

For the thermal energy storage concept, molten salt (D) is used as show case, see Figure 3.7b.
The solid line in Figure 3.7a and Figure 3.7b represent the break even point of the specific energy
combined with the round-trip efficiency of the energy carrier with a selling price of 0.125 €/kWh in the
Netherlands, but without any investment costs. In the dashed line also the investment costs are added
which are necessary to buy turbines or compressors etc. For the molten salt concept, 180 million euro
can be invested to reach the break-even point. For the molten salt concept only the costs of molten salt
and the power block in the Netherlands have to be realized. Because the costs of heating and storing
molten salt in Morocco are already included in the heat price of 0.018 €/kWh, see Section 2.2.1. In
Equation (3.6) the specific energy of molten salt is calculated. See Chapter 5 for an elaboration on this
concept.

q=cp- (Tror — Teota) = 1.6 - (565 — 290) = 440 kJ /kg (3.6)

Point B, liquid air, in Figure 3.7a is the other concept which lies above the break-even line without
investments. For liquid air an investment of 1100 million euros can be made to break even, this includes
the equipment cost of conversion from electricity to liquid air and from liquid air back to electricity. In
Chapter 6 this concept will be treated extensively. See Table 3.6 for an overview of all the energy storage
systems and if they are selected or not.

3.5 Conclusion

All kinds of energy storage were explained and critically reviewed in this chapter. All the fuels obtained
by chemical energy storage passed the selection due to their high energy densities. In Chapter 4 these
concepts will be worked out. Two other concepts are left; thermal energy storage and energy stored
as liquid air. Thermal energy storage will be discussed further in Chapter 5 and the liquid air energy
storage concept will be elaborated in Chapter 6. As can be seen in Table 3.6, thermochemical heat
storage and latent heat storage are selected with an 'o’. The processes which are selected with an 'o’ are
processes which have a low technology readiness level. So they will not be treated extensively, but they
are promising for the future.
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Table 3.6: Concepts

Energy Storage SE [MJ/kg] Selected
Hydrocarbon (methane) 55.5 [59] v
Formic acid 6.2 [60] v
. Hydrogen 142 [59] v
Chemical Liquid hydrogen 142 [59] v
Methanol 22.7 [59] v
Ammonia 22.5 [59] v
Thermochemical heat  Calciumoxide 1.1 [8] o
Thermal Sensible heat Molten salt 0.44 [52] v
Latent heat (PCM) 0.2 - 2.0 [61] 0
Compressed air 0.2 [52] (21.6 kJ/L) x
Mechanical Liquid air 0.66 [52] v
Zinc iodine bromide 0.15 [52] X
Vanadium redox 0.1 [52] X
Flow battery Aquabattery 0.015 [52] X
. PSB 0.0675 [52] x
Electrochemical Tron 0.05 [52] <
Lead acid 0.18 [52] X
Rechargeable battery — Lithium ion 0.72 [52] X

o Technology readiness level is too low
x Concept is eliminated
v Concept is selected
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Chapter 4

Chemical Energy Storage

In this chapter all the chemical energy storage concepts are explained and evaluated. An overview of
the energy flow is given in Figure 4.1; PV solar panels generate electricity which is converted into a
fuel, the fuel is transported and finally electricity is generated in the Netherlands. Only PV systems are
considered because the electricity from PV systems is cheaper than electricity from CSP.

—
—_— . —_—
Electricity
Solar Panels 2.20 €ct/kWh  \_ Tanker
Electricity
to Fuel

Electricity Generation

Figure 4.1: Overview energy flow

The electricity obtained by the solar panels is converted into hydrogen with the use of electrolysis.
Hydrogen is not easy to store and transport due to its high volatility and low specific energy, therefore
it is is necessary to pressurize, liquefy or adsorb hydrogen, these processes are analyzed in Section 4.2.
Another possibility is to convert hydrogen with a chemical reaction into other fuels, such as ammonia,
methanol, methane or formic acid, see Section 4.3. It is also possible to convert ammonia, formic acid
or methane directly from electricity, however these processes are still in its infancy.

Electricity Electrolysis Hydrogen Storage Liquid Hydrogen ’
olid State A onia Pressurized Hydrogen

Chemical .
0 Acid . Ammonia
Reaction

Methanol

-Too low TRL (£ 6)
- Not treated in this thesis

Figure 4.2: Electricity to storage
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An overview of the processes of electricity to storage is given in Figure 4.2, the boxes marked in black
are promising processes, however the technology readiness level (TRL) of these processes are < 6 [62]
[63]. If the TRL is 6, the development of the system is still in its technology demonstration phase. To
become commercially viable for large-scale energy storage a lot of research and testing is still required,
which will take too much time to be achieved in the near future. So the black marked processes will not
be discussed in this report. Methane is marked blue, this is done because methane is not included in
this report. The process of producing methane can be done with the sabatier reaction:

COy + 4H,y = 2H,0 + CH, (4.1)

COs + Hy = H,O+CH30H (42)

The processes of producing methane and methanol with the use of carbon dioxide and hydrogen are
very much alike. As can be seen in Equation (4.1) 50% of the hydrogen is lost by the formation of
water, and for methanol this is 33%, see Equation (4.2). Because the production of hydrogen is a very
energy intensive process, it is chosen to elaborate on the synthesis of methanol and not on the synthesis
of methane.

4.1 Electrolysis

To produce hydrogen from electricity, electrolysis is used. There are a number of different types of
electrolysis, but the most important three are: Alkaline electrolysis, proton exchange membrane (PEM)
electrolysis and solid oxide electrolysis (SOE). These types of electrolysis will be analyzed in the following
sections.

4.1.1 Alkaline Electrolysis

Alkaline is the oldest and most mature form of electrolysis. The alkaline electrolyzer is characterized by
two electrodes operating in a liquid electrolyte. The electrolyte used in the conventional alkaline water
electrolyzers is aqueous potassium hydroxide (KOH), with solutions of 20-30wt%. At the cathode, water
is converted into hydrogen and hydroxide. The hydrogen is captured and the hydroxide travels through
the diaphragm to the anode, where the hydroxide converts into oxygen and water.

The advantage of alkaline electrolyzers is the maturity of the process. Alkaline electrolyzers work
on large scale and at this moment the lifetime and efficiency of alkaline electrolyzers is better than
for PEM electrolysis and SOE. However, big disadvantages are the low current densities and the low
turndown ratios. The turndown capability of an alkaline electrolyzer is 60 - 80% [64], which means that
the alkaline electrolyzer needs to operate at a minimum of 20 - 40% of its capacity, it can not be shut
down completely. So for an electrolyzer in Morocco, where the average daily sunshine hours is 7.2 hours,
the electrolyzer has to operate for 16.8 hours a day at a minimum of 20 - 40% of its capacity.

If the alkaline electrolyzer runs on fossil fuels during a period of 16.8 hours at 20% of its capacity, the
operation would not run on renewable energy anymore which is one of the requirements. Therefore a fuel
cell has to be used to convert the hydrogen obtained during the day into electricity needed during the
night. In Table 4.1 a quick calculation is made to obtain the total efficiency of the alkaline electrolyzer
during night and day. During the day the power input of the alkaline electrolyzer is 800 MW for 7.2
hours, and during the night the power input becomes 800 - 0.2 = 160 MW for 16.8 hours. The hydrogen
produced during the day is lower than the hydrogen needed to run the electrolyzer during the night. The
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Table 4.1: Energy needed during day and night for the Alkaline Electrolyzer

H2_LHV 33.33 kWh/kg

Alkaline eff  63% LHV [65] [66]

Elec_in 53.3 kWh/kg

Fuel cell eff 50% LHV [65]

Elec_out 16.7 kWh/kg

7.2 hours/day 100% 800 MW 5760 MWh
16.8 hours/day 20% 160 MW 2688 MWh
108155 kg hydrogen produced during the day

161296 kg hydrogen needed during the night

difference has to be compensated with fossil fuel based electricity and also the efficiency of the alkaline
electrolyzer becomes very low. Therefore using the alkaline electrolyzer is not a viable option.

4.1.2 Proton Exchange Membrane Electrolysis

With PEM electrolysis two electrodes are separated by a proton exchange membrane. The proton
exchange membrane is permeable to hydrogen ions, so it conducts protons. At the anode water is split
into oxygen and hydrogen ions. A water/oxygen mixture leaves the PEM stack and is then separated.
The water is recycled and the oxygen is released in the atmosphere or stored to be used in another
process. The hydrogen ions and a part of the water permeate through the membrane and at the cathode
the hydrogen is formed from the hydrogen ions. A water/hydrogen mixture leaves the PEM stack and is
then separated. The water is also recycled and the hydrogen needs to be stored, the storage of hydrogen
is covered in the following sections. See Figure 4.3 for a visualization of the PEM electrolysis system.

The technology readiness level of PEM electrolysis is 9, which means it is operating on commercial
scale. The two main advantages of PEM electrolysis over alkaline electrolysis are the ability of the PEM
electrolysis to operate on high current densities and the high turndown ratio. PEM electrolyzers are able
to operate from 0% to 100% [67].

0, H;

H2\H20
ul
Purified H,0 |
H20 H*/H,0 H20
H,

Figure 4.3: PEM electrolysis

In Table 4.2 all the specifications and costs of PEM electrolysis in 2025 are shown which are obtained
from an excel sheet provided by the department of energy of the USA[68] [69].In this excel sheet the

29



capacity of the power plant is set on 52.3 ton of hydrogen per day, with a capacity factor of 30 % this
becomes 15.69 ton/day. The capacity factor is the same as the capacity factor of the PV systems. The
LHV efficiency of the total system usage per kg of hydrogen is 70%, which results in a total electricity
usage of 47.7 kWh/ke hydrogen. This includes the total stack electrical usage and balance of plant
electrical usage. See Appendix D.1 for a more elaborated overview of the total electricity needed per kg
H2. To produce 15.69 ton/day with an electricity usage of 47.7 kWh/kg, the total electricity needed per
day becomes 748 MWh. This is less than the electricity generated by the PV systems, therefore it is
assumed that the PEM electrolysis can be scaled up in the same proportion.

Costs

In the right part of Table 4.2 the costs of hydrogen are shown. The capital recovery factor (CRF) with
an interest rate of 5% has been calculated in Section 2.4. In Appendix D.2 and Appendix D.3 the cost
breakdown of the capital costs (Capeost) can be found. The fixed operational costs (Croc) are specified
in Appendix D.4. The replacement costs (Crep) are 12% of the capital costs every 10 years, which
results in a price of €415.000/year. It is assumed that the water which is not converted into oxygen and
hydrogen will be recycled. The mass ratio of water : hydrogen becomes 1 : 9 (2H20O — 2Hs + O3). The
cost of process water is 3€/ton [70], which leads to a process water cost (Cyater) per year of 155,000 €.
748 MWh/day of electricity is needed to obtain 15.69 tonnes of hydrogen per day (H244,). Combining
this with an electricity price of 2.2 €ct, the total electricity costs (Cejec) per year become 6.8 M€. Now
all the costs and the total amount of hydrogen produced are known, the price per kg hydrogen becomes
1.89 €/kg, see Equation (4.3).

Table 4.2: Specifications and costs PEM Electrolysis

Values  Units | Values  Units
Lifetime 30 yr Interest rate 5 %
Capacity factor 30 % CRF30ycar 1.952 -
Specific energy H2y v 33.3 kWh/kg Capital cost 38.0 M€
Efficiency 63 % Capital cost with CRF  74.1 M€
Design capacity 2.18 tongs/hr | Fixed operational costs 1.8 M€ /yr
Process water : hydrogen 9 kg/kg Replacement costs 415,000 €/yr
Process water cost 3 €/ton Electricity costs 6.0 M€ /yr

Process water cost 155,000 €/yr

Hydrogen produced 15.69  ton/day Price H2 per kg 1.89 €/kg
Electricity 846 MWh/day

Total costs 30 yr

H2 =
kg, PEM = Total kg produced 30 yr

_ Capeost,crF + (Croc + Crept + Cetee + Cuwater) - Lifetime

- H244y - daysyear - Lifetime (4.3)
_74.1-10° + (1.8 +0.415 + 6.0 + 0.155) - 105 - 30

N 15.69 - 103 - 365.25 - 30

—1.89 €/kg

4.1.3 Solid Oxide Electrolysis

SOE is not yet commercially available as PEM electrolysis and alkaline electrolysis is. The technology
readiness level at this moment lies between 5 and 6 [11]. SOE cells operate at high temperatures and
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use a solid electrolyte. At the cathode water is split into hydrogen and oxide with the use of electricity,
oxide and permeates through the electrolyte and the oxide ions form oxygen at the cathode. Steam is
used as sweep gas to enhance performance by lowering the oxygen partial pressure and limit corrosion.
An oxygen/steam and a hydrogen/steam mixture will leave the stack. The heat of the mixtures is
used to preheat process and sweep water, and the two mixtures will thereafter be separated to create
oxygen, hydrogen and water. Water will be cycled back into the systeem. The preheated process water
will be heated further by an external heat source to 800 °C and fed to the stack. See Figure 4.4 for a
visualization of the process. In this picture the external heat source is a natural gas burner, but the heat
can also be obtained by use of electricity or the sun. The big advantage of solid oxide electrolysis over
PEM electrolysis is its very high energy efficiency, it is able to reach almost 100% without the external
heat source. Another advantage is its chemical flexibility, there are possibilities to create syngasses
when C'O; is added, however the technology readiness level for these processes is even lower. One of
the disadvantages is the high operating temperature, this causes long start-up times and mechanical
compatibility issues. Also the low technology readiness level is a big disadvantage, it is not operational
on large scale yet.
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Figure 4.4: Solid oxide electrolysis [11]

In Table 4.3 the specifications and costs obtained for SOE are shown. These data is also obtained
from an excel sheet provided by the department of energy of the USA [68] [11]. The lifetime, capacity
factor, design capacity, process water : hydrogen ratio and process water costs are the same as for PEM
electrolysis. The LHV efficiency of the SOE stack is very high, this is 95% [71]. But the input of the
stack is hot steam with a temperature of 800 °C. To heat the sweep water and process water to 800 °C,
in the way Figure 4.4 depicts it, 11.5 kWh/kg of heat needs to be added to the system.

Costs

In the right part of Table 4.3 the costs of hydrogen created with SOE are shown. The capital recovery
factor (CRF) with an interest rate of 5% becomes 1.952, see Section 2.4. The cost breakdown of the
capital costs (Capeost) is shown in Appendix C.1 and Appendix C.2. The stack costs are 7.5 million
euro. Due to the high operational temperatures the stack has to be replaced every 4.5 years, this comes
down to a replacement cost (Cyepr) of 7.5/4.5 = 1.7 M€per year. The fixed operational costs (Croc) are
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specified in Appendix C.3. The cost of process water is 3€/ton [70], which leads to a process water cost
(Cuwater) per year of 155,000 €. 551 MWh/day of electricity is needed to obtain 15.69 ton of hydrogen
per day. Combining this with an electricity price of 2.2 €ct, the total electricity costs (Cejec) per year
become 4.0 M€. Now all the costs and the total amount of hydrogen produced are known. The price per
kg hydrogen, excluding the heat price, is calculated in Equation (4.4) and is 2.07 €/kg. The price per
kilogram of hydrogen is shown with and without heat addition, because it is not specified how the heat
is generated. For the hydrogen price with heat included, the heat is generated with use of electricity, the
additional heat price per kilogram hydrogen is 2.2 - 11.5 = 25 €ct.

Table 4.3: Specifications and costs SOE

Values Units ‘ Values  Units
Lifetime 30 yT Interest rate 5 %
Capacity factor 30 % CRF30ycar 1.952 -
Specific energy H2p v 33.3 kWh/kg Total investment 41.9 M€
Efficiency 95 % Total investment with CRF ~ 81.8 M€
Heat needed per kg H2 11.5 kWh /kg Fixed operational costs 3.3 M€ /yr
Design capacity 2.18 tongo/hr | Replacement costs 1.7 M€/yr
Process water : hydrogen 9 kg /kg Electricity costs 4.0 M€/yr
Process water cost 3 €/ton Process water costs 155,000 €/yr
Hydrogen produced 15.69  ton/day Price H2 per kg 2.07 €/kg
Electricity 551 MWh/day | (Price H2 per kg incl. heat  2.33 €/kg)

Total costs 30 yr

H2 =
kg,SOE Total kg produ(}ed 30 yr

_ Capeost,crr + (Croc + Crept + Cetee + Cuwater) - Li fetime

- H244y - daysyear - Lifetime (4.4)
_ 81.8-10%+ (3.3 4 1.7+ 4.0 + 0.155) - 10° - 30

a 15690 - 365.25 - 30

=2.07 €/kg

4.1.4 Overview

As can be seen in Table 4.4, PEM electrolysis is cheaper than SOE, also if the heat needed for SOE
is free. Also the technology readiness level of PEM electrolysis is higher than for SOE. The costs to
produce one kg of hydrogen is €7.28 in 2015 and becomes €2.20 in 2030. As a comparison; hydrogen
is nowadays mostly produced with natural gas reforming, this has a price of 1 €/kg [72]. The price
of hydrogen produced with natural gas is still a lot cheaper, but new regulations due to the energy
transition will drive up natural gas prices and CO2 emissions in the future. If the technology readiness
level of SOE becomes higher and the materials used are better able to withstand the high operational
temperatures, the high efficiencies and especially the fuel flexibility become very interesting. But for now
there is no benefit in the near future to use SOE over PEM electrolysis and therefore PEM electrolysis
will be used to convert electricity into hydrogen. In the following sections the different possibilities of
hydrogen storage are stated.
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Table 4.4: Types of Electrolysis [18]

Electrolysis Technology Alkaline Electrolysis PEM Electrolysis Solid Oxide Electrolysis

Anode Reaction 40H- — 2H50 — 20%~ —
Os + 2H50 + 4e~ Oy +4H™T + 4e™ O0? 4 de™
Cathode Reaction Hy0 +2e — 2H 4+ 2e~ — Hy0 +2e~ —
Hy+20H~ H, Hy + 0?~
Charge Carrier OH~ H* 0%~
Operating Temperature 40 - 90 °C 20 - 100 °C 700 - 1000 °C
TRL 9 9 5-6
Cost [€] - 1.89 2.07 (2.33)

4.2 Physical Hydrogen Storage

Hydrogen is a gas with a very high specific energy, but a very low energy density. It is a difficult
gas to store since it is the lightest gas of all gases, and therefore very volatile. Nowadays the three
main technologies used to store hydrogen without using a chemical reaction are: compressed hydrogen
storage, liquid hydrogen storage and storage in metal hydrides. Compressed hydrogen storage and liquid
hydrogen storage are used for large-scale stationary applications. Compressed hydrogen storage includes
metal tanks in addition to underground compressed hydrogen storage. Metal hydrides may be suitable
for mobile applications, but they are not yet commercially viable for large systems as they are still in
the research stage [73].

4.2.1 Compressed Hydrogen

Compressed hydrogen storage is a technology that is well developed and popular. The energy density of
compressed hydrogen is low: to store 4 kg of hydrogen at a pressure of 200 bar, a 225 liter tank is needed.
The energy required to compress hydrogen to 200 bar consumes around 8% of the HHV of hydrogen [14].
However, the advantage is that the process is simple with only a compressor train and a pressure vessel
required.

Small-scale hydrogen storage is often used for mobile applications; hydrogen is compressed to pressures
exceeding 600 bar and stored in carbon fiber reinforced tanks. For large-scale hydrogen storage, stationary
applications use spherical or cylindrical storage tanks. Cylindrical containers with pressures of 50 bar
and capacities of 400 kg (£ 350 m?3) are currently used in European countries [73]. This is equal to an
energy density of 38 kWh/m?, which is a factor of 62 lower than the energy density of liquid hydrogen.
To transport the amount of hydrogen produced in 12 days (round-trip time of tanker), the volume of
the tanker needs to exceed 1,400,000 m?. Tankers with these large volumes do not exist yet. Due to the
low energy density and huge additional costs that this entails, pressurized hydrogen storage is not seen
as a viable option to store and transport solar electricity.
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4.2.2 Liquid Hydrogen

Another storage solution for hydrogen is to liquefy it, liquid hydrogen (LHs) is obtained at extremely
low temperatures; 21.2 K. The critical temperature of hydrogen is 33 K, therefore it is common to store
liquid hydrogen in open systems since there is no liquid phase above the critical temperature and the
critical temperature and melting point of liquid air are close to each other. The density of liquid air
is 70.8 kg/m? which leads to an energy density of 2359 kWh/m?® (LHV). In the US there are some
companies with large scale liquefaction plants, the largest is from Praxair and has production rates of
35 ton LH, per day.

Electricity to Liquid Hydrogen

The process consists out of 3 heat exchangers, before hydrogen enters the first heat exchanger, hydrogen
is compressed. Before hydrogen can be cooled by means of expansion, hydrogen needs to be cooled
down to the inversion temperature of hydrogen, which is 224 K. If the temperature of a gas lies above
the inversion temperature, the expansion of a gas will lead to a temperature rise of the gas and if the
temperature of a gas lies below the inversion temperature the gas will cool when expansion occurs. In
the first heat exchanger hydrogen is cooled with nitrogen gas, hydrogen gas which is recycled and an
external refrigeration cycle. Hydrogen is split into two flows before entering the second heat exchanger,
both flows are cooled with liquid nitrogen to 180 K [12], this is below the inversion temperature of
hydrogen. One flow of hydrogen is used to cool the other hydrogen flow by the use of expansion through
expansion turbines. The cooling flow is split into three, the first part is expanded through a turbine and
still flows through the second heat exchanger. The second part is also cooled by expansion and cools
the third heat exchanger, the third part runs through a Joule-Thomson (J-T) valve and also cools the
third heat exchanger. A J-T valve decreases the temperature of a gas by forcing the gas through the
valve while keeping it insulated so no heat is exchanged with the environment. The enthalpy remains
the same during the expansion through the valve. J-T valves are used when a phase change occurs and
no turboexpanders, which are more efficient, can be used anymore. The other flow is cooled by the heat
exchangers and is still pressurized. The pressurized hydrogen is liquefied due to the enthalpic expansion
of two J-T valves and then stored in thermally insulated storage tanks.
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Figure 4.5: Praxair hydrogen liquefaction process [12]
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Hydrogen molecules exist in two forms, para and ortho, this depends on the electron configuration in
the individual hydrogen atoms. At the boiling point of hydrogen, 21.2 K, the concentration of hydrogen is
almost 100% para-hydrogen. But at room temperature the concentration is around 25% para-hydrogen
and 75% ortho-hydrogen [74]. The conversion of ortho-hydrogen to para-hydrogen is very slow if no
catalyst is used. The problem with liquefied hydrogen which contains a high percentage of ortho-hydrogen
is the reaction of ortho-hydrogen to para-hydrogen which is a exothermic reaction, the hydrogen will heat
up and evaporate again. The ortho/para catalysts are used to obtain a higher parahydrogen fraction
in the the ortho- to parahydrogen mixture. An overview of the whole liquefaction process is given in
Figure 4.5.

In Table 4.5 the specifications and costs of producing liquid hydrogen in 2015 and 2030 are displayed.
The electricity used is coming from PV systems and not from CSP plants due to the lower LCoE costs.
PV systems have an average operation time of 7.2 hours per day, therefore PEM electrolysis and the
liquefaction process will also operate for 7.2 hours per day. In 2015 52 kWh of electricity is needed to
obtain 1 kg of hydrogen, in 2030 this will be improved to 47 kWh [66]. The lifetime of the electrolysis
system is 40,000 and 75,000 hours in 2015 and 2030 respectively [65] and the investment costs are 1700
€/kW in 2015 and 750 €/kW in 2030 [66]. The capital recovery factor (CRF) is calculated with use of
Equation (2.4). The O&M costs for electrolysis are set at 1.53%, this is estimated by Bertucciolli (2014)
for a system between 250 MW and 1000 MW [66]. Finally the costs of purified water are set at 3€/ton
[70]. Liquefaction plants are able to operate around 10 kWh/kg nowadays [12]. While capital costs are
around 2270 €/kW [74]. In the future it will be possible to accomplish an efficiency of 5.9 kWh/kg,
according to Etternavn (2013) [12]. The O&M costs are set at 4% [75] and the lifetime is 30 years [76].

The electricity costs per kg (Cejectricity) are simply calculated by multiplying the cost of electricity
(2.2 €ct/kWh) by the amount of electricity needed per kg (52 kWh in 2015 and 47 kWh in 2030). The
investment costs per kg (Cinpestment) are obtained in Equation (4.5); I is the investment cost per kW, L
is the lifetime in hours and Elec;,, is the electricity needed to produce one kg of (liquid) hydrogen.

I- F
Cinvestment [€/kg] - % : Elecin (45)

In Equation (4.6) the O&M costs per kg (Cognr) are calculated: the O&M costs per year are
calculated by multiplying the O&M fraction by the investment in kW. This is divided by the total
amount of operating hours per year, which is the capacity factor (CF) times the total amount of hours
in a year. To obtain the O&M per kg this has to be multiplied with the amount of electricity needed per
kg of (liquid) hydrogen.

O&M -1

Cownml€/kgl = oo o7

- Elecin (4.6)

There is 9 kg of water needed to obtain 1 kg of hydrogen (2H20O — 2Hs + O3), therefore the cost of
water (Cp,0) to produce 1 kg of hydrogen is 27 €/ton (0.03 €/kg). To obtain the liquid hydrogen costs,
the electrolysis costs and the liquefaction costs are added. The price per kg of liquid hydrogen (Cpx,)
becomes 6.02 €/kg in 2015 and 2.82 €/kg in 2030.

Storage and transport

To transport liquid hydrogen, one tanker is used which sails back and forth. The time to sail from
Morocco to the Netherlands with a speed of 15 knots takes 4 days, with a harbour time of 2 days the
round-trip time of the ship becomes 12 days. The capacity of the storage tanks on shore and on the
tanker need to be able to store 12 days of liquid hydrogen produced. With a maximum power input per
day of 800 -9 = 7200 MWh during the summer, see Section 2.3.1, 86.4 GWh of electricity needs to be
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Table 4.5: Specifications Liquid Hydrogen

Electricity to Liquid Hydrogen

PEM Electrolysis Liquefying Hydrogen Liquid Hydrogen

[65] [66] [12] [74] [76]
Year 2015 2030 2015 2030 2015 2030
Hour per day 7.2 7.2 7.2 7.2
LHV [kWh/kg] 33.33  33.33 33.33  33.33 33.33 33.33
Eff [%] 64% 1% 54%  63%
Elec;,, [kWh/kg] 52 A7 100 5.9 577 46.6
Lifetime [hr] 40000 75000 30 [yr] 30 [yr]
Investment [€/kW] 1700 750 2270 2270
CRF [-] 1.45 1.90 1.952 1.952
O&M [%] 153 1.53 4 4
H50 [€/ton] 3 3
Cm,0 [€/ke] 0.03  0.03
Cotectricity [€/kg] 114 1.03 022  0.13 1.36  1.16
Cinvestment [€/kg]  3.21 0.89 0.56 0.33 3.77  1.22
Cognm [€/kg] 0.51 0.21 0.35 0.20 0.86  0.41
CLu, [€/kg] 489 216 113 0.67 6.02  2.82

converted into liquid hydrogen in 12 days. With an electricity input of 62.0 kWh/kg and 52.9 kWh/kg
this results in a liquid hydrogen storage capacity of 1400 ton in 2015 and 1600 ton in 2030, respectively.
Which results in a volumetric capacity of 19700 m® and 23000 m? respectively. The liquid hydrogen
tanks are assumed to be 10 M€each. No data about the costs could be found, but it is assumed that
the costs are 2 times the costs of a storage tank for ammonia, see Section 4.3.1. It is assumed that
the storage tanks have a lifetime of 30 years, which results in a CRF of 1.952. Three storage tanks are
needed; one in Morocco, one in the Netherlands and one on the tanker.

During the storage on shore and during transportation, the boil-off rate due to heat leaks has to be
taken into account. The boil-off rate is a function of its size, shape and thermal insulation. Heat losses
are proportional to the surface to volume ratio. Boil-off losses occur due to a variety of mechanisms such
as ortho-para conversion, thermal stratification and self pressurization, heat leaks, sloshing and flashing.
Boil-off losses are typically 0.4% per day for a volume of 50 m?3, 0.2% for a volume of 100 m?, and 0.06%
for a volume of 20000 m?, for double-walled, vacuum insulated storage tanks [77]. This is in the same
order as the storage volumes on shore and on the ship and therefore boil-off losses of 0.06% per day are
taken. During one round-trip, liquid hydrogen has to be stored for 12 days on shore in Morocco, 8 days
on the tanker (2-2 days harbour time and 4 days sailing) and 12 days on shore in the Netherlands. This
results in a total of 32 days with a boil-off loss of 1 — 0.999432 = 2%

The round-trip costs for tankers with different DWT are calculated in Section 3.4.1. The round-trip
cost for a tanker with a DW'T of 1500 ton is approximately 50,000 €. The additional costs to transport
one kg of liquid hydrogen (Ciransport) becomes 0.21 €/kg in 2015 and 0.13 €/kg in 2030, see Table 4.6
for an overview of all the storage and transportation costs. Looking at Table 4.5, the costs to transport
liquid hydrogen is low compared to the costs to produce liquid hydrogen.

Liquid Hydrogen to Electricity

There are 2 techniques to convert hydrogen in electricity; hydrogen turbines and fuel cells. For hydrogen
turbines, the challenges are to run for 100% on hydrogen and to lower the high NO,, emissions. If hydrogen
turbines are operative it is possible to achieve the same efficiencies obtained by combined-gas turbine
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Table 4.6: Specifications Liquid Hydrogen storage & transportation

Storage & Transport

DWT ship [ton] 1400 1600

Cost storage tanks shore and ship [M€] ([€/kg]) 30 (0.05) 30 (0.04)
Cost round trip [€] ([€/kg]) 50,000 (0.04) 50,000 (0.03)
Boil-off storage & transportation [%] ([€/kg]) 2 (0.12) 2 (0.06)
Ctransport [€/kg] 021 013

cycles, which is up to 60%. However, PEM fuel cells already have an efficiency of 51% nowadays, and
the prediction is that in 2030 the efficiency becomes 64% [65]. For solid oxide fuel cells even efficiencies
over 80% are predicted [65]. Nowadays the maturity of fuel cells is higher than for hydrogen turbines,
and also the potential in the future is better, therefore fuel cells are chosen.

There are different kind of fuel cells which run on hydrogen; the alkaline fuel cell (AFC), the proton
exchange membrane fuel cell (PEMFC), the solid oxide fuel cell (SOFC) and the phosphoric-acid fuel
cell (PAFC). The most efficient fuel cell on MW scale nowadays is the PEMFC [78]. In the future it is
possible that the SOFC, which is able to achieve higher efficiencies, will perform better than the SOFC,
but for now the SOFC is not commercialized yet. Therefore the PEM fuel cell is chosen.

A PEM fuel cell works exactly the other way around as the PEM electrolyzer does. Hydrogen is
fed to the PEM fuel cell and at the anode hydrogen is decomposed into hydrogen ions and electrons,
the hydrogen ions permeate through the electrolyte and form water with oxygen added at the cathode.
The electron runs through an electric circuit to generate electricity. PEM fuel cells usually operate at
low pressures and low temperatures (50°C - 100°C). The electrolyte of a PEM fuel cell is a polymer,
provided with catalysts, the catalyst usually used for the ionization of hydrogen is platinum or platinum
ruthenium. An overview of the process is shown in Figure 4.6.
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Figure 4.6: PEM fuel cell [13] [9]

In Table 4.7 an overview of all the specifications and costs of PEM fuel cells are given. PEM fuel cells
operate 24 hours a day with an efficiency of 51% (17.0 kWh/kg) in 2015 and 64% (21.3 kWh/kg) in 2030
[65]. The lifetime of the PEM fuel cell is 60,000 hours and 80,000 hours in 2015 and 2030 respectively
[65] and the investment costs are 2900 €/kW in 2015 and 750 €/kW in 2030 [65]. The O&M costs
are assumed to be the same as for PEM electrolysis (1.53%). The costs of liquid hydrogen delivered in
the Netherlands (Cpay transport) is the liquid hydrogen cost produced in Morocco (Crp,) added with
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the transportation costs (Ceransport), Which is 6.23 €/kg in 2015 and 2.95 €/kg. To obtain the costs
per kWh (Cru,.out)s CLH, transport 1 divided with the amount of electricity produced by the PEM fuel
cell with one kg of hydrogen (17.0 kWh/kg in 2015 and 21.3 kWh/kg in 2030). The energy which can
be obtained from the low liquid hydrogen temperature with for example waste heat is not taken into
account. To get a feeling, the enthalpy difference between liquid hydrogen and hydrogen at ambient
temperature is 2700kWh/kg = 0.75kWh/kg. If 50% of the energy can be converted into electricity, 17.4
kWh/kg of electricity could be obtained in stead of 17.0 kWh/kg. This is a small increase in efficiency,
but a large investment is needed to achieve this.

To obtain the investment costs of the PEM fuel cell Cipyest,pEpre Equation (4.7) is used; The
investment costs per kW (I) of the fuel cell are multiplied with the CRF and divided by the lifetime (L)
times the efficiency of the fuel cell.

I-CRF

Cinvestment [€/kg] = m

(4.7)

The O&M costs of the fuel cell Cognr,pEmrFc are calculated with Equation (4.8), the O&M fraction
is multiplied with the investment costs per kW, this is divided with the amount of hours in a year times
the efficiency of the fuel cell. It is assumed that the capacity factor is 100%, so the fuel cell runs 24 hours
a day.

O&M -1

Coem[€/kg] = 365.25-24 - Eff

(4.8)

The levelized cost of electricity (LCoE) of the liquid hydrogen concept become 0.491 €/kWh in 2015
and 0.159 €/kWh in 2030 with an round-trip efficiency of 27% and 40% respectively. This is, even in
2030, significantly above the criteria set of 0.125 euro/kWh. Therefore this option will at least not be
viable until 2030 with the assumptions and predictions made in this report.

Table 4.7: Specifications Liquid Hydrogen Storage & Transportation

Liquid Hydrogen to Electricity
PEM Fuel Cell [65]

hr per day 24 24
LHV [kWh/kg] 33.33  33.33
Eff [%)] 51%  64%
Electricity out [kWh/kg] 17.0 21.3
Lifetime [hr] 60000 80000
CRF [] 121 127
Investment [€/kW_out] 2900 750
O&M [%] 1.53% 1.53%
CLHz,tT‘anspo’rt [€/kg} 6.23 2.95
CrLH,,out [€/kWh] 0.366  0.138

Cinvest,pEMrFc [€/kKWh]  0.115  0.019
Cosm.pemrc [€/kKWhH]  0.010  0.002

LCoE [€/kWh] 0.491 0.159
Round-trip efficiency 27%  40%
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Energy Overview

In Figure 4.7 and Figure 4.8 a block diagram and an energy flow diagram of the liquid hydrogen concept
is given. The values are from the year 2015. First hydrogen is produced by PEM electrolysis with an
efficiency of 64%. Liquid hydrogen is created in the liquefaction plant with an energy consumption of
10 kWh/kg. The electricity inputs in PEM electrolysis and liquefying hydrogen are obtained from PV
systems. During storage in Morocco, the Netherlands and on the tanker 2% of the liquid hydrogen is
lost due to boil-off losses. In the Netherlands a PEM fuel cell is used to obtain electricity again. The
efficiency of the PEM fuel cell is 51%. This leads to an overall efficiency of 27%. In Figure 4.8 the
first part represents the electricity to liquid hydrogen process, the second part shows the storage and
transport of liquid hydrogen. Finally, the third part shows the process from liquid hydrogen to electricity.
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Figure 4.7: Liquid hydrogen block diagram
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Figure 4.8: Liquid hydrogen energy flow

4.3 Chemical Hydrogen Storage

Hydrogen can also be stored as another fuel with the use of a chemical reaction. It is possible to create
ammonia, methanol, hydrocarbons or formic acid from hydrogen, these are all fuels with a high energy
density. The formation of formic acid is still in its infancy, it is a difficult process and a lot of research is
done due to the high market price, but as an energy storage material methanol is a more viable option,
therefore this method is not treated. For hydrocarbons the production of methane is considered.
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4.3.1 Ammonia

Ammonia can be produced in two ways, with the Haber-Bosch process and by solid state ammonia
synthesis. Solid state ammonia synthesis is a very promising concept, however the technology readiness
level is still in its experimental phase. Because the technology readiness level of solid state ammonia
synthesis is so low it is chosen to produce ammonia with electrolysis and the Haber-Bosch process.

Ammonia Production

Ammonia is produced with the over a century old Haber-Bosch process. The Haber-Bosch process is
developed in 1909 by Fritz Haber and Carl Bosch. The most common way to produce ammonia nowadays
is to convert natural gas into hydrogen (steam reforming) and obtain nitrogen from air. Nitrogen is
combined with hydrogen to produce ammonia via the Haber-Bosch process. It is also possible to obtain
hydrogen via electrolysis and produce ammonia with the Haber-Bosch process. An overview of producing
ammonia with the use of electrolysis and the Haber-Bosch process is given in Figure 4.9.

Haber-Bosch Process
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Figure 4.9: A schematic overview of ammonia production by electrolysis and Haber-Bosch

Electricity obtained from PV panels is used to run the air separation unit (ASU), electrolysis system
and compressors. Air separation technologies separate air into pure nitrogen, argon and oxygen streams.
There are three main processes to separate air; membrane separation, pressure swing adsorption and
cryogenic air separation. Cryogenic air separation is the only separation process at this moment which
can economically and realistically create large volumes of ultra-pure nitrogen [14]. First air is compressed
and cooled to remove water vapor. The air is cooled further by a heat exchanger with the cold purified
streams and expanded through a Joule-Thomson valve to obtain partially liquefied air, see Section 6.1.1
for more information on the liquefaction process of air. In a multiple column distillation tower pure
nitrogen will boil-off due to its lower boiling point compared to oxygen and argon.

In the Haber-Bosch process the nitrogen (N3) and hydrogen (Hs) streams are compressed and heated
before they are fed into the reactor. In the reactor the reaction Ny + 3Hy — 2N Hj3 takes place. In the
reactor catalysts are used to break up the strong triple bond of nitrogen. Typical catalysts are based on
iron promoted with K20, CaO, SiOs, or AlsO3. The reacted No, Ho and N Hj leave the reactor and
enter the condenser. Because the boiling point of NHjs is a lot lower than for Ho and N, the liquid
ammonia will be separated from the Hy and N5. The unreacted Hy and N» streams are compressed and
recycled. The reaction is strongly in favor of ammonia at room temperature, only the reaction rate is
incredibly slow. The reaction rate increases at higher temperatures, only the reaction will shift towards
nitrogen and hydrogen. Higher pressures will be in favor of ammonia as well, but high pressures cost
energy too. The Haber-Bosch process acts optimally at pressures and temperatures between 150-250 bar
and 400-500 °C respectively.

In Table 4.8 the specifications and costs of producing ammonia in 2015 and 2030 are displayed. The
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Table 4.8: Specifications Ammonia Production

Electricity to Ammonia

PEM Electrolysis Haber-Bosch &  Ammonia

[65] [66] ASU [14]
Year 2015 2030 2015 2030 2015 2030
Hour per day 7.2 7.2 7.2 7.2
LHV [kWh/kg] 33.33  33.33 5.88 5.88 5.88  5.88
Eff [%] 64% 69% 88% 88% 59%  65%
Elec;, kWh/kg] 52 47 073 073 99 90
Lifetime [hr] 40000 75000 30 [yr] 30 [y1]
Investment [€/kW] 1700 750 6800 6800
CRF [] 1.45 1.90 1.952 1.952
0&M [%] 153 1.53 3.0 3.0
H50 [€/ton] 3 3
Coleotricity [€/kg] 114 1.03 002 002 022 020
Cinvestment [€/kg] 321 0.89 0.06  0.06 063 022
Coen [€/kg] 0.51 0.21 0.06 0.06 0.15  0.09
Ch,o [€/ke] 0.03  0.03 0.005  0.005
Cni, [€/kg] 489 216 0.14 014  1.00 052

electricity used is coming from PV systems due to the lower LCoE costs. PV systems have an average
operation time of 7.2 hours per day, therefore PEM electrolysis, ASU and the Haber-Bosch process will
also operate for 7.2 hours per day. In 2015 52 kWh of electricity is needed to obtain 1 kg of hydrogen,
in 2030 this will be improved to 47 kWh [66]. The lifetime of the electrolysis system is 40,000 and
75,000 hours in 2015 and 2030 respectively [65] and the investment costs are 1700 €/kW in 2015 and
750 €/kW in 2030 [66]. The capital recovery factor (CRF) is calculated with use of Equation (2.4).
The O&M costs for electrolysis are set at 1.53%, this is estimated by Bertucciolli (2014) for a system
between 250 MW and 1000 MW [66]. Finally the costs of purified water are set at 3€/ton [70]. For
the Haber-Bosch process and ASU the values are the same in 2015 and 2030, this is done because the
Haber-Bosch process is responsible for most of the costs and little improvement in efficiency and costs
is expected due to the maturity and well developed status of the process. The electricity needed for
the ASU to produce enough nitrogen for one kg of ammonia is 0.088 kWh. The Haber-Bosch process
consumes 0.64 kWh of electricity to produce one kg of ammonia [14]. The lifetime is set at 30 years
and the investment costs are 6800 €/kg [14].

The electricity costs (Cejectricity) are simply calculated by multiplying the LCoE of PV systems
(0.022) with the electricity needed per kg. Cinpestment and Cognr are obtained with Equation (4.5) and
Equation (4.6), respectively. There is 9 kg of water needed to obtain 1 kg of hydrogen (2H>O — 2H, +
05), therefore the cost of water (Cp,0) to produce 1 kg of hydrogen is 27 €/ton (0.03 €/kg). To obtain
the ammonia costs, the electrolysis costs are multiplied by a factor of 3/17=0.18 (N3 + 3Hy — 2N H3)
and the Haber-Bosch and ASU costs are added. The price per kg of ammonia becomes 1.00 €/kg in
2015 and 0.52 €/kg in 2030.

Storage & Transport

To transport liquid ammonia, one tanker is used which sails back and forth. The time to sail from
Morocco to the Netherlands with a speed of 15 knots takes 4 days, with a harbour time of 2 days the
round-trip time of the ship becomes 12 days. The capacity of the storage tanks on shore and on the
tanker need to be able to store 12 days of liquid ammonia produced. With a maximum power input
per day of 800 - 9 = 7200 MWh during the summer, see Section 2.3.1, 86.4 GWh of electricity needs to
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be converted into ammonia in 12 days. With an electricity input of 9.9 kWh/kg and 9.0 kWh/kg this
results in a liquid ammonia storage capacity of 8700 ton in 2015 and 9600 ton in 2030, respectively.
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Figure 4.10: Ammonia storage costs including refrigeration loop [14]

Liquid ammonia is stored at 240 K and atmospheric pressure in an insulated storage tank. Due to
the heat transfer to the atmosphere, boil off of ammonia occurs. Because the boil-off of ammonia harms
the environment, it is necessary to include a refrigeration loop to liquefy the gaseous ammonia again.
Morgan (2013) obtained a boil off rate of 0.03% per day for a storage tank with a capacity of 9000 tonnes
of liquid ammonia. This is almost the same as the capacity used in 2015 and 2030, therefore the same
values are taken. To liquefy this, 12.75 kW of electricity is needed to run the refrigeration loop [14]. In
Morocco the electricity is generated by the PV system, but on board of the tanker and in the Netherlands
the electricity is obtained by a fuel cell. An efficiency of 50% is assumed for the fuel cell and the fuel cell
on board of the tanker only operates 50% of the time since it is empty when it sails from the Netherlands
to Morocco. This results in an electricity addition of 12.75-24-12+12.75-24-6/0.5+12.75-24-12/0.5 =
14.7 MWh per round-trip. This is negligible compared to the electricity input of 86.4 GWh. The extra
costs as a result of the extra fuel cells are also very small compared to the total costs and therefore also
neglected. The costs of the storage tanks including refrigeration loop are respectively 6.2 M$ and 6.8
MS$ per tank, see Figure 4.10. For 3 storage tanks this becomes 16.9 M€ in 2015 and 18.6 M€ in 2030.
With the DWT and total number of trips in 30 years (365.25 - 30/12 = 900) known, the induced cost in
2015 and 2030 becomes 0.004 €/kg.

The round-trip costs for tankers with different DWT are calculated in Section 3.4.1. The round-trip
cost for a tanker with a DWT of 9000 ton is 100,000 €. The cost addition to transport one kg of
ammonia becomes 0.01 €/kg in 2015 and 2030. Looking at Table 4.9, the cost to transport ammonia is
low compared to the costs to produce ammonia.

Table 4.9: Specifications Ammonia Storage & Transportation

Storage & Transport

DWT ship, size storage tanks [ton] 8700 9600

Cost storage tanks shore and ship [M€] ([€/kg]) 16.9 (0.004) 18.6 (0.004)
Cost round trip [M€] ([€/kg]) 0.10 (0.01)  0.10 (0.01)
Ctransport 0.01 0.01
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Ammonia to Electricity

There are 2 techniques to convert ammonia in electricity; turbines and fuel cells. To convert ammonia
into power by means of gas turbines is difficult, the auto-ignition temperature of ammonia is very high
(651 °C) and the flame speed is low [79], therefore it is hard to obtain a stable efficient combustion.
Another problem is the high production of NO, emissions which harm the environment. Also the TRL
is low as the largest ammonia turbines nowadays are 50 kW, which is low compared to normal gas
turbines of several 100 MW. Due to all these disadvantages of ammonia turbines, fuel cells are used to
convert ammonia into electricity.

Before the PEM fuel cell can be used, ammonia has to be cracked at high temperatures to obtain
hydrogen and nitrogen. The dissociation of ammonia takes place at a temperature of 920 °C [80]. To
maintain the heat added to the system, solid oxide fuel cells can be more efficient to use in the future.
For now PEM fuel cells are used to convert electricity back from ammonia, since it is the most efficient
fuel cell power plant operating at MW scale nowadays. To crack ammonia a heat addition of 14% of
the LHV of ammonia is needed (E.;qcking,%) [80], this results in an energy addition of 0.83 kWh/kg
(Ecracking,kwh)- It is assumed that the heat is obtained from burning ammonia with an efficiency of
100%. The specifications in Table 4.10 of the PEM fuel cell are obtained exactly the same as for the
PEM fuel cells in the liquid hydrogen to electricity subsection, see Section 4.2.2. Also Cjnyest,PEMFC
and Cipyest,PEMFC are calculated in this same manner as in Section 4.2.2. Only Cx gy out is obtained
slightly different; The total costs of ammonia in the Netherlands (Cnfr, transportation) 1S Obtained by
adding the ammonia production costs (Cnp,) and the transportation costs (Ciransporation). To obtain
CNH;,0ut, CNH; transportation i divided by the amount of electricity the PEM fuel cell generates with
one kg of hydrogen (Elec,y;) times the fraction of ammonia left after cracking, which is 100 — 14 = 86%,
see Equation (4.9).

CNHg,,transportation (4 9)

C pu—
NH3:048 100 = Eoraeking.)/100 - Elecou

Table 4.10: Specifications Ammonia to Electricity

Ammonia to Electricity
Cracking [80]

Eeracking.s [% of LHV] 4%  14%
Ecracking,kWh [kWh/kg NHS] 0.83 0.83

PEM Fuel Cell [65]

hr per day 24 24
LHV [kWh/kg] 5.88 5.88
Eff [%)] 51% 64%
Elecou: [kWh/kg] 3.0 3.8
Lifetime [hr] 60000 80000
Investment [€/kW _out] 2900 750
CRF [] 1.21 1.27
O&M [%] 1.53% 1.53%
CNHg,transport [€/kg] 1.015 0.531
CNHsout [€/kWh] 0.394  0.164
Cinvest,pEMFC [€/kWh] 0.058  0.012
Cogmpemrc [€/kWh] 0.005 0.001
LCoE [€/kWh] 0.458 0.178

Round-trip efficiency [%] 26%  36%
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Energy Overview

In Figure 4.11 a block diagram of the ammonia concept is given. The values are from the year 2015
and the electricity inputs are based on the production of 1 kg of ammonia. First, hydrogen is produced
by PEM electrolysis, which uses 9.18 kWh to produce 0.18 kg of hydrogen. 0.82 kg of nitrogen is
obtained from an air separation unit (ASU) with an electricity consumption of 0.09 kWh. Hydrogen and
nitrogen produce one kg of ammonia with use of the Haber-Bosch process. The losses during storage and
transportation of ammonia are neglected. A part of the ammonia is burned to generate the heat necessary
to crack ammonia into nitrogen and hydrogen. With use of PEM fuel cells 2.57 kWh of electricity is
obtained.
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Electricity Electricity
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Cracking
Transport Fuel

H20
- PEM [
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9.18 kWh 0.64 kWh 0.83 kWh
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Figure 4.11: Ammonia block diagram

In Figure 4.12 an energy flow diagram with 100 MWh of electricity input from PV systems is shown.
The first part represents the electricity to ammonia process. During electrolysis 35.9 MWh of electricity
is lost, the Haber-Bosch process and ASU consume 4.7 MWh together. The second part shows the
storage and transportation of ammonia, here no losses are shown because they were so low they are
neglected. In the third part the process from ammonia to electricity is shown. First the ammonia is
cracked into hydrogen and nitrogen, this process consumes 8.4 MWh of heat. Finally the PEM fuel cell
is used to obtain electricity again. The efficiency of the PEM fuel cell is 51%. This leads to an electricity
output of 26 MWh and a round-trip efficiency of 26%.

PV system
100 MWh

Figure 4.12: Ammonia energy flow
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4.3.2 Methanol

To store electricity in methanol, methanol is produced by reacting hydrogen with carbon dioxide. The
process described in Perez-Fortes (2016) [15] is used to obtain all the efficiencies and costs of the methanol
production process. Methanol is converted into electricity with the use of PEM fuel cells. COs is
captured in the Netherlands during methanol reforming and transported to Morocco to feed the methanol
production process.

Methanol Production

In Figure 4.13 a schematic overview of the methanol production process is shown, in Appendix E the
full methanol production process flow diagram used in Perez-Fortes (2016) is shown [15]. Hy and COq
are compressed to a pressure of 78 bar and mixed with the recycle stream coming from the flash vessel.
The mixed stream is heated up to 210°C before it enters the reactor. The two main reactions that occur
in the reactor are:

CO9 +3Hy = HyO + CH3sOH (410)

CO, + Hy = HyO + CO (4.11)

The stream leaving the reactor has a temperature of 290°C with a volume fraction of 4.7% of methanol,
it also contains COs, H2O, Hs, and CO. Reaction Equation (4.10) produces methanol, while Equa-
tion (4.11) is undesired because it consumes the feed meant to produce methanol. The selectivity is
pushed towards methanol production by recycling CO and the unreacted hydrogen after the flash vessel.
The stream is cooled to 35°C before entering the flash vessel. In the flash vessel the liquid and vapor
phases are separated. The vapor stream contains COz, Hs, and CO and is recycled, about 1% of the
recycle stream is purged to avoid accumulation. The liquid stream only contains methanol and water.
The methanol/water mixture is preheated and partially evaporated before it is fed to the distillation
tower where the mixture is separated. The top gas stream of the distillation tower is partially condensed
and the liquid stream is fed back to the distillation tower. Finally, methanol is condensed at 35°C and the
remaining inert gases are purged. The heat addition and heat removal during the process are integrated
with heat exchangers, the heat which is left is used to run an organic Rankine cycle to obtain electricity
for the compressors.

Purge

CH5OH
H,, €O, CO, purge =M=

Distillation
Tower

Co, CO} H,O \ j

Figure 4.13: Schematic overview of the methanol production process
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In Table 4.11 the specifications and costs of the methanol production are shown. The method to
obtain the PEM electrolysis costs and specifications are explained in Section 4.2.2 and Section 4.3.1, also
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the method to obtain the costs for methanol synthesis and methanol production are obtained in the same
manner as the production of ammonia and the production of liquid hydrogen. In Appendix E two tables
out of Perez-fortes (2016) are stated [15]. Here it can be seen that the total energy consumption is 1.49
kWh of electricity and heat per kg methanol. It is assumed that the heat input can also be fulfilled by
electricity with an efficiency of 100%. It is also assumed that the efficiency of the entire process increased
with 10% in 2030. The investment costs are 451 €/(tareon /yr). Rearranging this with an LHV of 5.53
kWh/kg and average operation hours of 7.2 hours per day, the investment costs become 950 €/kW.
This leads to a methanol production cost of 0.88 €/kg in 2015 and 0.42 €/kg in 2030.

Table 4.11: Specifications Methanol Production

Electricity to Methanol
PEM Electrolysis Methanol Synthesis Methanol

[65] [66] [15]
Year 2015 2030 2015 2030 2015 2030
Hour per day 7.2 7.2 7.2 7.2
LHV [kWh/kg] 33.33 33.33 5.53 5.53 5.53 5.53
Eff [%] 64%  71% 9%  54%
Elec;, [kWh/kg] 52 47 147 1.32 1.2 102
Lifetime [hr] 40000 75000 30 [yr] 30 [yr]
CRF 1.45 1.90 1.952 1.952
Investment [€/kW,;,] 1700 750 950 950
O&M [%] 1.5%  1.5% 3.0%  3.0%
H20 [€/ton] 3 3
Celectricity [€/ke] 114 1.03 0.03  0.03 022 0.20
Cinvestment [€/kg] 321 0.89 0.02  0.02 055  0.17
Coenr [€/ke] 051 0.21 002  0.02 0.10  0.05
Cr,0 [€/ke 0.03  0.03 0.005  0.005
Con,on [€/kg] 4890 216 0.07  0.06 0.88  0.42

Transport

As described in Section 4.3.1, the total amount of electricity generated in 12 days (round-trip time of
tanker) is 86.4 GWh. With 86.4 GWh of electricity, 7700 ton methanol is produced in 2015 and 8500
ton of methanol is produced in 2030 using the production process described in Figure 4.13. Methanol
can be stored at ambient temperature and atmospheric pressure, to store methanol is less complex
and no recycle loop is needed in comparison with ammonia storage. However, the CO4y recovered in
the Netherlands needs to be transported to Morocco. 1.37 kg COs is needed per kg of methanol, see
Appendix Chapter E, therefore the capacity of the tanker should be 10000 ton in 2015 and 11000 ton
in 2030. Liquid COs is shipped at 7.5 bar with a temperature of -53°C [81]. It is assumed that the costs
for ammonia storage and COs storage are the same. In Figure 4.10 it can be seen that the cost of a
10000 ton storage tank is 7 M€and the cost for a 11000 ton storage tank is 7.5 M€. A tanker with a
DWT of 10500 has a round-trip cost of 110,000 €. For the specification and assumptions made on
the tanker, see Section 3.4.1. The additional cost of transporting methanol becomes 0.016 €in 2015 and
0.014 in 2030, see Table 4.12 for an overview of the transportation costs.

Methanol to Electricity

To obtain electricity from methanol, it is chosen to reform methanol into H, and COs. The hydrogen is
used to run a PEM fuel cell and the COs is captured, stored and transported back to Morocco. Reforming
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Table 4.12: Specifications Methanol Storage & Transportation

Storage & Transport

DWT ship, size storage tanks [ton] 10000 11000

Cost storage tanks shore and ship [M€] ([€/kg]) 21 (0.004) 22.5 (0.004)
Cost round trip [€] ([€/kg]) 110,000 (0.01) 110,000 (0.01)
Ctransport 0.016 0.014

methanol into hydrogen involves a reaction with gaseous methanol and steam on heterogeneous catalytic
surfaces; first methanol is decomposed into hydrogen

H>O +CH30OH = CO + Hy (4.12)

and the second reaction is the water shift reaction.

H50 +CO = CO9 + Ho (413)

The reaction operates at 200°C (473K), because at this temperature with a suitable catalyst and
ideal operating conditions nearly 100% conversion of methanol can be achieved [82]. The two reactions
combined give the total reaction:

The theoretical heat needed to convert 1 kg of methanol into hydrogen and carbon dioxide is the
difference in enthalpy of water and methanol at atmospheric temperature and 473 K plus the heat
addition during the endothermic reaction. The enthalpy of water and methanol at ambient temperature
and atmospheric pressure are respectively 1.5 kJ/mol and -3.8 kJ /mol [83]. The enthalpy at 1 bar and 473
K is 51.8 kJ/mol for water and 43.5 kJ/mol for methanol[83]. The heat addition during the endothermic
reaction is 58.4 kJ/mol [82]. To obtain the units in kJ/kg, the formula is divided by the molar mass of
methanol (MM, ,ethanot), see Equation (4.15).

(Hp,0,203 — Huy0,473) + (Howsom,203 — Homsom,473) + Hreaction 473
MMmethanol
((51.8 — 1.5) + (53.5 — —3.8) + 58.4) (4.15)
0.032
— 5187.5kJ kg = 1.44kWh/kg

Eheat =

Methanol is burned to achieve the heat needed, the efficiency is assumed to be 90% and no use is
made of heat recovery. This leads to an energy addition of 1.44/0.9 = 1.60 kWh/kg. With a LHV of
methanol of 5.53 kWh/kg, 1.60/5.53=0.289 kg of methanol has to be burned to convert 1 kg of methanol
into hydrogen and carbon dioxide, so 22.4% of all the methanol has to be burned to provide heat for the
methanol reforming process.

Now hydrogen and carbon dioxide have to be separated; hydrogen will be fed to the PEM fuel cell

and carbon dioxide will be liquefied, stored and transported to Morocco. This is done by cryogenic
distillation because the carbon dioxide has to be liquefied anyway. It is an energy intensive process
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estimated to consume 0.6 kWh per kg of liquefied carbon dioxide recovered [84]. Electricity obtained
from the fuel cell is needed to cool the gases. To cool the carbon dioxide and hydrogen obtained by 1 kg
of methanol, 0.6 - 44/50 (molar mass carbon dioxide / molar mass methanol) = 0.53 kWh of electricity
is needed. This includes the COs produced by burning the methanol and the production of COs by the
methanol reforming process.

Table 4.13: Specifications Methanol to Electricity

Methanol to Electricity
Reforming [82]
Reforming [kWh/kg CH3;OH] 1.60 1.60
Carbon Capture [84]
Carbon Capture (CC) [kWh/kg CH30H] 0.53 0.53
PEM Fuel Cell [65]

hr per day 24 24
LHV [kWh/kg] 5.53 5.53
Eff %] 51%  64%
Elecou: [kWh/kg] 2.8 3.5
Lifetime [hr] 60000 80000
Investment [€/kW _out] 2900 750
CRF [] 121 127
O&M [%] 1.53%  1.53%
CC’HgOH,tTansport [€/kg] 0.897 0.436
Cer,0H,0ut [€/kWh] 0.542  0.197
Cinvest.pEMFC [€/KWh] 0.114  0.019
Coxmpemrc [€/kWh] 0.010  0.002
LCoE [€/kWh] 0.666 0.217
Round-trip efficiency [%)] 14% 20%

In Table 4.13 the specifications and costs for the methanol to electricity process are given. The
operation and capital costs for methanol reforming and carbon capture are not included. No data could
be found and even without the extra costs of these processes, the LCoE of the methanol concept is large
compared to the other concepts. The LCoE in 2015 becomes 0.666 €/kWh and in 2030 the LCoE
is 0.217 €/kWh. Almost everything is calculated the same as in Section 4.3.1, only Com,o0H,0ut 1S
calculated according to the following formula:

C ranspor
CHsOH,t port (4.16)
Elecoy: - (1 - Fburned,methanol) -CcC

CCHgOH,out =

Fourned,methanol 1S the extra methanol fraction burned to provide the heat necessary for the reforming
process and CC is the electricity needed for the carbon capture process. The costs of water used by the
reforming process are neglected.

Energy Overview

In Figure 4.14 a block diagram of the methanol concept is given. The values are from the year 2015 and
the electricity inputs are based on the production of 1 kg of methanol. To produce 1 kg of methanol 0.199
kg of hydrogen is needed, see Appendix Chapter E, which consumes 10.3 kWh/kg. 1.5 kWh is needed to
synthesize 1 kg of methanol by reacting hydrogen and the recovered carbon dioxide following the scheme
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given in Figure 4.13. Methanol is transported and 22.4% of the methanol is burned to provide the
heat necessary for methanol reforming, this process consumes 1.6 kWh. To capture the carbon dioxide
produced during burning and reforming methanol, 0.53 kWh of electricity is needed. The total electricity
produced by the fuel cell which can be delivered to the customer is 1.7 kWh.

02 H20

Methanol
synthesis

H20 PEM H2
Electrolysis

Electricity Electricity
10.3kWh/kg 1.5 kWh/kg

co2

CH30H | storage & |CH30H Methanol Carbon H2 PEM
Transport reforming capture - fuel cell | Electricity
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|

Heat H20
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Figure 4.14: Methanol block diagram

In Figure 4.15 an energy flow diagram with 100 MWh of electricity input from PV systems is shown.
The first part represents the electricity to methanol process. During electrolysis 40.5 MWh of electricity
is lost and the losses of methanol synthesis obtain 12.6 MWh. The second part shows the storage and
transportation of methanol, there are no heat losses since methanol is a liquid at ambient temperature
and atmospheric pressure. In the third part the process from methanol to electricity is shown. First the
methanol is reformed into hydrogen and carbon dioxide, this process consumes 10.5 MWh of heat. The
carbon dioxide produced during burning and reforming methanol has to be captured and stored, this
process consumes 8.8 MWh of electricity. The PEM fuel cell is used to obtain electricity again. The
efficiency of the PEM fuel cell is 51%. This leads to an electricity output of 14 MWh and a round-trip

efficiency of 14%.
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Figure 4.15: Methanol energy flow
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4.4 Conclusion

The direct formation of ammonia, methane or formic acid from electricity are all very interesting due to
high conversion efficiencies, only the developments are still in its experimental phase; all the direct fuel
conversion technologies have a TRL lower than 6. All the processes are very promising but it will take
a lot of time before these processes are commercially available.

It is found that the best way to produce hydrogen is by PEM electrolysis; SOE is simply more
expensive and less mature, while the inability to turn off the electrolysis process completely is the cause
of failure for alkaline electrolysis. The costs to produce one kg of hydrogen with PEM electrolysis is
€7.28 in 2015 and becomes €2.20 in 2030. Nowadays hydrogen is mostly produced with natural gas
reforming, this has a price of 1 €/kg. So the market price of hydrogen from renewable sources can not
compete with hydrogen produced from natural gas.

In this thesis 3 hydrogen storage solutions are worked out: Liquefying hydrogen, producing ammonia
with the Haber-Bosch process and producing methanol by reacting Ho with COs. Liquid hydrogen is
obtained by cooling and expansion, it needs to be stored at extremely low temperatures which results
in boil-off losses and expensive ships and storage tanks. To obtain electricity in the Netherlands, PEM
fuel cells are used. A round-trip efficiency of 27% with a LCoE of 0.491 €/kWh is obtained in 2015,
from the predictions of 2030 a round-trip efficiency of 40% with a LCoE of 0.159 €/kWh is derived.
Ammonia is produced with the Haber-Bosch process, this is an energy intensive process. The costs to
produce ammonia is 1.00 €in 2015 and 0.52 €in 2030. To generate electricity again in the Netherlands,
ammonia has to be cracked first before it runs through a fuel cell. The efficiencies obtained in 2015 and
2030 are 26% and 35% respectively. The LCoE is 0.458 €/kWh in 2015 and 0.178 €in 2030. Methanol
is produced by reacting Ho with CO4, a lot of energy is lost by the production of water. Methanol is
obtained at a price of 0.88 €/kg and 0.42 €/kg in 2015 and 2030 respectively. To obtain electricity from
methanol, methanol has to be reformed and the CO5 needs to be captured and used in the methanol
production process again. Methanol reforming and CO5 capture are energy intensive processes. A round-
trip efficiency of 14% with a LCoE of 0.666 €/kWh is obtained in 2015, the predictions in 2030 result in
a round-trip efficiency of 20% with a LCoE of 0.217 €/kWh.

The most efficient and cost effective solution in this chapter is storing electricity in the form of
liquid hydrogen. Looking at the LCoE of all the fuels evaluated it is concluded that storing electricity in
chemical energy storage via electrolysis is not profitable. The market price for methanol is 0.38 €/kg and
the market price for ammonia is 0.32 €/kg [85]. The price of methanol synthesis in 2030 via electrolysis
are coming close to the market price, assuming the market price will be the same in 2030. It has to be
remarked that no COq costs are included in the methanol production prices.
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Chapter 5

Thermal Energy Storage (Solar Salt)

5.1 Operation

In Figure 5.1 an overview of the Solar Salt concept is given. First Solar Salt is heated by the use of CSP
(left side of Figure 5.1). Hot Solar Salt is pumped onto a tanker and shipped to the Netherlands (centre
of Figure 5.1). In Rotterdam the hot Solar Salt is used to power a steam turbine (left side of Figure 5.1).
Finally, the cooled Solar Salt is fed back to the tanker and shipped to Morocco (centre of Figure 5.1).

\@Jﬁlns&l field

Molten Salt loop

old Salt Tan

Morocco
Harbour: 2 days
Storage shore: 1 day

Sailing: 4 days
Storage tanker: 3 days
DWT: 418,000 ton
Cold Solar Salt

The Netherlands
Harbour: 2 days
Storage shore: 1 day

A

Sailing: 4 days
Storage tanker: 3 days
DWT: 418,000 ton
Hot Solar Salt

Figure 5.1: Operation Solar Salt concept with 4 ships

The total project exists out of 4 tankers which are sailing with an interval of 3 days between each
other. Calculations were also done for different amounts of tankers; more tankers led to higher capital
and fuel costs and less tankers led to less energy transported. It was found that the operation was the
most cost effective with 4 tankers. The round trip time of one tanker is 12 days; sailing takes 4 days
from and 4 days to Morocco, the harbour time in Morocco and in the Netherlands is both 2 days, see
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Section 3.4.1. The storage tanks on shore in the Netherlands and in Morocco need to have a capacity of
1 full day of storage. This is needed because the interval between a tanker leaving the harbour and the
next tanker arriving at the harbour is 1 day. When the tanker is in the harbour, the heated Solar Salt
is pumped directly on the tanker. The storage tanks on the tanker need to be able to store the amount
of Solar Salt heated in 3 days. The heat losses of each step are shown in Table 5.3 and Figure 5.4. Solar
Salt always stays in liquid form to prevent solid deposits and keep it easy to pump around.

5.2 Energy Balance

In this section the energy balance of the Solar Salt concept is described. First the properties of Solar
Salt are given and in the subsections following the heat losses in the storage tanks, pipes and during
transportation are calculated. Finally the total power output in the Netherlands is calculated and an
overview of the energy balance can be found in Figure 5.4.

5.2.1 Solar Salt properties

Solar salt is the energy carrier used for thermal energy storage, see Section 3.1.3 for the selection process.
It is used because CSP plants also use Solar Salt and the characteristics of Solar Salt are very good. It
is relatively easy to handle at such high temperatures, because no unwanted chemical reactions occur at
high temperatures and there is no boil-off. Also the energy density is high compared to other sensible
heat energy storage solutions. To prevent solidification the minimum temperature of Solar Salt is taken
at 288 °C, this is 68 degrees higher than the solidification temperature of Solar Salt. Solar Salt stays in
liquid form at all times, this is done te prevent volume expansion and solid deposits. In Table 5.1 the
characteristics of Solar Salt are shown.

Table 5.1: Properties Solar Salt

Variable Value Unit

Thot 565 °C

Tcold 288 °C
Tsolidification 220-240 °C

Cp 1.6 kJ/kg- K
P 1840 kg/m?

5.2.2 Solar energy to Solar Salt on ship

The energy from the sun is reflected by heliostats to heat Solar Salt in the receiver of the solar tower,
this process is explained in Section 2.2. The efficiency of the heliostat reflection is 75%[86] of the DNI
and the heat loss in the receiver is 7.5% of the DNI [86]. The hot Solar Salt reaches the hot storage
tank with a temperature of 565 °C, as can be in Figure 2.4. The Solar Salt is pumped through a piping
system to the ULCC.

Storage tank

The capacity of the storage tanks on shore in Morocco need to be designed to store energy for one full
day, this is needed because the interval between a tanker leaving the harbour and the next tanker arriving
at the harbour is 1 day. It is reasoned in Section 2.2 that the total electrical output of the CSP system
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is 300 MW (2 - 150) of electricity, this is equal to 714 MW of heat stored in Solar Salt. The CSP plant
runs for 24 hours a day during the summer and the electricity is obtained by 2 solar tower systems. Each
CSP system has one hot storage tank and one cold storage tank. The energy capacity of one hot storage
tank must be able to store 3600 MWh of electricity, because the power block has an efficiency of 42%,
see Equation (5.4), the storage tank must be able to hold 8570 MWh of heat stored in Solar Salt. The
specific energy (SE) of Solar Salt is shown in Equation (5.1).

SEns = ¢, - AT = 1.6 - (565 — 288) = 443.2k.J /kg (5.1)

The storage tanks need to store 8570 - 3600/0.4432 = 70,000 ton of Solar Salt, this corresponds to
38,000 m3. This results in a storage tank with a radius of 20 meter and a height of 30 meter. A cylindrical
shape is chosen since internal stresses will be evenly distributed by the round shape of the storage tank
and it is still convenient to place the storage tank on the ground. Because there are 2 CSP systems,
there will be 2 hot storage tanks and 2 cold storage tanks in Morocco. For the heat losses in the storage
tanks the following empirically derived formula is taken [87], see Equation (5.2). This formula is derived
from storing Solar Salt in storage tanks with a capacity of 5,000 ton to 70,000 ton.

Qloss = 0.00017 - Tyqy +0.012  kW/m? (5.2)

Where Tsq: is the temperature (in °C) of the Solar Salt in the hot and in the cold tank, respectively.
The total area of one storage tank is 6300 m?2, this results in a heat loss of 680 kW for the hot storage
tanks and a heat loss of 384 kW for the cold storage tanks. In 24 hours the hot storage tank has lost 16
MWh of energy and the cold storage tank has lost 9.2 MWh.

Piping system

The solar tower of a CSP system stands in the middle of the heliostat field. To pump Solar Salt on and
off the ship, it is assumed that the heliostat field is very close to the sea, as can be seen in Figure 5.2. A
CSP plant with an electricity output of 150 MW requires an area of around 300 hectares [88], to obtain
an area of 300 hectares the radius of the heliostat field would become 1 km. To reach the tanker from
the middle of the heliostat fields, two piping systems with a length of 1.4 km are needed, see Figure 5.2,
and every piping system has two pipes; one pipe which pumps cold Solar Salt from the tanker to the
solar tower and one pipe which pumps hot Solar Salt from the solar tower to the tanker. The heat flow
coming from the solar tower stored in molten salt is 150/0.42=357 MW, 357 MW of hot molten salt
corresponds to a Solar Salt flow of 806 kg/s. It is assumed that the speed of Solar Salt through the pipes
is 2 m/s, combining this with the density of Solar Salt results in a cross sectional area of 0.22 m? for
the pipes and a circumference of 1.66 m. The total area of one pipe from the solar tower to the tanker
is 2320 m2. It is assumed that the heat loss of the pipes can also be modelled with Equation (5.2) of
the storage tanks. Implementing the total area of the pipes in the equation results in a heat loss of 251
kW and 141 kW for one hot pipe and cold pipe respectively. To fill up one tanker takes 2 days, this
is the time the tanker stays in the harbour and heat losses will occur. The heat losses of one piping
system to load and unload one tanker with Solar Salt in Morocco become 12.0 MWh and 6.8 MWh
respectively. Since there are 2 piping systems, the total heat loss of pumping Solar Salt on and off the
tanker is 12-2+ 6.8 -2 = 37.6 MW h.

In Rotterdam it is assumed that the ship harbours immediately next to the power block. The piping
system to the heat exchanger of the power block has a length of maximum 50 meters, the heat losses are
so small that they are neglected.
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Figure 5.2: Heliostatic field and pipelines

5.2.3 Transport

The ship contains 3 spherical storage tanks, a spherical design is chosen because this results in low heat
losses due to the high volume : surface ratio and the internal stresses will be evenly distributed. The
tanker must be able to store the amount of Solar Salt heated in 3 days, this is because the round-trip
time of one tanker is 12 days and there are 4 tankers sailing back and forth to Morocco. Because there
are 3 full storage tanks on the tanker during sailing, each storage tank needs to store the amount of
Solar Salt obtained in 1 day. In 1 day 139,000 ton of Solar Salt is heated by the 2 CSP plants, which is
equal to 76,000 m3. The radius of the sphere is 26.3 meter and the surface is 8700 m?2. This leads to an
energy loss of 940 kW per storage tank for hot storage and an energy loss of 530 kW for cold storage,
using Equation (5.2). Solar Salt will be stored on the ship for an average of 6 days, the total heat loss
for the hot and cold Solar Salt on one trip will be 406 MWh and 229 MWh per trip, respectively.

With three fully loaded storage tanks the total DWT of the ship is 139,000 - 3 = 418,000 ton. This
corresponds to a total thermal energy of 418,000,000-1.6-277 = 1.85el11kJ = 51.4GWh. In Section 3.4.1
the specifications and assumptions of the tanker are shown.

5.2.4 Solar Salt on ship to electricity

The storage tank in the Netherlands needs to be designed to store energy for one full day, this is needed
because the interval between a tanker leaving the harbour and the next tanker arriving at the harbour
is 1 day. This results in a storage tank with twice the volume of the storage tanks on shore in Morocco
(2-38000m3). The dimensions of the storage tank are 36m x 26m (height x radius). A cylindrical shape
is chosen since internal stresses will be evenly distributed by the round shape of the storage tank and it
is still convenient to place the storage tank on the ground. This leads to a surface area of 10000 m? with
a heat loss of 1080 kW for the hot storage tank and 610 kW for the cold storage tank. Which results in
an energy loss of 25.9 MWh and 14.6 MWh, respectively.

The total heat loss of the hot Solar Salt from the storage tanks in Morocco to the heat exchanger
of the power block in the Netherlands is 16 - 2 4+ 12 - 2 + 406 + 25.9 = 488 M Wh, which results in a
temperature loss of 2.6 °C (mc,AT). The total heat loss of the cold Solar Salt from the Netherlands
to Morocco is 2-9.2 4 2 - 6.8 4+ 229 + 14.6 = 276 MW h, this results in a temperature loss of 1.5 °C.
The total heat transferred from Solar Salt to generate steam in the heat exchanger of the power block is
50.7 GWh, see Equation (5.3) (m=418,000 ton). A schematic overview of the entire process is given in
Figure 5.3 and the heat losses obtained are stated in Table 5.3. Only the efficiency of the power block
still has to be determined.

Qtransfer = m - cy((565 — 2.6) — (288 + 1.5)) = 50.7GWh (5.3)
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Figure 5.3: Overview Solar Salt concept

Power block

In Appendix F a simple reheat Rankine cycle is shown, this is the Rankine cycle used to obtain the
efficiency of the power block. The temperatures, pressures, enthalpies and entropies of each specific
point are calculated and the efficiency of the turbine is obtained. An overview of the Rankine cycle and
the corresponding variables are shown in Appendix F. The efficiency of the total cycle is determined by
Equation (5.4).

Wiwrbine = Wpump 100 — (h5 — h6) + (h3 — h4) + (h1 — h2)

Qin h3 — h2

Neycle = <100 = 42% (54)

The isentropic efficiency of the pump and the turbine are assumed to be 90% [20], the temperature
difference of hot Solar Salt entering the heat exchanger and hot steam leaving the heat exchanger is set
at AT of 5°C [20]. The CSP plant is situated close to the sea, therefore seawater is used to condense the
steam after the steam turbine, the water temperature at Agadir in the summer is 22 °C, a temperature
difference of 14°C between the condenser and the water temperature is taken [89]. The maximum
operational pressure used in steam turbines used for CSP made by Siemens is 165 bar [90]. An overview
of the inputs and outputs of the Rankine cycle is given in Table 5.2.

Table 5.2: Input & output

Input Output
Tlpump,isen 90% [20] Teycle 42%
Tturb,isen 90% [20]
ATyp C [20]
Tcond 36 °C [20]
Pmaz 165 bar [90]

With a power block efficiency of 42% the total electricity generated by the freight of one tanker will
be 50.7 - 0.42 = 21.3GWh. The tanker stays in the harbour for 2 days and there is a storage capacity
on shore to store the heat used by the steam turbine in 1 day. Therefore the electricity capacity of
21.3 GWh is spread out over 3 days (72 hours), which results in a power size of the power block in the
Netherlands of 296 MW. This power will only be met in the summer, in the winter the power output
will be 60% (178 MW), see Section 2.1.2. In Table 5.3 all the energy efficiencies and energy losses are
shown through the whole system. An overview of the heat losses and electricity obtained by the freight
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of one tanker transported in one trip is shown in Table 5.3.

Table 5.3: Heat losses Solar Salt concept

Point  Description Efficiency Energy loss Electricity Energy
[%)] [GWh] [GWh] [GWh]

input Solar irradiation 76.2

a Heliostats 75 19.1 57.1

b Receiver 90 5.73 51.4

c Hot storage MA 2-0.016 51.4

d Hot Pipes MA 2-0.012 51.4

e Transport to NL 0.406 51.0

f Hot pipes NL negl. 51.0

g Hot storage NL 0.026 51.0

h Power block 42 29.4 21.3 0.3

i Cold storage NL 0.015 0.3

j Cold pipes NL negl. 0.3

k Transport to MA 0.229 0.0

1 Cold pipes MA 2-0.007 0.0

m Cold storage MA 2-0.009 0.0

In Figure 5.4 a sankey diagram is given, the input of heated Solar Salt is set at 100 MWh. This is
done so it easier to compare with the Sankey diagrams obtained in Chapter 6 and Chapter 4. The Solar
Salt instead of the solar irradiation is set at 100 MWh, because in the other Sankey diagrams the first
step from solar irradiation to electricity is not included. It can be seen that the efficiency from Solar
Salt to electricity is 41.4% and the efficiency of the whole cycle starting by solar irradiation is 27.9%.

11,1 MWh
J 5 MWh

0,9

Soarsat  100mwn

Solar irradiation
148 MWh

Figure 5.4: Sankey diagram Solar Salt concept with 100 MWh of heated Solar Salt

5.3 Costs

In this section the levelized costs of electricity (LCoE) of the Solar Salt concept are calculated. First, all
the capital costs and O&M costs are determined, see Table 5.6, with use of the inputs which are stated
in Table 5.5. The annualized capital costs are calculated with the capital costs, see Equation (5.5), and
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the LCoE is calculated by dividing the total costs per year with the total amount of electricity generated
in one year, see Equation (5.6).

According to Mancini (2011) the costs to store 8140 MWh of Solar Salt in thermal storage tanks is
approximately 14.4 €/kWhy;, Table 5.4. In this paper the LCoE of the CSP plant is 0.075 €/kWh,, the
LCoE of the CSP plant in this thesis taken are 0.057 €/kWh,, see Section 2.2. This is a cost reduction
of 24%. It is assumed that the costs of the components of the storage tank over the years have also
decreased by 24%. In Table 5.4 the costs of all the components of the storage tanks are stated. It
is assumed that the costs of the cold storage tank are 80% of the costs of the hot storage tank and
consist out of the costs for the tanks and foundations. The costs of hot storage and cold storage become
respectively 2.7 €/kWhy, and 2.2 €/kWhy;,. The cost of Solar Salt in €/kWh is calculated with the
Solar Salt price and energy density. The rest storage costs are the costs which are installed on shore to
control the storage tanks.

Table 5.4: Cost of TES subsystems [€/kWhy;]| [19]

Storage system Abengoa Study
component 8140 MWh Storage

Study [€/kWhy,] Corrected [€/kWhyy)
(24% reduction)

Tanks & foundation 6.4 4.9
Salt media 4.1% 4.1%
Rest storage 3.9 3.0
Total capital costs 14.4 12.0
LCoE 0.075 0.0573

* Calculated with Solar Salt price of 0.5 €/kg & energy density of 0.123 kWh/kg (0.443 kJ/kg)

The capital recovery factor (CRF) is calculated in Equation (2.4). This factor represents the increase
of capital costs which have to be paid back over a lifetime of 30 years with a discount rate of 5%. A
discount rate of 5% is taken which is realistic for low-carbon investments [91]. The lifetime of a CSP
plant is set by most studies at 30 years [92], although estimations for 40 years are also done [93]. For
tankers the lifetime lies between 25 and 30 years [17]. Due to the lifetime of tankers and CSP plants,
the lifetime of the entire system is 30 years. The capacity factor of the CSP power plant is 80 %, see
Section 2.1.2, this results in a capacity capacity factor of 80% by the entire system. The LCoE of CSP
is 0.0573 €/kWh, see Section 2.2.1. The O&M costs of the storage systems is set on 1% per year [94] of
the total capital costs of the storage tanks on shore, the storage tanks on the ships, Solar Salt and rest
storage. The insurance and maintenance costs of the ship are set on 4% of the capital costs of the ship
per year.

In Table 5.6 all the capital costs and O&M costs are stated. The CSP plant is split into two: The
heliostat field, receiver and storage system are standing in Morocco and the power block is standing in
the Netherlands. Therefore the O&M and capital costs for these components are included in the LCoE
(0.0573 €/kWh) of the CSP plant. The heat obtained in Morocco comes from 2 CSP plants, therefore
there are 2 heliostats etc. The pipes in Morocco are 1.2 km long and have a cost of 1.5 M€ /km [95], it is
assumed that the costs for Solar Salt pipelines are the same as for pressurized gas pipelines. There are
4 pipelines needed since the Solar Salt needs to be pumped on to the ship and back to the CSP plant.

The cost of a 418,000 DWT ship is approximately 100 M€, this does not include storage tanks which
are able to operate at high temperatures. The storage of a ship consists out of three hot storage tanks,
each hot storage tank is able to store 17 GWh of heat, this is the amount of energy generated by the CSP
plant in one day. Thus the total storage costs on one ship becomes the amount of energy transported
times the price of a hot storage tank per kWh (2.7), this becomes 51.4 - 2.7 = 139 M€. To store 51.4
GWh of energy, 418,000 ton Solar Salt is needed. The cost of 418,000 ton Solar Salt is 209 M<€.
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Table 5.5: Inputs/assumptions costs

Item Unit Value
Discount rate % 5
CRF - 1.952
Lifetime yr 30
Capacity factor % 80
LCoE CSP €/kWh 0.0573
Insurance & maintenance tanker % 4
O&M storage % 1

Cost Solar Salt €/kg 0.5
Hot storage €/kWh 2.7
Cold storage % 80% of hot storage
Rest storage €/kWh 3.0

The storage system in the Netherlands needs to be able to store 17 GWh of energy, for this 140,000
ton of Solar Salt is needed which result in a cost of 70 M€. The price of the hot storage tanks is
17-2.7 = 46 M€and for the cold storage tank this is 172.2 = 37 M€. Rest storage are all the components
stated in Table 5.4 except for tanks, foundations and salt media. The costs of these components is 3.0
€/kWh, so 51 M€.

The total amount of electricity which is generated from a CSP plant with a power of 300 MW with a
capacity factor of 80% is 2100 GWh, the total costs per year for the CSP plant become 2100-0.0573 = 120
M€. The O&M costs of all the inventory which is not included in the CSP plant result in 1607-0.01 = 16
M<€per year. On the ship it is assumed that the crew consists out of 30 persons, the average salary is
set at 100,000 €/yr so a total of 12 M€per year is needed to pay the crew on all 4 ships. The insurance
and maintenance costs are 4% of the capital costs of the ship and are 16 M€.

Table 5.6: Capital costs

Capital costs

Cold storage LCoEcsp
Rest storage LCoEcsp

Hot Storage 46
Rest storage 51

Morocco Transport The Netherlands
Component Cost [M€] | Component  Cost [M€] # | Component  Cost [ME€] #
Heliostats LCoEcsp Ship 100 4 Power block LCoEcgsp 1
Receiver LCoEcsp Storage 139 4 Solar Salt 70 1

4 Cold storage 37 1
1
1

i
2
2
Hot storage LCoEcsp 2 Solar Salt 210
2
2
2
4

Solar Salt LCoEcsp
Pipes 1.8
O&M costs (annually)

LCoEcgp* 120 Fuel 46
O&M Storage 16 1% | Crew 12

Insurance &

maintenance 16 4%
LCoE 0.16 €/kWh

* LCoEcsp includes capital costs and O&M costs for the CSP plant
** These are induced O&M costs due to the increase in size and number of storage tanks, larger quantities of Solar Salt
and longer piping system

Now all the capital costs are known, the annualized capital costs can be calculated. This done by
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adding all the capital costs (CAPEX) which are stated in Table 5.6 times the capital recovery factor
(CRF) and divide this by the lifetime of 30 years. This is done in Equation (5.5) and results in a
annualized CAPEX of 130.6 M€.

CAPEX -CRF
lifetime
((Pipesmorocco + CAPE X ransport) - 4 + CAPE X Netheriands) - CRF
lifetime (5.5)
(1.8 + 100 + 139 + 210) - 4 + 70 + 37 + 46 + 51) - 1.952
30

CAPEXannualy =

=131 M€/yr

With the annualized CAPEX known, the LCoE of the total system can be calculated. The annualized
CAPEX and all the O&M costs are added and divided by the total electricity generated over one year,
the electricity generated in one year is the power of the power block (296 MW) times the capacity factor
(0.8) and the total amount of hours in a year (8766). The total LCoE becomes 0.164 €/kWh. This is
higher than the requirement of 0.125 €/kWh. It can also be considered to sell heat in the Netherlands,
the price of heat becomes 0.164 - 0.42 = 0.069 €/kWh, this even includes the costs of the power block.
The subsidized solar thermal energy in the Netherlands is 0.09 - 0.095 €/kWh [25].

CAPEX anuaity + O&Mapmuairy 131 +120+ 16 + 46 + 12 + 16
LCOOE = y . —0.16 €/kWh (5.6
¢ Electricityammaalty 0.296 - 8766 - 0.8 / (5.6)

5.4 Conclusion

Thermal energy storage with Solar Salt as energy storage fluid is a technology with high maturity. Almost
all the components during the process are well developed. Heating Solar Salt with the use of CSP plants
is a conventional method and the Solar Salt is stored in thermally insulated storage tanks. There only
needs to be done some research to the implementation of storage tanks on a tanker and the increase of
the storage tanks size, which is a factor of 4 compared to storage tanks for a 150 MW CSP plant.

The efficiency from solar irradiation to the electricity output in the Netherlands is very high. This is
28%, which is even higher than the conversion of the sun into electricity by PV panels without storage
(£ 20%). Also the storage losses are very low compared to other concepts, only 1.5 % of the heat
transported is lost during storage and transportation. However, the energy density of Solar Salt is low,
so the costs to transport Solar Salt are relatively high.

The LCoE of the Solar Salt concept is 0.164 €/kWh. This is 31 % higher than the requirement of
0.125 €/kWh. To realize this the costs have to be reduced; most of the costs come from the storage
tanks, Solar Salt and the LCoE of CSP.

Another option is to sell heat instead of electricity. The levelized cost of heat is 0.069 €/kWh, where
the subsidized solar thermal energy in the Netherlands is 0.09 - 0.095 €/kWh [25]. This gives possibilities
to effectuate a business case. The unendowed heat price is £ 0.043 €/kWh. Although the costs of heat
will likely go up in the coming years: Gas prices are increasing and less gas can be pumped out of the
Groninger gas-field. Also it is planned that the coal-fired power plants are shut down, which leaves a
gap for waste heat.
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Chapter 6

Liquid Air with Molten Salt
Combined

In this chapter the liquid air concept is explained. Liquid air becomes more efficient if a heat source is
added. Because waste heat is always received from grey energy sources and molten salt is found to be
cheap per kWh of heat, it is chosen to combine liquid air with molten salt. In Figure 6.1 a schematic
overview of the process is shown. Liquid air is obtained from PV electricity and molten salt is obtained
from CSP, both fluids are pumped onto a tanker and shipped to the Netherlands, in the Netherlands
electricity is generated from the high temperature differences of molten salt and liquid air. In Section 6.1
the energy balance of the whole process is determined and in Section 6.2 the component costs are obtained
and the LCoE is calculated.

—_—
% Molten Salt .
Solar Tower § ( §=
Tanker
— : R — Electricity Generation
Electricity
Solar Panels Electricity
to Liquid Air

Figure 6.1: Insert caption

The operation of the liquid air with molten salt concept is shown in Figure 6.2. This is done in
the same manner as for the molten salt concept in the previous chapter. The total project exists out
of 4 ships which are sailing with an interval of 3 days between each other. The round trip time of the
ships is 12 days; sailing takes 4 days from and 4 days to Morocco and the harbour time in Morocco
and in the Netherlands is both 2 days. The storage tanks on shore in the Netherlands and in Morocco
have a capacity of 1 full day of storage. This is done because the interval between a tanker leaving the
harbour and arriving at the harbour is 1 day. This leaves a hot storage tank, cold storage tank and
liquid air storage tank on shore in Morocco and on shore in the Netherlands with a capacity to produce
one full day of power. The storage tanks on the tanker are able to store energy which is obtained by
the CSP system and PV panels in 3 days. On the way from the Netherlands to Morocco no (liquid) air
is returned, but the, still liquefied, cold molten salt is. To prevent mixing of hot and cold Solar Salt,
the tanker consists out of 3 storage tanks to store Solar Salt. The storage tanks for Solar Salt on shore
have the same size as one storage tank on the tanker. So before pumping hot Solar Salt on the ship, one
storage tank containing cold Solar Salt on the ship is emptied to the cold storage tank on shore, or vice
versa.
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Figure 6.2: Operation 4 ships
6.1 Energy Balance

In this section the liquid air production process with corresponding energy efficiencies are determined.
Also the losses during transportation are calculated. Finally the process to obtain electricity from liquid
air and molten salt in the Netherlands is explained and the energy efficiencies are computed.

6.1.1 Production of Liquid Air

In Figure 6.3 and Table 6.2 the process of liquid air production is shown. First, air is compressed and
cooled with seawater, this is done in four stages to increase the efficiency of compression, see Table 6.2.
After the third stage, the air is now compressed up to 50 bar, the compressed air flow is split into
two separate flows. Flow 11 is compressed to 147 bar and cooled to ambient temperature before it is
expanded through a turboexpander (EXP). The turboexpander cools the air to a temperature of 122 K
with a pressure of 4.5 bar, and also generates some electricity for the compressor. The cooled flow (14)
runs through the large heat exchanger (LHE) and is fed back to the compressor at stage 2. The other
flow, flow 15, is cooled in the large heat exchanger (LHE) by flow 14 and the vapor flow 19 which comes
from the liquid-vapor separator. The cooled flow now has a temperature of 127 K and a pressure of 50
bar. The flow is forced through a Joule Thomson (JT) valve, where the air is partially liquefied. Now the
flow enters the liquid-vapor separator (S2) with a high liquid fraction and at point 18 liquid air under a
pressure of 20 bar is obtained.

The isentropic efficiency of the compressor is set on 85% [20] and the isentropic efficiency of the
turbine and turboexpander are set on 90% [20]. For the heat exchangers a A T of 5 ° C is taken [20],
for top temperature differences as well as bottom temperature differences. Finally the Joule Thomson
valve is isenthalpic. An overview of the assumptions is stated in Table 6.1.

Table 6.1: Assumptions [20]

Tlcomp,isen 0.85
HEAp 5°C

Nturb, EX Pisen 0.9

JT Isenthalpic

The temperature, pressure, enthalpy and entropy are calculated with REFPROP and MATLAB and
stated in Table 6.2 for each flow. In the MATLAB model different compressor pressure ranges, fractional
mass flow separations and feed back temperatures and pressures are taken. The model with the highest
efficiency is shown in this report.
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Figure 6.3: Liquid air production
Table 6.2: Liquid air production values with 609 MW input
nr T [K] p[bar] h [kJ/kg] s [kJ/kg K] m [kg/s]
1 300 1.01 426.3 3.89 610.5
2 300 1.01 426.3 3.89 610.5
3 486 4.5 614.6 3.95 610.5
4 300 4.5 425.5 3.46 610.5
5 300 4.5 425.5 3.46 1734
6 486 20 614.3 3.52 1734
7 300 20 614.3 3.52 1734
8 300 20 614.3 3.52 1836.6
9 406 50 528.6 3.06 1836.6
10 300 50 415.7 2.74 1836.6
11 300 50 415.7 2.74 1123.5
12 429 147 546.5 2.78 1123.5
13 300 147 398.6 2.37 1123.5
14 122 4.5 242.1 2.52 1123.5
15 300 50 415.7 2.74 713
16 127 50 105.2 0.97 713
17 119 20 105.2 1.01 713
18 119 20 86.7 0.86 610.5
19 120 20 211 1.9 102.5
20 295 4.5 420.5 3.44 1123.5
21 295 20 416.9 3 102.5

a cold seawater
b warm seawater
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In Equation (6.1) the formula for the isentropic efficiency of the compressor is shown. Because the
isentropic efficiency of the compressor is assumed to be 85%, the enthalpy in the point after a stage of
the compressor can be calculated (hs,.). hi is the enthalpy in the point before the stage and hos is the
enthalpy obtained with 100% isentropic efficiency, this enthalpy is calculated in REFPROP where the
input is the entropy at h; and the pressure at point hs.

has — hy

= 6.1
e =3 (6.1)

With use of Equation (6.2) the enthalpy after the turboexpander is calculated, the same principle
applies as for the compressor.

_hy = ha

- - T 2
By — ha (6.2)

Tt

Equation (6.3) is used to determine all the mass flows around the LHE, it is assumed that no heat
losses occur and the bottom and top temperature differences are 5 °C.

Z(mzhz)zn = Z(mihi)out (6.3)

With all the properties calculated at each point, the work done by the compressor and the work
obtained by the turboexpander are calculated following Equation (6.4), and stated in Table 6.3. The
flow through the compessor and turbine is steady-state and the potential and kinetic energies of the
fluid are neglected. The energy efficiency of the liquid air production (91 Aproduction) is calculated in
Equation (6.5). The energy for 3 days is calculated because a tanker transports energy which is obtained
in 3 days. The liquid air production runs for 9 hours per day during the summer, because this is also
the amount of time the PV system is active, see Section 2.1.2. The energy of liquid air over 3 days is
calculated with the specific energy, 0.66 MJ/kg [52], and mass flow.

W =1 - Ah (6.4)

Table 6.3: Work compressors and expanders liquid air production process

Components Power [MW] Flow [kg/s|] Energy 3 days [GWh]

Compressor 1 114.9 610.5 3.10
Compressor 2 327.3 1734 8.84
Compressor 3 195.6 1836.6 5.28
Compressor 4  146.9 1123.5 3.97
Expander -175.8 1123.5 -4.75
Liquid air — 610.5 10.89
Total work in 609 - 16.44
Wiiqai 10.88
TIL A, production = lgair =66.2% (65)

W, —W, 16.44
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Joule Thomson Valve

A Joule Thomson (J-T) valve decreases the temperature of a gas by forcing the gas through the valve
while keeping it insulated so no heat is exchanged with the environment. The enthalpy remains the
same during the expansion through the valve. J-T valves are used when a phase change occurs and
no turboexpanders, which are more efficient, can be used anymore because the high liquid fraction will
damage the turbine blades.

After the LHE flow 16 has an enthalpy of 105.2 kJ/kg and a pressure of 5 MPa. In the JT-valve flow
16 is expanded from 5 MPa to 2 MPa. The horizontal lines in Figure 6.4 are the liquid to vapor lines at a
certain pressure. If a gas lies more to the left on the horizontal line, the liquid fraction is higher. To show
the difference compared to a flow with a higher enthalpy, the path of an extra line with a higher enthalpy
is shown. More liquid air is created when air is expanded with an enthalpy of 105.2 than 129.2, because
the enthalpy line of 105.2 kJ/kg intersects the horizontal line more to the left. However, obtaining air
with a low enthalpy also requires more energy. Also it can be seen that the liquid fraction obtained is
higher if liquid air is expanded to 20 bar instead of 1 bar. After an iterative process it is found that the
optimum conditions to expand air is with an enthalpy of 105.2 kJ/kg from 5 MPa to 2 MPa.
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Figure 6.4: T-s diagram of air with pressure and enthalpy lines from REFPROP

6.1.2 Storage & Transportation

To calculate the heat losses and size of the tanker it is necessary to know the ratio of molten salt and
liquid air. This is calculated in Section 6.1.3 and the mass ratio of liquid air : molten salt is 1 : 1.67.
The maximum electricity a PV system can obtain is 2100 GWh per year and for a CSP plant the
maximum electricity obtained is also 2100 GWh per year, see Section 2.3.1. For CSP, 2100 GWh of
electricity becomes 2100/0.42 = 5000 GWh of heat stored in Solar Salt. Those are only partly taken as
input, so the total energy input does not rise above the 2100 GWh of electricity input (CSP and PV
combined). A tanker must be able to transport 3 days of energy during the summer (more irradiation,
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see Section 2.1.2), which leads to an energy input of 21.6 GWh. With the energy input, energy efficiency
of liquid air production and mass ratio known, the DWT of the tanker is determined. The tanker will
transport 99000 ton (12.0 GWh) of molten salt and 59000 ton (10.9GWh) of liquid air per trip, this leads
to a DWT of 158000 ton. The liquid air production loss becomes 5.56 GWh. This leads to a CSP plant
of 71 MW and a PV system of 609 MW in Morocco. An overview of the energy balance which can be
transported by one tanker is given in Figure 6.6. On the left the energy losses during energy storage, in
the middle the energy losses during transportation and at the right the energy losses during electricity
generation are shown.

The storage tanks on shore need to have a capacity to produce electricity for one full day. This is a
third of the total capacity of the tanker and results in a storage tank of 33,000 ton (4.0 GWh) for Solar
Salt and 19,700 ton (3.6 GWh) for liquid air. The heat losses for molten salt during storage, pumping
and transportation are taken the same as the losses taken in Chapter 5; a 2.6 °C temperature drop of
hot molten salt from Morocco to the Netherlands and a temperature drop of 1.5 °C of cold molten salt
from the Netherlands to Morocco. These temperature losses result in heat losses of 6.56 kJ/kg (¢, AT),
this is a loss of 0.18 GWh per trip. Because the losses are low and no research could be found on the
heat losses of liquid air it is assumed that the losses of liquid air are in the same proportion as the losses
of molten salt; 0.16 GWh per trip.

6.1.3 Electricity Generation

In this section the electricity generation is explained and calculated. Normally liquid air is pressurized,
heated and fed through a turbine to generate electricity. A cold recycle loop is added to minimize the heat
losses, cold energy is stored during electricity generation and is used again in the liquefaction process.
In this case this is not possible because the two processes are not close to each other. Another method
has to be found to deal with the cold recycle heat losses. Therefore a second cycle is added and this
principle works as a heat engine. With this secondary cycle more electricity is obtained with a second
compressor and turbine. Both cycles are explained in detail below.

The process of electricity generation with liquid air and molten salt is shown in Figure 6.5 and the
corresponding values can be found in Table 6.4. At point 1, the liquid air obtained in Section 6.1.1 is
pressurized with a cryogenic pump to 200 bar, cryogenic pumps which are currently available are not
able to operate at higher pressures [96]. The pressurized liquid air is heated in heat exchanger (HE) 1
to 339 K, where the air comes out in gaseous phase. In HE 2 the pressurized air is heated further to
833 K by use of hot molten salt. Finally the hot pressurized air drives an air turbine which generates
electricity.

In the second cycle, two options are shown; a cycle with air as working fluid and a cycle with a noble
gas as working fluid. A noble gas is used because the specific heat to specific volume ratio is high and
this leads to a more efficient Brayton cycle. The largest capacity, helium turbine built to date is a 50
MWe unit in Oberhausen, Germany [97]. Of the noble gases, argon is used. This is done because it is the
cheapest of all noble gases. In HE 1, argon/air is cooled to 124 K. The cooled argon is compressed to 6.4
bar and the cooled air is compressed to 26 bar, the pressure ratio was put in the model as a variable and
these values were the most efficient pressure ratios obtained. The compressed air/argon is heated to 833
K in a heat exchanger with hot molten salt. The hot pressurized air/argon drives the turbine. Air/argon
which comes out of the turbine heats the liquid air in HE 1 and the circle is closed. The work obtained
and delivered by this process is shown in Table 6.5. The enthalpy around the turbines and compressors
are calculated in Equation (6.1) and Equation (6.2) in the same manner as for the production of liquid
air. The mass flows around the heat exchangers are calculated with the energy balance equation, see
Equation (6.3). The enthalpy change of molten salt is calculated with Ah = ¢p - AT, where cp is 1.6
kJ/kgK, the lower temperature of molten salt is 289.5 °C' and the maximum temperature is 562.4 °C,
so the enthalpy change (Ah) of molten salt is 1.6 - 272.9 = 436.6k.J/kg. In Table 6.4 the temperature
(T), pressure (p), enthalpy (h), entropy (s) and mass flow 7 of each point is given. The enthalpy and
entropy of molten salt were not needed for the calculations.
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Figure 6.5: Electricity Generation with Liquid Air and a Brayton Cycle

Table 6.4: Properties flows electricity generation with argon as 2" cycle

nr T [K] p[bar] h [kJ/kg] s [kJ/kg K] m [kg/s] Fluid

1 119 20 86.7 0.86 225.8 air

2 118 200 86.7 0.64 225.8 air

3 436 200 552.6 2.7 225.8 air

4 831 200 991.4 3.42 225.8 air

5 256 1.01 381.7 3.73 225.8 air

6 124 1.01 63.4 3.41 633.5 argon

7 281 6.38 144.8 3.46 633.5 argon

8 831 6.38 432.3 4.02 633.5 argon

9 441 1.01 229.4 4.08 633.5 argon

a 836 1.01 - - 226.7 molten salt (157 cycle)
b 563 1.01 - - 226.7 molten salt (1°¢ cycle)
a 836 1.01 - - 148.6 molten salt (2"? cycle)
b 563 1.01 - - 148.6 molten salt (2"? cycle)
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In Table 6.5 the power, mass flows and energy over 3 days through all the different components to
produce electricity are shown. The liquid air cycle has an energy input of 10.73 GWh over 3 days, this
is 0.16 GWh lower than the output of the liquid air production, which is lost during the storage and
transport of liquid air. Also it can be seen that the flow of argon is higher than the flow of air through
the second cycle, this is caused by the lower pressure ratio of argon with respect to air. Therefore also
the compressor and turbine power are higher for air. In the Netherlands 214.6 MW of electricity will be
generated with a total energy generation of 15.5 GWh in 3 days when argon is used in the second cycle.
For air the power becomes 220.9 MW with a total amount of energy of 15.9 GWh in 3 days.

Table 6.5: Work done by components

Components Power Flow Esqays Power Flow  Esgays
[MW]  [kg/s] [GWh] [MW] [kg/s] [GWh]
2" cycle argon 24 cycle air
Pump 0.01 225.8  0.01 0.0005 225.8  0.005
Turbine 1 -137.7 2258  -9.91 -137.7 2258  -9.91
Compressor 1 51.6 633.5 3.71 81.2 345.6 5.85
Turbine 2 -128.5 633.5 -9.25 -164.5 345.6 -11.84
Liquid air - 225.8 10.73 149 225.8 10.73
Molten salt 164 375.3 11.81 227.6 520.9 16.39
Power output NL  -214.6 - -15.45 -220.9 - -15.91

In Equation (6.6) and Equation (6.7) the energy efficiencies of the electricity generation are calculated.
All the work done by the compressors, turbines and pumps is divided by the total amount of heat added
to the system. It can be seen that the energy efficiency where argon is used as transfer fluid is a lot
higher. Therefore it would be the best option to use argon in the second cycle, however the costs of
argon are higher than for air and the availability of argon compressors and argon turbines is lower than
for air compressors and turbines. All the values in the equations can be found in Table 6.5. Qs nvr is
the energy of molten salt in the Netherlands, so the energy of molten salt in Morocco minus the heat
losses during storage and transportation.

—(Werwrby + Weurty + Weomp, + Woump) 991 49.25 — 3.71 — 0.0005

eneration,argon — = 68.6
o remarg Qliqair + QMs,NL 10.73 4+ 11.81 @
(6.6)
, o —(Wrurb, + Wrursy, + Weomp + Weump) 991+ 11.84 —5.85—0.0005 5879
Tgeneration,air = Qligair + QMs,NL N 10.73 + 16.39 = ool
(6.7)

In Equation (6.8) and Equation (6.9) the energy efficiencies of the whole cycle are shown. The
energies taken as input are the heat of molten salt after the receiver of a CSP plant and the electricity
generated by a PV system. The ouput is the electricity generated in the Netherlands. The values for
the numerator can be found in Table 6.5. For the denominator, the energy needed to produce liquid air

(WL A production) can be found in Table 6.3 and the heat of molten salt without heat losses (Qars,apr4) is
11.81 + 0.18 = 11.99 GWh.

_(WTurbl + WTurbg + WComp1 + WPump) o 9.91 + 9.25 — 3.71 — 0.0005

= 54.4%
WLA,production + Q]\/IS,MA 16.44 + 11.98 ¢

(6.8)

TNwholecycle,argon =
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—(Wrurby, + Wrurs, + Weomp + Wpump) _ 9.91 +11.84 — 5.85 — 0.0005

=48.1%
WL A production + Qs ma 16.44 + 16.61 0

(6.9)

Thwholecycle,air =

6.1.4 Overview

In Figure 6.6 an overview of the energy losses is shown. In this figure the second cycle during electricity
generation is argon. Molten salt is obtained immediately after the receiver of a CSP plant. To obtain
12 GWh of hot molten salt in 3 days, the heliostat field and tower need to have the same size as the
heliostat field and tower for a 71 MW CSP plant. This is pumped onto a tanker together with liquid
air, which is obtained from electricity by a PV system. To obtain 16 GWh of electricity, the size of
the PV system must be 609 MW. During the production of liquid air 5.56 GWh will be lost. During
storage and transportation molten salt will cool by 4.1 °C en lose 0.18 GWh of energy. For liquid air
boil-off losses will occur with a total amount of 0.16 GWh. The total amount of electricity generated
with one round-trip is 15.5 GWh. This equates to a power plant with a size of 214.6 MW. For a power
plant where air is used as second cycle the total amount of electricity generated with the energy of one
round-trip is 12.3 GWh. The size of the power plant becomes 170.3 MW. In Appendix G an overview
of a Sankey diagram with a total input of 100 MWh is shown. This is the same input as for the other
Sankey diagrams presented in this thesis.

Loss transportation, Loss electricity
storage and pipes MS generation

0,18 GWh |

MS after receiver
12 GWh

Electricity

0,16 GWh

Electricity
16 GWh

Loss transportation
storage and pipes LA

Loss liquid air
production

Figure 6.6: Energy transported by a tanker with 158000 DWT, 2"¢ cycle argon

6.2 Costs

In this section the levelized costs of electricity (LCoE) of the liquid air combined with Solar Salt concept
are calculated. First, all the capital costs and O&M costs are determined, see Section 6.2, with use of
the inputs and assumptions which are stated in Section 6.2. The annualized capital costs are calculated
with the capital costs, see Equation (6.10), and the LCoE is calculated by dividing the total costs per
year with the total amount of electricity generated in one year, see Equation (6.11). The capital costs of
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the components used to generate electricity from liquid air and Solar Salt; 3 heat exchangers, 2 turbines,
1 compressor and 1 pump together are 1000 €/kW. These costs are shown in Section 6.2 under the name
power cycle. The capital costs of the power cycle are assumed to be 500 €/kW, this is the cost per kW
for a combined cycle gas turbine [98] assumed that this is the same for the power cycle. In literature
no storage tank costs of the liquid air could be found, it is assumed that the costs obtained for the hot
storage tank are the same for the liquid air storage tank.

Table 6.6: Inputs/assumptions costs

Item Unit Value
Discount rate (r) % 5
CRF - 1.952
Lifetime yr 30
Capacity factor % 80
Heatcsp €/kWh 0.018
LCoE PV €/kWh 0.022
Insurance & maintenance tanker % 4
O&M storage % 1
Power cycle €/kW 500
Cost molten salt €/kg 0.5
Hot storage €/kWh 2.7
Liquid air storage €/kWh 2.7
Cold storage % 80% of hot storage
Rest storage €/kWh 3.0

In Section 6.2 all the capital and O&M costs are stated. The capital and O&M costs for the heliostats,
receiver and storage costs are included in the heat price of 0.018 €/kWh. According to Strahan (2013)
[96] an air liquefaction plant with a production capacity of 19,300 ton/day will have a capital cost of
135 M€. The liquid air and hot Solar Salt tanks have an energy capacity of 3.6 GWh and 4.0 GWh,
this leads to a capital cost of 9.7 M€and 10.8 M€, respectively. Cold storage is 80% of the costs for hot
storage and this results in a capital cost of 8.8 M€. The storage tanks on the tanker have an energy
capacity of 11.8 GWh and 10.7 GWh for Solar Salt and liquid air respectively, which results in costs
of 32.4 M€and 29.4 M€. The total heat costs is the total heat in times the price of heat per kWh
(12 - 0.018 = 21.6Me, the total electricity costs to produce liquid air are 16 - 0.022 = 35.2Me. The
operation and maintenance costs for liquid air production and electricity generation are assumed to be
2% of the liquid air production and electricity generation capital costs. All the components which are
used to store Solar Salt or liquid air have a lower operation and maintenance cost, this is assumed to be
1% of the total capital costs for storage. Finally, the insurance and maintenance cost of the 4 tankers
is set at 4% of the total capital costs. The capital costs of a tanker with a size of 158,000 DWT is 36.5
M<€with fuel costs of 24.2 M€per trip, see Section 3.4.1.

Now all the capital costs are known, the annualized capital costs can be calculated. This is done by
adding all the capital costs (CAPEX) which are stated in Section 6.2 times the capital recovery factor
(CRF) and divide this by the lifetime of 30 years. This is done in Equation (6.10) and results in a
annualized CAPEX of 59.9 M€.

CAPEX - CRF

CAPEXannuaty = lifetime
_ (CAPEXpiorocco + CAPE X ransport - 4 + CAPEX Nethertands) - CRF - (6.10)
lifetime
=59.9 M€/yr

With the annualized CAPEX known, the LCoE of the total system can be calculated. The annualized
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Table 6.7: Capital costs

Capital costs

Morocco Transport The Netherlands
Component Cost [M€] # | Component  Cost [M€] # | Component  Cost [M€] #
Heliostats Heatcsp 1 Ship 36.5 4 Turbine 2
Receiver Heatcsp 1 MS storage  32.4 4 Compressor | 107 1
Hot storage Heatcsp 1 LA Storage 294 4 HE’s (500 €/kW) 3
Cold storage Heatcsp 1 Molten salt 49.5 4 Pump 1
Rest storage Heatcsp Rest storage 12 1
Pipes 1.8 2 LA storage 9.7 1
Molten salt 16.5 1 Hot storage  10.8 1
LA production 135 [96] 1 Cold storage 8.8 1
LA storage 9.7 1 Molten salt 16.5 1

O&M costs (yearly)

Heatogp* 21.3 Fuel 24.2
Storage™* 5.3 1% | Crew 6
LA production & Insurance/
Power block*** 4.8 2 % | maintenance 6 1%
LCOEPV 35.2
LCoE 0.108 €/kWh (with air: 0.154€/kWh)

* Heatcgp includes capital costs, O&M costs and personnel costs for part of the CSP plant in Morocco

** These are induced O&M and personnel costs due to the increase in size and number of storage tanks, larger quantities
of molten salt and longer piping system in comparison with a CSP plant

% O&M costs of the liquid air production and power block (2%)

CAPEX and all the O&M costs are added and divided by the total electricity generated over one year,
the electricity generated in one year is the maximum power of the power cycle (214.6 MW) times the
capacity factor (0.8) and the total amount of hours in a year (8766). The total LCoE becomes 0.108
€/kWh. This is lower than the requirement of 0.125 €/kWh and therefore it is possible to execute this
concept.

CAPEXannua”y + O&Mannually
Electricityannually
59.9+21.3+53+48+4352+242+6+6 (6.11)
0.296 - 8766 - 0.8
=0.108 €/kWh

LCoFE =

6.3 Conclusion

A model of the liquid air production process has been made, because little research is done on the
production of liquid air. A significant amount of electricity is saved by expanding the Joule-Thomson
valve from 50 bar to 20 bar instead of 1 bar. The total energy efficiency of the liquid air production
process is 66.2 %. With an electricity input of 609 MW for a maximum of 9 hours per day, the maximum
liquid air production becomes 19.7 ton per day.

To generate electricity from liquid air and molten salt two options are shown. In one option argon

is used as transfer fluid in the second cycle, in the other option air is used. The process where argon is
used as transfer fluid leads to an energy efficiency of 68.6 % with an output power of 214.6 MW. This is
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a lot higher than the energy efficiency and output power for the process with air, 58.7%. Also the mass
ratio of liquid air : molten salt is defined in this process and is 1 : 1.67. With a production rate of 19.7
ton/day of liquid air and a mass ratio of 1 : 1.67 the ship must carry 58000 ton of liquid air and 99000
ton of molten salt, which results in a DW'T of 158000 ton.

The total energy efficiency of the whole cycle from electricity and heated molten salt in Morocco
to electricity in the Netherlands is 58.7 % for a second cycle with argon and 48.1% for a second cycle
with air. The output power of the power plant in the Netherlands where argon is used as transfer fluid
becomes 214.6 MW and the output power of the power plant with air is 170.3 MW.

These specifications finally lead to a LCoE of 0.108 €/kWh and 0.136 €/kWh for a cycle with argon
and air respectively. The LCoE is below 0.125 €/kWh for the process with air, which means that this
can be a potential business case. More research needs to be done on the capacity of large-scale liquid
air production plants and large-scale liquid air storage. Also the availability of large argon turbines and
compressors needs to be investigated. However, the LCoE could be brought down more if the input
from PV and CSP is enlarged. Now the ship has a DWT of 158000 ton, but when this is increased by
transporting more energy, the levelized costs of the ship will drop.
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Chapter 7

Discussion

In this chapter the energy storage concepts which were elaborated upon are compared with each other. 3
totally different energy storage systems have been analyzed to find an energy efficient and cost effective
solution to import solar energy from Morocco.

Liquid hydrogen, ammonia and methanol are all fuels with a high energy density. For these fuels the
constraints are not the DWT of the tanker, capacity and price of storage tanks or the distance which
has to be covered. These variables all have a small impact on the total efficiency and cost of the system
compared to thermal energy storage and liquid air storage. For Solar Salt and liquid air this is different,
these two energy storage systems are limited by their energy density and specific energy. The energy
densities of hydrogen stored in liquid hydrogen, methanol or ammonia are approximately 10-25 times
higher than the energy densities of Solar Salt and liquid air, the specific energy ratio between Solar
Salt and liquid hydrogen is 270. A low energy density leads to high volumes and loads to store the
same amount of energy generated by CSP systems and PV systems. These high loads and volumes are
reflected in expensive storage tanks and tankers with a high DWT. Due to high storage costs compared
to low amounts of energy transported the operation of the system become of significant importance.
An increase in distance of the shipping route or operation with less tankers will have mayor effects on
the price. For the chemically stored energy concepts an increase in distance or increase in the tanker
operational costs will have much smaller consequences.

The problems for liquid hydrogen, ammonia and methanol are the expensive and energy intensive
conversion processes: from electricity to hydrogen, hydrogen to fuel and fuel back to electricity. Nowadays
the round-trip efficiencies, following the processes described in this thesis, lie between 14% - 20%. In
combination with the high capital costs this leads to a high LCoE. The predictions made on the energy
improvements and cost reductions in 2030 will still not reach the cost requirements set by this thesis.
The extra energy losses obtained by transporting Solar Salt instead of using a regular CSP plant is only
1%. This is a huge difference compared to chemically stored energy. For the liquid air combined with
Solar Salt concept a round-trip efficiency of 54.4% is achieved, this is the reason that this concept is the
cheapest.

Thermal energy storage with Solar Salt as energy storage fluid is a technology with high maturity.
Almost all the components during the process are well developed. Heating Solar Salt with the use of
CSP plants is a conventional method and storing Solar Salt in thermally insulated storage tanks is often
done. The only research which needs to be done is the implementation of storage tanks on tankers. The
maturity of the liquid air combined with Solar Salt concept is notably lower, especially the high mass
flows in different stages of the cycle need to be evaluated further; the liquid air production capacity and
the power capacity of argon turbines. The bottlenecks for the chemical energy storage concepts lie in the
capacity of fuel cells, the PEM fuel cell is commercially available, however the largest PEM fell cell plant
nowadays is 2 MW. For liquid hydrogen there still are some problems constructing large liquid hydrogen
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storage tanks. Finally the LCoE of the liquid air combined with Solar Salt concept is the lowest. The
prices of chemically stored energy systems will drop significantly the coming years, but this would not be
enough to compete with the other concepts on electricity storage if the specifications and assumptions
in these thesis are followed. The Solar Salt concept can compete with the liquid air combined with Solar
Salt concept if heat is delivered in the Netherlands.
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Chapter 8

Conclusion & Recommendations

The two technologies which are used to generate electricity from solar energy are CSP plants and PV
systems. For both CSP and PV systems a capacity of 2100 GWh/year is reasoned. CSP has a LCoE of
5.73 €ct/kWh and PV systems have an electricity price of 2.2 €ct/kWh. Due to the high irradiation,
close distance and relatively stable country, Morocco is chosen to be the country where solar energy will
be imported from. A HVDC submarine power cable between Morocco and the Netherlands is compared
in proportion to the costs and distance of the NorNed cable. A HVDC submarine power cable over a
distance of 2600 km results in a LCoE of 0.113 €/kWh.

It is concluded that storing electricity in chemical energy storage via the processes described in this
thesis will lead to a too high LCoE. The electrolysis, Haber-Bosch process, carbon capture and fuel cell
processes are simply to energy intensive. The most efficient and cost effective chemically energy stored
based concept obtained is storing electricity in the form of liquid hydrogen. A round-trip efficiency
of 27% with a LCoE of 0.491 €/kWh is obtained in 2015, from the predictions of 2030 a round-trip
efficiency of 40% with a LCoE of 0.159 €/kWh is derived. The round-trip efficiencies of chemical energy
storage have to increase to be able to store and transport solar energy in an economically feasible way.
There are possibilities in direct fuel conversion technologies due to their high conversion efficiencies,
however the technology readiness levels of these processes are still lower than 6, which means they are
in the technology demonstration phase. More research is required, but direct fuel synthesis will play an
important role in the future.

The thermal energy storage concept where Solar Salt is used as energy carrier has an energy efficiency
from solar irradiation in Morocco to electricity in the Netherlands of 28%, which is very high; the
conversion of solar irradiation to electricity performed by solar panels only is already 4= 20%. A power
output in the Netherlands of 296 MW is obtained with a high LCoE of 0.163 €/kWh, this is devoted to
the high storage and transportation costs. The concept can be improved further if the specific energy
is increased. Thermochemical energy storage and latent heat energy storage are promising thermal
energy storage solutions to increase the specific energy. If heat is delivered in the Netherlands instead of
electricity a heat price of 0.069 €/kWh can be realized. Subsidized solar heat is bought by the Dutch
government for 0.095 €/kWh. This gives possibilities to effectuate a business case.

The energy output of liquid air and molten salt combined is 215 MW and the total energy efficiency
from electricity and heated Solar Salt in Morocco to electricity in the Netherlands is 58.7 %. The LCoE
is 0.108 €/kWh and stays well below the subsidized costs of 0.125 €/kWh. More research is needed in
the power capacities of argon turbines and large-scale liquid air production and storage, but the concept
shows a lot of potential.

Transporting solar energy from Morocco to the Netherlands by a tanker with an electricity input
of 2100 GWh/year results in two potential business cases. Generating heat in the Netherlands by use
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of Solar Salt as energy carrier and generating electricity by storing energy in liquid air and Solar Salt.
Looking at the maturity and price margin compared to subsidized heat or electricity, it is concluded that
storing heat in Solar Salt in Morocco and delivering heat in the Netherlands is the business case with
the most potential.
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Appendix A

Windturbines and solar panels part
of the Netherlands

uren jaar 8766
Energieverbruik NL 3000 PJ .
|
Opperviak NL 41500 km2 ‘ n
«————
Windmolens vt
The kinetic energy of this piece of air is
Windspeed 6 mfs * 1 1 1
121 2_ 1 3
air density 1,3 ke/m3 2™ szvf v ZPAtU ’ (B.1)
capacity factor 50% So the power of the wind, for an area A — that is, the kinetic energy passing
Windmolens capacitei 2,21 W/m2  across that area per unit time - is
Oppervlake nodig 43105 km2 Ly 1
2" = ZpAd® (B.2)
factor NL 104% t 2 ’ ’
efficiency factor x power per unit area x area
Solar panels = 50% x %pz)3 x %dz (B.4)
Solar panels energie 120 kWh/m2/year ** power per windmill (B.4) Lo a2 ©7)
Opperviake nodig 6944 km land area per windmill ~~  (5d)2 ’
factor NL 17% _ nmnl 4
= 2002"° (B8)
summer  winter = 0.016 x 140 W/m? (B.9)
v = 22 2, B.1
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Figure A.1: Windturbines and solar panels part of the Netherlands

* The wind speed is taken the same as in England
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Appendix B

Irradiation

WORLD MAP OF GLOBAL HORIZONTAL IRRADIATION GeoModel
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http://solargis.info ' SolarGIS © 2013 GeoModel Solar
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Figure B.1: Global Horizontal Irradiation World [1]
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DIRECT NORMAL IRRADIATION
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© 2016 Solargis
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Figure B.2: Direct Normal Irradiation World [1]
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(a) DNI Africa and Middle East (b) GHI Africa and Middle East

Figure B.3: DNI and GHI Africa and Middle East [1]
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= Solar radiation (yearly average)

G herizontal: 2195 kKWhim? (show MJim?)
Diffuse horizontal: 867 kKWhim?
Direct normal: 1975 kWh/m®

= Ar temperature

Yearly: 27.7 °C (show F)
January: 18.3°C
July: 38.2 °C

= Tamain (SRTM3)
Altitude: 118 m (show fi)
Slope inclination: 0.5 ® (show %)
Slope azimuth: 132° (SE)

fme e = ri

Figure B.4: Irradiation Dubai [1]

= Solar radiation (yearly average)

G horizontal: 2088 KWhim? (show MJim?)
Diffuse horizental: 640 kWhim?
Direct normal: 2281 kK\Wh/m?

= Air temperature

Yearly: 18.8 °C (show F)
January: 11.5°C
July: 27.1°C

— Terrain [SRTM3)
Allitude: 546 m (show ft)
Slope inclination: 2.6 ° (show %)
Slope azimuth: 2117 (SW) Eﬂiyse

Figure B.5: Irradiation Agadir [1]
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Appendix C

SOEC Efficiency Assumptions

Capital Costs
H2A Total Direct Capital Cost

H2A Carbon Sequestration Total Direct Capital Cost

Indirect Depreciable Capital Costs

Site Preparation ($) (may change to construction costs)

Engineering & design ($)

Process contingency ($)
Project contingency ($)
Other (Depreciable) capital ($)

One-time Licensing Fees ($)

Up-Front Permitting Costs ($) (legal and contractors fees included here)

Total Depreciable Capital Costs

Non-Depreciable Capital Costs
Cost of land ($/acre)

Land required (acres)

Land Cost ($)

Other non depreciable capital costs

Total Non-Depreciable Capital Costs

Total Capital Costs

Notes

$32.779.698| I Click to enter details on the Cost Detail Sheet

Click to enter details on the Carbon Sequestration calculation sheet.

Enter values in basis year Combined Plant Scaling

(2012) dollars

and Escalation Factor  Reference Year (2007) Dollars

Enter values in basis year Combined Plant Scaling
(2012) dollars

$723.584 0,91 $655.594
$3.617.918 0,91 $3.277.970)
$2.351.648 0,91 $2.130.682)
$2.351.648 0,91 $2.130.682|
0,91 $0

0,91 $0

$5.426.877 0,91 $4.916.955|
$45.891.581

and Escalation Factor Reference Year (2007) Dollars

$50.000 0,96) $48.081,85)

5 1 5

$240.409

[ [ 0,96 $0
$240.409,23|

$46.131 .990|

Figure C.1: Direct Capital Costs SOEC

Based on 35.1kWh/kgH2, $430/kWinput in 2012$, 52,300TPD

Electrolyzer Stack 7.539.331| design capacity, 23%/77% stack/BOP cost split.
Based on 35.1kWh/kgH2, $430/kWinput in 2012$, 52,300TPD
Electrolyzer BoP 25.240.368| design capacity, 23%/77% stack/BOP cost split.
32.779.698
Stack Cost (% SOEC Sys Cost ) 23%
BoP Cost (% SOEC Sys Cost) 77%

Figure C.2: Capital Costs SOEC
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Fixed Operating Costs

Total plant staff (number of FTEs employed by plant)

Burdened labor cost, including overhead ($/man-hr)

Labor cost, $/year

G&A rate (% of labor cost)

G&A ($lyear)

Licensing, Permits and Fees ($/year)

Property tax and insurance rate (% of total capital investment per year)

Property taxes and insurance ($/year)
Rent ($/year)
Material costs for maintenance and repairs ($/year)

Production Maintenance and Repairs ($/year)
Other Fees ($/year)

Other Fixed O&M Costs ($/year)

Total Fixed Operating Costs

Enter values in basis year Combined Plant Scaling

(2012) dollars and Escalation Factor  Refi Year (2007) Dollars
15 1 15
$50 0,91 $45,57
$1.421.818|

20%| v H2a Default
$284.364
0,91 $0,00|

2%| [+ H2a Default
$ 922.640
0,96 $0,00|
0,91 $0
$1.085.375 0,91 $983.390,95
0,91 $0|
0,91 $0,00|
$3.612.213]

3%, same as PEM current central

Figure C.3: Fixed Operating Costs
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Appendix D

PEM Efficiency Assumptions

H, Outlet Pressure psi 1000  Industry feedback

Based on literature and industry input. 5% improvement for Future Cases compared

Cell voltage volts/cell 1,577  to Current Cases (Current Cases 1.75 volts/cell) (assuming 1.6A/cm? current
density).
Voltage Efficiency % LHV 78,0%  Equation: 1.23/cell voltage
The 3% Dryer loss comes from industry ("3-4%")for Current Cases. The reductions
Dryer Loss % of gross H, 1,5%  (1.5%) are estimates based on a lower flow of water required for full saturation at

higher outlet pressures in Future Cases.

Based on back diffusion model (1.85x10-7cm?/s back diffusion coefficient): Industry
Permeation Loss % of gross H, 2,0%  inputis 0.7% at 450psi, model says 0.5% at 450psi for a 3um thick membrane, 2.02%

at 1,000psi for a 2um thick membrane.

Total Stack Energy Usage per mass net H, KkWh, oo/ KBnet vz 44,27
Power Inverter Efficiency % 97% Based on industry input (97% for future performance).
Inverter Electrical Load kWh, oo ket 1z 1,37
Dryer Thermal Load KWhiherm/KBnet Hz 0,31  Based on Hysys Simulation.
. Based on industry input for the ratio of net electrical energy for the chiller. 10%
D Effi KkWh e KW hyperm 3,30 |
ryer Eiiciency e KWh, improvement for Future Central (3.67kWhelec/kWhtherm for Current Case) .
Dryer Electrical Load KWh, o/ kBnet 1z 1,02
Based on industry input for current. 30% improvement for Future Central Case
Misc Electrical Load kWh, " 1,08
isc Hlectrical Loa etec/ KBt 2 Compared to Current Forecourt Case (1.2 kWh,e./KBnet vz fOr Current Case).
Total BOP Electrical Load KWh, oo/ KEnct 12 3,47
Stack Electrical Usage kWh,,./Kg. 44,27
BOP Electrical Usage kWh,,./kg,,

Figure D.1: kWh Electricity / kg Hydrogen PEM
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Major pieces/systems of equipment

Baseline Costs 2012

Electricity Usage (kWh/kg)

Uninstalled Cost - ($/kW) (with suggested subsystem breakdown, further breakdown desirable if available )

System Power (kW)

Stacks

BoP Total

F Gas System-Cathode system side

Oxygen Gas Management System-Anode system side

Water Reacant Delivery Management System

Thermal Management System
Power i

Controls & Sensors

Mechanical Balance of Plant-ss plumbing/copper cabling/Dryer valves...

Item Breakdown- Other

Item Breakdown-Assembly Labor

Baseline Costs 2020

Figure D.2: Direct Capital Costs PEM

Comments

20% cost reduction compared to 2012

50% cost reduction compared to 2012]

Capital Costs
H2A Total Direct Capital Cost

H2A Carbon Sequestration Total Direct Capital Cost

Indirect Depreciable Capital Costs
Site Preparation ($) (may change to construction costs)
Engineering & design ($)

Process contingency ($)
Project contingency ($)
Other (Depreciable) capital ($)

One-time Licensing Fees ($)

Up-Front Permitting Costs ($) (legal and contractors fees included here)

Total Depreciable Capital Costs

Non-Depreciable Capital Costs
Cost of land ($/acre)

Land required (acres)
Land Cost ($)

Other non depreciable capital costs

Total Non-Depreciable Capital Costs

Total Capital Costs

$26.937.459

Enter values in basis year

Combined Plant Scaling

Notes

Click to enter details on the Cost Detail Sheet

Click to enter details on the Carbon Sequestration calculation sheet.

(2012) dollars and Escalation Factor  Reft Year (2007) Dollars
$594.621 091 $538.749

$2.378.485 091 $2.154.997|

0,91 $0

$4.459.659 091 $4.040.619|

091 $0

0,91 $0|

$4.459.659 0,91 $4.040.619|

Enter values in basis year
(2012) dollars

Combined Plant Scaling
and Escalation Factor

$37.712.442,

Reference Year (2007) Dollars

$50.000 0,96 $48.081,85

5 1 5]

$240.409)

| 0,96 $0|
$240.409,23

2% of installed capital cost
8% of installed capital cost

15% of installed capital cost

15% of installed capital cost

Norsk Hydro presentation 2004. Land needed for 100,000 kg/day
plant stated to be 2.71 Hectares (257m x 105m), or 6.9 acres

Figure D.3: Capital Costs PEM

Fixed Operating Costs

Total plant staff (number of FTEs employed by plant)

Burdened labor cost, including overhead ($/man-hr)
Labor cost, $/year

G8&A rate (% of labor cost)

G8A ($/year)

Licensing, Permits and Fees ($/year)

Property tax and insurance rate (% of total capital investment per year)

Property taxes and insurance (3/year)
Rent ($/year)
Material costs for maintenance and repairs ($/year)

Production Maintenance and Repairs ($/year)
Other Fees ($/year)

Other Fixed O&M Costs ($/year)

Total Fixed Operating Costs

Enter values in basis year
(2012) dollars

Combined Plant Scaling
and Escalation Factor

Reference Year (2007) Dollars

2 1 7
$50 0,91 $45,57)
$379.152
$75.830
0,01 $0,00)
2%
|s 759.057
0,9 $0,00
0,91 $0
$891.032 0,91 $808.123,77]
0,91 $0
0,91 $0,00
$2.022.163

3% of installed capital cost

Figure D.4: Fixed Operating Costs PEM
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Appendix E

Methanol process

Figure E.1: Methanol Process [15]
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Table 1
Technological metrics evaluation for the MeOH CCU-plant.

Mass balance (t/tyeomn)

Inlet CO5 1.460
Inlet H, 0.199
Inlet air to furnace 0.813
QOutlet MeOH 1
QOutlet H,0 0.569
Flue gas from furnace 0.905
Energy balance (MW hftyeomn)

Electricity consumption 0.169
Heating needs 0.439
Cooling needs 0.862
COconvR (%) 21.97
COzconvP (%) 93.85
Gross COsused (t/tyeo) 1.370
Net CO,used (t/tyeon) 1.234

Table 4

Main metrics comparison between MeOH CCU-plant and the weighted-average
conventional synthesis plant in Europe.

CCU-plant  Conventional plant [45]

Electricity needs (MW h/tuyeon) 0.169 0.147
Water needs (tH,0/tMeOH) 26.39 90
Capital costs (€/(tmeon/Vr) 451.16 846.73
Variable costs (€/tyeon) 641.48 358.08
Fixed costs (€/tyeon) 24.57 42.84
Direct CO, emissions (tCO2/tyeon) 0.090 0.695
Indirect CO; emissions (tCOs/tpeon)  0.136 0.073
Inlet CcO, (tc02ItMEOH) 1.460
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Appendix F

Steam turbine

Wy

Vaporizer
(T ©,

Expander
1

Temperature

Entropy

Condenser

V)

Figure F.1: Rankine cycle with reheat process

Table F.1: Rankine cycle with reheat values

nr T [K] p [bar] h [kJ/kg] s [kJ/kg K]

1 309 0.059 151 0.519
2 309 165 166 0.513
3 831 165 3453 6.481
4 580 29.762 3010 6.567
) 831 29.762 3586 7.395
6 309 0.059 2407 7.818
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Appendix G

Sankey Diagram Liquid Air &
Molten Salt Combined 100 MWh
input

Loss transportation, Loss electricity
storage and pipes MS generation

0,63 MWh

Loss transportation
storage and pipes LA

MS after receiver
42 MWh

Electricity
58 MWh

Loss liquid air
production

Figure G.1: Energy flow diagram with a total input of 100 MWh, 2"? cycle argon
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