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Foreword

Because the climate is changing, we want to switch from
fossil to renewable energy. This switch involves major
consequences. Not only will we soon be using other
sources of energy—solar and wind instead of oil, coal and
gas—the transportation and storage of energy will also
have to change.

In addition, we need to look for other sources of carbon
as a commodity for industry in general, and the chemical
industry in particular. This book explains what is needed
for a new, sustainable energy system and how it differs
from the current fossil system.

In summer, there is more sun than in winter, and winds are
stronger at sea than on land. So the amount of sustainable
energy is not constant everywhere and all the time. In
addition, solar panels and wind turbines take up a lot of
space. So sustainable energy is best produced in places
with a lot of sun or wind, and plenty of space. Deserts and
oceans, for example. Then this energy can be transported
in the form of hydrogen to where we live and work. This
gas molecule is formed by electrolysis of water and it has
a major advantage: it is cheap to transport and store.

Deserts and oceans are sources of not only clean energy
but also of materials, water and food. For example, you
can extract lithium and potassium, among other things,
from brine left over after the desalination of seawater.

If you make the seawater pipeline a little bigger, you can
even produce water for irrigation and food in the desert.
Surprising solutions—such as for the sargassum plague—

are also possible in the oceans. This seaweed washes
ashore in large quantities and pollutes coasts and beaches.
If you capture it while it is still in the ocean, you solve a
waste problem and, at the same time, tap into a source of
clean energy, carbon and hydrogen.

Switching to renewable energy means more than replacing
fossil energy. The entire energy system needs to be restruc-
tured. In energy scenarios, then, you have to think about
variations in space and time, and the costs of transport and
storage. You also have to take into account the scarcity of
space in densely populated and agricultural areas because
it drives up the cost of renewable energy significantly.

And finally, you have to think about the use of materials
because that will determine the costs of the energy system
in the future.

So you can also read this book as a call to look at energy
systems in broader terms: as part of an integrated system
for supplying renewable energy, materials, water and food.
And for a balanced assessment of a system of this kind,

we introduce a set of sustainable energy system goals:
clean, affordable, reliable, circular, energy supply secure,
material secure, safe and fair.

We would like to conclude with an optimistic message:
green energy for all is feasible and affordable thanks to

the clean energy carriers hydrogen and electricity.

Ad van Wijk
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WHAT IS A
SUSTAINABLE
ENERGY SYSTEM?

Modern societies cannot do without energy. They need a well-functioning

energy system that can provide energy services, such as heating or e
cooling your home, transporting you to and from work, and charging your f;;‘;g
cell phone. But what do we actually mean by a sustainable energy system? ;:“"fﬁ
How do we convert sustainable energy sources into suitable energy 4__*
carriers, such as electricity, heat, and hydrogen? And what are the goals -L"‘
of such an energy system? u***w]jﬂ
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Components of an energy system

As a consumer you are not always aware of it, but many energy services
(such as heating and cooling your home, or charging your phone) require
an energy system. Such a system can store and transport, convert and
deliver energy, so that everyone has access to it anytime, anywhere.
What are the components of such a system and how does it work?

What does an energy system consist of?

The goal of an energy system is the provision of energy
services, for example, a comfortable temperature at home,
the preparation of a meal, or the production of paper or
fertilizer. Depending on the service to be provided, you
need an energy carrier, such as wood, gas, oil, electricity,
or hydrogen, and equipment or a system that provides the
energy service. For example, if you burn the wood energy
carrier in a stove at home, this provides a warm house
(the energy service). The consumer of the energy service
concerned receives the energy carrier via an energy
infrastructure. In other words: between the supplier and
the consumer of energy services there is an energy infra-
structure, which ensures that the desired energy, of the
right quality, in the required amount, and at the right time
reaches the end-user. In order to achieve this, you need to
be able to temporarily store energy in the energy system,
on different timescales: from seconds, minutes, hours, and
days, through to seasons. And for this, you will have first
to extract the energy from an energy source and convert it
into an energy carrier.

Let’s take a closer look here at a few key concepts and
components: energy services, energy infrastructure, energy
sources, and energy carriers.

Energy services

There are five categories of energy services:

1 Heating and/or cooling of buildings.

Mobility (driving, sailing, flying).

Power and light.

High-temperature heat for industrial processes.

aua b W N

Energy as a feedstock, particularly for chemical
products (the molecules with which products are made,
such as plastics).

All of these energy services require energy, in varying
amounts, depending on environmental factors, behavioral
factors, specific characteristics, and the efficiency of the
equipment and installations.

With the exception of the environmental factors, all these
factors and characteristics can be influenced by the person
who purchases the energy service. The energy required is
ultimately supplied by energy carriers, each with its own
conversion technology and properties.

With the specific energy use, you can easily
compare the energy efficiency of two energy

services with each other

Two examples of energy services, factors that influence energy use, and possible energy carriers

Energy service

Factors that influence Environmental factors

energy use

Behavioral factors

Specific characteristics

Efficiency of equipment
and installations

Possible energy

carriers

A warm house

+ Outdoor temperature
+  Wind speed
+ lrradiation

+ Indoor temperature
+ Thermostat settings

« Size of home (volume in m?)
+  Type of home (apartment, detached, etc.)
« Insulation level of floors, walls, roof, windows

+ Heat supply system
+ Pipes
« Conversion energy carrier to heat

+  Wood, coal, oil, natural gas, hot water,
electricity, hydrogen

Car drive fromAto B

Wind speed and direction
Outside temperature
Road characteristics (e.g., resistance)

Driving style and speed
Inside temperature

Weight of car

Aerodynamics

Equipment in car (heating/cooling,
sound, communication, security)

Transmission to wheels
Recovery brake-energy
Conversion energy carrier to motion

- 11
and electricity

Gasoline, diesel, ethanol, natural gas,
electricity, hydrogen

Besides the total energy use for an energy service, the
specific energy use is also an interesting factor. In the case
of the heating of houses this involves energy use per m?,
while for car driving it is energy use per km. To formulate
it precisely, the specific energy use is “the energy use per
physical unit of the delivered energy service, with standard-
ized environmental and behavioral factors”. With this
specific energy use, you can easily compare the energy
efficiency of two energy services with each other.

“How much electricity does your car use? Mine does

5 (kilometers) on 1 (kWh).”

Energy infrastructure, transport, and storage

The supply of energy takes place through an energy
infrastructure. Each energy carrier has an own infrastruc-
ture, with its own storage characteristics. You can however
generally outline what an energy infrastructure with storage
facilities looks like. A large-scale transport network is fed
from large energy sources with conversion into the relevant
energy carrier, and delivers directly to large-scale users,
such as industry, and to the medium-sized network. This
medium-sized transport network is also fed by medium-
sized energy sources with conversion into the energy



carrier, and delivers to small and medium-sized companies
and large buildings, and to the distribution network. This
distribution network is also fed by small energy sources
with conversion, and delivers in turn to small energy users,
such as homes. This entire delivery chain also works in
reverse: the distribution network can supply the medium-
sized network, that in turn can supply the large-scale
transport network.

Conversion of energy sources into energy carriers
Energy sources can be subdivided into fossil sources (coal,
oil, and gas), uranium, and sustainable sources (solar,
wind, hydro power, biomass, wave energy, geothermal
energy, tidal energy, etc.). Because uranium and the sustain-
able energy sources are not themselves energy carriers,
they first need to be converted before being used X',

Thus, you can convert solar energy into electricity using
photovoltaic cells, or into hydrogen using photolysis cells,
or into hot water using solar collectors; you can convert

Cell phones don’t work on
natural gas and cars don’t
run on crude oil. That is
why fossil energy sources
also need to be converted
into usable energy carriers

Electricity does not consist of molecules
but of electrons. You cannot store them
in a tank and save them for a long period

biomass into heat, biogas, electricity, or hydrogen; you can
convert geothermal energy into hot water or, in the case of
high-temperature deep geothermal energy, into electricity.
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If an energy carrier is made of molecules (as in the case of
wood, gasoline, gas, hydrogen, and hot/cold water), then
there is the possibility of integrating (small, medium-sized,
and large) storage facilities into the energy infrastructure.
Short-term storage is mostly done using storage tanks,
while long-term storage involves underground reservoirs,
such as salt caverns, empty gas fields, or aquifers, from
which you can deliver the required volumes of an energy
carrier whenever desired.

The situation is different for electricity, which does not
consist of molecules but of electrons. You cannot store
electrons in a tank and save them for later. Small-scale,
short-term storage of electricity is possible with batteries.
And by pumping water up into elevated reservoirs (from
which you can feed it later into a hydro-power plant), you
can indirectly store a somewhat greater amount of electric-
ity for a little while longer. But an essential feature of an
electricity system is, and remains, that supply and demand
need to be matched at every moment. Large-scale storage
of energy for a longer period therefore always takes the
form of molecules, which you can convert into electricity
whenever desired. Currently, when we speak of molecules,
we still mean coal, wood, natural gas, and crude oil; in the
future we will also be referring to hydrogen.

You can then deliver this usable energy to its destination
via a transport network.

Cell phones don’t work on natural gas and cars don’t run
on crude oil. This is why fossil energy sources also need to
be converted for use. Moreover, oil pumped out from the
ground varies widely in terms of its composition (of hydro-
carbon molecules) and its impurities (including sulfur).
Crude oil is therefore processed in refineries to produce
common oil products, such as gasoline, diesel, and
aviation fuel. Because these energy carriers meet uniform
specifications, they can be transported and distributed
through an energy infrastructure. Similarly, after it is
extracted from the ground, natural gas is processed to
remove impurities and produce a uniform quality. This
results in different energy carriers: high-calorific gas

(with little nitrogen) and low-calorific gas (with a higher
percentage of nitrogen), each with its own transport
system. A high-calorific gas-fired boiler does not work
with a low-calorific gas, and vice versa.

As in the case of natural gas, there are also different quali-
ties of electricity. Solar panels produce direct current (DC),
but the distribution network has alternating current (AC),
with a frequency of 50 to 60 Hz and a voltage of 110 to

230 volts™?. To introduce direct current into the electric
grid, you first need to transform it into the appropriate

Charging an electric car’s battery

alternating current. But today almost all of our appliances
work on direct current. In this regard, Europe has man-
dated that all electronic devices must have a standardized
USB port. When you charge your cell phone, the charging
connector thus ensures that the (high voltage) AC delivered
by the electric grid is transformed into (low voltage) DC.
Since batteries also work on direct current, the alternating
current delivered by the grid also needs to be transformed
into direct current, before you can charge your electric car.

What does a sustainable hydrogen system look like?
Earlier we outlined what an energy system looks like in
general terms. Here, we look more closely at a sustainable
hydrogen system—one of the key sustainable energy
systems of the future.

The energy services that hydrogen can provide, are: heating
and cooling of buildings, mobility (driving, sailing, and
flying), high-temperature heat for industrial processes,

and electricity. You can also use hydrogen as a reducing

13



The components of a sustainable hydrogen system
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agent for iron production, and as a feedstock for chemical
products and synthetic fuels. The hydrogen infrastructure
is similar to the one for natural gas. Pipelines are used for
the transport and distribution of hydrogen gas. Hydrogen
can also be transported by ship, but this requires that it
first be transformed into liquid. This liquefaction can be
done by making hydrogen liquid, by binding it to nitrogen
to produce ammonia, or by binding it to a liquid organic
hydrogen carrier (LOHC). Hydrogen can be stored under-
ground, like natural gas, in empty gas fields, salt caverns,
or rock domes. Above-ground, you can store hydrogen in
tanks (hydrogen that is compressed, liquefied, bound to a
carrier like LOHC, locked in a molecular structure, etc.).
Large-scale, long-term storage of hydrogen plays an
important part in balancing a sustainable hydrogen and

electricity system. Parts of a sustainable hydrogen system
are the production of hydrogen through the conversion
of an energy source into hydrogen, and (possibly) the
extraction of hydrogen. The large-scale conversion to
hydrogen without fossil CO, emissions can be done in
three ways: (1) with sustainable and nuclear electricity
via the electrolysis of water, (2) from natural gas via
methane pyrolysis, and (3) from biomass by means of
various conversion technologies. Large-scale production
will mostly take place next to the source, at locations
where it can be done cheaply. Small-scale hydrogen
production is possible using solar, wind, or energy from
biomass residues, and will be done locally for the most
part.

15
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Conversion into energy carriers

To be able to use energy from sustainable sources, we must first

convert it into a manageable form: an energy carrier. Which conversion

technologies do we have for this purpose, and where does the

conversion take place?

We want to move toward an energy system that makes
use of sustainable energy sources. Virtually all of these
sources can be traced back to the sun. The solar energy
that reaches the Earth averages about 340 watts per
square meter !, This energy from the sun is also the
origin of wind (through air pressure differences), the
evaporation of water, and the growth of plants. The sun

is therefore the source of wind and wave energy, energy
from hydro power and biomass, energy from temperature
differences in the ocean, and energy from differences in
salt concentrations between freshwater and saltwater.
Only two sustainable energy sources cannot be attributed
to solar energy: tidal energy (generated by the gravita-
tional pull of the moon and the sun) and geothermal
energy (generated by radioactive decay in the Earth’s
core). The potential of these two energy sources is very
small compared to those energy sources from the sun.

The sun is the source of virtually all
sustainable energy, such as solar, wind,
wave, hydro, and biomass

From sustainable source to usable energy

Solar, wind, hydro, and biomass are sources of sustain-
able energy. In order to use sustainable energy, we first
need to convert the sources into energy carriers (such as
electricity), gas (such as hydrogen and methane), heat,

or into feedstocks like hydrogen (H,), carbon (C), carbon
dioxide (CO,), and oxygen (0,). Energy carriers allow us to
deliver energy services, like heating, cooling, and lighting
in homes. With feedstocks we can make materials and
products, such as plastics or fertilizers. Numerous
conversion technologies have already been developed for
the conversion of sustainable energy into useful energy
carriers and feedstocks. Some of them are already mature,
while others are still in the research stage (R&D).

The table on p. 17 shows that sustainable energy sources
allow you to produce various energy carriers: electricity,
hydrogen, heat, and cold. And that you can convert
biomass residues not only into energy carriers, but also
into feedstocks (carbon in various forms). The electrolysis
of water not only generates hydrogen—an energy carrier
as well as a feedstock—but also a second feedstock:
oxygen, the largest portion of which will actually be
released into the air.

Sustainable energy sources and conversion technologies

Source

Sunlight

Sunlight

Sunlight

Sunlight + water

Sunlight + water

Wind

Wind + water

Hydro power
Hydro power + water

Ambient heat +

Renewable e

Geothermal
Geothermal
Tidal energy

Seawater air
conditioning (SWAC)

Blue energy (osmosis)

Waves

Ocean currents

Conversion process/technology

Solar collector

Solar cell (PV)
Concentrating solar power (CSP)

Solar cell (PV) on surface waters
Solar cell (PV) on oceans

Solar cell with integrated electrolyzer
CSP with integrated electrolyzer
Solar cell with integrated electrolyzer on oceans

Photo-electrochemical cell

Onshore wind turbine
Offshore wind turbine
Floating wind turbine
Stationary kite

Onshore wind turbine with integrated electrolyzer
Offshore wind turbine with integrated electrolyzer
Floating wind turbine with integrated electrolyzer
Kite ships

Turbine
Turbine with integrated electrolyzer

Heat pump

Heat exchanger
Steam turbine

Turbine

Deep cold seawater with heat exchanger for direct cooling

Salinity gradient power using membranes
Wave energy convertor

Current turbine

Maturity*

Mature

Mature
Mature

Mature
First plants

Engineering
R&D
R&D

Prototype

Mature
Mature

Near mature
Pilot

Near mature
Engineering
Engineering
Prototype

Mature
Mature

Mature

Mature
Mature
Mature

Mature

Pilot

Pilot

Pilot

Output

Heat

e (Electricity)
e +Heat

.

o

Hz + 02

H, + 0,
Hy+ 0,

H2+ 0,

® ® ™ M

Ha* 0, 17
H, + 0,
H, +0,
H,+ O,

Ha+ 0,

Heat

Heat

e +Heat

Cold

Read more on page 18 >



18

Source ‘ Conversion process/technology ‘ Maturity* ‘ Output

Ocean thermal energy Thermal gradient power using low temperature cycles Pilot e

conversion (OTEC) (Rankine cycle)

Solid biomass, Boiler, furnace, stove Mature Heat

biogenic waste

Solid biomass, Steam turbine Mature e +Heat

biogenic waste

Solid biomass, Gasification Mature H,+CO,+C

biogenic waste Plasma gasification First plants H, +CO,

Solid biomass, Digestion + boiler Mature Heat + CO,

biogenic waste

Wet biomass, Digestion + gas engine/turbine Mature e +Heat +CO,

biogenic waste

Wet biomass, Digestion + steam methane reforming Engineering H, +CO,

biogenic waste Supercritical water gasification First plants H, + CH, +CO,
Digestion + methane pyrolysis R&D H,+C
Microbial electrolysis cell R&D H, + CH,4

* Development phases: research and development (R&D) = prototype - engineering - pilot > first plants > near mature > mature.

The fact that these conversion technologies also produce
feedstocks in addition to energy carriers, creates oppor-
tunities for chemical production processes. The most
important building blocks for the chemical industry are
hydrogen, carbon, oxygen, and nitrogen. Nitrogen is the
only one of these feedstocks that cannot be generated
through an energy conversion. But one can easily extract
nitrogen, as well as oxygen, from the air using an electric
air separation unit, and electricity is of course a product
of the conversion of sustainable energy.

The fact that the conversion of sustainable energy
also produces feedstocks, creates opportunities for
making chemical products and synthetic fuels

Fossil versus sustainable energy sources

There are important differences between fossil and
sustainable energy sources, for instance, concerning
their origin, available quantity, and sites.

We extract fossil energy from the underground, from oil
and gas fields, and coal mines; virtually all sustainable
energy comes from the sun. We harvest this energy directly
(solar energy), from the atmosphere (wind energy), from
the hydrosphere (tidal energy from the oceans, hydro
power from reservoirs), and from the biosphere (seaweed
or wood waste, for example). We extract fossil energy at
specific locations, such as the oil fields in Saudi-Arabia,
where the ground contains large concentrations. Solar
and wind energy can be produced all over the world,
nearby or far away from the end-user, but there are signif-
icant spatial disparities in the energy density: there is
more solar energy in the Sahara than at the north pole.

The energy density from
the sun and the wind

has significant spatial
disparities: there is more
solar energy in the Sahara
than at the North Pole

The sun at the North Pole is never high in the sky

Comparison of some characteristics of fossil and sustainable energy sources

Characteristic Fossil energy sources

Sustainable energy sources

Origin Geosphere Sun, atmosphere, hydrosphere, biosphere, geosphere
Quantity Finite reserves Inexhaustible source
Sites Concentrated in limited number of locations All over the world, but unevenly spread

Land surface area required Limited, for oil and natural gas extraction

Extensive, for coal extraction

Extensive, for conversion

Time lapse Continuous output

Fluctuating output

19
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Power and use

w Watt 1 watt (= 1 joule per second) =0.001 kW

kW Kilowatt 1,000 watts =1kW

MW Megawatt 1,000,000 watts =1,000 kW

GW Gigawatt 1,000,000,000 watts =1,000,000 kW

T™W Terawatt 1,000,000,000,000 watts =1,000,000,000 kW
Wh Watt-hour 1 watt-hour (= 3,600 joules) =0.001 kWh

kWh Kilowatt-hour 1,000 watt-hours =1kWh

MWh Megawatt-hour 1,000,000 watt-hours =1,000 kWh

GWh Gigawatt-hour 1,000,000,000 watt-hours =1,000,000 kWh
TWh Terawatt-hour 1,000,000,000,000 watt-hours =1,000,000,000 kWh

You calculate the efficiency of
electrolyzers on the basis of
a fuel’s HHV (Higher Heating
Value) and not its LHV (Lower
Heating Value)

The power of an appliance or installation is
expressed in watts (W), that is, the energy
(in joules) that it can provide per second.
Say, for instance, that a microwave oven
has a power of 1,000 W, this means that it
uses 1,000 joules every second. The greater
its power capacity, the faster it will heat

up your meal. We express the amount of
delivered or used energy in kilowatt-hours
(kWh). If a washing machine, with a power
capacity of 1 kW (1,000 watts), is operated
for one hour, then its energy use is 1 kWh,
which is equivalent to 3,600,000 joules.

How efficient is an electrolyzer?

To answer this question, we first need to take a detour and look at
heating boilers. You would think that a boiler’s efficiency would
be expressed as the amount of heat it produces, divided by the
energy content of the fuel used. But since, in the case of the
old-fashioned boilers, part of the heat disappeared with the flue
gases through the chimney, one did not use the total chemical
energy content—or the Higher Heating Value (HHV)—of a fuel,
but the total minus the condensation heat from the water vapor
present in the flue gases. This corrected chemical energy content
is known as the Lower Heating Value (LHV). Because modern
heating boilers recover the heat from the flue gases, the efficiency
of heating boilers now actually exceeds 100%, if you calculate it
on the basis of the LHV. This obviously makes no sense. In reality
the efficiency of these boilers, when you calculate using the HHV,
both for natural gas- and hydrogen-fired boilers, is about 97%.
As the difference between the HHV and LHV increases which
means that the HHV/LHV ratio has a higher value, the error in the
efficiency calculation based on the LHV increases as well. So, the
real energy content of 1 kg of hydrogen is 39.4 kWh, the HHV of
hydrogen. But the energy content, expressed in the LHV, is only
33.3 kWh.

The conversion of solar and wind energy to electricity or
hydrogen requires more space than do oil or gas extraction
and their conversion into electricity or hydrogen. Thus, a
surface area of 80 km? is needed for the production of

10 TWh of electricity, using a solar farm set up in the
desert, with an operational time of 2,100 hours™, While
only 1 km?is required to achieve the same electricity
production with a gas-fired power plant with an efficiency
of 60%, and this includes the spatial footprint for the
extraction, transport, and the power plants ., For its part,
the extraction of coal and its conversion into electricity
require lots of space, indeed more space than in the case
of solar and wind electricity. The production of 10 TWh

of electricity with a coal power plant requires about

200 km?[€l,

Afinal difference between fossil and sustainable energy
relates to the availability in time. Since fossil energy sources

Relation between Higher Heating Value (HHV) and Lower Heating
Value (LHV) for a number of fuels !

Fuel HHV/LHV

Coal 1.03
Crude oil 1.06
Natural gas 1.10
Hydrogen 1.18

And since hydrogen has the highest HHV/LHYV, this distortion

is greatest for hydrogen.

But now the efficiency of electrolyzers is also frequently
expressed on the basis of hydrogen’s LHV. This means that
the real efficiency is considerably underestimated, because

the calculation does not take into account part of the energy

contained in hydrogen. For example: if the LHV efficiency of

an electrolyzer is 70%, then the (real) HHV efficiency is 82.8%.

are extracted from static (and finite) reserves, their
availability practically does not vary in time. But this is
certainly the case for solar and wind energy: these two
(inexhaustible) sources fluctuate significantly in time,
ranging from seconds to seasons.

Hydrogen production with sustainable energy

Now that the conversion of solar and wind power to electric-
ity has become truly inexpensive, its conversion into the
hydrogen energy carrier is also interesting. Even if the costs
of producing hydrogen through electrolysis will be higher
than the cost of producing electricity from the sun, wind, or
hydro power, the transport and storage costs of hydrogen
are far lower than they are for the same amount of energy
in the form of electricity. This means that you can deliver
cheap solar and wind electricity, which has been generated
far away from the demand, more cheaply, and at the right

21
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TECHNOLOGY FOR THE FUTURE

Reversible fuel cell

A single device with two functions: electrolyzer and fuel cell
Hydrogen is produced by using an electrolyzer to split water into
hydrogen and oxygen. The electricity required comes from a
sustainable source, for instance, solar or wind. From 9 kg of water,
you can make 1 kg of hydrogen and 8 kg of oxygen. In a fuel cell the
reverse occurs: 1 kg of hydrogen reacts with 8 kg of oxygen from
the air and thereby produces electricity and 9 kg of water. The
electrolyzer’s technology is the same as that of the fuel cell, the
only difference being that the electrochemical process is reversed.
You could therefore also use a single device, the operational
direction of which you could reverse. Such a device is known as
areversible fuel cell, which you can use for instance to bring
electricity supply and demand into balance .. But with this
technology you can also provide electricity and heat to buildings
at all times, even if the supply of solar energy varies significantly.
If there is a surplus of solar electricity, the device works as an
electrolyzer and produces the hydrogen. In the case of a solar
electricity shortfall, at night and in the winter, then the device
works as a fuel cell and produces the electricity. In both situations,
heat at 60-80 °C is produced, which you can make use of perfectly
for heating or to produce hot tapwater ®. Another context in which
such areversible fuel cell is very useful is in space, for example,
when we build a research station on the moon or on Mars [,

Reversible high-temperature fuel cell that balances electricity supply

and demand !

time, to the user in the form of hydrogen than in the form

of electricity. The additional costs of hydrogen production
compared to electricity production is thus outweighed by
hydrogen’s lower transport and storage costs. We discuss

this further in Chapter 2.

Expansion of electrolysis capacity

Electrolysis is not a new process or technology. In fact,
electrolysis has been used for about a hundred years to
produce chlorine from salt. The salt is first dissolved in
water, after which an alkaline electrolyzer is used to split
the salt (sodium chloride), thereby releasing chlorine. But
because the salt is dissolved in water, the electrolysis also
splits the water. Chlorine production thus also generates
hydrogen as a “by-product”.

Electrolysis has been used for about a
hundred years to produce chlorine,
generating hydrogen as a by-product

Globally, the electrolysis capacity for chlorine production
amounts to about 20 GW. These alkaline electrolyzers
are now being modified, and specifically designed, for
the production of hydrogen and oxygen from ultra-pure
demineralized water.

The production capacity of alkaline electrolyzers is being
extended all over the world for the purpose of hydrogen
production. Anion electrolyzers are also being developed
as an alternative to alkaline electrolyzers, which largely
resolves some problems specific to alkaline electrolyzers,
such as those concerning the low load and start-up time.
Proton exchange membrane (PEM) electrolyzers are also
being developed and produced on an increasingly large
scale. There are also high-temperature electrolyzers,
such as solid oxide electrolysis cell (SOEC) electrolyzers,
which, though far more expensive, are suited to specific
applications.

Working principle of different types of electrolyzers ")
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(hydrogen evolution reaction) 2H,0 +2e"—H, +20H 2H"+2e" > H, H,0 +2e" = H, +02
Charge Carrier OH~ H* H*

Decreased prices through electrolyzer cells and
stacks mass production

The technology structure of electrolyzers is quite similar
to that of solar cells, batteries, and fuel cells. Electrolyzers
are comprised of separate electrolytic cells which, for
increased output, are piled one upon another in a stack.
If more output is desired, more stacks are placed behind
each other. The cells have no rotating components, and
several commonly used types, including alkaline and PEM
electrolyzers, do not make any use of high temperatures.
There is therefore no need for costly, heat-resistant
materials, and they don’t require lots of maintenance.
Thanks to this technology structure, electrolyzers are
rapidly becoming cheaper through the mass production
of cells and stacks, repeating the experience with solar
cells and batteries.

Decreased prices through electrolyzer integration
Electrolyzer installations are built with modular units:
stacks with a capacity between 1 and 10 MW, which
operate on direct current (DC). Solar panels produce DC
and, following the first electricity conversion step, wind

turbines do so as well. But if you integrate the electrolyzer,
by installing electrolysis stacks instead of the DC/AC
inverter (direct current to alternating current) in a solar
farm orin a wind turbine, then you can avoid several
electricity conversion steps. However, the current thinking
is focused primarily on setting up large-scale electrolyzer
installations seperately at or near large-scale electricity-
producing solar and wind farms. The production of hydro-
gen thus works as follows: in a solar farm, a row of solar
panels produces low-voltage DC.

Through mass production of cells and stacks
electrolyzers are rapidly becoming cheaper

Transformers in the solar farm then convert this to medium-

voltage AC. In the case of a wind farm, the AC produced in
every wind turbine is first converted into a low-voltage
DC, to then, also in the wind turbine, be converted into
medium-voltage AC. The medium-voltage AC is then
transmitted using infield cables to a transformer station,
where it is converted into high-voltage AC or, in the case
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electrolyzer stacks
with solar panels
of transport over long distances, into high-voltage DC. In a several sites on Earth. In Mali, a small hydrogen source . .
. TR . o and wind turbines,
large-scale electrolyzer installation this high-voltage then has been used in a gas engine since 2012. But natural
needs to be again converted into low-voltage DC, because hydrogen has also been found underground in other you deve[Op an
this is what the electrolyzer stacks require. All this involves places, including Australia, France, the United States, integrated
considerable costs and electricity losses, associated with and Russia. It is still not clear whether large amounts solar- or wind-
the various electricity conversions. Indeed, in such a large- are involved or how we can cleanly and inexpensively hydrogen farm
scale electrolyzer installation the investment costs for the extract this hydrogen 4,
necessary electricity conversions are even higher than the
investment costs for the electrolyzer stacks 2. As a result Where do you produce which sustainable energy?

Sustainable energy sources are not present everywhere in
the world. And they are not equally good everywhere in
the world. Nor is there enough available space everywhere
to produce sustainable energy. Several forms of sustain-
able energy can only be produced at specific locations.

The integration of electrolyzer stacks with
solar panels and wind turbines avoids electricity
conversion costs and losses
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of the integration of electrolyzer stacks with a row of solar
panels or a wind turbine, the so-called BOS (balance of
system) costs (all costs other than those for the electrol-
yzer stacks) would be sharply reduced. It is estimated

that eliminating the various electricity conversions could
result in a decrease in hydrogen production costs of more
than € 0.50 per kilo ),

By integrating the electrolyzer stacks, you in effect develop
a solar or wind farm that doesn’t produce electricity, but
hydrogen. And in doing so, you only need to incur develop-
ment, engineering, and authorization costs once, rather
than twice. Furthermore, this allows you to make standard
“products”, such as a wind-hydrogen turbine or an elec-
trolyzer stack connected to a row of solar panels. Such
product standardization should lower investment costs
even more.

White hydrogen

We can use fossil energy or water to produce hydrogen,
but hydrogen is also present in the ground at a number of
locations. This hydrogen is known as “natural” or “white”
hydrogen. Hydrogen can form underground as a result

of geo-chemical, chemical, and biological processes, or
through radiolysis (the dissociation of molecules through
radioactivity). Hydrogen has been found underground at

This limits the application possibilities. Hydro power, for
instance, requires not only water, but also a big difference
in elevation, as is found in mountainous areas. For blue
energy (from osmosis), you can turn to sites where fresh-
water and saltwater can mix, as in river estuaries in the sea.
The extraction of geothermal heat is only possible if the hot
water or the heat is not situated too deeply underground,
and if there is a concentrated demand for heat in the vicini-
ty. Cooling with seawater can only be done on the coast, in
places where the sea quickly becomes both deep and cold,
and where there is a concentrated demand for cold nearby.

For the production of solar and wind energy things are a
little different. Practically everywhere in the world the
sun shines at times and the wind blows on occasion, albeit
not consistently. The highest solar irradiation occurs in
deserts—usually large, virtually uninhabited areas. The
same applies more or less to wind. The highest wind
speeds occur on the oceans, where lots of space is avail-
able and absolutely nobody lives. You can also often turn
to the sun and wind to supply part of the energy require-
ments closer to where the energy is demanded. But only
in the deserts and on the seas and oceans you can really
produce sustainable energy cheaply. If you then convert
that energy into hydrogen, you can also cheaply transport
cheap sustainable energy over long distances and store it
in large volumes.

Geothermal power plantin Iceland

Sustainable energy production from biomass mainly
concerns energy production from biomass residues, both
wet (such as manure, sludge, and fruit and vegetable
waste) and dry (such as wood waste residuals, sawdust,
and straw). These residual streams are found at production
sites and processing industries. Thus cows, pigs, and
chickens produce manure in the stalls at livestock farms,
while sawmills generate sawdust as their residual. These
residual streams can be processed on a small-scale on site,
but it is often economically more attractive to collect and
process them on a somewhat larger scale. Food consump-
tion and the use of biomaterials, like wood, paper, and
cardboard, also generate residual streams. These are
frequently small and widely dispersed. The exploitation

of this type of biomass as an energy source on a large scale
therefore calls for an intricate collection system. Besides
the use of biomass residues, the cultivation of seaweed

for food, energy, feedstocks, and materials production
is also being examined. But seaweed farming takes place
at sea.

Only in deserts and on oceans you can
really produce solar and wind energy
cheaply

In summary, you can say that the production of sustainable
energy is, for different reasons, closely linked to specific
locations and thus varies in time. Many sources present

a big and inexpensive potential, but this energy supply is
located very far away from the energy demand. Transport
and storage are therefore of fundamental importancein a
sustainable energy system.

25



26

and a sustainable energy system?

The assessment and comparison of energy systems are
often based on their goals. In the case of a fossil energy
system, it was primarily a matter of being “affordable”,

“reliable”, “energy-supply secure” and “safe”. But additio-
nal goals have been added for a sustainable energy system,

Goals of a sustainable energy system

0

Material secure

Energy secure

Affordable Reliable Circular

Sustainable energy system goals

Every energy system must ensure that people and companies can purchase
the energy services they desire at the right moment. But what should an
energy system actually achieve? And what is the difference between a fossil

” « » o«

namely, “clean”, “circular”, “materials-supply secure” and
“fair”. Many of these goals cannot be achieved completely.
You can never realize an energy system that is 100% reliable
or 100% safe. You can however formulate these goals in
quantitative terms.

The energy services that a
sustainable energy system
provides, must be clean,
affordable, reliable, circular,
energy supply secure,
material secure, safe and fair.

C

Safe Fair

Clean

An energy system is clean if no or only low emissions of
pollutants are released into the air, water, or soil. Many
emissions are subject to legal standards, expressed in
terms of emission amount per unit of energy production
or unit of energy use. An energy system can also have as
a goal the reduction of the total amount of emissions to
a specific level over a specific period of time.

The emission reduction of greenhouse gases responsible
for climate change is currently an important global
environmental goal. The most important greenhouse gas
is CO,, which is released by the combustion of fossil fuels.
Other gases that contribute to strengthening the green-
house effect are—in order of increasing importance—
methane (CH,), laughing gas (N,O), CFCs, HCFCs, and

HFCs %, Specific greenhouse gas emission targets have
been set, for example, per kilometer driven or per tonne of
steel produced. But total greenhouse gas emission targets
have also been defined, such as “total greenhouse gas
emissions must be at least 55% below 1990 levels by 2030”.

To achieve a clean energy system we must
transition to renewable energy sources and
reusable materials

Hydrogen is not a direct greenhouse gas, because the
hydrogen molecule has no dipole moment (measure for
the polarity of a bond or molecule) that prevents the ab-
sorption of infrared radiation. Hydrogen however can work
as an indirect greenhouse gas. All indirect greenhouse gas
effects of hydrogen are caused by its oxidation in the at-
mosphere. This oxidation influences the life span of other
greenhouse gases in the atmosphere. Hydrogen reacts,
among others, with OH-radicals, with the result that these
cannot react with methane, which is a powerful green-
house gas. Even though the combustion or chemical reac-

tion of hydrogen emits no hydrogen, hydrogen leakage can
occur at several points in the overall chain. The amount of
leakage is usually very small, but attention naturally needs
to be paid to its prevention or minimization. On the other
hand, hydrogen will replace natural gas (methane), so that
less methane will be released into the atmosphere. In net
terms, the greenhouse gas effect is therefore smaller ¢,

The energy system also releases other substances.
Emissions into the air, which occur during the conversion
into energy carriers, can in particular cause significant air
pollution locally. The combustion of fossil and biofuels,
besides CO,, also releases nitrous oxides (NO ) and particu-
late matter. In principle, the consumption of electricity and
hydrogen produces no local emissions of CO_, NO , and
particular matter. But this only applies if, in the conversion
of hydrogen into electricity and heat, you use a fuel cell—
an electrochemical conversion, whereby chemical energy
is directly converted into electricity and heat. If, instead,
you combust the hydrogen, NO_will be released, but no
CO, or particulate matter. Electricity and hydrogen are also
known as “carbon-free” energy carriers, because no CO, is
released when they are used.

In addition to air pollution, emissions can occur into sur-
face water and the soil. Thermal electricity production for
example involves the use of large volumes of cooling water,
which is usually then discharged into surface water. And
the extraction of fossil fuels and raw materials requires lots
of water, and frequently chemicals as well. After use, the
polluted residual streams are discharged or dumped.

Such emissions can often be cut back with so-called “end-
of-pipe” technologies. For instance, catalytic converters
reduce automobile NO,_emissions, filters reduce particu-
late matter emissions, and water treatment plants effec-
tively treat wastewater so that it can be safely discharged
into surface water. But preference should be given to pre-
venting emissions at the source and during the conversion.
End-of-pipe solutions always involve a great deal of
uncertainty as to the actual emission reduction.
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Solar boilers are used in the Himalayas to cook food and boil water

In practice, the technologies used are not always effective
enough, and in many instances not even applied at all.

To achieve a clean energy system, we must therefore
ultimately transition to renewable energy sources and
reusable materials. Only then fewer emissions will occur
at the source. However, since emissions occur evenin a
sustainable energy system, attention will always need to
be directed at emission reduction, in all components of
the energy system.

Affordable

An affordable energy system is a precondition for eco-
nomic development and a good quality of life. The rapid
economic development over the last century was in part
made possible by the availability of cheap fossil energy:
crude oil, natural gas, and coal. Conversion technologies

and transport networks ensured that this energy was
available in the form of usable energy carriers (fuels,
electricity, and gas) to all economic sectors: from agri-
culture to mineral extraction, from chemical companies
to food producers, and from restaurant owners to trans-
porters. Affordable energy also improves the population’s
quality of life, because it allows us to heat, cool, and light
our homes, and to transport ourselves and all kinds of
goods easily and cheaply.

The negative side of these developments is that they have
been associated with a great increase in the pollution of
our living environment, and with climate change. And this
now threatens to degrade the quality of life. By switching
over from a fossil to a sustainable energy system, it will be
possible to preserve the quality of life in a manner that
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no, or at least a lot less, damage is inflicted on our living
environment. The question is whether this is possible
without incurring additional costs. The calculations
above suggest that this is possible in principle.

You can, however, only produce cheap electricity from
the sun and wind at locations where there are, respectively,
lots of solar irradiation and high wind speeds, as well as a
great deal of inexpensive space. These places are often
situated at a great distance from the locations where
energy demand is high. In order to cost-effectively store
and transport the sustainable electricity over great dis-
tances, you first convert it into hydrogen. This represents
an extra cost item. But if a large-scale hydrogen market
were to develop, you could produce hydrogen at the good
locations for € 1.00-1.50/kg. This hydrogen price is at the

same level of a price of natural gas of € 0.25-0.38/m3,

or € 0.03-0.04/kWh [281. (191, 201, [21], [22]

The storage and transport of hydrogen is many times
cheaper than the storage and transport of electricity.
You can transport hydrogen for € 0.40-0.50/kg over a
few thousand kilometers via pipelines. Added to the
production price of € 1.00-1.50/kg, the total cost of
producing, storing, and transporting hydrogen amounts
to € 1.40-2.00/kg. This corresponds to a € 0.35-0.50/m3
price of natural gas, or € 0.035-0.05/kWh. This hydrogen
is not only affordable, but also available day and night,
summers and winters. And its price is competitive with
that of fossil energy plus a CO, tax.

In many countries imported hydrogen will start compet-
ing with locally produced hydrogen, and even solar and
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wind electricity, for example, in the mobility and industry
sectors (including for the production of high-temperature
heat). In addition, imported green hydrogen (produced
without CO, emissions), which can be stored on a large
scale and cheaply, will be used to produce electricity when
sustainable electricity cannot be produced in sufficient
amounts locally. Such a scenario is also conceivable for
space heating: electric heat pumps provide the baseload
heat, while hydrogen can take care of the winter heat-
demand peaks.

From the above you can conclude that a sustainable
energy system will become affordable in the future. The
production costs of sustainable energy will possibly drop
over time, but the transport and storage costs are higher
than those for fossil energy. However, by using hydrogen
instead of electricity, you can sharply reduce the transport
and storage costs of sustainable energy.

Reliable

An energy system is reliable when it can supply the
demanded amount of energy at all times to end-users,
and with the right quality. This reliability concerns:

(1) the supply of the demanded amount of energy of
the right quality from production or storage, and (2) the
transport and distribution of the energy to end-users.
Both elements are subject to failure, so that a 100%
reliable energy system is in principle not conceivable.

Energy demand varies not only over
the day and with the seasons, but also
with work and production times

The demand for energy varies. Thus, the energy demand
for space heating in Japan and in Northern and Central
Europe in the winter is greater than in the summer. In
southern countries energy demand for cooling will be
greater than for heating, and is higher in the summer than
in the winter. The demand for energy for lighting also has

a clear seasonal pattern: it is lowest in the summer, and
highest in the winter. Energy demand varies not only with
the seasons, but also with work and production times.

In the basic metal and basic chemicals sectors, in which
production is continuous, so too is the demand for energy.
Such continuous demand is known as the baseload.

In offices, energy demand during working hours (during
the day, on working days) is greater than at other times.
Areliable energy system has sufficient capacity and is
adjustable, so that the production, import, and storage of
energy can be aligned to these fluctuations in demand.

Areliable, sustainable energy provision
requires large-scale storage of hydrogen
or hydrogen products

In a fossil energy system, the storage of energy is simple
and cheap: coal in the open air, oil in tanks, and gas in
empty gas fields and salt caverns. This makes for high
production and delivery reliability. A fossil electricity
system, to be sure, must have a certain extra capacity,
since power plants can fail or stop production tem-
porarily for maintenance work.

In a sustainable energy system the storage of energy is

less simple, certainly if the production of the sustainable
energy mainly uses solar and wind. You can’t store
electricity that easily, and certainly not on a large scale

in order to accommodate seasonal fluctuations. In such

a system you not only need to deal with fluctuations in
energy demand, but also with fluctuations in energy
production. If there is not enough sun and wind to produce
sufficient electricity, you can complement the production
with hydro power, geothermal energy, and hydrogen.
Areliable sustainable energy provision therefore requires
the large-scale storage of hydrogen or hydrogen products.
We can thus store hydrogen in the same manner as natural
gas. This hydrogen storage is necessary to enable the
reliable supply of electricity as well as hydrogen to users.
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Energy is delivered by means of an infrastructure. This
can be an electricity or gas infrastructure, but also be an
energy transport infrastructure by road or over water.
These infrastructures contain lots of redundancy—their
dimensions are larger than strictly necessary, so that
delivery can continue even if a section fails. A good
example of this are the loop systems, through which
energy can be supplied via different routes. This ensures
the reliability of the energy delivery.

Ultimately, we want the reliability of the infrastructure
and of the delivery in a sustainable energy system to be
comparable to that of a fossil energy system.

Circular

An energy system is circular when the materials used are
extracted and produced in a clean manner, when these
materials are used efficiently, and when the system reuses
these materials. “Materials” here refers to raw materials

IEA: All rights reserved
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that are extracted from the ground, including metal ores
(like copper and zinc), mineral rocks (like silicon and
graphite), and a large group of rare-earth elements.

The reserves of these materials are finite, as in the case of
fossil fuels. A sustainable energy system uses many more
materials than does a fossil energy system. The energy
transition is therefore not only a transition from fossil
energy to renewable energy, but also a transition from
fossil energy (crude oil, natural gas, and coal) to materials
(metals, minerals, and rare earths) %), This last group is
referred to in short as “materials”.

To produce solar cells, wind turbines, and batteries, you
need more materials than you do for power plants and
storage tanks. For an electric car you need six times more
minerals compared to a gasoline- or diesel-powered car,
and for an onshore wind farm nine times more than for a
gas-fired power plant.
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Each technology makes use of different materials. Lithium,
nickel, cobalt, manganese, and graphite are essential for
batteries, although work is being done on batteries without
cobalt; rare-earth elements are essential for the permanent
magnets in wind turbines, and in the electric motors of
battery electric vehicles?. Today’s solar panels contain
silicon, aluminium, and silver ?; electric grids contain
enormous quantities of copper and aluminium. For their
part, transformers use lots of copper?®, while alkaline
electrolyzer electrodes are made primarily of nickel and
aluminium, and PEM electrolyzer electrodes of carbon,
iridium, and platinum ¢,

The energy transition is also a transition from
fossil energy to materials

The transition to a sustainable energy system will lead
to an enormous increase in the use of materials. In
meeting the objectives of the Paris Agreement, clean
energy technologies will account for a sharply growing
share of the total materials used over the coming decades:
to more than 40% of the total for copper and rare-earth
elements, to 60-70% for nickel and cobalt, and to almost
90% for lithium. Battery-equipped electric vehicles and
battery storage are already the biggest users of lithium
(a position held until recently by consumer electronics),
and they are also rapidly on their way to becoming the
biggest users of nickel (a position currently still held by
stainless steel [24]),

To limit as much as possible the general use of materials,

and of rare-earth metals in particular, the following

principles could be applied:

» Refuse, Reduce, i.e., decrease use, increase efficiency

o Replace critical materials with less critical materials

« Repair, Refurbish, Reuse components or parts that
incorporate materials

« Recycle materials at the end of their life span

These principles are in themselves all necessary, but
recycling frequently means that the quality of the recycled
material is lower. To enable recycling while preserving
quality, other product designs and different kinds of
materials use are needed. It is also important that the
extraction and/or production of materials be carried out
in a clean manner, without emitting greenhouse gasses
and polluting substances, and without wasting water.

Energy-supply secure

An energy system must ensure that there is sufficient
security in terms of access to and supply of energy.
Particularly in developing countries, access to energy is
now a major problem. Security of energy supply concerns
two key questions: (1) Is the world’s total supply of energy
sufficient? and (2) Is the energy supply evenly and fairly
distributed around the world? Natural disasters and geo-
political conflicts can disrupt the security of energy supply
in specific regions and countries.

Electric vehicles and battery storage
are already the biggest users of lithium,
and will shortly also be of nickel

Access to energy, and especially to clean, safe, and afford-
able energy, is a major problem for many people in
developing countries. In 2019 more than 2.6 billion
people in the world had no access to clean and safe fuel
for cooking. Over 750 million people had no access to
electricity, and were not connected to an electric grid #7.
In addition, for many more people the provision of
electricity and fuels is very uncertain. The United Nations
is attempting to change this through large-scale programs.
Modern technologies for sustainable energy conversion,
storage, and transport can make a contribution in this
effort, so that everyone gains access to clean, safe, and
affordable energy.

The amount of fossil fuel energy on Earth is finite. One
might therefore think that the amount of energy reserves
would present a problem, particularly regarding fossil
energy sources. But the depletion of these reserves is not
yet in sight, and for the time being fossil energy sources
can provide for our energy needs. In other words, we are
switching over to sustainable energy sources not because
the fossil energy sources are depleted, but because the
fossil energy system is too great a climate and environ-
mental burden.

Sustainable energy sources are infinite, but not directly
usable. Before you can use them, they need to be
converted into a usable energy carrier, like electricity

or hydrogen. To accomplish this on a global scale, the
production and installation of solar cells, wind turbines,
batteries, and electrolyzers have to be expanded on a
gigantic scale. Moreover, there is more than sufficient
space available worldwide for the production of energy
from the sun and wind.

Areas with high wind speeds or high solar irradiation are
not equally spread over the world. Nor does every place

in the world have enough space available for sustainable
energy production. Deserts and oceans are eminently
suited for the inexpensive production of lots of sustainable
energy: they have plenty of space and sun and wind. But
because the demand for energy in these areas is limited,
any energy produced in them needs to be stored and trans-
ported to areas that do have a strong energy demand.

Geopolitics can have a strong impact on the import and
export of energy. The oil producing countries for instance,
united in OPEC, jointly determine how much oil is pro-
duced, giving them a strong influence on the price of oil.
In the 1970s OPEC declared an oil embargo on Western
countries on one occasion, and the Iran-Iraq war sharply
impacted oil supplies. In response, the Western countries,
united in the International Energy Agency (IEA), built up
strategic oil reserves in all countries equivalent to 90 days

In the deserts and on the oceans there
is sufficient space, and sun and wind,

to cheaply produce lots of electricity and

hydrogen

net annual oil imports. These oil stockpiles can be drawn
on in the event of major oil supply disruptions.

Energy supply can also be disrupted in a sustainable
energy system. Not only as a result of geopolitical acts,
but also because of natural disasters and wars. To deal
with such eventualities, it is imperative that a strategic
hydrogen reserve be established, as has been done for
oil. The size of the stockpile could be just as large, namely,
the equivalent of 90 days net annual hydrogen imports.

Materials-supply secure

For a sustainable energy system, the security of materials
supply is perhaps even more important than that of the
energy supply. Sun and wind are actually infinite sources,
while the amount of materials on Earth is finite. Indeed,
some materials are already scarce today. The extraction
and production of many materials is concentrated in a
limited number of countries; these are actually fewer in
number than the oil and natural gas producing countries.
More than three-quarters of all lithium, cobalt, and rare-
earth elements is produced by only three countries. In the
case of some materials, a single country is responsible for
about half of the world’s production. Thus, in 2019, the
Democratic Republic of the Congo (DRC) and China mined,
respectively, 70% and 60% of all the ores containing cobalt
and rare-earth elements. The situation is even more
extreme in the case of the extraction of materials from the
ores: China alone produces almost 90% of all rare-earth
metals 28,
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In view of the small number of producing countries, the
security of the materials supply could become significantly
affected by geopolitics. In order to safeguard the security
of materials supply, it makes sense for countries that
develop sustainable energy technologies to consider
taking one or more of the following measures:

+ If possible, extract and produce mineral resources
themselves.

« Establish a mineral resources bank, which holds the
minerals and “lends” them out to sustainable energy
technology producers.

« Build up strategic reserves of critical mineral resources,
comparable to the current strategic oil reserves.

Safe

An energy system is considered safe when as few people as
possible suffer accidents, injuries, or health damage during
the generation, transport, storage, and use of energy.

For the fossil energy system, there are laws, regulations,
standards, and authorizations to ensure this safety. For the
sustainable energy system this is not yet, or not entirely,
the case.

Of course, new technologies must also be safe, and their
safety should ultimately be ensured in the same manner
that it is today for existing technologies. But if we start off
by setting out all the regulations, laws, and standards, and
only then get down to implementing sustainability, then

it will take us far too long. In the initial period, it would for
instance be desirable to leave room for experimentation,
or a more process-oriented approach ought to be pursued,
for which a committee of experts could for example

grant an authorization or approval, and which would be
monitored, and the standards would then ultimately

be established on the basis of practical experience.

Fair

An energy system is fair when the benefits and burdens of
energy production and use are fairly distributed among
different groups of people and countries. In the assess-

ment of a system’s fairness, the following themes play a
role: energy access, energy poverty, energy taxation and
subsidy distribution, influence on energy-policy decision-
making, and influence on investment decisions. The fair-
ness can be assessed at a national, regional, and global
level; here, we address the fairness at the global level.

Today’s fossil energy system involves large import and
export flows of crude oil, coal, and natural gas. The
industrialized countries import lots of fossil energy,

while a limited number of countries export large amounts
of fossil energy. The returns from the exploration and
export of fossil energy are not very fairly distributed
globally: only a small number of energy companies and
countries earn a great deal from these activities.

The initial situation for the development of a sustainable
energy system differs from one region to another. Europe,
Japan, South Korea, parts of the Unites States, and parts
of China have insufficient space and insufficient sources

of sustainable energy to produce enough affordable,
sustainable energy within their own borders. Other parts of
the world, such as The Middle East, Australia, New Zealand,
large parts of South America and the deserts in Africa
possess so many good sources of sustainable energy and
so much space, that they could even become exporters of
sustainable energy—in the form of hydrogen or hydrogen-
derived products for example. There are also countries,
like India and Indonesia, that actually have good sources
of sustainable energy, but do not have enough space to
produce sufficient sustainable energy themselves. The
reason is their high population density. It is anticipated
that many industrialized countries will start importing
mainly sustainable energy, while many developing
countries could begin exporting mainly sustainable energy.
Afair energy system for the world will equitably distribute
the benefits and burdens between these future sustainable
energy exporters and importers.

Cobalt mine in Congo

Let’s take a look at the example of a sustainable energy
system for Europe and Africa. Europe cannot itself produce
enough sustainable energy. It has too few good sources
and too little space. Africa does have enough of these two
elements, and could actually produce so much sustain-
able energy that enough would be left over for export

to Europe and other parts of the world. But Africa lacks
the required technology and capital, and a well-trained
workforce to independently develop a sustainable energy
system. Collaboration in such a situation is advantageous
to both continents: the joint development of a sustainable
energy system for own-use in Africa as well as for export,
would provide Africa with future-oriented economic
development, jobs, and welfare. And Europe could realize
a clean, reliable, and affordable energy system, on the one
hand, by producing sustainable electricity and hydrogen
in Europe and, on the other, importing hydrogen from

Africa through repurposed natural gas pipelines and by
ship. Additionally, Europe and Africa could together build a
sustainable circular industry and food production system,
both based on solar and wind electricity and hydrogen.
Such a collaboration would be fair, from both European
and African perspectives 2%,

More than three-quarters of all
lithium, cobalt, and rare-earth metals
is produced by only three countries
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Energy efficiency: not a goal, but sometimes a means

Energy efficiency is not an energy system goal in itself, but can some-
times provide a means of making it possible to achieve energy system
goals such as being clean, affordable, reliable, or circular. Below, we
use two examples to show why increasing energy efficiency does not
by definition lead to cheaper energy.

Solar cells, based on silicon, which are installed on homes and in
solar farms, convert sunlight into electricity with an efficiency of
about 20%. As an alternative, the market offers GaAs solar cells
(thin-film cells with gallium arsenide) with an efficiency of about
30%. But we do not install these more efficient cells on our roof.
The reason is simple: they are many times more expensive than the
solar cells now used. If you were to install these more efficient, but
also much more expensive, solar cells on your house, the cost per
kWh would rise sharply. GaAs solar cells are applied primarily in
aerospace, because of the surface area constraints in that context.
In aerospace, the output per surface unit—and thus the efficiency—
is clearly primordial.

If you install more-efficient GaAs solar cells
instead of silicon ones on your house, the
electricity production costs per kWh will
be higher

If you install solar cells in the Sahara, they will generate two to three
times as much electricity as the same solar cells would in Northern
Europe. Transport of solar electricity from the Sahara to Northern
Europe can be done incurring a transport and conversion loss of
10-20%. This means that one would still end up with almost twice as
much electricity than would be the case if the same solar cells were
used to produce electricity here. Nonetheless, we do not choose
this “more efficient” option, which requires only half the number of
solar panels and therefore requires under half as many materials.
The transport of electricity is actually so costly that solar electricity
produced in Northern Europe is ultimately less expensive. And even
though the sun shines in the Sahara at other times than in Northern
Europe, the supply of electricity is still not in balance with the
demand.

However, if you convert solar electricity from the Sahara into hydro-
gen, you can transport and store this sustainable energy far more
cheaply, despite the conversion costs and losses. If you transport
this hydrogen to Northern Europe, you can then provide electricity
whenever it is desired. And with this route the “efficiency” is actually
even higher than for solar electricity generated in Northern Europe.
Because if solar cells in the Sahara generate two and a half times

as much than those in Northern Europe, then—after the conversion
into hydrogen, and taking into account the transport losses and the
reconversion of hydrogen to electricity—there is still one time left
over. Solar electricity from the Sahara versus solar electricity from
Northern Europe ends up in a draw when it comes to “efficiency”:
ultimately both situations require the same number of solar panels.
And since the solar power from the Sahara becomes available in

the form of hydrogen, you can supply solar electricity to Northern
Europe, day and night, summer and winter. The reliability of solar
electricity from the Sahara, through the hydrogen route, is therefore
much better. And in practice this seems also to apply to the afford-
ability °!. Ultimately it is thus less a matter of an energy system’s
efficiency, but of achieving the system’s sustainability goals: clean,
affordable, reliable, energy-supply secure, circular, materials-supply
secure, safe, and fair.

The above examples which show that energy efficiency does not by
definition lead to a cleaner, cheaper, and more reliable energy
provision, are relevant from the perspective of energy conversion.
Naturally, the economical and efficient use of energy is and remains
extremely important in the realization of a sustainable energy system.
But when we speak of energy efficiency, we mostly mean the
energy-efficient (end-)use of energy. This relates to avoiding
unnecessary energy use, such as leaving on the lights when you’re
not in the room, using plastic wrapping when it’s not necessary, or
leaving devices that you don’t use on stand-by. In addition, energy-
efficiency improvement in (end-)use is also important, for instance,
through the better insulation of buildings and homes, or replacement
of incandescent lamps by LED lighting.

Comparison of a fossil and a sustainable energy system

Energy system goals

Fossil energy system

Sustainable energy system

Clean + End-of-pipe-technology needed to reduce green- « Sustainable sources inherently clean (no greenhouse gas

house gas emissions and other pollution

Affordable + Fossil energy is cheap
« CO, pricing raises price
+ Global transport is cheap
« Storageis cheap

emissions)
+ End-of-pipe-technology needed to reduce other pollution

« Sustainable energy at good locations very cheap (cheaper
than fossil)

+ More and higher transport costs

« More and higher storage costs

Reliable + Continuous supply of energy + Fluctuating supply of energy
+ Storage needed due to energy use fluctuations + Storage needed due to energy use and supply fluctuations
Circular + Limited use of materials + Extensive use of finite reserves. Circular use of materials
therefore needed to realize sustainable energy system
Energy-supply secure + Fossil energy reserves in limited number of countries « Great sustainable energy potential in many countries
« Cheap supply in countries with good sustainable energy
sources and sufficient space
Materials-supply secure « Materials use is limited and not critical « Extensive use of materials, including critical materials 37
+ Limited number of countries with supply of some critical
materials
Safe + Safety ensured by laws, regulations, standards, and « Arrange safety more quickly, to avoid delay in energy
authorizations transition
Fair + Revenues mostly for large companies and limited + Joint development by industrialized and developing

number of exporting countries

Difference between a fossil and a sustainable system
In this chapter we have seen that a sustainable energy
system has different characteristics from a fossil energy
system. This makes it difficult to compare them with each
other. Comparisons of the two systems currently still often
take the characteristics of the existing, fossil energy system
as the starting point. This for example means you look

at the energy production volumes per year, the costs of
energy production, the annual energy use volumes by

countries can spread welfare fairly

sector, and the associated annual CO, emissions. This
provides a limited picture and can lead to sub-optimal
policies for the realization of a sustainable energy system.
A comparison that does justice to the characteristics of
each energy system, be it fossil or sustainable, could assess
whether, and to what extent, an energy system contributes
to the goals addressed in this chapter: clean, affordable,
reliable, circular, energy-supply secure, circular, materials-
supply secure, safe, and fair.
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THE ROLES OF
SPACE AND TIME

We extract coal, crude oil, and natural gas from the ground.

Their availability is not susceptible to variations in time and space:
the season, the weather, whether it’s day or night, the position of
the sun and the moon. But this is the case for practically every
source of sustainable energy. And this has a big impact on the way ";%;‘*
you need to establish a sustainable energy system. L
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The current energy system

Before turning to the future, sustainable energy system, we will first outline
here how the current fossil energy system functions: how much energy is
extracted, how much energy is used and where, and which worldwide energy

flows can connect supply and demand. An overview in numbers and maps.

From energy source to energy service

In the fossil energy system, a production system is dedi-
cated to extracting large volumes of coal, crude oil, and
natural gas from the ground. This is done at a limited
number of locations, after which these resources are
transported by ship or pipeline around the world. The oil
is processed in refineries into gasoline, aviation fuel, and
diesel. In the vicinity of the demand location, the coal, gas,
and oil are converted into electricity. Finally, transport
fuels and electricity are distributed, primarily at the
regional level.

Electricity, gasoline, aviation fuel, diesel, and natural gas
are all energy carriers with a standard quality. Following
distribution, they are used in the provision of a range

of energy services, such as lighting, communication, a
comfortable home or workspace, transport from A to B,

product manufacturing, and powering a pump. In addition,

the fossil energy sources, that is, hydrocarbon molecules,
are used as feedstocks for chemical products, like plastic
or fertilizer.

Primary energy use

Fossil energy is actually chemical energy which is stored
in molecules: chains of carbon and hydrogen atoms, in
other words, “hydrocarbons”. When we refer to “primary
energy” in the case of fossil energy and biomass, we mean
the energy we extract in raw form, before its conversion

into an energy carrier has taken place. While in the case of
sustainable energy, such as solar, wind, or hydro, references
in energy statistics to primary energy actually relate to the
energy (usually electricity) produced after conversion.

This in fact renders comparisons between fossil and
sustainable energy unfair: it always looks as if the contribu-
tion of fossil energy is bigger than that of sustainable
energy. Total global primary energy use in 2019 was 606 EJ
(1 exajoule is 1018 joules), or 168,000 TWh (1 TWh is 1 billion
kWh), of which more than 80% comes from fossil sources 2.

Final energy use

The conversion of primary fossil energy or biomass
produces usable energy carriers, such as transport fuels
and electricity, and feedstocks like naphtha. The energy

In 2019, 64% of all electricity was
generated with fossil energy,
10% with nuclear energy, and
26% with sustainable energy

Global primary energy use in 2019 %

Energy source ‘ Share (%)
Crude oil 30.9

Coal 26.8

Natural gas 23.2
Biomass and waste 9.4

Nuclear energy 5.0

Hydro power 2.5

Other 2.2

Total 100% = 168,000 TWh

(1 TWh =1 billion kWh)

that is delivered to end-users following the conversion we
call the final energy use. Since losses occur in the conver-
sion process (for example, in power plants and refineries),
the final energy use is smaller than the primary energy
use. In 2019, the total global final energy use amounted to
418 EJ, or 116,000 TWh. This represents 69% of the primary
energy use.

Electricity production

In 2019 global electricity production was just under
27,000 TWh, and accounted for about 23% of the final
energy use. About 64% of all electricity was generated
with fossil energy, 10% with nuclear energy, and 26%
with sustainable energy sources.

Global electricity production in 2019 5%

Energy source ‘ Share (%)
Coal 36.7
Natural gas 23.6
Hydro power 15.7
Sustainable sources (excl. 10.8

hydro power and waste)

Nuclear energy 10.4
Crude oil 2.8
Total 100% = 27,000 TWh

41

The supply and demand of electricity need to be in
balance at all times. In a fossil energy system, this is done
using easily adjustable, fossil-fired power plants. These
provide for flexibility in the electricity system. Indeed,
the fluctuating supply of solar and wind energy in 2019
was entirely absorbed by fossil-fired power plants and
adjustable hydro-power plants.



Primary energy use per inhabitant 5%

Equator

Primary energy use per country, 2019 (MWh/capita/year)
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Energy use per capita

Energy use can be broken down in other ways, for instance,
on a per capita or per Gross National Product (GNP) basis.
These measures often provide a good picture of a country’s
economic development and prosperity.

Crude oil energy flows around the world *?

P us
[ canada

Mexico

I south and Central America

[ Europe

B cs (Commonwealth of Independent States)
Middle East

I Africa

Asia Pacific

Million tonnes of
oil equivalent (Mtoe), 2021
(1 Mtoe = 11.6 TWh)
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== 100 - 200
) >200

25.9

Energy flows around the world

More than 80% of total primary energy use in 2019 origi-
nated from fossil sources. Following the extraction of coal,
crude oil, and natural gas in a limited number of countries,
these energy sources are transported by ship or via pipe-
lines to areas where there is an energy demand. The Middle
East and Russia are big suppliers of oil and gas, while
Europe, Japan, and Asia are big customers. The United
States is essentially self-sufficient.

4\2\?
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Natural gas energy flows around the world &2

Variations in space and time

There is more sun in deserts than at higher latitudes. And the wind blows harder
over oceans than over land. There are also considerable time variations in the
amounts of solar, wind, and practically all other sustainable energy sources. What
do these variations mean in the establishment of a sustainable energy system?
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Strong variations

The output of many sustainable energy sources depends
on the place on Earth, day/night variations, seasonal
variations, and the weather. In the Sahara, a solar panel
generates 2-3 times as much energy than it does in
(Northwest) Europe; but at night, production at both
locations is zero. Wind energy is strongly dependent on
the weather. The presence of high- and low-pressure areas
determines how hard the wind blows and its direction.
The energy from sustainable sources therefore varies
greatly in time and space. In this regard, these energy
sources differ significantly from fossil energy sources.
There are two sustainable sources that are not indirectly

every day at 6 in the morning and sets at 6 in the evening.
As one moves further north or south, the seasonal varia-
tions become greater, and therefore so too do the varia-
tions in the number of hours of sun per day. Since the
ascending warm air at the equator often results in clouds
and frequent rain, the amount of solar energy reaching the
Earth’s surface is actually the highest at the two tropics.
This is where the air descends. Consequently, there is
little or no cloud cover, and it practically never rains. At
or around the equator there are tropical rainforests; at or
around the two tropics there are deserts.

B us o . :
Canada produced by solar irradiation. Tidal energy is a product Solar panel robot washer
Mexico of the gravitational pull of the sun and the moon, and
I south and Central America therefore subject to well-defined daily and seasonal cycles.
Europe Geothermal energy, or terrestrial heat, is, like fossil energy
I cis (Commonwealth of Independent States) , .
Middle East sources, dependent on the Earth’s geological structure,
B Africa and in principle is characterized by a continuous supply.
Asia Pacific

Billion cubic metres (bcm)
of natural gas, 2021

The Middle East and Russia are big suppliers
of oil and gas, while Europe, Japan, and
Asia are big customers. The United States is

Not the same amount of sun everywhere
The output of solar panels is a function of the amount
of solar irradiation, the atmospheric conditions, such as

(1bcm =10 TWh)
—> <25 essentially self-sufficient cloud cover and air pollution, and factors like the shading
= 25-50 and soiling of the panels themselves. The most important
w50 -100 : e .

> > 100 factor is the amount of solar irradiation, which depends

== Pipeline gas

on the latitude on Earth, the hour of day, and the season.
At the equator there are no seasons. The sun rises there
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Average annual solar irradiation °3

Equator
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Average yearly solar irradiation
(Global horizontal irradiation) (MWh/km?/year)
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Deserts and oceans are the most suitable
places for the large-scale, cheap production
of sustainable energy

ﬁ["l’jﬁ of Cancer Ii

Mean annual wind speed at 100 m height *%

The amount of solar energy reaching the Earth’s surface is
the highest in desert areas located around the two tropics.
In the southern hemisphere there are desert areas in Chile,
Namibia, South-Africa, and Australia; in the northern
hemisphere, these areas are found in the south-western
part of the United States, in Mexico, the Sahara, and the
Gobi Desert in China. The amount of solar energy is two to
three times lower in the north of Europe, Japan, and the
north-eastern parts of the United States and China.

Y ..
3

Mean annual wind speed
at 100 m height (m/s)
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Not the same amount of wind everywhere

The output of wind turbines depends greatly on the wind
speed. The amount of wind energy is proportional to the
third of the power of the wind speed. Wind, that is, the
speed with which air moves, results from the fact that the
sun heats the atmosphere unevenly. In places where the
sun heats the air greatly, the warm air rises, creating a
local low-pressure area. In places where the sun heats the
air less, the air is colder and therefore heavier, creating a
high-pressure area. Wind is the movement of air from areas
of higher air pressure to lower pressure areas. And because

the Earth rotates on its axis, the elimination of the pressure
differences takes time. High- and low-pressure areas there-
fore persist for a while. At the equator the air is heated up
so much that the air rises perpendicularly. For this reason
there is practically no wind there. Because this air
descends again at the two tropics, these are areas where
strong and regular winds occur, the so-called trade winds.
Between the two tropics and the poles the atmosphere is
heated irregularly. Temporary high- and low-pressure areas
occur in these zones, resulting in wind speeds that can
alternate strongly in time. Regional conditions of various
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sorts can cause wind speeds to strongly deviate from this
general picture. In California, for example, a sea breeze
arises because a cold sea borders warm land. And in
France the mistral is caused by cold air that descends
from the mountains.

The wind speed is also determined by the friction of the
air with the Earth’s surface, with the result that the wind
speed at ground-level is zero. The greater the presence of
buildings, obstacles, and/or forestation, the greater the
friction. And the greater the friction, the more the wind’s
speed decreases, and the greater its turbulence. The wind
speed on the sea is therefore the highest, while it is lowest
in cities, where many irregular wind gusts occur.

Around the equator there is practically no wind. In deserts
the wind speed is in turn very high in many places, as in
the open spaces in the Midwest of the United States, on
the steppes of Kazakhstan, and in Patagonia in Argentina.
The mean wind speed in many coastal areas is also high.
But the highest measured wind speeds have occurred over
the oceans, with up to a mean wind speed of 12 meters per
second at a height of 100 meters. These are not shown on
the map.

Variations in hydro power

The energy output from a hydro power plant is directly
proportional to the volume of water that flows through

the turbine and to the difference in elevation. Hydro power
can therefore only be generated in places where there is

a large supply of water (rivers) and a sufficient elevation
difference.

River water comes from rainfall or snow melt. Water vapor
gets into the air through the evaporation of surface water
from oceans, seas, and lakes. If the humid air cools, for
instance because the air rises in mountainous areas, then
the water condensates creating precipitation in the form of
rain or snow. Cold air can hold less water vapor than warm
air. A comparable phenomenon occurs above the equator.
Humid air there does not rise because of the presence of

mountains or hills, but because the solar irradiation has
heated it up. Because the air rises, it becomes cool again,
with the result that equatorial areas have relatively high
levels of precipitation. This has led to the growth of
tropical rainforests. The water flowing in the rivers in
these rainforests can be used to generate electricity.

The volumes and timing of the flow of rain or melt water
depend on the seasons, the temperature, and the
weather. Thus, the water reservoirs in Spain are mostly
replenished by the rainwater in the autumn and winter
period, since little or no rain falls in the summer. Whether
hydro power can generate sufficient electricity in the
summer therefore depends on the amount of winter rain.

Variations in biomass

Biomass refers to material of plant or animal origin, such
as wood, corn, algae, manure, food remains, and plant oil.
Biomass grows on the land and in the water thanks to solar
energy and water. Because the sun shines and it rains a lot
around the equator, biomass production in the area is the
highest. The sun also shines often in deserts, but there is
little rain. Therefore, not much biomass grows in deserts.
Biomass production in other parts of the world lies some-
where between these two extremes. Besides what nature
has to offer in the form of biomass, you can also cultivate
it for your own needs, as, for instance, in the case of
agricultural crops and wood.

Biomass cultivation for energy production can take up
space that would otherwise be available for nature or for
biomass cultivation for food and materials. When we refer
here to the use of biomass cultivation on land as a source
of energy, we only mean biomass residues, such as fruit
and vegetable waste, manure, sawdust, and sludge. These
residues can be used not only as sources of sustainable
energy, but also as sources of carbon. In the form of CO,,
CO, or C, carbon is an important feedstock for chemical
products and transport fuels. Carbon from biomass
residues will in the future provide an alternative to carbon
from fossil sources.

The above-mentioned biomass residues are generated
primarily on agricultural land, and in industries that
process agricultural products into food. Most arable
farming and livestock production areas are situated
within a reasonable distance from population centers.
This means that energy can be generated from biomass
residues close to where the energy demand is located 5.,

Where is sustainable energy production possible?
The amount of sustainable energy you can produce with
solar, wind, hydro, and biomass residues is large enough
to provide all of the world’s population with energy. Solar
and wind energy offer by far the greatest potential. Hydro
power can make a good contribution at specific locations
in the world. And biomass residues are not only interest-
ing as a source of sustainable energy, but principally as a
source of carbon.

The oceans occupy more that 70% of the planet’s surface.
The land surface consists approximately 20% of barren
land and 10% of glaciers. The remaining area, about

70% of the land surface, is habitable in principle. Of this
habitable part, half is being used for agriculture, 37% is
forest, 11% is shrub, 1% is water, and 1% is built-up.

We can generate solar and wind energy cheaply in areas
with high levels of solar irradiation and/or high wind
speeds. Large-scale energy generation is best done in
places where there is sufficient space, and where the
energy production does not compete with other forms
of land-use, such as agriculture and nature. Since solar
panels occupy a large area, the production of solar energy
is difficult to combine with agriculture and nature. But
you can effectively integrate solar panels into the built
environment, on roofs for instance. The noise nuisance
and shadow flicker are among the factors that make

the integration of wind turbines difficult into the built
environment, but you can effectively combine them with
agriculture.

For the above reasons, deserts and oceans are the most
suitable places for the large-scale production of sustain-
able energy B7. Moreover, in instances where you can
produce energy from hydro and geothermal power in an
environmentally responsible manner, these are also good,
sustainable energy sources. Biomass residues can be used
in the vicinity of energy use not only for the production of
sustainable energy, but principally as a source of carbon.

Land-use in the world 3¢
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Energy use per km2 31}

Surpluses and shortfalls of sustainable energy

Where the energy that is used comes from (space dimension) and when it is
produced (time dimension) are secondary factors in the analysis of the current,
fossil energy system. In the case of a sustainable energy system, however, the
dimensions of space and time are of primary importance.

50

Energy use per km?

The geography of energy use, the energy use per km?, has
not been previously analyzed. Here we make a first attempt
to draw up a world map of energy use per km? Our first
step in determining energy use per km? involves multi-

plying the population density (number of people per km?) energy use per km?in India is actually higher than in the TropicofGapteo -SRI R R e “ ________
by the per capita energy use of a country’s population. US: 2,990 MWh/km?/year versus 2,835 MWh/km?/year. L“ w7y ‘ 3 ) 7
The energy use for heating and cooling of buildings, In the US there are big differences between cities and the ZF ‘f . ’

mobility, lighting, and power (for machines and appli-
ances) depends to a great degree on the population
density, in addition to the weather and the standard of
living. There are also spatial variations that this form of
calculation does not reflect. For instance, industrial energy
use is concentrated in areas where industry is concentrat-
ed; and energy use in mining is concentrated in areas rich
in mineral resources. The processing of mining products,
such as steel production from iron ore, is energy intensive
and takes place in areas where energy is cheap. This also
applies to basic chemicals. Fossil energy extraction,
which consumes energy, occurs in places where this
energy is abundant, and where it can be done cheaply.

This map shows clearly that energy use per km?is (very)
high on the east coast of the United States, in Europe, the
Middle East, India, western China, Japan, and Indonesia.

In India and Indonesia this is primarily because of the high
population density. In India the average population density
is 477 inhabitants per km2%%, and the annual per capita

energy use is 6,990 kWh Y, The average population density
in the US is 37 inhabitants per km? and the annual per
capita energy use is 76,635 kWh—over 10 times more than
in India. However, because almost 13 times more people
live on one km?in India than in the US, annual average

rural areas; in India the population density is also higher in
cities, but the difference between cities and rural areas is
smaller.

The map also makes it clear that hardly any energy is used
in desert areas, the Himalayas, the Amazon region, and in
the northern parts of Canada and Russia. What this map
does not show is the energy use on the oceans. Hardly any
energy is used there—except by ships and airplanes, but
these fill up on land.

Solar energy supply per km?

The supply of sustainable energy is potentially very large.
Far larger in fact than the world’s energy use, even with a
much larger world population and a much higher energy
use per head of population.

Now that we have a world map of energy use per km?, the
next question concerns where the supply of sustainable
energy is located, and what factors influence this supply.

Equator

Energy use per km?in 2021 (MWh/km?/year)

100

500 1,000 5,000 10,000

Besides the amount of solar irradiation, for which we have
already presented a map, there are further important
factors.

In the first place, there are the technical factors, like the
efficiency with which you can convert solar energy—for
example—into electricity. Secondly, because one row of
solar panels can throw a shadow on the next row, there
needs to be a certain distance between them.

There are additional spatial factors. It is difficult for
instance to install solar panels in mountainous areas;

while it is not, or almost not, possible to do so in nature
areas, forests, wetlands, and other protected areas.
Thirdly, there is the question of competition for scarce
space. You can’t set up solar panels on agricultural lands
or airports. You can however integrate them to a certain
extent in the built environment, on industry and recreation
sites, and next to transport infrastructure. The number

of solar panels you can install in the built environment
depends on the population density. Because of this
competition for space, the placement of solar panels in
densely populated areas will be more costly than in thinly
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populated ones. Over time, this might even mean that the
generation of sustainable energy in densely populated
areas will disappear because imported sustainable energy
is cheaper, or because other forms of spatial use receive
preference. One example of the latter concerns the
competition in cities between the development of green
areas for heat-stress reduction and recreation, on the one
hand, and solar panels for the generation of sustainable
energy on the other.

How we incorporated these factors when making a world
map of the supply of solar energy per km?is shown in
https://www.kwrwater.nl/en/green-energy-for-all/. In
making the map, account was therefore taken of the actual
available area, by for example excluding agricultural land,
airports, nature areas, and other protected areas.

World heat map: surplus and shortage of sun

By subtracting the energy demand from the solar energy
supply per km?, one can produce a world map of areas
with surpluses and shortages of solar energy. The world
map of the difference between supply and demand we
call a “heat map”, which, in this case is a heat map for
solar energy.

This map shows large-scale shortages in densely popu-
lated areas that are surrounded by farmland, as in India,
but also in Western Europe, and the Northeastern US.
There is often a surplus however in areas located farther
away from population centers. Shortages are not only
present in industrialized countries with high per capita
energy use, but also in countries with high population
densities, like India, Indonesia, and the Philippines.

If the per capita energy use increases further in these
countries, then the shortages rise even more.

Even though the oceans are not colored in on this map, it
is nonetheless on the oceans, especially far from the coast,
where there is a considerable surplus of solar energy.

The supply is limited closer to land by a variety of factors,
such as the use of waters for fishing, nature, and shipping.

In places with shortages, sustainable energy can be gene-
rated locally, with solar panels on roofs of buildings, for
example. But the amount of energy generated in this way is
not sufficient to cover all of the energy use. Consequently,
there is a shortage in these areas. It is also conceivable, and
perhaps even necessary, that in the future our consump-
tion of animal protein will decline, which would free up
stock-raising areas. Part of these areas could be used to
increase the supply of sustainable energy. And maybe, in
certain countries or regions, the competition for scarce
space could actually be settled in favor of sustainable
energy production. But, on the other hand, the world’s
population will continue to grow and, furthermore,
increased prosperity will stimulate greater energy use—
though admittedly more slowly, thanks to greater
use-efficiency.

Besides the amount of sun, other factors are

important for the production of solar energy:

technical factors, space availability, and
competition for scarce space

Our conclusion is therefore that areas with a high popu-
lation density and/or a high energy use per capita will
necessarily import sustainable energy. And areas with

a low population density and good sustainable energy
sources will then export sustainable energy. This means
that in a global sustainable energy system the transport
and storage of sustainable energy will be important.

Solar energy heat map: surpluses and shortages per km2 131}, [38], [40], [41], [42], [43]
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How do we transport energy?

In a fossil energy system, you transport mainly coal, crude oil, and

natural gas, and the transport costs do not represent a big share of the

total costs. In a sustainable energy system things are very different.

In the current, fossil energy system, there is a worldwide
transport by ship of energy in the form of coal (solid
substance), oil, or liquefied natural gas (LNG) (liquid).
Intercontinental, long-distance transport of energy, in
the form of oil (liquid) or natural gas (gas) for instance,
can also be done using pipelines. The transport costs in
today’s fossil energy system represent at most 10% of
the total costs 4.

In a future, sustainable energy system, the percentage
share of transport costs will be bigger for two reasons.
First of all, it is very probable that more (sustainable)
energy will be transported over larger distances than

is the case in a fossil energy system. Secondly, solar
panels and wind turbines, in the first instance, produce
electricity, an energy carrier that is much more expensive
to transport than coal, oil, or gas.

Electricity transport via high-voltage lines

Earlier we saw that the future, sustainable energy system
will primarily draw on the sun and wind as energy sources.
At good locations, solar energy can be produced for € 0.01/
kWh ), and electricity from the wind for € 0.02/kWh 146} 471,
In the future these production costs will drop further.

The cost price of sustainable energy production is therefore
lower than that of fossil electricity production. It is also
lower than the cost price of fossil sources like natural gas,
crude oil, or coal—certainly if a CO, tax is included in the
calculation. However, these low production costs for solar
and wind apply only to locations with lots of solar irradia-
tion or high wind speeds, as well as extensive cheap
available space. These are not the same locations as the
locations with high demand for energy. The question is
therefore how much does sustainable energy cost if one
delivers it at the desired location and time. This cost price
includes not only the production costs, but also the costs
for transport and storage.

Transport by ship, pipeline, or cable

Energy in the form of a fluid or of a solid has a high energy
density per volume unit (in kWh/liter). It is also easy to
transport by ship. You don’t need to convert coal and

crude oil into another form for transport purposes. Since
the energy density (in kWh/l) of natural gas is a lot lower,
you have to convert it into LNG before you can transport it
cheaply by ship. Despite the extra cost of this conversion,
you can deliver the natural gas to customers at a lower cost
than if you had transported the natural gas as a gas by ship.
Fifty years ago, when the possibility of producing LNG from

natural gas still didn’t exist, natural gas was converted
into another liquid: methanol. This is the reason that
there is a large methanol production capacity in areas
where natural gas is extracted at a great distance from
the demand—for instance, in Trinidad and Tobago,
New Zealand, and Southern Chile.

Can you transport electricity by ship? Not in the same
way as crude oil or natural gas, because you can’t store
electrons in a tank. You can however store electricity in
batteries and transport these by ship. But the energy
density of batteries (in kWh/l and kWh/kg) is so low that
the transport of electricity by ship is very costly. Nor can

Energy density per volume and weight for different energy carriers [l 48l [49]

you get electrons to flow through a hollow pipeline, but
you can do it with a conducting cable. This approach
entails a loss of electrons caused by the resistance over
the course of the transmission. The electricity loss is
equivalent to the square of the current. By transporting
the electricity under high voltage, you can deliver the same
power with less current, and in this way limit the energy
loss. The conversion to a higher voltage is done using a
transformer, which costs money and itself involves a loss.
Nonetheless, the costs for the transport of electricity
over long distances are lower when it is done using

high-voltage lines.

[50], [51], [52]

Energy density by weight

Energy density by volume

kWh/kg (HHV) kWh/liter (HHV)

Hard coal 6.6-8.6 9.9-13.0
Wood pellets 4.9 3.1
Crude oil 12.4-13.0 11.2-11.7
Gasoline 13.2 9.7
Diesel 12.8 10.6
Aviation fuel 12.8 10.5
Methane (natural gas), gaseous 15.4 0.011
Methane (natural gas), liquid -162 °C 154 6.6
Hydrogen, gaseous 39.4 0.0035
Hydrogen, liquid -253 °C 39.4 2.8
Ammonia, liquid -33 °C 6.25 4.35
Electricity, battery storage (lead acid-lithium range) 0.04-0.40 0.03-0.27
Hot water, 90 °C 0.1 0.1
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Transport costs and transport capacity for different energy carriers

[44], [53], [54]

50-100 GW 5-30 GW 0.5-4GW 0.01-0.1 GW

<«

Capacity

Costs i

1x liquid 5-10 x liquid 5-10 x gas 10-20 x electricity

Liquid Gas Electricity Hot water

The transport of liquid or gas molecules through a hollow
pipe does not (in principle) involve the loss of any mol-
ecules. However, to transport a large volume of gaseous
energy through a pipe you need to compress that gas in
order to increase the energy density per volume. For this
compression, you need energy, usually electricity, so that
there is effectively an indirect energy loss. The compres-
sors used, also involve an investment. Additionally, the
friction of the pipewall during the transport causes a drop
in pressure, and you can use compressors to regularly
bring the pressure back to the desired level. The compres-
sion does nevertheless lead to lower costs for the transport
of natural gas or hydrogen gas over long distances.

Apart from electrons (electricity) and molecules (liquid
or gaseous energy), you can also transport heat or cold in
the form of water. Hot or cold water can be transported
via pipelines, for instance for use in the heating or cooling
of buildings. But you can also transport steam—gaseous
water—under pressure through pipelines, to deliver
process heat in industry for example. The energy density
(kWh/l and kWh/kg) of hot and cold water is low when
compared to other energy sources and carriers; further-
more, large, well-insulated heat pipelines are needed

for the transport of relatively small volumes of energy.

Energy transport costs and capacity

The cost of the transport of energy depends greatly on the
energy density per volume (kWh/l) and, to a lesser degree,
on the energy density per weight (kWh/kg) of the energy
carrier. For the transport costs the following applies: the
greater the energy density, the lower the costs. The trans-
port of a liquid through a pipeline is the least costly. Then
comes the transport of a gas through a pipeline, which
costs 5 to 10 times more. Transport of electricity by a
power line is roughly 5 to 10 times more expensive than
the transport of gas through a pipeline. The costliest
option is the transport of heat or cold water through an
insulated pipe: 10 to 20 times more expensive than the
transport of electricity using a power line 44153}, 154,

Gas transport is 5-10 times more costly that
liquid transport; electricity transport is

5-10 times more costly than gas transport;
hot-water transport is 10-20 times more costly
than electricity transport

For the transport capacity the following applies: the
greater the energy density, the larger the capacity. A pipe-
line to transport liquid has a capacity of 50-100 GW. A gas
transport pipeline has a capacity of 5-30 GW. For example,
one “Nord Stream” pipeline—for the transport of Russian

natural gas through the Baltic Sea to Germany—had a
capacity of 35 GW. Electricity cables generally have a
capacity of 0.5-4 GW, although a cable has been produced
in China with the capacity of 12 GW. Heat pipelines for
the transport of hot or cold water have the lowest
capacity: 10-100 MW, or 0.01-0.1 GW.

Energy transport in an energy system

The transport costs are key in determining the logistics

of an energy system. The energy transport system can be

characterized as follows.

+ Worldwide transport is done by ship. Energy is trans-
ported in the form of a liquid or solid. In order to trans-
port gas by ship, it must first be converted into a liquid.

+ Fordistances up to about 5,000 km, energy is trans-
ported as a liquid or gas via pipelines. For the cost-
effective transport of electricity over thousands of
kilometers, it is first converted into a gas or liquid.

« Uptoabout 1,000 km, electricity can be transported at
a reasonable cost by electricity cable.

« Uptoabout 50 km, heat and cold can be transported at
a reasonable cost via heat pipelines.

In the current, fossil energy system, it is primarily hydro-
carbon molecules (coal, crude oil, and natural gas) that
are transported by pipeline. This is a simple matter.

Apart from the compression of natural gas into LNG, no
conversions are necessary. In this system, the electric
power plants that run on crude oil, natural gas, or coal,
are located near the electricity demand. This is by far

the cheapest solution, because the transport of electricity
is far more expensive than the transport of coal, crude oil,
and natural gas.

In a sustainable energy system, electricity can of course
be produced a great deal more cheaply, in places with
lots of solar irradiation and/or high wind speeds, and
where there is plenty of inexpensive space available.
These areas are often located at great distances from

the energy demand. To make the cost-effective transport
of this electricity possible, you first convert it into a gas,
hydrogen gas. And to transport this gas by ship all over

the world, you need to convert it into a liquid, such as
liquid hydrogen.

One alternative is to make ammonia by binding hydrogen
gas to nitrogen from the air; ammonia becomes liquid
at-33 °C. Hydrogen can also be bound to a liquid organic
hydrogen carrier (LOHC), an oil-like liquid which can be
transported in today’s tankers.

At equal energy volumes, the total transport costs in a
sustainable energy system are far higher than in a fossil
energy system. This is the result of the extra costs for the
required conversion of electricity into a gas and liquid,
which allows you to achieve cheaper transport costs.

The share of transport costs in the total costs can no
longer be neglected, as in the case of a fossil energy
system. This is why one can’t compare fossil and sustain-
able energy systems solely on the basis of their production
costs. The transport costs also belong in such comparisons,
for instance as part of an energy scenario analysis.

We estimate that the transport and storage costs could
together actually account for about 50% of the total costs
in a sustainable energy system.

Energy transport method and range
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How do we store energy?

Energy storage is needed so that energy demand can be met at any time.
The current, fossil energy system, disposes of energy storage to respond to
variations in energy demand. A sustainable energy system faces variations

not only in energy demand but also in energy supply. It therefore needs

more energy storage.

Energy storage in a fossil energy system

The extraction of fossil energy provides a more or less
continuous stream of energy. Every day, comparable
amounts of coal, crude oil, and natural gas are extracted.
You can easily transport such a continuous stream of oil
or gas via pipelines. For ship transport, one needs to
have storage possibilities in the ports, so that the ships
can be quickly loaded and unloaded. Storage of fossil
energy is easy and cheap: coal can be stored in the
open air, oil in oil tanks, and gas in empty gas fields,
salt caverns, suitable aquifers, and rock domes.

Energy storage is needed mainly as a means of matching
supply and demand. Natural gas requires quite a large
storage volume. In countries where buildings have to

be heated in the winter, the demand for natural gas has

a seasonal pattern: high demand in the winter (to heat
buildings), and low demand in the summer. Because the
supply of natural gas is continuous, gas is stored in the
summer for the winter. Moreover, many countries use
gas-fired power plants to maintain the supply and demand
of electricity in balance. Coal and nuclear power plants
supply a steady flow of electricity, the baseload. Gas-

fired power plants, gas turbines, and gas engines, meet
the demand peaks through flexible production. Gas-fired
power plants can be effectively adjusted: you can get them
quickly and easily to produce more or less. They are also

now used to compensate the irregular supply of solar and
wind electricity. In this way they provide flexibility to the
electricity system, so that supply and demand are always in
balance. On islands with a small electricity system, diesel
engines are the primary means of ensuring the flexibility in
the electricity system.

Spherical tanks for liquid-hydrogen storage

Gas-fired power plants, gas turbines, and gas engines
can be effectively adjusted; you can get them easily
to produce more or less, and in this way they provide
flexibility to the electricity system

In the European Union as a whole, 2 to 4 times more gas

is used in the winter months than in the summer months;
but in Northern Europe the figure is actually 5 to 10 times
more. To satisfy the total demand for gas in the winter, gas
storage facilities need to be stocked for the winter. To this
end, the EU has a storage capacity that amounts to about
25% of its total annual gas use 8 5%,

Energy storage is also needed for the strategic reserve.

In a fossil energy system the costs of storing energy are
low, representing only a small percentage of the total
costs. This is because the investment costs for the storage
of coal, oil, and gas are low. The investment costs for gas
storage in empty salt caverns, for example, are about
€0.20-0.40 per kWh of storage capacity ®®\. The costs of gas
storage in empty gas fields are lower by a few more factors.
Investment costs for oil storage in tanks are in the order of
€0.01 per kWh 557, The costs for coal storage in the open air
are much lower still.

Forms of energy storage

Energy can be stored in a variety of ways, using different
storage technologies: in chemical energy (coal, wood,
oil, natural gas, hydrogen, ammonia, methanol, etc.); in
electrochemical energy (supercapacitor, batteries); in
mechanical energy (flywheel, pumped hydro power,
compressed air); in heat/cold (hot water, phase-change
material (PCM), thermo-chemical storage); and in a few
other forms 8,

Energy storage in an energy system can be characterized
by three metrics: energy content, power, and charge/
discharge timescale.

« Energy content in kWh. This metric is determined to a
great extent by the energy density (kWh/l). The storage
method or technology moreover determines how much
volume and weight you need to add for the storage
itself. For oil, all you need is a tank with a relatively thin
wall; for gas under pressure, you need a tank with a
thicker wall, which means its volume is greater and it is
heavier.

« Power in kW. This quantity represents the amount of
energy you can draw from the storage per unit of time.
For a battery, this is determined by the power electron-
ics around the battery, while for a tank it is a function
of the pump capacity. The relationship between the
storage volume and the storage power indicates how
long the storage can supply energy when it is run at full
power until depletion. For stationary batteries, a period
of four hours (or a multiple of four hours) is often
realized.

+ Charge/discharge timescale. This is the time that
you can store the energy without significant losses.
Flywheels lose a few percent of their energy after
an hour. The loss in the case of heat storage in tanks
depends on the insulation, but it is generally on a
timescale of days to weeks. Lithium-ion batteries lose
1-5% of their energy every month ™. When you store
molecules in a tank, they generally undergo no losses
over time. The storage can last months, even years,
with no energy loss. True, during the storage of liquid
gas or hydrogen, depending on the insulation, some
of the liquid will evaporate, or “boil off”, and return to
a gaseous state. The boil-off rate of a stored liquid gas,
such as liquid hydrogen, is 0.1-2% per day, depending
on the insulation %, But since no molecules are lost,
this is, strictly speaking, not an energy loss. Indeed,
the boil-off, which is still very cold, can be re-liquefied
using very little energy.
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TECHNOLOGY FOR THE FUTURE

Hydrogen storage in ice crystals

In search of the “holy grail”

We can store hydrogen for lengthy periods, in large
volumes, and at a low cost in underground salt
caverns and empty gas fields. If a place doesn’t have
such underground structures, then you store the
hydrogen above-ground. This can be done in tanks,
or by binding hydrogen to materials or liquids. This
is not only more difficult, but also more expensive.
For this reason, a lot of research is investigating other
possibilities for hydrogen storage—in search of the
“holy grail” of sustainable energy storage.

Flemish scientists found inspiration in a natural form

of gas storage [*°. They investigated how methane is
trapped inice crystals in permafrost areas (with a
permanently frozen ground), and deep in the oceans.
Methane actually represents more than 10 percent of
the weight of these crystals *"\. This “natural” storage
arose over the course of a million years. These scientists
are taking the first successful steps toward the storage

of hydrogen in ice crystals, employing the same “natural”
principle, but of course a lot faster. Practical application
will call for much more research, but, who knows, maybe
this will eventually lead to a cheap form of hydrogen
storage? And all thanks to Mother Nature.

A methane clathrate: methane trapped in ice crystals on
the ocean floor ¥

You can’t compare a fossil and a sustainable energy
system only on the basis of production costs, you must
also include the transport and storage costs

Energy storage needs in a fossil and in a sustainable energy system
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Energy storage in a sustainable energy system

A sustainable energy system needs more energy storage
than does a fossil energy system, because, besides the
energy demand, the energy supply (sun and wind) is also
variable and non-adjustable. Furthermore, one of the
two sustainable energy carriers, electricity, is not as easy
or cheap to store as coal, crude oil, and natural gas.

The question is then: How can one establish a sustainable
energy system without making use of fossil sources, which
you can use and store easily, cheaply, flexibly, and adjust-
ably? The simple answer is that there needs to be storage
in two places in the system: at the supply and at the
demand. At, or in the vicinity, of a large-scale production

Tank truck
1
I'H,
Underground gas field/salt cavern

site, storage possibilities are needed so as to transform the
fluctuating supply into a continuous supply. To this end,
electricity is converted into a gas, hydrogen, which can be
stored on a large scale relatively cheaply. The gas can be
transported in baseload through a pipeline. Or can then
be reconverted into a liquid, such as liquid hydrogen or
ammonia, for transport by ship. After the transport stage,
the energy system is organized in the same way as the
current, fossil energy system: hydrogen gas, ammonia,
liquid hydrogen, or otherwise bound hydrogen are stored
underground or in tanks, so that you can use them in a
flexible and adjustable manner in meeting energy demand
at all times.



Cost price of hydrogen from Morocco that is delivered as baseload in Germany

Baseload solar hydrogen from Morocco to Germany Levelized cost of hydrogen

What does 1 kWh solar energy from Morocco
cost in Germany?

Costs solar electricity =€ 0.01 /kWh 1.0-1.5 18
Full-load hours = 2,000 hours/year
Electrolyzer efficiency = 50 kWh/kg H,
100 GW Solar energy =4 million tonnes H,
Required surface = 1,800 km?

LCoH €/kg H,

Solar hydrogen production

If we want to realize large-scale, sustainable energy production systems, then we not only
look at the production costs, but at all costs: production, storage, transport, distribution,

and end-conversion. We will have to think and act bigger, both when it comes to sustainable

Storage in salt cavern From fluctuating production to baseload; daily cycle 0.1-0.2 [69

energy production and to energy transport over long distances.

1 salt cavern of 6,000 tonnes H, needed

Transport via pipeline Pipeline capacity =20 GW 0.3
Full-load hours = 8,000 hours/year

Pipeline to Spain =750 km
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How does solar energy from Morocco get to
Germany?

We’ll discuss an example of solar energy produced in
Morocco and delivered in Germany. We first examine what
the costs are for the baseload hydrogen supply to Germany
of solar energy produced in Morocco. This concerns the
total costs, that is, the costs of production, storage, and
transport of hydrogen. To begin with, we select an area
where you can generate sustainable energy cheaply with
solar and wind, and where hydrogen can be stored un-
derground at little cost. There is the possibility of making
salt caverns (for the storage of hydrogen) in an area with
salt structures off the coast of Morocco, and on land in the
Essaouira Basin. More detailed geological research should
determine whether this is actually feasible. An interesting
site for the generation of solar and wind energy is located
to the north of Agadir and extends up to Essaouira. It is
therefore a good area to use large-scale generated solar
energy for the production of hydrogen. By storing hydro-
gen in a salt cavern, we can transform the day/night
pattern of the hydrogen production from solar energy
into a continuous supply of hydrogen. This hydrogen can
be transported by pipeline from the port of Jorf Lasfar
across the sea to Spain, where the pipeline connects to
the European Hydrogen Backbone infrastructure, which
runs through France to Germany. This ensures that the
hydrogen baseload is delivered to Germany.

Supplying baseload hydrogen to Germany

Suppose that at this place in Morocco we build a 100 GW solar
energy system with a surface of 1,800 km?2, with which we pro-
duce 4 million tonnes of hydrogen annually (ca. 11,000 tonnes
per day). In this case, a single salt cavern, with a storage
capacity of about 6,000 tonnes of hydrogen, would be suffi-
cient to provide a continuous hydrogen supply, because
day-night supply variations will be the main concern. By
means of a 48-inch pipeline, with a capacity of 20 GW (HHV),
this hydrogen can be transported over a distance of 750 km

to Spain. It can then reach Germany via the European
Hydrogen Backbone infrastructure; the total transport
distance would be approximately 3,000 km.

Hydrogen, electricity, and heat from Morocco
Hydrogen produced with solar energy in Morocco and
delivered as baseload in Germany costs € 1.40-2.00 per kg.
This is equivalent to 3.5-5.0 eurocents per kWh. We can use
this hydrogen to make electricity again, whenever we like.
We will now estimate the costs of the electricity produced
in Germany with Moroccan hydrogen. For this, we transport
the hydrogen through a distribution network, so that it can
be reconverted into electricity by a stationary fuel cell (with
an efficiency of 60%) in a residential neighborhood. When
we calculate all the costs involved, the result is a price of
6.5-9 eurocents per kWh. And at this price the electricity can
be supplied at any time, day and night, summer and winter.

Total transport distance Spain-Germany = 3,000 km

Hydrogen as baseload
delivered in Germany

Electricity made from hydrogen which is produced
with solar energy in Morocco costs 7.5-10.0 euro-
cents per kWh, with an added half kWh of free heat

We can also deliver the hydrogen right to the homes and
buildings, and use a fuel cell there to make electricity and
heat. In Japan fuel cell systems of this type are already
commercially available ™. Naturally, we only get the fuel
cell to supply electricity when the solar panels output is
insufficient, that is, principally at night and also during
the day in the winter. The heat (60-80 °C) that the fuel
cell produces simultaneously can be used at night to fill
a boiler vessel with hot tapwater, and also to heat the
home in the winter.

Because the fuel cell in this scenario does not supply
electricity and heat continuously, hydrogen storage is
also needed in Germany to meet the variable demand.
Moreover, a small-scale fuel-cell system with a boiler
vessel is more expensive than a stationary, larger fuel cell
for an entire neighborhood. When one adds up all the

€1.40-2.00 /kg H,
=€0.035-0.050 /kWh H,(HHV)

costs, the estimated electricity price comes to 7.5-10.0 euro-
cents per kWh, and you also get extra free heat of more than
a half kWh.

There are other benefits besides the free heat. For instance,
you don’t have to pay for the transport of electricity, because
you have already paid for the hydrogen transport costs.

Nor do you have to strengthen the electrical connection in
your home for heating. You can also make flexible use of
the fuel cell, and produce electricity for the neighborhood
whenever there is a shortfall. And the fuel cells should even
be able to produce electricity to charge the batteries of
electric cars, if no other electricity is available.

If we look further into the future, then you might expect to
have reversible fuel cells that can work as a fuel cell and
electrolyzer. Prototypes of such cells are already available ..
If there is a surplus of solar power, you can use a reversible
fuel cell to produce hydrogen and feed it into the hydrogen
network. In this way you can absorb peaks in electricity
production, without overloading the electric grid or dis-
connecting the solar panels when they supply too much
electricity on a sunny day.
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CLEAN ENERGY,
MATERIALS AND
FOOD FROM
THE DESERTS

Deserts are not only blessed with a large supply of sun and wind,

they also offer plenty of space. This allows you to produce cheap

green hydrogen in the deserts. If you do this by using pure water

from seawater, then you can also produce drinking water and
irrigation water. And from the residual product (brine), you can
recover all sorts of chemical products and elements. With fresh-
water, sunlight, and fertilizers, you can even develop agriculture
in the deserts. The sky is the limit!
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Inexhaustible sources of sun and wind

Desert areas, like those in the Middle East (Saudi-Arabia,
the United Arab Emirates, Kuwait, Qatar, Oman, Iran, and
Iraq) and North Africa (Libya, Algeria, and others) currently
supply the world with oil and gas, and still hold enormous
oil and gas reserves. If you look at the huge and inexhaust-
ible sources of solar and wind energy in these areas, the
transition from oil and gas to renewable energy is however
self-evident®”. The world’s total primary energy use in
2019 amounted to 168,000 TWh, or 606 EJ 2%, You could
produce the same amount of energy with solar panels
installed on less than 10% of the Sahara’s surface. In addi-
tion, the wind speeds at many places in the deserts are
high, so that you can also generate cheap wind energy
there.

You can produce enough solar energy
for the whole world on about 10% of the
Sahara’s surface

In the future, the deserts can also therefore comfortably
provide the world with cheap and reliable sustainable
energy. The costs of solar electricity, and probably also of
wind electricity, could drop in the foreseeable future to less
than 1 dollar cent per kWh 51 461147 The challenge is not

Solar and wind energy from the deserts

Deserts have not only the highest solar irradiation in the world, but the
wind also blows especially strongly in many deserts. Deserts furthermore
occupy extensive surfaces of land where not many people live. They are
therefore potentially the suppliers of sustainable energy for the world,

in the form of green electricity and hydrogen.

only to transport this cheap sustainable energy to
local communities, villages, and cities, but also to
export it to countries farther away.

You can of course also use electricity from the desert
in the region itself. But by converting electricity into
hydrogen, you can also store this solar and wind
energy cost-effectively and on a large scale, and
transport it over large distances. You produce
hydrogen through the electrolysis of water, making
use of solar- and wind-generated electricity. But how
do you get water in the desert? And what is the use of
hydrogen to the local communities, towns, and cities?

Stimulus for local communities

If we tackle the development of sustainable energy in
deserts smartly, it works both ways: on the one hand,

the production of green electricity and hydrogen is used
for the benefit of the local communities, towns, and cities,
and, on the other, it is exported in the form of hydrogen

or derived hydrogen products to other parts of the world.
Green electricity and hydrogen in desert areas are in fact
not only cheap, clean energy carriers for industry, transport,
power, lighting, and heating/cooling. They can also provide
for a good, reliable water supply and enable the production
of a range of agricultural products, biochemical products,
fuels, and materials.

Deserts as source for clean energy, materials, and food
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Solar electricity production

The production of solar electricity has grown enormously
over the last years, in part because of the installation of
large-scale solar farms in desert areas. The largest farms
are tens of square kilometers in size and have a capacity
in the order of several gigawatts.

Solar panels produce electricity through a process in which
the incoming solar irradiation knocks electrons loose in a
material, usually silicon. These solar panels supply direct
current and are connected in series in order to achieve a
higher voltage. An inverter in the solar farm converts the
direct current from a number of rows, or “strings”, of solar

The Mohammed Bin Rashid Al Maktoum Solar Park in Dubai, with 3 GW of solar panels and CSP solar energy system

panels, into alternating current at an even higher voltage.
The alternating current from the inverters in a solar farm is
then transported by infield cables to a central transformer
station, where the voltage is increased to a level where
the solar power can be transported over larger distances,
without significant losses, to cities and industry. The
operational time, expressed in full-load hours per year

(a unit for the effective annual output), for solar farms in
desert areas is between 2,000 and 2,300 hours—more than
twice as much as in Germany. A solar farm of 1 GW thus
produces an annual electricity output between 2 and

2.3 TWh.

[72]

Wind farm at Golmud, Qinghai province, China ["*

Besides solar panels there are also solar power plants that
collect incoming solar rays with mirrors. These concen-
trating solar power (CSP) plants concentrate the collected
sunlightin a pipeline or a central receiver, where it heats

a fluid to high temperatures. As in a traditional electric

Asolar panelin the Sahara produces 2 to 2.5 times
more electricity than a solar panel in Germany

power plant, electricity is then produced through a thermal
cycle. The production of electricity with these systems is
more expensive than with solar panels. But their advan-
tage is that you can store the hot liquid in a vessel, and
use it to produce electricity at night as well.

Itis expected, however, that batteries will become so
cheap that they can be deployed to store electricity
generated by solar panels, so that it can be used at night.
The question is whether the use of batteries in the deserts
will become cheaper than CSP in solving the day/night
storage problem.

Wind electricity production

The wind blows hard in several desert areas, both in the
deserts themselves and in desert areas on the coast, in the
form of powerful sea breezes. The latter occur in California
and around the Red Sea, for example. Sea breezes can
produce high wind speeds when warm air rises above the
desert, creating a low-pressure area. Cold air above the

sea then flows to this low-pressure area. The highest wind
speeds occur in the afternoon. Since one can use this to
produce electricity primarily in the afternoon, evening, and
at night, wind and solar energy complement each other
well in time: during the day, the most solar energy, and in
the afternoon, evening, and at night, the most wind energy.

In recent years wind turbines have become increasingly
large. Today, capacities up to 15 MW are indeed possible.
Because of the wake effects (a wake of swirling air is
created behind the wind turbines), large wind turbines
will be set up more than 1 km apart. Awind farm of 1 GW
or more will soon take up tens of square kilometers. But,
in contrast to solar farms, there is still plenty of space
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between the turbines that can be used for other purposes,
such as agriculture.

The electrical system configuration of a wind farm is
comparable to that of a solar farm. Wind turbines deliver
“irregular” alternating current, the frequency of which
fluctuates with the rotation speed. An inverter in the
wind turbines converts the alternating current into direct
current with a low voltage, and then into a “uniform”
alternating current of 50 or 60 Hz with a higher voltage.
A central transformer station raises the voltage further,
making it possible to transport the electricity over larger
distances with lower loss. At a good site, the operational
time of a wind farm ranges from 4,500 to 5,500 full-load
hours. A wind farm of 1 GW thus produces between

4.5 and 5.5 TWh of electricity annually.

Solar and wind hydrogen production

You can also convert solar and wind energy into hydrogen,
enabling its large-scale storage and transport over long
distances in a cost-effective manner. The prevalent idea
today is to set up a single, large-scale electrolyzer

installation next to a large solar and/or wind farm with
which to produce hydrogen. But the cost-effectiveness can
be improved by directly using the direct current electricity
produced by solar panels and wind turbines in electro-
lyzers to produce the hydrogen. In this way, we “integrate”
the electrolyzer with each wind turbine or string of solar
panels.

The costs of hydrogen production can be
reduced by integrating a string of solar
panels or a wind turbine with the electrolyzer

Electrolyzer installations are built from modular units:
stacks with a capacity between 1 and 10 MW, which work
on direct current. Solar panels produce direct current
and, following the first conversion step, wind turbines do
as well. But if you now integrate the electrolyzer stacks,
instead of the DC/AC inverters, in a solar farm or a wind
turbine, then you avoid several electricity conversion

Hydrogen production farm, modularly built with strings of solar panels with integrated electrolyzer stacks
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steps. Furthermore, you can then utilize standard
solar- and wind-hydrogen products, and be able to
develop solar- and wind-hydrogen farms. The costs
of hydrogen production will be considerably reduced
thanks to this integrated approach.

The production of hydrogen requires water. This means
that you need to install an infield pipeline network to
transport demineralized water to the electrolyzers.

In addition, an infield network of hydrogen pipelines

is required to transport the hydrogen from the
electrolyzers. On the other hand, no infield electric grid
is needed, though a small power source—in the form
of a battery, for instance—is required at the electrolyzer
stacks. What still has to be done centrally is the gas
cleaning, compression (to feed hydrogen with the

right specifications and at the right pressure into the
hydrogen transport network), and the production of
demineralized water.

TECHNOLOGY FOR THE FUTURE

Photolysis

Direct production of hydrogen from sunlight and water
A new development is the direct use of sunlight,
photons, to split a water molecule into hydrogen and
oxygen. This means that you skip an intermediary step,
that is, electricity production. The process is called
photolysis, or photo-electrochemical conversion.
Several universities in the world are investigating and
improving this process, and it appears that increasingly
higher efficiencies are possible 7. This development

is similar to the rapid improvements in photo-voltaic
solar panels in the 1980s and 1990s. Today, the effi-
ciency of photolysis is already comparable to solar
panels combined with electrolyzers. But there are still
problems to be overcome. For instance, the panels use
rare and expensive catalyst materials, and the efficiency
of the process declines over time. A few start-ups have
already put these photo-electrochemical panels on the
market.

SOLHYD solar panel that produces hydrogen directly from

sunlight ™!
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Water in the deserts

The production of hydrogen requires clean, demineralized water. But since

itis usually not available in desert areas, we can bring in seawater and use
it to make demineralized water onsite. The costs involved amount to only
a small percentage of the total hydrogen production costs.

Inexhaustible sources of solar and wind

Many countries with large desert areas are affected by
water scarcity. It rains little in deserts and, when it does,
the rains are often concentrated in specific periods. Some
desert areas have subsurface water reservoirs in the form
of aquifers, but this is far from the case everywhere. In any
event, it is best to leave those that do exist as undisturbed
as possible. Water can be transported by pipeline over
great distances. Indeed, transport over hundreds up to
thousands of kilometers is technically quite feasible and
relatively inexpensive: 100 km of water transport costs
roughly € 0.05 per cubic meter (= 1,000 liters) ("%,

The sea is often relatively close to desert areas, and can
serve as a source of water. And like freshwater, you can
transport seawater over large distances cheaply. Through
the application of reverse osmosis one can make fresh-
water from this seawater. This procedure is already used
to produce drinking water in many countries affected by
water scarcity.

Making freshwater through reverse osmosis
Reverse osmosis can be used to make freshwater from
seawater. The treatment separates salts and other
impurities from seawater or wastewater. This is done
using pressure and a membrane, through which water
molecules are pressed. Apart from the freshwater, the
process also generates a saline residual stream: the brine.

As the name indicates, reverse osmosis is the reverse form
of osmosis. Osmosis is the natural tendency of water con-
taining dissolved salts to flow through a membrane from
a lower to a higher salt concentration. This process occurs
in many places in nature. Plants use osmosis to ingest
water and nutrients from the soil. The kidneys of humans
and other animals use osmosis to remove water from the
blood. And one can also use osmosis to generate electric-
ity, by having freshwater flow through a membrane into
saline water.

To use reverse osmosis to make drinking water from
seawater, you need about 2.50-3.50 kWh/m3 of electricity.
The total costs—for energy, investment, and maintenance—
of producing 1 m3 of drinking water with this method are
€1.00-1.50 /m3 77 [78],

Demineralized water

The production of hydrogen via electrolysis requires very
clean water: demineralized water. Ordinary drinking water
is not clean enough for this purpose. In order to make
demineralized water, following the reverse osmosis the
water has to undergo a further process, namely, conti-
nuous electro de-ionization. This means that the energy
use and costs are higher than those for the production

of drinking water. To make demineralized water from
seawater requires 3-4 kWh/m3. The cost of producing

Interior desalination installation

demineralized water from seawater is about € 2.00/m3.
The transport of 1 m3 of seawater over a distance of 1,000
km costs € 0.50/m3. To produce 1 m3 of demineralized
water, you need roughly 2 m3 of seawater. The volume of
the residual stream, the brine, is also 1 m3, and will be
returned to the sea. All in all, the cost of transporting
seawater and brine over 1,000 km is € 1.50 per m3 of
demineralized water. When you add € 0.50/m3 for

pump energy, then the total cost for the production

and delivery of demineralized water to the electrolyzer
amounts to about € 4.00/m3 (€ 2.00/m3 production
costs, plus € 2.00/m3 transport costs).

The costs of demineralized water for
hydrogen production in the desert, using
seawater transported over 1,000 km,
only represent a few percent of the total
hydrogen production costs

The question is how these costs affect the production

costs of hydrogen. We can calculate this as well. For the
production of 1 kg hydrogen, 9 liters demineralized water
are needed in theory. Assuming a loss of 1 liter, then

10 liters of demineralized water is needed for every kg

of hydrogen you produce. From 1 m3 (or 1,000 liters)
demineralized water you can therefore make 100 kg hydro-
gen. The costs for demineralized water therefore amount
to €0.04/kg H,. At a production price of € 1.00/kg hydrogen,
the share of demineralized water (produced from seawater
and transported over 1,000 km), is only 4%.

Specification of costs of demineralized water from a seawater source, for the production of hydrogen via electrolysis

Distance from sea Costs
(km) (€/m3 demineralized water)

Transport costs seawater 1,000 1.0
(2 m3 seawater per m3 demineralized water)
Production costs demineralized water 2.0
Transport costs brine 1,000 0.5
(1 m3 brine per m3 demineralized water)
Other costs (pump energy) 0.5
Total (€/m3 demineralized water) 4.0
Costs of demineralized water for production of 0.04
1 kg hydrogen (€/kg hydrogen)
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Chemical products and materials from
seawater

Seawater consists primarily of water, but it also contains many other useful elements,
such as potassium for the operation of electrolyzers and batteries. Other elements
found in seawater include silicon (as raw material for solar cells), lithium (as raw
material for modern batteries), magnesium (as storage medium for hydrogen), and
uranium (as source of nuclear energy).

This figure shows the separate elements, such as sodium
(Na), potassium (K), and magnesium (Mg), but these are
mainly present in the form of salts, such as sodium chlo-
ride, or kitchen salt (NaCl), magnesium chloride (MgCl),
and potassium chloride (KCl). Centuries ago, these salts
were produced by having seawater flow into large salt
ponds, and letting it evaporate in the sun. Today, one
can use electrochemical processes to make the separate

Composition of 1 kilo of seawater [

Kilogram seawater

© Water%56g
ST e e

elements (Na, K), but also sodium hydroxide (NaOH) and
potassium hydroxide (KOH) from these salts.

Electrolyzer for chlorine production from salt

The production of chlorine from sodium chloride is done
through electrolysis. Chlorine factories are therefore
electrolyzers that separate salt (NaCl) that is dissolved

in water (H,0) into chlorine (Cl,) and sodium hydroxide

Other components (salinity) 34.4 g

Other0.023 g

Potassium (K*) 0.380 g
Calcium (Ca?*) 0.400 g

Bicarbonate (HCO;) 0.140 g
Magnesium (Mg®*) 1.272 g
Sulfate (SO,*) 2.649 g
Sodium (Na?*) 10.556 g
Chloride (Cl') 18.980 g

An electrolyzer for the production of hydrogen
from water is essentially the same as those used
for the production of chlorine from salt

(NaOH). At the same time, water (H,0) is separated into
hydrogen (H,) and oxygen (0,)—the by-products of
chlorine production. The first electrolyzers were set up
more than a hundred years ago, as chlorine factories.
An electrolyzer for the production of hydrogen is essen-
tially the same as those used for the production of
chlorine. The difference is that to produce hydrogen
one uses water that does not contain dissolved salts.

The most commonly used type of electrolyzer for the
production of chlorine and hydrogen is the alkaline
electrolyzer. This kind of electrolyzer uses electrolytes
containing water and potassium hydroxide. Alkaline
batteries also use this electrolyte, which occasionally
needs to be refreshed. This is why it is interesting that
one can use seawater to produce potassium hydroxide,
a chemical substance that is essential for both alkaline
electrolyzers as well as alkaline batteries.

Valuable elements in seawater

A small fraction of seawater consists of elements other
than water. Many of these elements have useful appli-
cations. For example, the following elements are of key
importance for energy technologies: silicon (raw material
for solar cells), lithium (raw material for modern batteries),
boron (candidate for hydrogen storage), rubidium (raw
material for ultra-thin batteries), and uranium (source for
nuclear energy) #,

The concentrations of these elements are in the order of
micrograms to milligrams per liter of seawater. The con-
centration of lithium in seawater is for instance roughly

You can use seawater to produce potassium
hydroxide, an essential substance for the
operation of alkaline electrolyzers and batteries

Brine mining

The brine that remains after reverse osmosis (half a liter per
liter of seawater), can be concentrated more by dewatering
it even further, through evaporation for example. Through

a sequence of processes and techniques, you can then
recover a variety of salts, chemical substances, and valuable
elements from the concentrated brine. What is ultimately left
is a water stream with high concentrations of elements that
have yet to be extracted. This brine mining process has been
the object of numerous studies. These show that the costs
are relatively high in relation to the returns. A positive
business case may possibly be developed if larger water
streams are treated, or if the prices of the substances to be

extracted increase further B,

0.1 mg per liter. For 1 kg of lithium one therefore needs
1 million liters of seawater. And because lithium is not
present in seawater in free form, a chemical process has
to be applied to extract lithium from seawater.

Zero liquid discharge

Many reverse osmosis plants currently discharge the brine
through a pipeline into the sea, where it quickly mixes

with seawater. If large volumes are discharged, or if the dis-
charge is done in fragile nature areas, such as coral reefs,

it can have a damaging impact, including coral bleaching.
For this reason zero liquid discharge—absolutely no
discharge of the brine into the sea—is being worked on.
This is for instance the underlying principle followed in
building NEOM, a new city in Saudi-Arabia ®2.

To achieve this objective, all of the water has to be removed
from the brine. This can be done for instance by evapo-
rating the brine in the sun, which is not a problem in the
desert. The remaining solid material can then be stored,
with a view to the extraction of valuable elements from it
at a later stage. If you discharge no brine into the sea, then
no investments need to be made in a return pipe, pumps,
and a discharge station.
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Agriculture in the deserts

To grow food you need sunlight, water, and nutrients, such as ammonia.
Even in a desert, you can have these in abundance. You can power
agricultural machinery with hydrogen or ammonia, and you can cool
greenhouses using solar heat. A stimulus for both the local economy and

for enhancing sustainability in desert areas.

Everything you need to grow food you can make available
in desert areas. To grow trees and crops, you need sunlight,
water, and nutrients. There is plenty of sunlight in deserts,
but not of water or nutrients. If you enlarge the pipeline for
the transport of seawater for the electrolyzers a little, then
you can make not only demineralized water, but also drin-
king water and irrigation water. The only thing that would
still be missing are the nutrients (nitrogen, phosphorus
and potassium), for instance, in the form of fertilizers. The
primary ingredient of these is however ammonia, and that
you can make from hydrogen and nitrogen from the air.

Production of ammonia in deserts

Ammonia is produced through the Haber-Bosch process.
Under high temperatures and pressures, the process
makes ammonia (NH,) from hydrogen (H,) and nitrogen
(N,). Some of the hydrogen produced in desert areas can
be used for this purpose. The nitrogen needed can be
drawn from the air, which after all is 80% nitrogen. This is
done using an air separation unit that runs on cheap solar
and wind electricity. Ammonia can therefore be produced
in the desert not only at a low cost, but also without CO,
emissions.

Ammonia as a fuel, for energy storage, and for export
You can use ammonia to make fertilizer, but ammonia is
also an energy carrier as well as a chemical product.
Because liquid ammonia has a high energy density, and it
already liquefies at a temperature of -33 °C or a pressure of
8 bar, ammonia is very suited for the storage of energy in
tanks. Ammonia is also a useable fuel for diesel engines and
gas turbines. Its combustion releases no CO,, but it does
emit nitrogen oxides (NO ); these can however be captured
with a catalytic converter.

You can also effectively and cheaply transport liquid
ammonia by ship or pipelines!®3. Ship transport is already
practiced all over the world. This means that one can ship
green hydrogen in the form of green ammonia worldwide.
Pipeline transport is also already being done. There is an
ammonia pipeline network in the United States that runs
from the south (New Orleans), through the Midwest, up to
the north, over a distance of about 3,200 km. Because this
pipeline runs through the country’s corn belt, the farmers
can, so to speak, tap into the ammonia directly 4,

Agricultural products in the desert

We have shown that, besides sunlight, you can also have
water and nutrients available in the desert. But which
agricultural crops can you grow with these? The surprising
answer is: practically all of them. On the desert sands one
can grow trees for wood production, but also fruit trees,
olive trees, and grains. And vegetables, flowers, and plants
in greenhouses, which, because of the extreme heat, you
need to cool. It would also be interesting to plant fast-
growing crops like elephant grass, which can be used as

a feedstock for a number of bio-chemical products and
synthetic fuels.

Working the land and processing agricultural
products

To practice agriculture, you need to be able to work the
land and harvest, process, store, and finally transport the
crops. For this, you require agricultural machinery, like

Desert oasis

tractors, combines, and harvesters. You will then process
the agricultural products: make lumber from the trees,
flour from the grain, and juice from the oranges. These
end-products have to be stored (fruit and vegetables in
coolers), and finally transported to their destination, for
example, in trucks. You can power all this mechanical
activity using solar and wind energy. Mobile agricultural
machinery, like tractors, combines, and trucks, can run on
hydrogen—or, in an initial phase, on ammonia. Stationary
processing machines, for example, for sawing, milling, and
sorting, run on electricity. And cooling can be done using
solar heat, driven by an absorption cooling machine.
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Solar energy for absorption cooling

It may sound somewhat contradictory, but in the desert
one can cool greenhouses, cold stores, halls, and large
buildings with solar-heat absorption cooling. Absorption
cooling systems come in various forms, but evaporation
absorption machines are of most interest for desert
applications, since they make use of solar heat and require
only a single pump. An evaporation absorption machine
consists of four basic components: an evaporator powered
by solar energy, an absorber, a generator, and a condenser.
A refrigerant flows from the condenser to the evaporator,
via the absorber to the generator and then back again to
the condenser. The cooling of the cold store or the building
takes place at the evaporator. The evaporation requires
energy, and this is extracted from the cold store or the
building. This form of cooling is comparable to that of a
refrigerator, except that a refrigerator uses a different
refrigerant and electricity instead of solar heat. A very

common refrigerant is water-diluted ammonia. And
ammonia is actually one of those products that we
already produce on a large scale in the desert from green
hydrogen.

Stimulus for local economy and export

The availability of cheap sustainable energy (in the form
of green electricity and green hydrogen), and of sufficient
reliable freshwater, can provide a major stimulus to a local
sustainable economy. And since there is also plenty of
space available, you can also start producing for export:
not only sustainable energy (in the form of hydrogen), but
also ammonia, and synthetic fuels like aviation fuel or
methanol. The export of sustainable agricultural products,
green chemical products, and materials originating in
brine, are also possibilities.

If you enlarge the
seawater pipeline, then
you can make both
demineralized water

for hydrogen/fertilizer
production and irrigation
water for agriculture







Oceans as source of sustainable energy, water, food, chemical products, and materials

Large sustainable energy potential

The oceans not only cover a gigantic surface, they are also areas where you
can generate huge amounts of sustainable energy. In addition, they offer great
potential for the production of synthetic fuels, chemical products, materials,
water, and food.

Toward a clean, affordable energy production

Not only on land, but also at sea, all over the world large
volumes of crude oil are already being extracted. The
top-10 offshore oil and gas producing countries in 2017
were: Saudi-Arabia, Norway, Qatar, Iran, Brazil, the United
States, Mexico, the United Arab Emirates, the United
Kingdom, and Angola ¢, Much of these extraction activities
are now conducted in relatively shallow waters. Consider-
able oil and gas reserves remain in deeper waters, but the
deeper the reservoir, the more difficult and expensive is
the extraction.

You can meet the world’s total primary energy big plus points: there are numerous sustainable energy
use needs with wind turbines on less than 2% of sources of high potential, there is space in abundance, _ /
£ and human activities are limited. _ : &7 J /T 4 y o s o Y
the Pacific Ocean , &, s £ s T T — i P el i
If we tackle the development of sustainable energy on [ S T — e’ e [~ o
the oceans smartly, we can produce green electricity \ g — o=,

Sustainable energy sources on the sea are far more accessi-
ble. You can generate wind energy directly above the water
surface, wave and current energy in the upper water layer,
and solar energy using floating panels on top of the water.
Biomass, in the form of seaweed, also floats on the surface.
To use seawater for cooling and for ocean thermal energy
conversion (OTEC), you need to reach hundreds of meters
deep into the sea, but not quite to the seabed. For almost
all of these forms of sustainable energy you need a consid-
erable sea surface, although this represents only a modest
portion of the total ocean surface, which covers more than

70% of the planet. Thus, less than 2% of the surface of
the Pacific Ocean would suffice to meet the world’s total
primary energy use needs (in 2019 this was 168,000 TWh,
or 606 EJ %), if you install one large floating wind turbine
every kilometer 2%,

In the future the oceans can easily supply the world with
sustainable energy. But the generation of sustainable
energy at sea is not as simple as it is on land. And the
transport of renewable energy on the oceans to areas
where there is an energy demand is even more difficult
than in the case of deserts. But the oceans also have some

and hydrogen there. Furthermore, we can also use the
oceans for cooling and for the production of synthetic
fuels, chemical products, materials, water, and food.
The question is how we can do all this in a clean and
affordable manner.

Good moment for the use of energy potential

On land we are capable of producing very cheap solar
and wind energy at the right locations. And thanks to the
exploration of fossil energy at sea, and even in the deep
sea, a great deal of experience and knowledge has been
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developed on the construction of complex technical
installations on oceans and on the seabed. The first steps
have also been taken with offshore wind farms close by
the coast. Currently we are building the first floating wind
farms and developing floating solar farms. Various other
sustainable energy technologies are either under
development, in the testing phase, or already being
realized on a small scale.

Building wind turbines at sea

Thanks to the exploration
of fossil energy, there is a
great deal of experience
and knowledge on the
construction of complex
technical installations on
oceans and on the seabed

With this background in mind, now is an appropriate
time to begin exploiting the terrific sustainable energy
potential of the oceans. Not by examining each
sustainable energy source separately, but by developing
different sustainable energy sources in an integrated
fashion, accompanied by conversions to usable energy
carriers, chemical products, and materials. At the same
time, the necessary infrastructure also needs to be
developed and storage facilities installed.

Offshore wind energy

surface between the wind turbines.

It is above the oceans that wind speeds are the highest.
The wind there is not hindered by vegetation or buildings,
but blows over a flat water surface. When it blows strongly
it creates waves. Part of the wind’s energy is in this way
converted into wave energy.

In 2002, the first large-scale offshore wind farm, Horns Rev
1, was built in Denmark, with a capacity of 160 MW. Each
wind turbine in this farm has a capacity of 2 MW, and they
are installed in sea sections with a maximum water depth
of 14 meters. Twenty years later, the largest offshore wind
turbines have a capacity of 15 MW, with rotor diameters of
more than 200 meters. What does a wind farm with these
turbines look like? And how is the energy brought to land?

Floating wind turbines

Today’s offshore wind turbines are installed on a founda-
tion in the seabed. The costs of these foundations increase
with the depth. At a water depth of more than 50 meters, it
is more attractive to mount the wind turbine on a floating
support structure that is moored to the seabed 7., Instal-
ling wind turbines in deep-water areas and farther away
from the coast has a number of benefits. The wind there is
often more powerful and consistent, so that the turbines
can produce more energy 8. Moreover, the installation
costs can be lowered 1%,

If you use floating wind turbines, then there is an enormous potential for
offshore wind farms in deep waters. The question is how can we transport
the generated energy to land, and how can we best make use of the sea

There are different substructures for floating wind tur-

bines. The key difference concerns the distribution of the

weight under water that sustains the turbine. One of the

big advantages of the semi-submersible and tension-leg

platform types is that they can be entirely assembled in

a harbor, and then be towed out to their destination &7,

This significantly reduces the installation costs. 87

Three different types of floating wind turbines 7




88

Wind turbine being built

Offshore wind turbines have grown quickly over the last
decades. Various manufacturers supply wind turbines with
capacities of up to 15 MW. The rotor diameter of such wind
turbines is more than 220 meters, and their total height is
260 meters. The surface covered by the blades is just under
40,000 m?, almost equivalent to six football fields. A wind
turbine like this actually generates up to 75 million kWh of
electricity per year. At good locations, the full load hours
are more than 5,500 hours which implies a capacity factor
of 65% (the number of full-load hours divided by the
number of hours in a year [8,760]).

Floating wind turbines for hydrogen production
Floating wind turbines are intended for the generation of
wind energy in deeper seas. But because such locations
are often situated far from the coast, the question is how
can you transport the generated energy easily and cheaply
to shore.

We noted earlier that the transport of hydrogen through
pipelines is roughly cheaper by a factor of 10 than the
transport of electricity with cables. Moreover, the transport
capacity of pipelines is roughly greater by a factor of 10
than that of electricity cables; the capacity of a hydrogen
transport pipeline is about 20 GW, while that of an
electricity transport cable is about 2 GW.

To produce hydrogen at sea, we can set up an electrolyzer
in or next to a floating wind turbine, along with an instal-
lation that makes demineralized water from seawater.
There is certainly enough space: in or next to the wind
turbine’s tower, which has a diameter of 10 meters, or on
a small platform placed next to a floating wind turbine.
By converting the alternating current produced by the
wind turbine into direct current, you can then feed the
electrolyzer directly. And since the solar cells and batteries
supply direct current, the entire system of such a hydro-
gen-producing wind turbine runs on direct current. In
fact, you make a new product: a floating wind-hydrogen
turbine, which can be fully assembled in a harbor.

In deep-water areas far from the coast

the wind is frequently stronger and more

constant, so that wind turbines can
produce more energy

The output of this wind turbine consists of hydrogen at a
pressure of 30-50 bar. A flexible pipeline connected to
several wind turbines, transports the hydrogen to a

M-.

Anchoring
to sea bed

/ Seawater in

Anchoring
to sea bed

/ Hydrogen out

Floating wind turbine with electrolyzer to produce hydrogen (based on
ERM design [°Y)

compressor, which increases the pressure to 80-100 bar,
and then pumps the hydrogen to a large pipeline that
transports it to shore.

When the wind blows strongly, the wind turbines produce
more hydrogen and the compressor requires more electric-
ity. It therefore makes sense to “integrate” the compressor
with a (floating) wind turbine, which similarly produces
more electricity when the wind blows harder. In addition,
a back-up electricity provision is also needed. This can
consist of batteries and a fuel cell. The compressor also
should be stabilized, which can be effectively done using
motion stabilizers °2),

Offshore wind energy produced at more than
100 km from the coast can be delivered to
shore more cheaply as hydrogen than as
electricity

A floating offshore wind farm of 1 GW with 5,500 full-load
hours, linked to a 1 GW electrolyzer capacity, delivers
about 110,000 tonnes of hydrogen per year. Less than

10 GW offshore wind-hydrogen capacity thus produces

1 million tonnes of hydrogen per year.

If we now compare the cost price of offshore wind that is
brought to land in the form of electricity with cables, with
the cost price of offshore wind that is brought to land in
the form of hydrogen with pipelines, then, at distances of
roughly more than 100 km from the coast, the hydrogen
delivered to shore is cheaper than the electricity delivered
to shore %], True, the hydrogen route requires that you
invest in an electrolyzer and also involves a conversion
loss (conversion of electricity into hydrogen), but this is
compensated by the fact that fewer conversions are
required (between alternating and direct current, and to
higher and lower voltages), and the hydrogen transport
costs are lower than those for electricity.
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Pipeline network for hydrogen transport in the North Sea, predominantly built from existing natural gas pipelines (13]
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Offshore wind-hydrogen production on the North
Sea

Large amounts of oil and gas have been extracted in the
North Sea over the last few decades. The gas extraction

is still ongoing, but many fields are approaching the end
of their production life. What is left behind afterwards is

a large natural gas transport network. In recent decades
offshore wind farms have also been built in the North

Sea, all of them in shallow waters and close to the coast.
Currently, attention is being increasingly directed at the
development of wind farms farther away from the coast
and in deeper waters. In 2021, 8,600 km? of the Scottish
seabed was auctioned, in the ScotWind seabed tender, for
the development of offshore wind farms. In March 2022,
17 offshore wind projects were approved, for a total
capacity of almost 25 GW, of which 15 GW in floating
offshore wind farms.

Although the 2023 initiatives still only concern electricity
production, the possibilities of producing offshore wind
energy in the form of hydrogen are under study. The
existing network of natural gas pipelines can be employed
to transport hydrogen: the pipelines of various North Sea
companies are suited for the purpose. On the basis of the
existing network and the current developments in offshore
wind, particularly floating wind, we have investigated what
a pipeline network for hydrogen in the North Sea could
look like.

Hydrogen from the North Sea can easily be
transported to all parts of Europe through
existing natural gas pipelines

We can repurpose more than 15,000 km of existing natural
gas pipelines for a hydrogen transport network in the
North Sea. A little less than 3,000 km of new hydrogen
pipelines would also be needed. The North Sea pipeline
network map on page 90 also shows a connection with
Iceland. This pipeline can be used to export cheap hydro-
gen produced from hydro power and geothermal energy

in Iceland to Europe. The existing connections to the
coast can simply be hooked up to the European Hydrogen
Backbone ", In this way, hydrogen from the North Sea
can easily be transported to all parts of Europe.

At least as important is the possibility of storing hydrogen
in the North Sea. The suitability of some empty gas fields
for this purpose is being researched. These gas fields are of
course already connected to the existing natural gas pipe-
lines. If they turn out to be suited for hydrogen storage,
then the existing platforms can also be repurposed to
pump hydrogen into and out of the empty fields. Depend-
ing on the size, 50,000-500,000 tonnes (2-20 billion kWh
[HHV]) of hydrogen can be stored in an empty gas field,
primarily for seasonal storage 13 %3,

An alternative is to store hydrogen in salt caverns. Salt
formations in many places under the North Sea have the
requisite thickness for the construction of salt caverns.

You can store 3,000 to 6,000 tonnes (120-240 million kWh)
in such salt caverns, which is 10 to 100 times less than in
empty gas fields. However, the advantage of salt caverns is
that you can load and unload them faster than gas fields.
For this reason, you can make good use of them for storage
for periods of days or weeks.

It is possible to make hydrogen on the North Sea using
offshore wind. Since hydrogen can be seasonally stored

in empty gas fields, and daily or weekly stored in salt
caverns, a continuous flow (baseload) of hydrogen to
shore is possible. Many industries, such as steel and
chemicals, require a hydrogen baseload. The hydrogen
network we have outlined can transport between 300

and 400 GW of hydrogen to shore. If this is done in base-
load, then this amounts to 60 to 80 million tonnes of
hydrogen (2,400-3,200 billion kWh [HHV])—about one
quarter of the European Union’s total energy use 4,

In order to produce this entirely with offshore wind
capacity, between 550 and 750 GW of offshore wind
capacity is needed. The installation of this wind capability
requires between 75,000 and 100,000 km? of space, that is,
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Flexible energy transport over long distances

With floating wind turbines you can generate wind
electricity at deeper water depths, frequently at great
distance from the coast. A hydrogen pipeline is needed
to bring this energy to shore. But since this sometimes
involves distances requiring thousands of kilometers
of pipelines, the question arises as to whether other
solutions might exist for this energy transport.

One solution is to make use of a kite that can generate
electricity at great height, higher than that of a wind
turbine, where the wind blows even more strongly.

Set up on a ship, the kite can always be flown where the

Artist impression of kite ships producing hydrogen

wind is strong. The capacity factor is therefore 80-90%,
which is equivalent to 7,000 to 7,800 full-load hours.
The electricity generated by the kite is converted into
hydrogen and stored under pressure in tanks. When
the tanks are full, the kite ship returns to harbor to
discharge the hydrogen. The kite ship is flexible and
can sail to the harbor where the hydrogen fetches the
highest price. This is an advantage compared to wind
turbines with pipelines. This technology certainly has
potential, but it needs to be developed much more
before it can be profitably exploited. A start-up and
various technical universities are working on it [,

Artist impression of seaweed farming in wind farm 7

13-17% of the surface of the North Sea. Incidentally, of this
area, only 1,500-2,000 km? is taken up by the wind turbines
themselves. This represents less than 1% of the surface

of the North Sea ¥,

Cultivating seaweed in offshore wind farms

In wind farms there is lots of space between the wind
turbines. Large wind turbines of 15 MW, with rotor
diameters of more than 200 meters, can easily be more
than a kilometer away from each other. In the space
between the turbines you can do other things, such as
farm fish, install floating solar farms, or farm crops like
seaweed 7). Seaweed is a food source for humans and
animals, as well as a feedstock for chemicals and phar-
maceutical products. Seaweed also contains carbon, with
which you can, together with hydrogen, produce a variety
of synthetic fuels. And seaweed can naturally also be an
energy source: you convert it into usable energy carriers.

Seaweed is usually cultivated on long lines that hang in
the sea. Wind turbines are ideal constructions for the
attachment and mooring of these lines. By farming
seaweed in wind farms, you can exploit the open space
between the wind turbines in a useful and economically
interesting way. Seaweed has additional advantages.

It counters acidification and eutrophication, because it
absorbs the nitrogen and phosphorus from the oceans.
And, as it grows, it also removes carbon dioxide from the
atmosphere. In addition, the cultivation areas become
breeding grounds for fish.

In an offshore wind farm far from the coast you can
produce hydrogen with both wind energy as well as
seaweed. If you use seaweed, you can for instance first
have it digested. You then apply steam methane
reforming or autothermal reforming to it, which allows
you to capture 80-90% of the released CO,. For every
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Production of hydrogen and CO, by an offshore wind- and seaweed farm

Wind turbines

- Full-load hours

- Efficiency of the electrolyzer
- Installed wind capability

Hydrogen production from wind

Seaweed farming

-Yield, dry matter

- Methane production

- Efficiency of the steam methane reforming (SMR) with CO, capture
- CO, capture from SMR (CO, from digestion not included)

- Surface available in wind farm for seaweed farming

Hydrogen production from seaweed

CO, production from seaweed

kilo of hydrogen, seaweed thus also produces about 8 kg
of CO,. This does not include the CO, from the digestion
process. We can now calculate how much hydrogen and
CO, this wind- and seaweed farm produces per km?; the
total amounts to 1,000 tonnes of hydrogen (900 tonnes
from wind and 100 tonnes from seaweed), and 800 tonnes
of CO,. Using hydrogen, CO,, plus nitrogen and oxygen
(from the air), we can make all of the synthetic fuels
(aviation fuel, diesel, gasoline) and basic chemical prod-
ucts, (methanol, ammonia, benzene, propylene, etc.).

In the sustainable, circular use of the chemical products,
the CO, is no longer released into the air; in fact, we can
even speak of negative CO, emissions. Of course, this
would also be the case if you stored the CO, in an empty
gas field or aquifer.

‘ Assumptions ‘ Production

5,500 hr/year [98]

810/0HHV = 680/0LHV

8 MW/km2 [4]

900 tonnes H,/km?

2,000 tonnes/km?2 [99]
2,500 kWh/tonnes [100]
80%4y=73% py (101
8 kg CO,/kg H, [101]
90%

100 tonnes H,/km?
800 tonnes CO,/km?

The use of offshore wind-seaweed-hydrogen production
farms to produce the equivalent of all the energy for the
entire world (168,000 TWh/year) in the form of hydrogen,
would require a total ocean surface area of 4.3 million

km?Z This is only 1.2% of the 362 million km? of total ocean
surface %2, In addition, you remove 3,440 million tonnes of
CO, from the air. If we store all this CO, or lock it in products,
we can reduce global net CO, emissions by about 10% (in
2021 34.9 billion tonnes of CO, were emitted %), You can
therefore regard seaweed farming and processing as a form
of direct air capture (DAC): the extraction of CO, from the
ambient air. And this is probably much easier and cheaper
to do than with a technical installation!

Offshore solar energy

Because of the spatial constraints on land, solar panels are also installed on

water. An extra benefit: the water cools the panels, whereby they produce

a higher output. The question is: can you also make use of solar panels on
the sea, in a saline environment, and with high waves?

Floating solar panels on the sea

A number of companies are exploring the potential of
floating solar panels on the sea, and solar cell and panel
producers have announced plans to collaborate with
offshore technology companies 1% [1%], There are also a
variety of start-ups and new developments in the field.
These are all signals indicating that floating solar panels
and solar farms on the sea are becoming a serious
option (106, [(107],

There are many indications that floating solar
farms are becoming a serious option for the
production of electricity and hydrogen on the sea

There are many ways of having floating solar panels move
with the motion of the water. The first floating systems
were derived from land-based systems: solar PV modules
were placed on a small floating platform; several floating
platforms were then attached to each other. A second
design consisted of floats with pontoons. Solar panels were
installed on top of these, with the same support structures
as used on land. This approach works well on calm waters,
such as lakes, but not when the waves are high, as at sea.

The Ocean Sun company came up with an innovative
solution, borrowed from fish ponds in fjords and on the
sea: solar panels are held together with a hydro-elastic
membrane, which, for mooring, is enclosed by a rigid,
circular frame %7, Because the membrane is in contact
with the underlying water, the cooling is superior to that
of the above-mentioned configurations. In addition, the 95
membrane allows the solar panels to accompany the
wave motion, so that the wind resistance is minimized.
This configuration can withstand wind speeds of up to
275 km per hour, which is comparable to the wind force
of a hurricane.

Compared to land-based systems, the floating solar farms’
Balance-of-System (BOS) costs (for the support structure,
mooring, and salt protection) and maintenance costs are
higher. However, if you generate more energy per surface
unit, then you reduce the share of the BOS costs. For float-
ing solar energy systems on the sea, it therefore makes
sense to opt for panels with a higher efficiency, even if
they are relatively more expensive. The ultimate choice is
an outcome of an economic assessment; higher efficiency
does not always equal lower costs. But floating solar farms
must of course be deployed on the sea wisely, particularly
since they limit sunlight penetration into the water, which
can impact marine life.
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Floating solar panels for hydrogen production

As in the case of wind turbines, we also want to be able

to deploy solar farms at a greater distance from the coast.
Since hydrogen transport costs are lower than those for
electricity, it could be of interest to convert the electricity
generated into hydrogen. And because solar panels deliver
direct current, you can practically feed it directly into the
electrolyzer.

Even if there isn’t more solar irradiation on the sea than
on land, the output of floating panels can nonetheless be
higher by a few percent. This is due to the better (water)

cooling of the panels. The number of full-load hours at sea
does not differ much from the number of full-load hours on
land at the same latitude. At good locations, the number of
full-load hours for solar panels is about 2,000. If we connect
the solar panels to an electrolyzer with the same capacity,
then it, too, has only 2,000 full-load hours. In practice, it
makes more economic sense to size the capacity of the
electrolyzer at about 70% of that of the solar-cell system,

in order to increase the number of full-load hours. In this
manner you save considerably on electrolyzer investment
costs, while losing only a few percent of the solar panels’
output.

Floating solar panels on a hydro-elastic membrane, suited for application with high waves (107

Even if there isn’t

more solar irradiation
at sea, because of
the better (water)

Floating solar-hydrogen production farm north of Crete that can produce 1 million tonnes of hydrogen ¢
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On the Mediterranean Sea we can deploy floating panels A floating offshore solar-hydrogen farm of this kind requires
with full-load hours of about 1,800. To produce 1 million much more solar and electrolyzer capacity than a floating
tonnes of hydrogen, 30 GW of solar panels is needed, offshore wind-hydrogen production farm. Nonetheless,
together with 21 GW (70% of 30 GW) of electrolyzers. the hydrogen production costs can be of the same order
One study was carried out for a floating solar farm off the of magnitude. The investment costs per kW for these solar
coast of Crete. The study was based on the deployment farms are in fact many times lower than those for wind
of the Ocean Sun floating structure, upon which the solar farms. On the other hand, the spatial requirements of a
panels are installed. The electrolyzers, back-up batteries, floating offshore solar farm are many times greater than
and compressors are placed on a moored flat barge. those of an offshore wind farm.

cooling the output
can nonetheless be
a few percent higher
there than on land

This solar-hydrogen system produces 1 million tonnes
of hydrogen per year.
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Energy from temperature differences

Ocean water is a source of energy. You can draw cold water from the sea and
use it to cool buildings through seawater air conditioning. And you can exploit
the temperature difference between surface water and deeper waters to
generate electricity (ocean thermal energy conversion [OTEC]).

Seawater air conditioning

In many tropical areas buildings need to be cooled through-
out the year. On islands and in coastal cities, this no longer
requires an air conditioner run on electricity, but can also
be done by using deep seawater. Seawater air conditioning
(SWAC) is feasible for example in the Caribbean, with all
itsislands, as well as in a number of cities on the coasts of
Africa, Asia, Australia, and South America.

SWAC works very simply. You first draw cold water (at
about 6 °C) from a depth of about 800 meters to the sur-
face. By means of a heat exchanger, you transfer the cold
to a cooling circuit for buildings, similar to the cooling
circuits that are currently already used. When the seawater
leaves the heat exchanger, it has been warmed up to about
12 °C; you then pump this water back to a depth where the
seawater temperature is at this level.

Cold seawater can be used not only to cool buildings,
but also to extract freshwater from the air

This form of SWAC can be used in areas that have a high
demand for cooling and are situated next to a sea where
the coastline drops off very rapidly. Under less ideal
conditions, you can also use variations of this system.
Seawater with a temperature above 6 °C can be cooled

further to the desired temperature by means of a heat
pump. Moreover, seawater can also be used as a source

of heat for buildings. To this end, you can use a heat pump
to further raise the temperature of shallow seawater.

Freshwater production with cold seawater

Cold seawater can be used not only to cool buildings, but
also to extract freshwater from the air. This principle is also
simple. In hot areas with high air humidity, the water vapor
in the air precipitates on cold surfaces. This, for example is
what you see happen when you take a cold glass of water
out of the refrigerator. This condensation occurs because
cold air can hold less water vapor than warm air. The cold
water in the glass cools the air around the glass, causing
the water in the air to condense: small droplets form on the
outside of the glass.

If you let cold water flow through pipes just under or on
the ground, then the air around the pipe cools down. This
causes condensation, which you can use to irrigate crops.
In this manner, you can provide trees, grass, plants, and
vegetables with water. You can do this with seawater from
5°C up to even 12 °C, but also with freshwater that you
have cooled with cold seawater and a heat exchanger.

An irrigation system of this kind is easy to combine with a
SWAC system, which is typically installed in areas where
air humidity is high, that is, on the coast.

5 [109]

Seawater air conditioning system for building
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Ocean thermal energy conversion

Of all the solar irradiation that reaches the Earth, 70%
shines on the oceans. Most of it warms up the upper layers
of the oceans—the largest solar collectors on the planet.
The oceans’ deeper water is colder. The temperature differ-
ence between the surface and deeper water can be used
to produce electricity. The water temperature at the sur-
face is 25-30 °C, while at depths from 600 to 1,000 meters
itis only 3-7 °C. One finds temperature differences that

are big enough for the generation of electricity primarily
around the equator, between the two tropics. The ocean
thermal energy conversion (OTEC) system has various
components, including an evaporator, condenser, turbine,
generator, and pump. Electricity is generated as follows.
Through heat transfer from the warm surface water in the

Chilled freshwater distribution

evaporator, a working fluid with a low boiling point is
vaporized. This vapor spins the turbine, which is coupled
to a generator that produces electricity. The vapor then
flows to the condenser, which is cooled with deep sea-
water so that the vapor is condensed back into a liquid %!,
A big advantage of OTEC is that it can produce the base-
load (continuous flow) electricity. Pilot projects are under-
way worldwide. The problem however is that an OTEC
installation generates relatively little electricity because
of the limited temperature difference. An additional,
cost-boosting, feature is that they float on the sea, thus in
a corrosive environment, usually far away from the coast.
OTEC installations therefore produce rather expensive
electricity. A possible solution would be to combine OTEC
installations with floating wind and/or solar farms.
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from freshwater to saltwater.

Tidal energy

Tides are caused by the gravitational force, and by the
rotation of the moon around the Earth and of the Earth
around the sun. Tides produce water flows and water level
differences (ebb and flow) on the coast, from which you
can harvest energy. This is one of the few energy sources
that is neither directly nor indirectly derived from solar
energy.

There are a variety of ways of harvesting tidal energy.

You can use the water flow produced by the ebb and flow
of tides to drive underwater turbines. Another option is to
fill a barrage at high tide and empty it again at low tide.
You can produce electricity with turbines driven by the
water flow.

The advantage of tidal energy is that it is very predictable.
On the other hand, there are only a few locations where the
tide differences or flow speeds are big enough. Moreover,
the number of full-load hours is small, with the result that
tidal energy plants produce relatively expensive energy.

Wave energy

Waves are also a source of sustainable energy. Waves are
created by the winds blowing on the sea surface. As long as
waves propagate more slowly than the wind speed above,
energy is transferred from the wind to the waves. Wave
energy is thus an indirect form of wind energy.

There are different principles and technologies for the

Energy from tides, waves, and osmosis

Besides wind, sun, and water temperature differences, the oceans offer even
more sources of sustainable energy: the tides, the waves, and the transitions

harvesting of wave energy, including absorbers, attenua-
tors, over-toppers, oscillating water columns, and undula-
tion. All of them require complex, mechanical installations
in or under the water. These technologies can also have an
impact on the subsurface marine environment. Nonethe-
less, wave energy has a reasonable potential. In combina-
tion with offshore wind and/or solar farms, wave energy
could possibly make a contribution to the generation of
sustainable energy.

Osmotic energy

Osmotic energy can be harvested from the flow of fresh-
water into saltwater. This is energy that becomes available
as a result of the difference in salt concentrations between
freshwater and saltwater. If you place a membranein a
basin with freshwater on the one side and saltwater on the
other, the freshwater will flow through the membrane to
the saltwater, until the salt content on both sides is in
equilibrium. You can harvest energy from this difference

in salt concentration.

The salt concentration in the North Sea is about 35 grammes
per liter. In theory, when the salt concentration difference
between freshwater and saltwater is 35 grammes per liter,
there exists an osmotic pressure difference of 29 bar, that is
equal to a height difference of 290 meters. In other words:

if 1 cubic meter of freshwater flow into the North Sea, this
will theoretically generate as much energy as letting 1 cubic
meter of water fall from a height of 290 meters 114,

In theory it would therefore also be possible to develop an
osmotic pump that pumps freshwater into the sea from
below sea-level, to regulate the water levels and consumes
no electricity, but produces net electricity. This could

offer interesting possibilities in dams and sea defenses in

Wave-energy generator

Bangladesh, the Netherlands, and other low-lying countries
on the coast. The harvesting of osmotic energy is however
not yet fully developed, particularly because it requires an
extensive membrane surface and the membrane can’t be
allowed to become clogged with dirt.
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sustainable energy, seaweed, air, and saltwater.

Sustainable energy produced close to the coast is trans-
ported to shore as electricity, where it is used to power
appliances, light, communication, data centers, transport,
and freshwater production.

Sustainable energy produced farther away can be brought
to land in the form of hydrogen through pipelines. On land,
the hydrogen can be liquefied, transformed into ammonia,
or bound to another molecule—a liquid organic hydrogen
carrier (LOHC)—so that it can be transported worldwide by
ship. Once it is brought to land, hydrogen can also be used
as a feedstock for chemical products and synthetic fuels,
and used for transport.

Additionally, the seaweed cultivated between the wind
turbines can be harvested and shipped. This crop can
be used as livestock and fish feed, as a feedstock for
pharmaceutical and chemical products, as an energy
source, and as a source of carbon for chemical products
and synthetic fuels. Freshwater can be made from salt-
water, and all sorts of chemical products and materials
can be recovered from the brine.

Lastly, you can cool buildings and greenhouses on the
coast with deep seawater (SWAC). And, with the same
cold seawater you can condensate freshwater from the
air, and use it to irrigate trees and plants.

Opportunities for islands and coastal areas

Interconnected systems can be developed around islands and in coastal areas,
where the potential for sustainable energy production is large. In these areas you
could also produce chemical products, synthetic fuels, materials, and food using

If you realize all these possibilities on a single island, then
such an island would sustainably meet its own energy and
water needs, as well as export a variety of energy carriers,
chemical products, and materials by ship or pipeline.
There are many islands and coastal areas with the poten-
tial of developing into such a location for the export of
sustainable energy and sustainable products. Examples
would include islands in the Caribbean region and the
Pacific Ocean, around the Philippines, Madagascar,

Sri Lanka, and Hawaii, as well as islands like the Orkneys
or Iceland. There are undoubtedly many more suitable
locations. It is also conceivable that artificial (floating)
islands could be set up at suitable locations, especially
for the production and export of sustainable energy,
chemical products, synthetic fuels, and materials.

Many islands and coastal areas can begin
exporting sustainable energy, chemical

products, synthetic fuels, materials, as
well as food

With sun, wind,
seaweed, and
seawater, islands
can produce an array
of sustainable energy
carriers, chemical
products, synthetic
fuels, materials,

and food




CLEAN ENERGY
AND MATERIALS
FROM BIOMASS
RESIDUES 1|

Biomass residues can constitute a cost-effective source of green energy I
and green carbon. Wastewater treatment plants (WWTPs) will in the

future become sources of green energy, carbon, raw materials, and

clean water. And thanks to seaweed farming, the oceans will become of
sources of food, (raw) materials, and energy. Moreover, the “sargassum b (3
plague”, or the excessive growth of seaweed, can be used in our favor.
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Indirect source of solar energy

Solar cells perform better than photosynthesis in the conversion of solar energy into
a useful energy carrier. Cultivating biomass for energy production therefore does not
make sense. At least on land, because cultivating biomass on the sea can certainly be
efficient. Sargassum (seaweed) is therefore no longer a plague, but a blessing.

The cycle of life: photosynthesis and combustion 17

Carbon dioxide(CO,)
Water (H,0)
(Sun)light/energy

Photosynthesis
chloroplast

Burning
mitochondria

Glucose
(energy)

Glucose
Oxygen(0,)

Energy-rich biomass

Besides the sun and the wind, biomass is also an indirect
form of solar energy. Plants, trees, and seaweed grow
through photosynthesis. Thanks to solar energy, carbon
dioxide (CO, from the air) and water (H,0) are trans-
formed into oxygen (0O,) and glucose (C.H_,O,). When
animals and humans eat and “burn” this energy-rich
biomass, the glucose is broken down with the help of
oxygen. The energy it contains is released, together with
water and carbon dioxide—the ingredients for plant
growth. You may conclude that life on Earth is a cycle,

which is powered by the sun.

Food production versus energy production

If biomass contains energy, you could therefore be able to
use it as a source of energy. This is not sensible however.
Solar panels can actually convert sunlight far more effi-
ciently into usable energy than crops can %3, Solar panels
today have an efficiency of 20-25%, while the maximum
efficiency of C3 photosynthesis (the basic process) is 4.6%,
and that of C4 photosynthesis (during an intermediary
step, a bond is made with 4 C atoms) is 6% at the most
(113, The maximum efficiency, which occurs in corn, sugar
beet, sorghum (various grain varieties), and elephant
grass, is moreover only possible when sufficient water
and nutrients (e.g., nitrogen and phosphate, from manure
and fertilizers) are available. Solar panels require none of
these. This is why it makes more sense to grow biomass—

Wood production with sawdust as biomass residual stream

certainly on land—for food production than for energy
production. It is however clearly useful and sensible to
utilize the biomass residues to produce energy. This for
example concerns (animal) manure, unusable parts of
crops, harvest residue, or residual streams that remain
after processing (e.g., wood shavings and treatment
sludge). Biomass is also present in the oceans in the form
of seaweed, which in some areas even constitutes a
plague. Such residual streams can be used not only as
energy sources, but most of all as sources of carbon.

Excessive seaweed growth in the oceans

Alarge amount of nutrients ends up in the oceans because
of the runoff of fertilizers. In many places the result is
eutrophication, which causes the excessive growth of sea-
weed. Sargassum, in particular, is a big problem in the
Caribbean, and in Central and South America. The sea-
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weed’s excessive growth causes considerable health,
environmental, and economic damage. But seaweed is
also a good raw material. In combination with the pro-
duction of solar and wind energy, you can use it to supply
fully sustainable refineries and chemical complexes with
the right energy and feedstocks. In this way you kill two
birds with one stone: combat the eutrophication and
acidification of the Atlantic Ocean (the “sargassum
plague”), and develop a sustainable feedstock and
materials system.

It makes more sense to grow biomass on
land for food production than for energy
production
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Green energy and carbon

Residual streams of dry biomass (e.g., straw, sawdust, and
wood waste) and of wet biomass (e.g., manure, sludge, and
fruit and vegetable waste) currently play an important,
often local, role in the generation of sustainable energy.
Dry biomass can be incinerated, and the thereby released
heat can be used for cooking or heating. It is also possible
to make pellets from dry biomass, which can be used to
(co-)fire electric power plants. Wet biomass is typically
digested into biogas, which can be burned and the gener-
ated heat used for cooking or heating. Biogas can also be
used in a gas turbine or gas engine, with which to produce
electricity and heat. In recent years biogas has also been
upgraded to natural gas quality, to then be distributed
through the gas network. Or it can be used to make
bio-CNG (compressed natural gas) or bio-LNG (liquefied
natural gas), for use in vehicles and vessels.

In a sustainable energy system, biomass residues can

also serve as a source of green carbon. Carbon is needed
in chemical products (e.g., methanol, plastics, and paint)
and in high energy-density fuels (e.g., diesel, aviation fuel,
and gasoline). Currently, we extract the carbon from crude
oil, coal, and natural gas—all “hydrocarbons”, compounds
of carbon and hydrogen. In a sustainable energy system
the carbon will have to come from other sources, such

as biomass residues. Or we can recover it from chemical
materials at the end of their lifecycle. In all likelihood, the

Source of hydrogen and carbon dioxide

It is better to convert biomass into bio-hydrogen and bio-CO, than to combust
or digest it. You can use hydrogen as a feedstock and energy carrier, and carbon
dioxide for CO, dosing in greenhouses and as a feedstock in industry. Carbon is
in fact necessary in many chemical products and synthetic fuels.

extraction or recovery of carbon from these two sources will
be cheaper and simpler than the capture of carbon (in the
form of CO,) from the air (direct air capture) 14,

To bring all of this about, you can convert biomass streams
in the future into bio-hydrogen and bio-carbon dioxide.
Hydrogen can be used as feedstock and as an energy carrier;
carbon dioxide can be used as a feedstock for products, for
which we currently still use fossil carbon, and for CO, dosing
in greenhouses, to stimulate plant growth.

In a sustainable energy system biomass
residues are a source of green energy
and—especially—of green carbon

Hydrogen transport through the natural gas
infrastructure

Biogas that has been upgraded to natural gas quality is

now often distributed through the natural gas network.

If natural gas activities ceased completely, then the natural
gas infrastructure would need to be maintained exclusively
for the transport of biogas, the available volumes of which
are far smaller. But this same natural gas infrastructure is
also suitable for the transport of hydrogen. If you convert the
biogas into hydrogen and CO,, then you solve the problem:

you can use the existing natural gas infrastructure entirely
for the transport of hydrogen. You thereby avoid a natural
gas lock-in, and you simultaneously accelerate the transi-
tion to a sustainable energy system. Ultimately, we would
use the natural gas infrastructure exclusively for the trans-
port of hydrogen, from electrolysis, from biomass residues,
and, in a transitional period, also still from fossil energy
sources. You could also continue distributing biogas from
biomass residues via a local network, if this is better suited
to local conditions.

Anaerobic digesters at a wastewater treatment plant

In summary, the reasons for the conversion of biomass resi-

dues in the future into hydrogen and CO, are the following:

+ Hydrogen can be used as an energy carrier and feedstock,
and CO, as feedstock.

« The use of both bio-hydrogen and bio-CO, avoids fossil CO,
emissions.

+ The storage and/or long-term locking of bio-CO, in pro-
ducts results in negative CO, emissions.

+ Anatural gas lock-in is avoided and the existing natural
gas infrastructure can be used entirely for the transport of
hydrogen.
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Positive business case, now and in the future
Upgrading biogas to natural gas quality and then convert-
ing itinto hydrogen and CO,: this involves two conversion
steps, each with an associated energy loss and additional
investment costs. Why is it nonetheless economically
attractive, now and in the future? Because you are making
not one, but two products, namely, hydrogen and carbon
dioxide. The prices of the two develop in different ways.
Let’s first look at the technology. After biogas is upgraded
to natural gas quality, we convert itinto H, and CO,. This is
done with a small-scale steam methane reformer, or with
an autothermal reformer. If you use manure or another
plant waste as the biomass residual stream, then for every
kilo of hydrogen you will also produce about 15 kilos of
CO, %31, The hydrogen is transported through a pipeline to
the energy system, where its price needs to be competitive
with hydrogen from other sources. We liquefy the CO, and
transport it by road to clients, such as a chemical factory,
a biofuel plant, or a greenhouse horticultural area.

How do you make hydrogen and carbon
dioxide from biomass residues?

You can use gasification to convert dry biomass residues and
plastic waste into a syngas gas, which consists of methane
(CH,), hydrogen (H,), carbon monoxide (CO), carbon dioxide
(CO,), and nitrogen (N,). You can then further convert and
separate this syngas into H,, CO,, and N..

Wet biomass can first be digested, which produces a biogas
consisting mainly of CH, and CO,, or gasified, which produces
a bio syngas consisting of H,, CH,, CO, and CO,. You can then
convert this biogas or bio syngas into H, and CO,. There are
various gasification and digestion technologies for the
production of a bio syngas or biogas. The technologies needed
for the subsequent production of hydrogen and carbon dioxide
are the same ones that use fossil fuels (coal, oil, or natural gas)
to make hydrogen and CO,.

Production costs and income for 1 kg of hydrogen plus 15 kg of

carbon dioxide from biogas, now and in the future ***/

-’ Cost 1 kg H, + 15 kg CO,

- Income 15 kg CO,
- Income 1 kg H,

Now Future

This conversion of biogas into H, and CO, is economically
interesting. The price of green hydrogen will decrease in
the future because the electrolysis of water with sustain-
able energy will become cheaper. For its part, the price

of green CO, will increase because CO, will become scarcer.
In light of these contrasting price developments, a positive
business case is always possible, now and in the future.
We can illustrate this with a scenario for the price develop-
ment of hydrogen and CO,. Today, the cost of producing

1 kg of hydrogen plus 15 kg of CO, is 4-6 euros. Techno-
logical and efficiency improvements will reduce these
costs in the future to 2-3 euros. The income is a function of
the hydrogen price (let’s assume this is now about 5 euros
akilo, and 1 euro a kilo in the future), and of the CO, price
(let’s assume this is now 50 euros a tonne, and 200 euros a
tonne in the future).

Integrated wastewater treatment

Wastewater treatment plants process a large biomass residual stream: the
wastewater of citizens and companies. In the past this stream was only
treated, but today energy and raw materials are also recovered from it.

In the future a further step will be taken: the recovery of clean water and

the production of green carbon.

How to treat wastewater?

The first, primary treatment, stage in a wastewater
treatment plant (WWTP) consists of the removal of large
solids from the wastewater by means of filtration and
sedimentation. Then, in the secondary treatment stage,
bacteria break down the waste material in a process
accelerated by aerating the wastewater. After a period
of up to a few days, the wastewater has been “picked

clean”. The treated water is separated from the “activated
sludge”, a mixture of dirty water and sated bacteria. It then
undergoes tertiary treatment—disinfection, filtration,

and sometimes also nutrient removal—and is then
discharged into surface water. Part of the activated sludge
is reused in the treatment of new wastewater, and a signifi-
cant part is left over. You can use this surplus sludge to
produce biogas, but it can also be incinerated or landfilled.
Following the production of biogas, the digested sludge is
incinerated or used as a fertilizer in agriculture.

New technologies are becoming more and more effective,
using light or air, in increasing the yield of the sludge—and
thereby the biogas production. The further development
of these technologies and their large-scale application are
however uncertain.

Energy use in wastewater treatment

Wastewater treatment plants use energy mostly in the
form of electricity, for purposes including aeration, pump-
ing, and sludge dewatering. Furthermore, the WWTP also
needs energy to heat buildings, maintain the digester at
temperature, and to transport the left-over sludge with
trucks. The average electricity use is about 0.5 kWh per m3
of wastewater, with a range from 0.2 to 0.9 kWh/m3 (116} (117,
The average daily water consumption in the EU is 150 liters
per person 8, Practically all of this water, about 55 m3
per person annually, flows through the sewer system to a
WWTP. This is exclusive of stormwater, which is also often
transported through the sewers. The treatment of all of
this wastewater therefore requires approximately 28 kWh
per person annually. This represents 1-2% of the domestic
electricity use per person, that is, about 1,600 kWh per
person annually %%, Aeration accounts for more than

half (55-70%) of a WWTP’s electricity use, pumping of
wastewater streams consumes about 15%, while sludge
dewatering accounts for about 7% 129,
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Laughing gas emission by wastewater treatment
Laughing gas, or nitrous oxide (N,0), which is a green-
house gas that is 265 times as powerful as CO,, forms in
wastewater. After CO, and methane, laughing gas is the
biggest contributor to greenhouse gas emissions. Waste-
water contains on average about 0.05 kg/m3 of nitrogen,
in the form of ammonia, which comes from urine and fecal
matter 12, AWWTP produces about 0.03 kg of laughing
gas per kg of nitrogen 22, That is 1.5 kg of laughing gas per
1,000 m3 of wastewater. This represents a greenhouse gas
equivalent of almost 400 kg of CO,. Every year, WWTPs in
the Netherlands and in Europe emit, respectively, 310,000
and 15,500,000 tonnes of CO, equivalent in laughing gas.

Useful application of oxygen and heat

Efforts to reduce WWTP energy use and CO, emissions are
mainly targeted at saving energy, increasing the biogas
yield, and using sustainable electricity. A broader system
approach could achieve even more. Such an approach
begins with the production of hydrogen. You make hydro-
gen through the electrolysis of water in an electrolyzer that
is fed by a portion of the (self-generated and purchased)
sustainable electricity. But the production of hydrogen
through electrolysis also generates oxygen. And if you use
this oxygen instead of air for the aeration, then you have to
pump only one-fifth of the volume of air through the water,
because the bacteria only need oxygen. You therefore

Electricity use in wastewater treatment plants

make a considerable saving in the aeration’s electricity use.

How much useful heat does an
electrolyzer produce?

The amount of heat produced by an electrolyzer corresponds
to the energy loss that occurs in the conversion of electricity
into hydrogen. An electrolyzer with an HHV efficiency of 80%
produces 80 kWh of hydrogen from 100 kWh of electricity.
The remaining 20 kWh consists of heat (at 60-80 °C). Because
this heat is located in different parts of the system, in the
electrolyzer itself, the hydrogen stream, and the oxygen
stream, you can’t use all of it—probably 10-15 kWh [£2°1,

For the aeration an electrolyzer is needed that continuous-

And because you use oxygen instead of air, the laughing
gas emissions are also lower?¥, Lastly, you can use the
residual heat from the electrolyzer to maintain the digest-
er at temperature. In this way you end up having more
biogas—the biogas that you would otherwise have used

for this heating.

ly supplies the same amount of oxygen and heat. This
won’t work if the electrolyzer is only connected to wind
and/or solar power. A connection with the electric grid is
therefore also necessary. This can be done in a smart
manner, that is, by connecting half of the installed solar
and wind capacity to the electric grid, and the other half to

At wastewater treatment plants, one can
make good use not only of hydrogen,

but also of an electrolyzer’s oxygen and
residual heat

Laughing gas production and emissions at wastewater treatment plants in the Netherlands and Europe

Nederland Europa

Laughing gas production per 1,000 m3 of wastewater 1.5kg 1.5kg

Water use per person 120 liters/day [123] 150 liters/day [118]
Inhabitants 17.7 million 710 million
Laughing gas emission 1,200 tonnes/year 58,300 tonnes/year
CO, equivalent 310,000 tonnes/year 15,500,000 tonnes/year

the electrolyzer. With the same electric grid capacity, you
can now install and utilize twice as much solar and wind
capacity. Moreover, you can run the electrolyzer continu-
ously at full capacity; the connection capacity of the
electric grid is after all as large as the capacity of the
electrolyzer. Part of the electricity required comes directly
from the solar and wind capability, and the other part you
purchase as green power and is transmitted through the
electric grid.

Biogas conversion into H, and CO,

Combusting biogas in a gas engine, as is currently still
often done, is inefficient because you can’t make good
use of most of the heat. This is why biogas is increasingly
being upgraded to natural gas quality, so that it can be fed
into the natural gas network. If you are going to produce
hydrogen you will therefore need to install a new (sepa-
rate) pipeline. This investment is not necessary if you
convert the biogas into hydrogen and CO,: you can then
always repurpose the natural gas pipeline as a hydrogen
pipeline for the hydrogen from both the electrolyzer and
from the biogas.

TECHNOLOGY FOR THE FUTURE

Biopolymers

Bacteria make raw material for bioplastics from
treatment sludge

Bacteria degrade biomass residues into small frag-
ments (molecules), like CO, and H,. With chemical
technology we can use these fragments to make
all kinds of organic substances, known as synthetic
polymers. Under specific culture conditions,
bacteria can themselves also make polymers.
These are known as biopolymers. After many years
of investigation, researchers have succeeded in
getting bacteria to produce biopolymers from
treatment sludge 2%\, All you need to do is extract
the biopolymers from the bacteria and you’ll have
the raw material for bioplastics. An additional
benefit is that these bioplastics are biologically
degradable. Through bacterial fermentation
(digestion) you can for instance make polyhydro-
xyalkanoates (PHAs), a very multifaceted raw
material, with which you can for example make
degradable packaging and grow-pots for horti-
culture, or use in the 3D printing of medical bio-
implants. An example of such an implantis a
stent, which is used to keep blood vessels open.
PHA applications also make it possible to dose
medications very precisely and deliver them to
the right place in the body 127,

Medical application of PHA: a 3D-printed stent
(1 mm diameter) to keep blood vessels open 128!
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Furthermore, you can make good use of the generated
CO,, forinstance in horticultural greenhouses. If there is a
greenhouse area in the vicinity, you can use a pipeline to
transport the CO, to it. Alternatively, you can also liquefy
the CO,, and then transport it by (hydrogen-fueled) tank
truck to a chemical company or synthetic fuel producer,
where it will be used as a feedstock. Carbon dioxide can
be liquefied with different combinations of pressure and
temperature. In tank trucks it is transported at a pressure
of about 20 bar and a temperature of -30 °C.

Ammonia recovery from wastewater

Wastewater contains a great deal of nitrogen in the form of
ammonia. The discharge of ammonia into surface water is
not desirable because it leads to algal blooms and eutroph-
ication. For this reason it is converted into nitrogen in the
WWTP. This process uses lots of energy. But besides the
high energy consumption, the loss of the ammonia is also
a shame, since it could also actually serve as a fertilizer
and energy carrier. The production of fertilizer uses a lot
of energy. The Haber-Bosch process, which produces
ammonia (fertilizer) from nitrogen from the air and hy-
drogen, accounts for 1-2% of global energy use 12, This
fertilizer is applied to the land to produce plant proteins,
and part of it is used for livestock feed. The livestock

then transform the feed into animal proteins. Because

of all the losses in the production chain, only 17% of the
produced nitrogen is captured in proteins for human
consumption 2!, The conversion of proteins in our bodies
produces ammonia, which ends up in the sewer through
our urine. It can be advantageous, from an energy and
economic perspective, not to destroy thisammoniain a
WWTP, but rather to directly recover it from the waste-
water as fertilizer—or perhaps, in the future, as protein.
The conversion of ammonia into nitrogen in fact requires
the same amount of energy as the production of ammonia
from nitrogen and hydrogen using the Haber-Bosch
process, that is, 12.5 kWh/kg of nitrogen (12,

Currently, it is (still) best to recover ammonia from the
watery residual stream that flows out of the digester.

This stream actually contains high concentrations of
ammonia, and there are a variety of techniques to capture
it—for instance, as ammonium sulfate, a product that can
be used as a fertilizer.

In the future you will also be able to use aerobic hydrogen-
oxidizing bacteria to directly convert ammonium sulfate
into proteins. This is done by feeding the bacteria with
ammonia, hydrogen, and CO, %, By producing proteins
directly, you no longer need to go through the very
inefficient process of growing plants with fertilizer, water,
and solar energy, in order to then extract proteins. This
inefficiency is all the greater if you feed animals with corn
or soja, to then extract animal proteins.

The potential for ammonia recovery is large. On an annual
basis, it amounts to about 1.5 kg of “recoverable” ammo-
nia per person, based on the average volume of waste-
water 233, If we recover all of this ammonia and reuse it as
fertilizer, we would save 110 billion kWh of energy globally.
If this direct use of recovered ammonia were to encounter
resistance, such as legal obstacles or lack of social accept-
ance, it could still also be converted again into hydrogen.

Reuse of treated wastewater

All over the world treated wastewater is being discharged
into surface water or into the sea. This treated water is also
usable for irrigation, and you could also use it to make
demineralized water or drinking water. It is a shame to

let this water drain away, all the more so given that many
parts of the world are affected by freshwater shortages.
The production of hydrogen and oxygen through electroly-
sis requires very pure, demineralized water. To make this
water, you first need to pre-treat and then demineralize it
using a reverse osmosis (RO) installation. The result is
water of high quality, which you can make into drinking
water by means of a simple post-treatment process.

From an energy and
economic perspective,
it is advantageous

to recover ammonia
directly from waste-
water




Integrated system for wastewater treatment and sustainable energy production
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To make it suitable for the electrolyzer, the water needs to
be made even purer. This is done through a de-ionization
process.

To produce water for hydrogen you only need a small RO
installation. If you use a larger one, then you can also make
drinking water. You could first store the treated wastewater
underground, where the water would be further purified
by means of ground passage. Following reverse osmosis
(and remineralization), drinking water can then be deliver-
ed. Naturally, to prevent any health risks, a quality control
needs to be done before this water is returned to the drink-
ing water network.

Integrated wastewater treatment

The combination of wastewater treatment with sustain-

able energy production, creates an integrated system that

produces green hydrogen, green CO,, ammonia, irrigation
water, and drinking water. In the future, such a system
could even produce bioplastics and proteins, with no CO,
emissions, and with fewer to absolutely no emissions of
methane and laughing gas. The most important benefits of
such an integrated system are the following:

1 Production of green energy from the sun and wind.

2 Production of green hydrogen through the electrolysis
of water with renewable electricity.

3 Possibility of integrating two times as much solar and
wind power into the energy system through a smart
combination of electrolyzer capacity and electric grid
connection electricity.

4 Production of green hydrogen and green CO, through
biogas reforming.

5 Good use of electrolyzer oxygen, thereby saving 50-75%
on electricity use for aeration 24,

6 Heating of the digester with residual heat from the
electrolyzer.

7 Lower methane and laughing gas emissions.

8 Recovery of ammonia from wastewater, thereby
saving on the use of electricity and hydrogen for the
production of new ammonia.

9 Besides the production of demineralized water for the
electrolyzer, the production of irrigation water and
potentially of drinking water by increasing the size of
the reverse osmosis installation.

10 Temporary underground storage of treated wastewater
for use in dry periods and as an additional treatment
stage.
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Sargassum: from plague to useful raw material

The sargassum seaweed has become a “plague” in many areas because of its excessive
growth. It washes up in huge quantities on the coast, where it causes health, environ-
mental, and economic damage. Here we will show how these problems can be solved,
while the potential of seaweed, as a source of food, materials, and energy, can be
simultaneously harnessed.

Excessive seaweed growth in the oceans Excessive growth of this brown algae causes considerable

Large quantities of nutrients are ending up in the oceans health, environmental, and economic damage. But sea-
because of the runoff of fertilizers. In many areas this weed is also a good raw material. In combination with
causes eutrophication, which then leads to the excessive the production of solar and wind energy, you can use it to
growth of seaweed. Sargassum, in particular, is a big prob- supply fully sustainable refineries and chemical complexes
lem in the Caribbean, and in Central and South America. with the right energy and feedstocks. In this way you kill

Renewable seaweed refinery-chemical complex, with seaweed and water as raw materials, and solar and wind as energy sources (32
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Food production from
seaweed is seen as
an important part of
the solution to food
shortage in the world

Seaweed farming and harvest

two birds with one stone: combat the eutrophication
and acidification of the Atlantic Ocean (the “sargassum
plague”), and develop a sustainable feedstocks and
materials system.

Seaweed as food

Fresh seaweed is a valuable material, from which you
can make food and other products, and extract energy.
Seaweed can be divided into three categories: green,
brown, and red, each of which has a specific application

as a food. Seaweed is used in various food products (e.g.,
soup, sushi, wraps, salads), in the production of hydrocol-

loids (alginate, agar, and carrageenan) which are used as
binding agents, and as animal feed and mussel feed.
Seaweed is also a source of proteins and oils, with which
you can make many health and medicinal products.
Seaweed farming is simple. It grows on lines in the water
and can be harvested several times every year.

Seaweed production up to 2050

Food production from seaweed is seen as an important
part of the solution to food shortage in the world %%,
Seaweed production is rapidly increasing globally. About
12 million tonnes of seaweed was harvested in 2000; in
2019 the figure had tripled to almost 36 million tonnes,
the largest part of which was cultivated seaweed. Asia
represents 97% of the market, but seaweed consumption
is growing fast in other parts of the world as well. In 2019,
the size of the world market for seaweed was about

8.4 billion dollars 3%,

The production of large volumes of seaweed for human
and animal food could dramatically impact food security.
According to a World Bank scenario, the growth of seaweed
farming will increase annually by 9-14% until 2050. This
means that in 2050 about 500 million tonnes (dry weight)
of seaweed will be produced. That is approximately 10%
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of the current world food supply. Seaweed production is

in addition a source of income for many people, including
fishermen.

For this scenario, the World Bank assumes an average
productivity of about 1,000 tonnes (dry weight) of seaweed
per km? (10 tonnes per hectare, or 1 kg per m?)—by its own
admission, this is a conservative estimate, which today ap-
plies to the best-performing, modern “sea farms”. For the
total harvest of 500 million tonnes in 2050, a sea surface of
about 500,000 square kilometers would then be needed,
the equivalent of 0.14% of the surface of all oceans 1%,

SOUTH AMERICA

Less eutrophication and acidification

Today’s agriculture uses large amounts of fertilizer to
achieve high levels of food production per hectare. It is
estimated that 15-30% of these fertilizers ultimately end
up in coastal waters, which become “dead zones” as a
result %, This is because the fertilizer constitutes extra
food (nutrients, particularly nitrates and phosphates),
which leads to massive seaweed growth in certain parts
of the sea. When this seaweed dies, the bacteria that
degrade the algae consume so much oxygen that none
remains for other life-forms, such as fish.

With seaweed farming such a surplus of nutrients can
actually be absorbed. If the seaweed is harvested as
opposed to letting it die, these “dead zones” can be
brought back to life.

With the production of the 500 million tonnes of dry sea-
weed in the World Bank’s scenario, about 10 million tonnes
of nitrogen would be absorbed. This is approximately 30%
of the amount of nitrogen that currently ends up in the sea
every year. Besides ammonia or nitrate, phosphate also
ends up in the sea. Because world phosphate reserves are
limited and depleting rapidly, seaweed could be used as

an alternative source of phosphate.

The growing concentration of CO, in the atmosphere con-
tributes to the acidification of the oceans, which impacts
marine life. The production of 500 million tonnes of dry
seaweed in the World Bank’s scenario could absorb

135 million tonnes of CO.. That is only a small part of the
34.9 billion tonnes of global CO, emissions in 2021 2%,
Yet, seaweed can control acidification locally, because it
raises the pH (acidity level) of the water (a higher pH value
means lower acidity) 37,

Sargassum as plague

Sargassum is a genus of brown seaweeds, comprised

of more than 300 different species, each with a specific
composition. In the Caribbean, the Gulf of Mexico, and
in the area where the Amazon flows into the sea, we see
excessive growth of this brown algae. Excessive growth
of seaweed, and not only of sargassum, occurs in other
parts of the world as well. Large quantities of sargassum
wash ashore on the coasts of the Caribbean islands, the
Gulf of Mexico, Brazil, Africa, and Europe, causing health,
environmental, and economic problems.

The amount of sargassum that washes up on the coast
varies by year, season, and location. It is also a function of
the ocean currents, the weather conditions (particularly
the wind direction), and the coastal morphology (seabed

relief, coastline, and dunes). In some months no sargassum
washes up at all, but in peak months millions of tonnes

can wash up. On beaches, in harbors, and in river estuaries,
washed-up seaweed dies, starts rotting, and releases awful
odors. This has a serious negative impact on the health,
living conditions, and ecosystems on the coast, and on
coastal marine life. It is also damaging to economic

activities, such as fisheries, tourism, and shipping 138,

Sargassum as energy and carbon source

Fresh seaweed is a valuable material, from which you

can make food and other products, and extract energy.
Not all seaweed species are equally suitable for all appli-
cations and products. Washed-up seaweed always
consists of a variable mix of different species. It is also
often contaminated with sand and other impurities, or has
already begun to decompose. This makes it difficult to use
it for food, materials, or energy production. In many areas
the washed-up seaweed is therefore collected, but then
burned. Those who grow seaweed themselves don’t have
these problems, and can specifically choose a particular
species or mix of species, depending on the intended
application.

Those who grow seaweed themselves,
can specifically choose a particular
species or mix of species

To prevent sargassum from washing ashore, it has to
be collected at sea. This can be done, for instance, by
installing a barrier in the water. Seaweed collected in
the sea is fresh and not soiled with sand. Of course, the
species are still mixed and sometimes contaminated
with heavy metals and other substances. Such a mix s
not appropriate for food production, but it can be used
to make products and for the production of energy.
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Products one could make from 1 tonne of wet weight

sargassum (139

1 tonne fresh sargassum

22 kg | Alginates
80 kg | Activated carbon
811 kWh | Energy
841L | Fertilizer
2,220 | Pairs of shoes
4tons | Compost (co-composting)
500 | Notebooks
44,444 | Soap bars
5,000 | Drink coasters or business cards
114 kg = Mushrooms
4,926 | Biodegradable single-use plates
108 | Sargablocks
11 | Seabales
99 | Sheep receiving 1 week of seaweed
supplement in their feed
10 kg | Fucoidan
<5kg | Bioactive secondary metabolites

Sargassum barriers at solar and wind farms

In order to exploit the sargassum that accumulates on

the sea, you need to collect it at a barrier and then

transport it. Barriers of this sort have been installed in a

Cleaning up washed-up sargassum is labor-intensive and dirty work [**?

number of places in the Caribbean, primarily in tourist
areas. A good example is the 4.2 km-long, floating barrier
which has been in place off Punta Cana in the Dominican
Republic since 2018. Specialized barges can collect
between 50 and 500 tonnes of sargassum per day at
these barriers.

As discussed earlier, seaweed farming in the Caribbean
can be effectively combined with floating wind farms. But
if you grow a specific species of seaweed in a wind farm,
you won’t want it to be “contaminated” with other species.
And no sargassum can thus be allowed to settle on cables
and pipelines in floating solar and wind farms. By setting
up sargassum barriers around and in between different
floating wind and solar farms, you could keep out the
sargassum that grows in the wild. This sargassum will
therefore not be able to contaminate the cultivated
seaweed, nor will it wash ashore. The harvesting of culti-
vated seaweed could possibly also be combined with the
collection of the seaweed caught in the barrier. In this
way, sargassum can serve as a source of food, feedstock,
materials, as well as energy. And the “sargassum plague”

can be transformed into a “sargassum blessing”.

Refinery with chemical complex

If you combine the production of sustainable electricity,
hydrogen, and oxygen from floating solar and wind farms,
with seaweed farming in wind farms, and the collection of
sargassum with barriers around and between floating solar
and wind farms, then you will have all the feedstocks you
need for a fully sustainable refinery-chemical complex.

Collected and cultivated seaweed needs to be cleaned,
dried, and stored before use. A solar collector can be used
to heat air to a high temperature. By pumping this air
through the seaweed, large amounts of seaweed can be
dried at once. This is faster than doing it in the open air.
The solar heat can also be used to maintain the digester—
to produce biogas from seaweed—at the right temperature,
and to further dry the seaweed, so that it can be gasified or
pyrolyzed.

If the collection and cultivation of sargassum are com-
bined, there is more control over the quality of the ulti-
mate feedstock. Moreover, there is no need to also use
cultivated seaweed as well. However, since the supply

of sargassum can vary greatly over time, large storage
systems are needed. If using collected seaweed, it needs
to be cleaned more thoroughly and the processes need

to be designed in a more robust way.

Ultimately the oil- and gas-based refineries in the
Caribbean, and in South and Central America—but

also at many other places in the world—can be replaced
with fully sustainable refineries and chemical complexes,
whose feedstocks come from seaweed and water, and
whose energy comes from the sun, wind, and seaweed.

You can ultimately replace oil- and
gasbased refineries with a sustainable
refinery-chemical complex based on
feedstocks and energy from the sun,
wind, seaweed, and water

What you can make from seaweed
in a chemical complex

Through a Fischer-Tropsch process you can make
sustainable fuels, like gasoline, diesel, and aviation

fuel. This requires biogas (CH,, CO,) or a bio syngas

(a combination gas of H,, CH,, CO, and CO,, which also
contains nitrogen [N,]), and hydrogen (H,) from sustain-
able energy. Through steam methane reforming or
autothermal reforming, biogas or bio syngas can be
entirely converted into hydrogen (H,) and carbon dioxide
(CO,). Autothermal reforming requires pure oxygen (0,),
which is produced through the electrolysis of water.
Sargassum also contains lots of nitrogen. Together with
hydrogen, through the Haber-Bosch process, this can

be converted into ammonia, a primary component of
fertilizer. From the bio syngas, or from H, and CO,, we
can make methanol. And we can make ethylene (C,H,)
from biogas or naphtha (a by-product of the Fischer-
Tropsch process), or even from CO, and hydrogen, which
is the basic compound used in making polyethylene or

a plastic. And there are many more chemical products
that can be made using the biogas, bio syngas, hydrogen,
oxygen, and nitrogen feedstocks.

We can produce biogas from seaweed using a bio-
chemical conversion route: anaerobic digestion. This

is a technology that we have applied for a long time.

We produce bio syngas from seaweed using a thermo-
chemical route, such as gasification, pyrolysis, or hydro-
thermal liquefaction. The application of the last two
processes generates biochar, which is primarily carbon,
and bio-oil.
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Solar and wind energy production has become very cheap in a short
period of time. A fully sustainable energy system however requires a
new design, based on the specific characteristics of sustainable energy
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From fossil to sustainable

With solar cells and wind turbines we can now produce green electricity for 1 to 2 eurocents
per kWh. But this can only be done at a very great distance from the energy demand. How do
we now get this cheap sustainable energy in a right form, at the desired time, to the correct
location? And how do we move as fast as possible from a fossil to a sustainable energy system?

An area- and system-oriented energy transition is
easier and faster than a sector- and technology-
oriented energy transition

Strengthening and repurposing infrastructure

Emission-free end-use

Itis important that the end-use of energy no longer pro-
duces any greenhouse gas emissions, particularly of CO,.
This is now already the case with the use of electricity for
lighting or appliances. But it is not the case in the use of
natural gas, for instance, to produce steam in an industrial
steam boiler, or hot water in a heating boiler at home. And
the diesel and gasoline in your car’s internal combustion
engine also produce CO, emissions.

The use of natural gas, gasoline, and diesel emits small
amounts of CO, at an immense number of places. It is diffi-
cult and expensive to capture and store this CO.. It is much
easier and more sensible to provide an energy carrier that
produces no CO, when it is used, even if the production

of such a clean energy carrier entails the emission of CO,.
Capturing CO, at a large-scale production plant is much
easier than from a multitude of small sources, such as car
exhaust pipes.

There are two important energy carriers that produce no
CO, when used: electricity and hydrogen. A little bit of heat
is released as a waste product when electricity is used.
The use of hydrogen generates electricity and/or heat, and
the “waste product” consists of clean water—which can

be reused, certainly in areas with water shortages.

There is yet another energy carrier whose end-use involves
no CO,, namely, hot water or steam. This energy carrier is
however only used locally.

We use electricity principally for power and light. We can
also use it for transport (e.g., battery-electric vehicles,
vessels, and airplanes) and for heat (with a heat pump).
We currently use hydrogen as a feedstock in the chemical
industry and in refineries. We can also use hydrogen as a
feedstock in making synthetic fuels, and to make iron
from iron ore. But hydrogen can also be used for mobility
(fuel-cell-electric vehicles, vessels, and airplanes), to
produce heat with boilers and/or fuel cells, or for the
production of electricity with fuel cells when thereis a
shortage of sustainable electricity.

There are two important energy
carriers that produce no CO, when
used: electricity and hydrogen

Emission-free end-use requires an extensive infrastruc-
ture for the transport and distribution of electricity and
hydrogen. Increased use of electricity—for mobility and
heating—entails an extension of the existing electricity
infrastructure. And for the transport and distribution of
hydrogen, apart from the construction of a new hydrogen
infrastructure, we also need as quickly as possible to repur-
pose the existing natural gas infrastructure for hydrogen.
The switch from natural gas to hydrogen does not have
to happen all at once for the entire natural gas infrastruc-
ture. It can also be done in phases, in a process in which
you would obviously start by connecting the large-scale
hydrogen production sites. Then, one area at a time, you
would start repurposing the natural gas infrastructure for
the transport and distribution of hydrogen to end-users.
To begin with, you would connect areas with large users,
for example, industrial clusters. Afterwards, you would let
all users in both rural and urban areas switch over from
natural gas to hydrogen. Hydrogen will thus flow through
the natural gas infrastructure to fueling stations, logistics
centers, brick and glass factories, milk and sugar beet
factories, bakeries, carwashes, clothing laundries,
crematoria, hospitals, schools, homes, etc. And you could
then also connect the small-scale hydrogen production
sites in these areas to the hydrogen infrastructure.

The natural gas transport companies have developed a hy-
drogen infrastructure plan for Europe based on the existing
natural gas infrastructure. In this plan 75% of the pipelines
are repurposed existing natural gas pipelines, and the re-
maining 25% are to be newly-built hydrogen pipelines!™.
In areas with a less developed natural gas infrastructure
the percentage of new pipelines is higher.

Area-oriented transition

Sustainability proposals are often premised on an approach
by sector, such as industry, mobility, or homes and build-
ings. The approach therefore consists of identifying the
most appropriate end-conversion technology for the sector
concerned. Accordingly, the proposal now is to switch to
hydrogen in industry (as a feedstock and for very high-
temperature heating), and in heavy transport (ships,
airplanes, trucks). For lighter mobility, heating of buildings
and homes, and medium temperature for industry, the
proposal is to switch over to electricity.

We need to quickly strengthen the electricity
infrastructure and repurpose the natural gas
infrastructure for hydrogen

This sector-oriented energy transition disregards the fact
that the energy system is not organized by sector. In an
energy system, it is the energy infrastructure, which
provides transport, storage, and distribution, that is the
connecting link between the energy production sites and
the end-users. This infrastructure is organized on an area
or regional basis. And since the energy carriers of the
future will for the most part be the same—i.e. electricity
and hydrogen—for all sectors, the degree of the inter-
connection of the different sectors in such an area will be
strengthened. An area-oriented approach, following the
spatial pattern of the energy infrastructure, is therefore the
easiest and fastest route to increasing the sustainability of
energy use.

Difference between countries

Depending on the initial situation, an area-oriented
approach can look very different from one country to
another. Here we compare Norway, where there is a strong
electricity infrastructure, with the Netherlands, which has
a widely branched natural gas infrastructure. We present
this comparison for illustration and in broad outline,
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Installation of low-temperature heating

Enhancing sustainability in Norway, with its strong
electricity infrastructure, is done differently than
in the Netherlands, which has a widely branched
natural gas infrastructure

primarily to indicate how a country’s context can be taken
into account when making choices in the energy system.
In Norway, electricity production is 95% based on adjust-
able hydro power. The existing electricity infrastructure
supplies not only power and light, but also space heating.
The capacity of the electric grid and the connection
capacity at homes are high. This facilitates the switch from
electrical resistance heating (which is now extensively
used) to heat pumps, since the electric grid requires less
capacity for heat pumps than for resistance heating.

The electrification of other functions, such as mobility, is
also easy in Norway. The proportion of battery-electric
vehicles is high and the charging infrastructure is good.
The charging can be done relatively quickly at homes,
because these often have a high-capacity connection. You
can also easily connect heavy excavators or pile drivers
electrically by cable to this strong electric grid.

In the Netherlands the situation is different. There the
electricity production is based on gas- and coal-fired power
plants, and is being made more sustainable with solar- and
wind-generated electricity. The electricity infrastructure

is used for power and light, but not for space heating. Gas
accounts for more than 95% of the heating. The average
capacity of the gas connections used for this purpose is

10 times bigger than that of electricity. Moreover, the
existing housing is often poorly insulated. It is therefore

not so easy to make existing housing in the Netherlands
completely sustainable using electric heat pumps. The
electricity infrastructure does not yet have the capacity
required for this. When it comes to heating, the switch from
natural gas to hydrogen would in principle be easier and
faster. The hydrogen would not need to be produced in
the Netherlands itself, but could be imported from places
with lots of sun and wind. The gas infrastructure is already
in place, and difficult-to-insulate homes can quite easily
switch over to sustainable sources. Hybrid heating would
be even smarter: a small heat pump for baseload heat, for
which you wouldn’t need to strengthen the electric grid,
and a hydrogen boiler for peak loads (winter cold and hot

water production)*4?,

In the Netherlands hybrid heating with
electricity and hydrogen is a smart way
of enhancing sustainability, without
having to strengthen the electric grid

In the somewhat more distant future, you could produce
electricity in buildings and homes with a small fuel cell
whenever the solar panels aren’t producing electricity—
at night and in the winter. You could then use the heat
produced by the fuel cell for space heating and hot water
production.

You could in the same way increase the sustainability of
mobility. Today, there are cars and trucks in the Nether-
lands that run on natural gas, and the fueling stations are
connected to the natural gas network. The natural gas is
compressed, so that you can fill up with compressed
natural gas (CNG). In the future, hydrogen could be trans-
ported through this gas network to the fueling stations.
You could therefore fill your tank with hydrogen relatively
easily and cheaply. And that would also mean that it
would be easier to make construction activities in the
Netherlands more sustainable, by equipping trucks,

generators, heavy excavators, and pile drivers with a
fuel cell. These machines could then simply be filled
up with hydrogen at a fueling station.

Norway and the Netherlands are two extreme cases, while
many other European countries are situated in between.
You have to examine which sustainability approach can be
realized quickly and affordably for each area. Also, outside
Europe, in places with different climate conditions and
societal factors, and usually more limited energy infra-
structures, you will always need to reconsider how best to
proceed to increase sustainability. But it will be clear that
an area- and system-oriented approach will be easier and
faster than one based on sectors and technology.

Flexibility thanks to hydrogen storage

The natural gas system is several orders of magnitude
larger than the electricity system. Currently, the natural gas
system, along with coal and oil, “feeds” the electricity
system. Natural gas is transported by pipeline from a gas
field to a gas-fired power plant, which converts it into
electricity. Thanks to the storage of natural gas in empty
gas fields, salt caverns, and porous rock formations, the
natural gas system, and thus the electricity system as well,
is flexible: the supply can be quickly adjusted to a variable
demand. Large-scale natural gas storage, on an hourly,
daily, weekly, and seasonal basis, is cheap, and can
balance supply and demand on all timescales, for both
natural gas and electricity.

Since you can store hydrogen in the same large-scale and
cheap manner, it will provide for the weekly and seasonal
flexibility in the electricity system. Supercapacitors,
batteries, electric boilers, and other forms of demand
flexibilization are needed to provide flexibility on the
shorter timescales of seconds, hours, and days.

The complete conversion from natural gas to hydrogen
means that gas-fired power plants will then run on hydro-
gen. The plants will therefore no longer emit any CO,,.

Still further into the future, more fuel cells will be brought
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Features of the current natural-gas and electricity system !

‘ Gas system ‘ Electricity system
Production volume by site Gas field Electric power plant
10-1,000 TWh/year 1-30 TWh/year
Distance between production site and use Pipeline Cable
up to 5,000 km Up to 1,000 km

Worldwide transport of

LNG by ship
Transport capacity Pipeline Cable
10-35 GW 1 (HVAC) - 4 GW (HVDC)
Storage capacity Salt cavern Pumped hydro power storage
200-500 GWh 5-25 GWh

Empty gas field,

with 10-100 times greater Largest battery storage system (2023)

storage capacity than salt caverns <1GWh

into the system: stationary fuel cells in homes, schools,
hospitals, farms, greenhouses, and businesses, and mobile
fuel cells in ships, trains, trucks, busses, cranes, tractors,
taxis, vans, and cars. All these fuel cells will together
provide the electricity system with so much flexibility

that, ultimately, large-scale, hydrogen-fired power

plants will no longer be needed.

Hydrogen and electricity price competition

Itis of course important to quickly produce lots of
sustainable energy from all available sources. But from
a system perspective, the production of sustainable
electricity makes economic sense when it is done
relatively “nearby” the end-users, since the transport
and storage costs of electricity are high relative to its
production costs. With hydrogen things are different.
Sustainable hydrogen production makes economic
sense when it is done on a large scale, in places with
good sustainable energy sources—primarily sun and
wind—as well as lots of cheap space. But these places
are often “far away” from the end-users, in deserts or on

the sea or ocean. In the case of hydrogen, the transport
and storage costs are actually low relative to the pro-
duction costs. For hydrogen, lower production costs

are therefore of greater significance for the price than
lower transport and storage costs.

When we say “nearby” we mean a few hundred up to, at
most, a thousand kilometers from the demand, in a place
where you can produce sustainable electricity in the order
of kilowatts to gigawatts. The transport distance is limited
by the transport costs, the scale of the electricity produc-
tion by the capacity of the cables. For all forms of sustain-
able electricity production, you will consider whether the
costs of electricity production and electricity transport can
in fact compete with the cost of producing electricity with
imported hydrogen.

Stationary and mobile fuel cells provide the
electricity system with so much flexibility
that hydrogen-fired power plants will
ultimately no longer be needed

By “far away” we mean distances from hundreds to
thousands of kilometers from the demand. Hydrogen
transport by pipeline can be economically attractive for
distances up to about 5,000 kilometers. For distances up
to a few thousand kilometers, transport by ship is more
costly than by pipeline, mostly because an extra conver-
sion from gas to liquid is still required. What is important is
that the hydrogen transport takes place as continuously as
possible, in baseload. This means that storage possibilities
also need to exist in the vicinity (up to a distance of a few
hundred kilometers) of the hydrogen production site—for
example, in the underground, in salt caverns, empty gas
fields, rock formations, or aquifers. An alternative is to
store hydrogen above-ground in tanks, in liquefied or
compressed form, or as ammonia. Storage above-ground is
significantly more expensive than storage underground.

In the case of large-scale hydrogen transport by pipeline,
we are talking about several million tonnes of hydrogen
annually. To load pipelines with a transport capacity of
10-30 GW, several tens of wind GW to hundreds of solar

A large gas transport pipeline through the desert

GW are needed. This refers to the export of hydrogen from
areas where cheap hydrogen can be produced; and to the
import to areas where energy demand is large, and where
it can’t be produced, or can’t be produced at a competitive
price.

The advantage of transporting hydrogen over long dis-
tances by ship is that this offers supply flexibility. Thus, in
the case of hydrogen production using floating wind and
solar farms far away on the oceans, we will see that the
hydrogen will be transported by ship (possibly in other
forms, such as ammonia). These vessels will sail to the
location where the best prices are being paid for hydrogen.
This resembles for instance the way today’s LNG market
works. A hydrogen world market will develop, like the one
we have for oil and gas, with regional markets for electrici-
ty. Price competition will determine which energy carriers,
in what proportions, are used in a specific area and sector.

131
A hydrogen world market will develop;

for electricity regional markets

Small-scale hydrogen production “nearby” can also be
useful. If the electric grid is congested, you can still gener-
ate more sustainable energy, by producing hydrogen and
delivering it to the hydrogen infrastructure. In this man-
ner you can cheaply transport and store hydrogen for its
later use when there is a demand for it. And at particular
sites, such as wastewater treatment plants, you can also
make good use not only of the hydrogen, but also of the
generated oxygen and residual heat. Moreover, in specific
situations, it is economically attractive to produce hydro-
gen close to the demand, because this allows you to save
on hydrogen transport costs by tube trailer—for example,
for hydrogen fueling stations that are not connected to a
hydrogen pipeline. In all of these situations the hydrogen
production is directly linked to a sustainable energy source,
and the scale of the hydrogen production ranges from tens
of kW to tens of MW.
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Conversion at-source: from natural gas into
hydrogen

A rapid switch of the natural gas infrastructure to a hydro-
gen infrastructure involves two challenges, namely, how
to quickly produce enough hydrogen, and what to do with
the natural gas. Both challenges can be solved in the same

way: by converting the natural gas into hydrogen at-source.

Natural gas can be converted into hydrogen using a variety
of technologies. The major share of hydrogen produced
today comes from steam methane reforming. This process
releases CO,, of which you can capture and store 50-80%.
With the newer autothermal reforming technology, you
can capture and store 90 to almost 100% of the CO,. But
there is also a technology that emits zero CO,: methane
pyrolysis. In this case, methane is heated and separated
into hydrogen (H,) and solid carbon (C) **3). Carbon is a
raw material for which there is a strong demand: it is used
in the production of ink, paint, graphene, and car tires, as
well as being a soil conditioner. Besides, you can store it
easily and cheaply.

Powdered carbon

Converting natural gas into hydrogen at-source has several
benefits. For instance, the CO, emissions can be immedi-
ately captured and stored in the gas field, with no need for
an extensive CO, infrastructure. Better still, is to produce
absolutely no CO, by using methane pyrolysis. And since
extensive technical-chemical installations already exist at
the gas fields—among others, to clean the gas, mix it with
nitrogen, and compress it—you can also easily produce
hydrogen there. Furthermore, you can build a large
installation with scale benefits that makes it cheaper than
small installations. In this way you also avoid the methane
emissions in the chain of transport, storage, distribution,
and use.

Price competition will determine how,
where, when, and how much hydrogen
and electricity is used

The conversion of natural gas into hydrogen is also called
pre-combustion CCS (carbon capture and storage). This
process occurs before the natural gas combusts. By using
steam to convert natural gas into hydrogen and CO,, you
get a pure CO, stream that can be effectively captured. CCS
is often thought of in terms of capturing CO, from the flue
gases of electric power plants, large steam boilers, blast
furnaces, or chemical installations. This is called post-
combustion CCS: the process takes place after the
“combustion” of natural gas, crude oil, or coal. You first
need to separate the CO, from the waste gases—mixtures
of CO,, nitrogen oxides, and other gases—and then trans-
port and store it. This often concerns smaller installations,
while you need a large CO, infrastructure for the transport
and storage. Pre-combustion CCS at-source is therefore
preferred over post-combustion CCS.

TECHNOLOGY FOR THE FUTURE

Methane pyrolysis

Hydrogen production with zero CO, emissions

We currently make hydrogen from natural gas or
biogas (methane), which involves the emission of lots
of CO,. But there is also a hydrogen production process
that emits zero CO,: methane pyrolysis. In this process,
methane is heated to high temperatures in the absence
of air (oxygen). At a temperature of more than 1,200 °C,
the methane splits into hydrogen (H,) and solid carbon
(C) ¥, These are easy to separate because hydrogen is
a gas and carbon a solid substance. If, for the heating
process, we use green electricity or some of the pro-
duced hydrogen, then absolutely no CO, is emitted in
the production of hydrogen with methane pyrolysis.

In theory, the splitting of methane requires seven
times less energy than the splitting of water. However,
methane already has a certain economic value, which
means that the total energy balance of hydrogen made
from methane is less positive than that of hydrogen
made from water.

Monolith, methane pyrolysis plant in Nebraska, USA 4%

Various companies, research institutions, and univer-
sities worldwide are developing methane pyrolysis
technologies. One outcome of this effort is the reduction

of the splitting temperature through the use of catalysts.

But this is often at the expense of the purity of the
carbon 4 while it is pure carbon that is needed as a
raw material for ink, paint, graphene, nanotubes, strong
carbon fibers, supercapacitors, and car tires. Moreover,
pure carbon is a good soil conditioner, which better
retains water and nutrients in the soil.

The methane pyrolysis of natural gas
produces hydrogen and solid carbon,
so no carbon dioxide is emitted

The Monolith company has an operational methane
pyrolysis plant in the US state of Nebraska. The methane
is splitinto hydrogen and carbon in a plasma arc at a
temperature of 2,000 °C. The plant was actually built to
produce pure carbon for car tires. For this reason, the
energy efficiency of this hydrogen production process is
still quite low.
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Conversion of biogas into H, and CO,

Energy from biomass residues can constitute an important
source of sustainable energy in certain areas. Biogas can
be directly used for the production of heat and electricity
in boilers or gas engines. Biogas is also increasingly being
upgraded to natural gas quality or to biomethane, after
which it is fed into the natural gas infrastructure or trans-
ported as bio-LNG for use in combustion engines. Just like
we converted natural gas at-source into hydrogen and CO,,
we can also do this with biogas, which moreover already
contains a percentage of CO,. This results in green hydro-
gen and green CO,. You can use both hydrogen and CO, as
feedstock; and hydrogen additionally as an energy carrier.
You can feed hydrogen into a hydrogen infrastructure, or
transport it by road with tube trailers (trucks that transport
high-pressure cylinders filled with hydrogen), or cryogenic
transport trailers (trucks that transport liquid hydrogen).
You can also liquefy CO, and transport it by road in tanker
trucks. Both CO, and hydrogen are tradeable products.
Because of the competition with solar and wind hydrogen,
the price of this hydrogen will probably decrease, but the
price of CO, is actually expected to increase. On balance,
you therefore end up with a positive business case for
biogas. Also, through biogas conversion into hydrogen and
CO,, you avoid a gas lock-in, a situation in which you need
to preserve a gas infrastructure for a limited volume and
for a longer period of time.

Government direction for rapid conversion

Because energy is one of the basic necessities of life, gov-
ernments have always exerted a strong influence on the
energy provision. This changed in many western countries
at the end of the last century, when the energy markets
were liberalized to a larger or lesser degree. Since then,
energy prices have been determined by the market, where
supply and demand are matched. Can a rapid transition
from a fossil to a sustainable energy system be realized

by adjusting the market mechanisms, for example, by
creating a market for CO, emissions? This is perhaps a
possibility, yet it probably won’t lead to sufficiently rapid
change. Concretely, more is needed than a gradual,

incremental adjustment of the energy system. What is
needed is a fundamental change. The conversion to a
sustainable energy system requires that the supply, the
demand, the infrastructure, and the storage of energy all
be developed simultaneously and conjointly, starting
practically from zero. This calls for government direction.

Pre-combustion CCS at-source, in which
hydrogen is produced, is preferred over
post-combustion CCS

Governments also played a leading role in the develop-
ment of the electricity and gas system in the past. The
same applies to the conversion from coal to gas, and from
town gas to natural gas. Mature markets for sustainable
energy will only be able to develop once the system
disposes of sufficient infrastructure and storage capacity,
and there is sufficient supply and demand.

A rapid transition from a fossil to a sustainable energy
system does not have to cost the society more than a slow
conversion. Moreover, it leads to much lower greenhouse
gas emissions. In a large-scale, rapid conversion, the costs
of sustainable energy production, transport, storage, and
end-conversion technology will drop faster. The drop in
the costs of technology is described in learning curves,
which show the percentage drop in the cost price for every
doubling of the sales of the equipment—for energy, this
concerns the total installed capacity, for instance of solar
panels, electrolyzers, or heat pumps. The faster you con-
vert, the faster the prices will drop. And since you emit less
greenhouse gases, you pay less total carbon taxes 149,

The transition from a fossil to a sustainable energy system
is a fundamental and urgent change. A change that will not
happen on its own. That is why it is necessary that govern-
ments direct this transition and, when necessary, even
organize it, in collaboration with companies and citizens,
of course.

THARLER [ridnef

I
|

Hyundai’s self-driving hydrogen truck

Through biogas conversion into H,and CO,
a natural gas lock-in is avoided
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Green energy for all

Based on the current socioeconomic and technological developments underlying the

IPCC’s Middle of the Road scenario, we outline here a global picture of a sustainable
energy system in 2100, taking account of the time and space dimensions. We also
outline what the total sustainable system for energy, materials, water, and food could

look like.

Socioeconomic scenarios for 2100

The Intergovernmental Panel on Climate Change (IPCC)
works with several future scenarios or Shared Socio-
economic Pathways (SSPs) for its climate models. Each
scenario applies different assumptions regarding global
population growth, access to education, urbanization,

Key elements of the Shared Socioeconomic Pathways (SSPs) in 2100 [14¢)

economic growth, resources availability, technology
developments, and drivers of demand for products and
services, such as lifestyle changes ™. Depending on which
SSP you use, the modelled global warming in 2100 ranges
from 3.0 °C (SSP1) to 5.1 °C (SSP5) above the pre-industrial
level.

On the basis of these SSPs, the IPCC developed scenarios
with policies to meet the goals of the Paris Agreement.

In 2015, it was agreed in Paris that the global average
temperature increase would be kept well below 2 °C
relative to the pre-industrial level 5,

Energy use per km2in 2100

To begin with we mapped out the energy use per km? for
the year 2100, using SSP2 as our premise (i.e., with no
additional climate policy). Using figures on population
growth, urbanization, and primary and final energy use,
we calculated the amount of energy use per capita for
each of the continents.

Carbon needs in 2100

Fossil fuels are not only used as a source of energy, but
also as feedstock for chemical products and synthetic
fuels. The crude oil, natural gas, and coal fossil fuels
consist of carbon and hydrogen atoms. With these atoms

Energy use per capita in 2100 according to SSP2 [15¢)

you can, together with oxygen and nitrogen from the air,
produce all chemical products, although you need to add
a variety of other elements in much smaller quantities.

Most of the carbon locked in chemical products is released
at the end of their life span in the form of CO,. In the case of
synthetic fuels this happens immediately during the com-
bustion. This is of course not desirable. But if we generate
energy with solar, wind, and hydro power, another problem
arises: a shortage of carbon. This is why we need in the
future to find other, renewable, and sustainable sources

of carbon, for example, in recycling, biomass, or biomass
residues, and possibly even from the air.

In our daily lives we use many products from the chemical
and associated industries.

Asia (excluding Latin America and Middle East and OECD-countries Eastern Europe
Japan and the the Caribbean Africa (OECD = Organisation and Russia
Middle East)

for Economic
Co-operation and

SSP 1 SSP 2 SSP 3 SSP 4 SSP 5
Sustainability Middle of the Road Regional rivalry Inequality Fossil fuel
development

Global population (billion) 4% 7.0 9.0 12.6 9.3 7.4
Global GDP (billion US$2005/ 565,390 539,332 270,265 352,091 1,031,000
year) [150], [151], [152]
Urbanization (%) (153 92.6% 79.7% 58.4% 91.7% 93.0%
Primary energy use (EJ/year) 1! 701 1,304 1,215 903 1,824
Greenhouse gas emissions 24,613 85,684 85,215 44,785 126,098
(Mt CO,/year)
Temperature increase (°C) 3.0 3.8 4.1 3.8 5.1

Development)
Population (billion) 9.0 3.76 0.67 3.09 1.27 0.24
Urbanization (%) 79.7% 75.8% 93.2% 75.2% 93.9% 87.3%
Primary energy use 1,293 474 118 359 283 59
(EJ/year)
Final energy use 962 361 76 279 209 37
(EJ/year)
Primary energy use 39.7 35.0 49.0 32.3 61.8 67.4
(MWh per capita,
per year)
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Products from the chemical industry

[157]
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In 2020 the demand for carbon for chemical products

was about 450 million tonnes. Approximately 85% of this
carbon came from fossil fuels, 10% from biomass, and only
5% from recycling [*°.. The Nova Institute estimates that
the global demand for carbon in 2050 will be 1,000 million
tonnes, of which 55% will come from recycling, 20% from
biomass, and 25% from CO, that is captured from indus-
trial processes and the air 57, In the scenario for the year
2100 that we are using here, we also assume a demand of
1,000 million tonnes of carbon, of which 55% will come
from recycling, and 45% from biomass residues and sea-
weed. The 1,000 million tonnes represents 3,700 million
tonnes of carbon dioxide.

Carbon is also needed to make synthetic fuels for aviation
and shipping. Small aircrafts and vessels will possibly be
powered electrically, and medium-sized to large ones will
fly and sail with liquid hydrogen. Large aircraft and vessels
that cover long distances can’t however carry enough
energy in the form of liquid hydrogen. Aviation will need
synthetic aviation fuel, also known as sustainable aviation
fuel (SAF), while shipping will use synthetic diesel or per-
haps methanol. To make these fuels, about 2,000 million
tonnes of carbon dioxide will be needed in 2100, that is,
550 million tonnes of carbon. The carbon for synthetic

fuels can’t be derived from recycling, so that it will come
from biomass residues or seaweed, so-called short-cycle
carbon. The CO, emitted in the combustion of these fuels
on-board can’t be effectively captured and stored onsite.

We already noted earlier that it is economically attractive
to fully convert biomass residues and seaweed into hydro-
gen (H,) and carbon (C), or carbon dioxide (CO,). Cultiva-
ting seaweed and converting it into hydrogen and CO, is
probably less costly than the direct air capture of CO,,.

The same applies to both wind and solar:
shortages in densely populated areas, surpluses
in sparsely populated areas, and little to no
energy production in agricultural, nature,
mountainous, and forest areas

Supply and demand of carbon for chemical materials, products, and
synthetic fuels in 2100 (57

Aviation

5,700 Mt CO, = 1,550 Mt C

% Carbon from biomass residues Carbon from recycling
M and seaweed (1,000 Mt C) (550 Mt C)

Solar energy heat map: surpluses and shortages per km2 in 2100 [156) [40}, 411, 142}, [43], [158]
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Heat map: surplus or shortage
of solar energy versus energy
use in 2100 (MWh/km?/year)
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Surpluses and shortages of sustainable energy

As we did for 2020, we have also made a solar energy heat
map for 2100. The map shows that there is not only a solar
energy shortage in Europe, on the east and west coasts of
the United States, and the east coast of China, but also in
areas with rapid increases in population and/or standard of
living. This concerns Asian countries such as India, Pakistan,
Thailand, Indonesia, and the Philippines, but also African
ones, including Nigeria, Ethiopia, and Uganda, and
Central-American countries like Mexico and Guatemala, and
South-American ones like Colombia. Central Africa faces
big shortages in 2100, even though it receives lots of solar
irradiation. This is because of the presence of tropical
rainforests, which we of course won’t cut down to install
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large-scale solar farms. The limited space for solar farms,
along with the population growth, explain the shortage of
solar energy.

The heat map shows where the surpluses and shortages
are, but says nothing about the level of the production
costs. Even though there are solar energy surpluses in
countries like Canada and Russia, it is not likely that
large-scale solar farms will be built there. The intensity

of the solar irradiation in these countries is after all low,
which means the production costs per kWh are high.

We haven’t made a heat map for wind energy, but it would
look similar to the solar energy heat map. For wind energy,
even more so than that of solar energy, it is the case that
none, or very little, can be generated in densely populated
areas. But you can, to a certain degree, combine wind
energy with agricultural production, which is not the case
for solar energy. In general, however, the same applies

to both wind and solar: shortages in densely populated

Large-scale offshore wind farm

areas, surpluses in sparsely populated areas, and little to
no production in agricultural, nature, mountainous, and
forest areas.

The oceans are not on the world solar heat map for 2100,
but they are certainly important for the production of solar
and wind energy. It is also true for the oceans that not

all areas are available for energy production. Think for
instance of nature areas, like the Sargasso Sea, fishery
areas, shipping routes, and anchorages near the coast.
But, all things considered, a world renewable energy heat
map will show a surplus on the oceans. Solar and wind
production costs on the oceans, as on land, are not the
same everywhere. You may expect the lowest costs in
areas with high wind speeds and/or solar irradiation,
within a few thousand kilometers from the coast. The
surplusin such areas is large, and the production plus
transport costs are economically attractive.

Final energy and carbon use in 2100

Year 2100

Final
energy use

Electricity Hydrogen for energy and
feedstock
100% 50% 40% 10%
974 EJ 487 EJ 390 EJ 97EJ
=270,500 TWh =135,250 TWh =108,200 TWh =27,050 TWh

Year 2100

Carbon use

Chemical products

Synthetic aviation fuel

Synthetic shipping fuel

100% 65% 17.5% 17.5%
1,550 Mt C 1,000 Mt C 275 Mt C 275 Mt C
=5,700 Mt CO, =3,700 Mt CO, =1,000 Mt CO, =1,000 Mt CO,

Electricity and hydrogen as energy carriers

What we learn from this heat map is that not enough
sustainable energy production can or will occur in

densely populated areas, thus in cities. So, to provide
cities with energy, the sustainable energy has to be trans-
ported to them. Sustainable energy production, in the form
of electricity, in a radius of hundreds of kilometers around
cities is probably not sufficient nor cheap enough. That is
the distance which you can bridge economically with an
electricity cable. At greater distances, in the deserts and on
the oceans, there is indeed sufficient sustainable energy
available, but you will have to transport it to urban areas

in the form of hydrogen, or hydrogen-derived products.
Whatever a sustainable energy system ends up looking like,
a lot of energy will be transported, regionally, continental-
ly, and globally. And even if the final energy use consists for
the most part of electricity, and cities are fully electrified,
the transport and storage of energy will mainly occur in the
form of hydrogen. The transport and storage of hydrogen
and electricity is cheaper, more reliable, and with higher
security of supply than only one energy carrier: electricity.

Energy, carbon, and drinking water balance

We have formulated a global balance for energy and
carbon in 2100, bearing in mind the spatial distribution of
energy surpluses and shortages (from the world solar heat
map) and the variations of supply and demand through the
year. Of course, this initial rough estimate can be further
improved and detailed. We only use it here to illustrate the
influences of the dimensions of space (transport of energy)
and time (storage of energy) in a sustainable energy and
carbon system.

According to the Middle of the Road scenario (SSP2),
global final energy use in 2100 will be 270,500 TWh. We
have divided this amount into the sustainable energy
carriers electricity (50%), hydrogen (40%), and heat (10%).
As a complement to the Nova Institute’s estimate for
carbon use for chemical products (1,000 Mtonnes or

Mt), we have made a carbon-use estimate of our own for
synthetic fuels for aviation (275 Mt) and shipping (275 Mt).
Altogether, the global carbon use in 2100 will then be
1,550 Mt.
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Influence of the space dimension

The world solar heat map shows that sustainable energy
needs to be transported over short and long distances,
from areas with surpluses to areas with shortages. Each
energy carrier has different transport costs. Because heat
transport in the form of water is the most expensive, you
want to generate and use heat locally. Electricity transport
is less costly, so that you can generate and use regionally.
The transport is done through electricity cables. Even less
costly is the transport of hydrogen in the form of gas via
pipelines, so that it is cost-effective to transport it over
thousands of kilometers (thus also globally). If hydrogen
gas is made into a liquid, it can be transported world-
wide by ship. Apart from liquefied hydrogen, you can also
transport liquid or solid hydrogen-derived products, such
as synthetic fuels, ammonia, or hot briquetted iron.

Seaweed and biomass residues contribute not only to
the energy balance, but also to the carbon balance. In a
sustainable energy system, carbon no longer comes from
fossil sources, but from biomass or recycling. That’s why
we want to convert the available biomass into hydrogen
and CO,. We bring the seaweed that is cultivated at sea to
shore, where we use it to make hydrogen and CO, and/or
syngas (a gas mixture of carbon monoxide and hydrogen
gas). We then process these into chemical products and
fuels for ships and aircraft. We make use of wet and dry
biomass residues on a regional basis for the production
of hydrogen and CO, or C (carbon). With dry biomass
residues we can also produce heat locally, by combusting
them in stoves, ovens, or fireplaces.

You can produce low- and medium-temperature heat with
electricity and/or hydrogen. But you can also extract this
heat directly from geothermal sources, solar energy, and
biomass. And you can also use residual heat. In the future,
one of the key local sources of residual heat will be fuel
cells. Along with batteries, fuel cells in homes and
buildings provide for flexibility in the electricity system.
At the same time, they produce heat which you can use
for space heating and hot water, or—at medium temper-
ature—for clothing laundries, carwashes, etc.

Influence of the time dimension

Energy storage in a global sustainable energy system has
several general features. First of all, the storage must be
located as closely as possible to the large-scale production
locations of sustainable hydrogen. This enables the trans-
formation of the variable hydrogen supply into a continuous
supply, which can then be processed and transported by
pipeline or ship. Secondly, hydrogen storage is needed
near the energy demand, which enables a response to
fluctuating demand due to day-night variations, seasonal
variations, and variations caused by weather, living, and
working patterns. Hydrogen storage will most of all be able
to absorb the large-scale seasonal, monthly, and weekly
variations. Thirdly, storage is needed to balance the region-
al electricity system. The regionally generated electricity
supply, which is subject to time variations, can thus be
aligned to the electricity demand. This requires storage on
all timescales. For variations ranging from seconds to a
week, this can be done with batteries and supercapacitors—
capacitors that can charge and discharge quickly, and

can store 10 to 100 times more energy than electrolytic
capacitors. Weekly to seasonal variations require large-
scale storage, such as pumped hydro power and hydrogen.
Lastly, storage of heat and various fuels is needed at a local
level. Heat storage for space heating is needed on various
timescales, including seasonal storage in aquifers.

Storage has been the object of numerous studies, but
they are all fragmented and focus solely on one part of the
energy system. No research has yet been conducted on
storage in a global, fully sustainable energy system. This

is why our estimates here of the global storage volume
requirements are based on a few fragmented studies: on
how you can convert the variable supply of solar and wind

) [159].
(159]; on

energy into a continuous supply with hydrogen !
the current fossil storage capacity, for natural gas, among
others; and on large-scale seasonal storage in fully
sustainable electricity systems 611162 On p. 143, we
summarize how much of the hydrogen and electricity
produced needs to be delivered by, or via, a storage

system. These are very rough estimates.

Amount of energy needed to be drawn from storage in a global sustainable energy system to satisfy energy demand at all times

Storage objective Technology

% of production/final

demand via storage

Hydrogen production: from variable to continuous | Hydrogen storage, underground and above- 35%

or baseload supply

ground, near hydrogen production to enable

transport of baseload

Hydrogen demand: from baseload supply to Hydrogen storage, underground and above- 25%

variable demand ground, near hydrogen demand

Electricity balancing (hour, day, week) Electricity storage in supercapacitors and batteries 10%

Electricity balancing (week, month, season) Electricity and heat production with fuel cells on 25%
hydrogen

Energy and carbon balance in 2100

The dimensions of space (regarding transport) and time
(regarding storage) play a bigger role in a sustainable
energy system than in a fossil energy system. A fossil
energy system is primarily about the energy production,
divided into the various sources, and the energy demand,
divided into various sectors. In a fully sustainable energy
system, it is also about the dimension of space, which you
can divide into the global, regional, and local categories,
as shown in the figure on p. 144. Based on the SSP2 sce-
nario (Middle of the Road), and taking the dimensions of
time and space into account, we have calculated a global
sustainable energy and carbon balance for the year 2100.

Let’s look first of all at the carbon balance in 2100. We
assume that 55% of the carbon sequestered in chemical
products can be recycled. The other 45% needs to be
produced from new, green carbon. The production of
synthetic fuels also requires new carbon, because when it
is combusted in ships and aircraft the carbon disappears
into the air. In total, we will need about 1 billion tonnes of
carbon per year from seaweed and biomass residues, which
is equivalent to 3.7 billion tonnes of CO,. We assume that
the seaweed produced on the sea will supply half of this

carbon. The other half will come from a diverse supply of
local biomass residues, such as sludge, agricultural waste,
or wood waste. Together with recycled carbon, this will
be processed into chemical products and synthetic fuels.

The energy balance in 2100 is a little more complicated.

We examine it on three spatial scales:

1 Global. Large-scale hydrogen production takes place
in deserts and on the oceans (tens to hundreds of
GW per location), using primarily sustainable energy
sources and possibly nuclear energy. The hydrogen is
produced by electrolysis, photolysis, or thermolysis.
Hydrogen and carbon production from seaweed also
occurs globally, after which these substances are
converted into chemical products and synthetic fuels.
A continuous supply of hydrogen exists thanks to
storage. It is transported by pipeline or ship to areas
with an energy demand, such as cities, towns, and
industrial locations. At the large-scale hydrogen
production locations, sustainable electricity is used,
for compression and to convert hydrogen and carbon
into other products, among other purposes.

2 Regional. On this scale, it is mainly electricity that is
generated. Transport and distribution occur through

143



Worldwide energy and carbon flows in 2100
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an electric grid. The balancing of the electric grid is
accomplished with batteries (short term) and with fuel
cells (monthly and seasonal variations). Regionally
stored hydrogen, together with hydrogen produced at
the instant, is used to make it possible to meet hydro-
gen demand at all times. Part of this demand comes
from stationary fuel cells that balance the electric grid.
Hydrogen is also produced on a smaller scale, among
others, from biomass residues (which in the process
also produce carbon), at water treatment plants
(together with oxygen and heat production), and at
the locations of hydrogen demand (if the hydrogen
can’t be delivered through a hydrogen infrastructure).
3 Local. On this scale, it is electricity, heat, and hydrogen
that are produced. Electricity is produced with solar
cells or fuel cells. Hydrogen is produced using reversible
fuel cells or photolysis cells, which use sunlight to split
water into hydrogen and oxygen. Local production only
represents a small part of the total hydrogen supply.
Heat is generated mostly on the local scale, because its
transport over long distances is not possible without
large losses. Heat is produced from sources like solar
energy, geothermal energy, and biomass. Fuel cells that
work on hydrogen also produce heat.

The final electricity use, representing 60% of final energy
use, is intended for the operation of appliances, light,
cooling, heating with heat pumps, and battery-electric
mobility. The final hydrogen use, 40% of the total, is
intended as feedstock for chemical products and synthetic
fuels, for high- and medium-temperature heat in industry,
and for fuel-cell-electric mobility. Part of the final heat
demand in homes, buildings, greenhouses, and industry
is supplied directly through heat sources or through the
heat from stationary fuel cells. Stationary fuel cells on
hydrogen play a crucial role in balancing the electricity
system and in supplying heat. Smart combinations of
hydrogen and electricity, and sometimes also of heat,
result in an affordable, reliable, and clean energy provision
with a high security of supply.

Transport of water and energy

In 2100 a large part of the hydrogen is made from water
through electrolysis, photolysis, or thermolysis. If this
hydrogen is chemically converted in a fuel cell into
electricity and heat, demineralized water is released.

By capturing this water, and adding salts and minerals

to it, clean drinking water is produced which contains no
contaminants whatsoever. Stationary fuel cells are always
installed locally, close to the demand for electricity and
heat. Therefore, drinking water can be produced locally
too. You can use this method to produce sufficient water on
a cargo ship for the crew, both for consumption (drinking
water) and sanitation (toilet flushing). A hydrogen car can
also produce substantial quantities of water: 1 kg of
hydrogen (enough to drive 100 km) generates 9 liters of
very clean water (3 days of drinking water for 1 person).
With hydrogen you don’t only transport energy, but also
clean water!

Hydrogen cars produce 9 liters of very
clean water—3 days of drinking water
for 1 person—from 1 kg of hydrogen
(100 km drive)

How much drinking water is needed globally, and how
much of this can stationary fuel cells produce, along with
electricity and heat? If we assume an average consumer
use (for cooking and drinking) of 3 liters a day, and that the
population in 2100 is 9 billion, then nearly 10 billion m3 of
drinking water is needed. According to our energy balance,
this level of drinking water consumption is below what

the locally installed, stationary fuel cells produce: about
13.5 billion m3 of water. Especially in areas with water
shortages, fuel cells can in the future be a welcome source
of drinking water for consumption.

Drinking water consumption represents only a fraction of
total water use. In Europe we daily use about 150 liters per
person for showering, toilet flushing, and washing 18!,
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The assessment of a sustainable energy system
requires a balance of materials and of energy, with
the primary materials use as input, and the final
energy use as output

This demand could drop through the use of water-saving
appliances (shower, toilet, washing machines, etc.). And
plenty of energy—over 60%—can be recovered from
shower water *%%, Also, there are many local possibilities
for drinking water reuse, and we can—besides tapwater—
use rainwater as a source 1%, Seawater, transported over
long distances, is also a possible source of freshwater.

By far most freshwater, 70%, is used for the irrigation of
agricultural crops %, But, as the World Bank argues, we
will have to start growing much more food on the sea.
Food from seaweed needs no irrigation water.

Sustainable energy system goals in 2100

In our outline of a sustainable energy system in 2100, we
have paid attention to a few sustainable energy system
goals: clean (no greenhouse gas emissions), affordable
(lowest system costs for production, transport, and
storage), and reliable (storage, system flexibility, and
redundancy). In this initial effort, we have incorporated
the space and time dimensions as much as possible.

But the future energy system must naturally satisfy all
sustainable energy system goals. It should therefore also
be circular and fair, and have energy- and materials-supply
security. These themes have already been the subject of
reflection ¢, but a good assessment requires even better
and more detailed methodologies and instruments.

What is clear in any event is that the future sustainable
energy system is not so dependent on the availability

of energy sources. Sun and wind are abundant. But the
system does rely on the availability of materials needed for
the conversion of sustainable energy into energy carriers,
for transport and storage, and ultimately for the conversion

of energy carriers into energy services. These materials
are scarce. This has an impact on two goals: circularity
and materials-supply security. Below, we propose the
outline and methodology to enable an assessment of
these two goals.

Today we usually assess energy systems on the basis
of an energy balance. This is what we have done above
for a sustainable energy system in 2100, where we also
included the space and time dimensions. But for a
sustainable energy system, this sort of energy balance
is actually misleading.

In an energy balance we compare the input of energy
(the primary energy use) with the energy that we use

(the final energy use). If you divide the final energy use by
the primary energy use, then you have a measure of the

energy efficiency. Many see this as an important measure:

the higher the efficiency, the better the energy system.
The question is whether this also applies to a sustainable
energy system. Because, how do you actually determine
how much energy we put in?

In a fossil energy system the amount of energy we put in
is clear: itis the energy content of the fossil fuel, or the
amount of energy used in the form of oil, coal, and gas.
After its use, this form of energy no longer exists. With
sustainable energy sources, like solar or wind, things

are different. Is the amount of energy that we put in the
system equal to an amount of used solar energy? That
sounds logical, but the solar energy does not run out
because of this use. You can also begin with the amount
of electricity produced by the solar cells. But solar cells
in the desert produce more electricity than those on a
roof in Germany. This is therefore not a uniform quantity.
Moreover, photolysis cells produce hydrogen and not
electricity. And there are efficiency differences between
solar cells, so that, to produce a given amount of energy,
you sometimes need more and sometimes fewer solar
cells.

Green energy for all
is no utopia, thanks
to hydrogen and
electricity as clean
“«+ energy carriers!

The Airbus ZEROe will fly on hydrogen

For these reasons, you can’t in fact unambiguously de-
termine the primary energy use of a sustainable energy
system. But what is the alternative? Earlier we noted that
the transition from a fossil to a sustainable energy system
implies that we switch from fossil energy to materials.
Shouldn’t we therefore replace primary energy use in the
assessment with primary materials use? An initial, simple
adjustment of the energy balance would therefore involve
replacing the primary energy use with installed capacity
and fossil energy use—this is after all a measure of the
materials and energy use, with the recycling of materi-
als not yet taken into account. In a sustainable energy

system, it is a matter of installed capacity for solar, wind,
hydro, and biomass conversion; while in a fossil energy
system it is a matter of installed capacity for oil and gas
extraction, coal mines, refineries, and electric power
plants, plus the fossil energy use. The energy balance
therefore becomes a balance of materials and energy,
with the primary materials use plus fossil energy use as
input, and the final energy use as output. With this, we
are effectively in a position to assess whether a sustain-
able energy system is circular, or whether it is affordable,
and the degree of materials-supply security we have.
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Artist impression of a sustainable energy system in 2100
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Green energy for all

We have sketched a sustainable energy system for 2100,
taking into account the dimensions of space and time.
From the world heat maps we concluded that we must
import lots of cheap solar and wind energy, in the form
of hydrogen, from the deserts and the oceans. And since
the supply of sustainable energy fluctuates, a sustainable
energy system needs to have more storage than a fossil
energy system. The underground offers possibilities

for cheap, large-scale, long-term storage. In addition,
small-scale, short-term storage is essential for a reliable
sustainable energy system. The two important sustain-
able energy carriers, which produce no CO, when used,
are hydrogen and electricity. Both energy carriers can
moreover be affordably distributed to all end-users:
hydrogen through large-scale, long-distance transport,

electricity through regional transport. The picture is clear:

green energy for all is no utopia, thanks to the clean
energy carriers hydrogen and electricity!
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The transition to sustainable energy means much
more than building more wind turbines and solar
panels. A redesign of the entire energy system

is needed, to balance supply and demand of
sustainable energy in time and space. In cities and
industrial areas, where sustainable energy is most
needed, there is a severe lack of space. And the
deserts and oceans, where there is an abundance
of sun and wind, are far away. This book shows
how to solve these storage and transport problems
in smart ways with hydrogen and electricity.

In addition, we argue for a broader view of energy
systems as part of an integrated, global system for
supplying energy, materials, water and food.

Let’s move ahead to green energy for all!

www.greenenergyforall.eu
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