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1. INTRODUCTION

Our technical civilization is strongly dependent on an abundant supply of energy. At present,
our energy system is predominantly based on the consumption of stored solar energy.e. energy
supplies that are stored in the crust of the earth, such as 0il, gas or coal These supplies have been
accumulated over million years during the history of the planet earth by processing the rays of the
sun. Since the amounts of stored solar energy are finite, a sustainable energy system of the future
must be based on alternative energy supplies, e.g., the direct conversion of the energy radiated
every day by the sun.

As a side effect, the burning of the fossil fuels leads to an accumulation of CO, in the world’s
atmosphere that has a detrimental effect on the global climate with significant economic
consequences.

The transition of the present day energy system, based predominantly on stored energyto a
sustainable energy system, based on the continual energy conversion of solar enepggsents a
major challenge to our society. In order to support this transition in an orderly manner, the
European Commission has created a separate DirectorateGeneralfor energy as one of its 33
policy-specific departments.

The responsibilities of this DirectorateGeneralfor Energy are outlined in its mission statement
[Euel5] as follows:

The DirectoratéGeneral for Energy is responsible for developing and implementing a European
energy policy under the political guidance of the European CommissicRregident for Energy
''yA2Yy alNRPO ~ST620A6 | yR [/t AYuelMBasCahiétea 2y | YR 9y ¢

According to its Mission Statement The Directorate General develops and implements innovative
policies aimed at:

9 contributing to setting up an energy market providing citizens and business with
affordable energy, competitive prices andheologically advanced energy services

1 promoting sustainable energy production, transport and consumption in line with the
EU 2020 targets and with a view to the 2@arburizatiorobjective

1 enhancing the conditions for safe and secure energy supplysipiria of solidarity
between EU countries ensuring a high degree of protection for European citizens

The present report has as its objective to make a contribution to this mission by identifying
opportunities for the Alpine Regions in the quest for a sustainable energy system.

Many reports about the future of our energy system express the ideas in qualitative termsonly.
In this report we make an explicit effort to outline our vision of the future energy system in the
year 2100 in quantitative terms We ask the reader to interpret these quantitative terms with a
grain of salt These quantitative terms are intended to put forward an order of magnitude of the
energy demand and energy cost in the year 2100 in order that the political decisions, that must be
taken today, can be based on quantitative data.

In thermodynamics the term energyis defined as the capacity of a system to do won
another system.In nature, there are different types of energy, such as mechanical energyelectric
energy chemicalenergy thermal energy etc. that are characterized by substantially different
capabilities to do useful work, denoted by the term exergy In this report we distinguish between
two types of energy only, low quality energy (LQEnd high quality energy (HQE High-quality
Energy (HQE), such as electric energy, can be converted to any other form of energy, e.g.,
mechanical energy, without any significant loss, whereas low quality energy (LQE) can be
converted to high-quality energy with a significant loss only, depending on the environmental
conditions. The thoughtless summation of LQEand HQEenergy values in energy statistics leads to
misleading number$\ more detailed explanation between LQE versus HQE is given in Annex 1.



We introduce the kilo-Watt-hour (kWh) as a unit for energy measurement and assume that
1 kWh of HQE can do the same amount of useful mechanical work as 2 kWh of LQE. We will use
this ratio 2:1, which is a gross approximation, when we convert LQE to HQE. Whenever an energy
value is used in this report without any further comments, it refers to high-quality energy HQE
measured in kilo-Watt-hours (kWh). A more detailed discussion of the relation between HQEand
LQEs contained in Annex 1.



2. ENERGY SYSTEM AFTER THE YEAR 2100

In this Section we outline a possible structure of a worldwide energy system that does not
depend on storedfossilenergy We start by elaborating the world-wide energy demand, assuming
that by the year 2100 the economic development of the world has reduced the substantial
presentday inequalities in energy consumptiorhis implies that, on average, every person on the
planet requires about the same amount of energy in the year 2100.

2.1 Energy Demand

2.1.1 Current Energy Demand

According to the data of the International Energy Agency [IAE14] the world total enduser
energy consumptionin the year 2013 was about 8979 Million tons of oil equivalent (Mtoeyr
104.43PWhof mostly LQE giving an average of about 15 MWHh/personyearfor every one of the 7
037 million persons on the globe. We use the enduser energy consumptioecause in the new
system, where most of the primary energy is provided in form of electric energy, the significant
losses that occur when the primary fossil energy is transformed to electric energy do not occur.
About 20 % of this total, i.e. 3.0 MWh/personyear are HQE (electricity) and 80 % or 12
MWh/personyearare LQE (mainly oil, gas or coal).

Expressed in HQE units we arrive at a world-wide total of 63 PWh HQEyear and an average of
9.0 MWh/personyear. About 40 % (25 PWH of the world-wide energy consumption was utilized
in the OEDC countries with a population of 1254 Mio (20 MWh HQEpersonyear) and 60 % (38
PWH in the rest of the world with a population of 5.783 Mio (about 6.5 MWh HQEpersonyean).

2.1.2 Energy Demand beyond the Year 2100

We assume that by the year 2100 some energy conservation will have taken place in the OECD
countries and the rest of the world’s energy consumption will arrive at the OECD level, giving an
average energy demand of about 20 MWh HQE/persoryear or a power demand 2.3 kW
HQE/personin the year 2100. Assuming that by 2100 the population on the planet has increased
to 10 000 Mio persons, the world-wide total energy demand in the year 2100 is estimated to be
about 200 PWh of HQE per year.

In the year 2012 Austria consumed 3902kgoe kg oil equivalent)/personConsidering that about
20 % are HQE electric energy (10 MWh/person) and 80 % are LQE, the energy consumption in the
year 2012 was about 27 MWh HQHEpersonor about 3 kW/personpower demand. A 25 % energy
reduction compared to the 2012 level seems to be realistic for Austria. The goal set for 2100 would
imply for all of Austria an averagepowergeneration capacityf 18.4 GW. The total yearly energy
demand in Austria would be 160 TWh, or 13.33 TWh/month.



2.1.3 Stationary vs. Mobile Energy Systems

Whereas in stationary systems the energy densityf the energy carriers is of little concern, the
energy density is of major concern in mobile systems, particularly in the airline industry. Table A1.2
in Annex 1, taken from [Wed15], depicts the energy density of various energy sources.

At present, the amount of energy stored in one kg of diesel requires a battery of 50 kg weight.
[Chul2] notes that an improvement of the energy density of battery storage from the year 2012 of
0.2 kWh/kgto 2 kWh/kgin the year 2035 seems possible.

From Table Al1.2 in Annex 1 it is evident that mobile energy-intensive systems, e.g.,
transportation systems such as airplanes, require an energy carrier of high energy density, such as
jet fuel This applies also partly to automobiles that travel a wide distance, since a 10 % increase in
weight (for the batteries) results in a more than 5% increase in fuel consumption [Chul2]. We
therefore conjecture that a fraction, e.g., 10% -15 % of the total consumable energy has to be
provided in the form of liquid synthetic fuelvith a high energy density. A problem is the low grid-
to-wheel energy efficiency of synthetic fuel (10-20%) compared to battery storage systems (80-
90%).

There are technologies around that are capable to produce liquid synthetic fuelith an energy
density comparable to the products listed in Tab. Al1.2 out of water, biomassor air and electric
energy e.g. energy generated by a photovoltaic system The production of ethanol (by
fermentation of sugars and starch) and diesel (by esterification of vegetable oils) used as transport
fuel was about 2 million barrels per day in 2013 (120 billion litres/year).

An interesting technology that exists at the research stage, is the production of synthetic gas or
synthetic fuel out of air (taking the CO, form the air), water (taking the H, from water by
electrolysis) and solar energy [Rid14]. An example technology for producing liquid fuel out of gas is
the Fischer Tropsatonversion.

The further development of these technologies to bring them to robust industrial maturity,
such that a compact container-sized-unit can produce liquid synthetic fuel autonomously from
water, air and the rays of the sun would be of high societal relevance.

2.1.4 Breakdown of the Energy Consumption

We assume the following breakdown of the average HEQ energy consumption per person by
the year 2100:

Watt continuous | MWh/year | %
Residential Consumption 460 4|20
Transport [Rid13] 460 4120
Public Infrastructure 460 4|20
Industry and Agriculture 920 8 | 40
Total 2300 20 | 100

Tab. 1: Energy consumption by End-user.

We further assume that a fraction of the Residential Consumption Energyl be provided by local
photovoltaic installations in the form of smart microegrids(seeSection 3.2.2).



2.2 Energy Sources

We assume that beyond the year 2100 the major part of the energy will be provided by the
conversion of the energy delivered by the rays of the sun. The continuous energy flux from the sun
to the earth, expressed by the solar constantis about 1.36 kW/m?. Thus the whole earth with its
cross section of 127 400 000 km2 captures a about 20 TW of solar power, resulting in a yearly total

insolation of about 1 070 000 PWh.

Tab. 2 shows that the energy provided by insolation of the sun is orders of magnitudelarger
than the primary energy required on the planet.

Energy Comparison PWh
Total Insolation of the Sun 1070000
Worldwide Primary Energy Production 160
Worldwide Electricity consumption in 2012 (Eial5] 215

Tab. 2: Worldwide Energy Production in the year 2012 [adapted from Wse1l5].

2.2.1 Direct Solar

In the last decade, the efficiency and price/performance of the direct conversion of solar
energy into electric energy by photovoltaic cells have tremendously improved. Fig. 1 depicts this
dramatic cost reduction of photovoltaic energy in Germany.
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Fig. 1: Electricity Cost and Feed Tariffs in Germany [Burl13]



2.2.1.1 Phatvoltaic cost trends

In Feb. 2011 the National Center for Photovoltaic (NREL) in the US has announced the Sunshot
Initiative with the vision to bring the cost of solar energy to 6 US ¢ /kWh by the year 2020. The Sun
Shot Vision Study states [Sun15]: The SunShot Initiative aims to reduce the total installed cost of
solar energy stems to $.06 per kilowattour (kWh) by 2020. Today, SunShot is 60% of its way
toward achieving the program's goal, only three years into the program's ten year timeline. Since
SunShot's launch in 2011, the average price per kWh of a-gtiltg photoviaic (PV) project has
dropped from about $0.21 to $0.11.

For solar photovoltaic at utility scale, the fully installed costarget is about S1 per Watt of
electricity generated in 2020. The costs are broken down into $0.50/W for the solar module,
$0.10/W for the power electronics for grid integration and $0.40/W for the balance of the system
(including installation, permits and all other costs).

In 2104 the European Research Center in ISPRA published a report [Hull4] entitled Cost Maps
for Unsubsidize®hotovoltaic Electricitwith the following conclusions:

The results are of relevance to several aspects of EU energy policy:

a) With approximately 80 G\Wf installations by the end of 2013, PV provides already
about 2.8% of Europe's electricity needs. The scope for further growth of this important
low carbon energy source will be driven largely by economic factors, such as the
cost/price differentials ightified here.

b) The economics of small PV systems suitable for buildings in the residential, institutional
and service sectors play an important role in implementing energy efficient policies,
where they form an important element in overall energy managaystems.

c) Inthe longer term, PV systems will provide a very low cost electricity source once the
initial investment has been amortized, leaving just the costs related to operation
maintenance and component replacement

2.2.1.2 Photovoltaic BreaEven Paits

The observed and expected price reductions of photovoltaic energy generation will lead to the
following three important break-even points.

I Solar Grid Parity (SGP): The solar energy is cheaper than the energy provided by the
electric grid to the end customer. The SGP break-even point depends on the tariff of
the energy provider and has been achieved in a number of countries.

9 Solar Grid Parity with Batteries (SGPB): At this point, the solar energy stored locally in
an electric battery is cheaper than the energy provided by the electric grid to the end
customer. This most important break-even point depends on progress in battery
development is expected to be reached around the years 2020 -2025.

1 Solar Bulk Parity (SBP): At this point the solar energy is cheaper than the average
wholesale price of electric energy on the spot markets. This break-even is expected to
be reached around the years 2025 -2030.



2.2.1.3 Photovoltaic AreRequirement

With todays PV cell efficiency of 16-18 % an area of 6.5 m? is required to produce about 1000
kWh of HQE electric energy per year.

Annex 3 shows the efficiencies of PC cells that have been achieved up to date by the best
research photovoltaic cells. From this Annex it can be concluded that there is an enormous
potential for PV cell-efficiency improvement form the present level of about 16-18 % in the coming
decades until 2100. This would reduce the required land area.

Based on the available data it is justified to assume that long before the year 2100 the
photovoltaic conversion of energy will provide electric energy out of the rays of the sun at a cost
that is significantly lower than the provision of electric energy out of fossil fuels or nuclear
reactors (see also Section 3.3).

2.2.2 Indirect Solar

The insolation of the sun causes indirect processes that can be used to generate energy.

2.2.2.1 Wind

Long before the industrial revolution, the kinetic energy contained in the blowing wind has
been transformed into mechanical energy by windmills. In the last twenty years modern wind
turbines have been developed that produce electricity out of the kinetic energy of the wind in a
cost range of 5 -20 ¢/kWh.

2.2.2.2 Biomass

The energy transmitted form the sun can be stored in biomass by photosynthesis. For example,
with sugar cane about 6000 | biofuel/ha, that amounts to 30 MWh/ha of LQE are produced in Brazil
at a cost that is competitive at todays oil prices. The big advantage of biomass energy is that it is
stored energyStored energy can be used to buffer the differences in insolation between the
summer months and the winter months.

According to an in-depth report by Slade [Slall] a mid-estimate for the potential contribution
of biomass to the global energy supply is in the order of 100 Exal — 200 Exal. This amounts to up to
10 % of the global energy demand.

2.2.3 Other Sources

2.2.3.1 Nuclear

[Chul2] estimates the full levellized cost of electricity (LCOE) of new nuclear plants is about
$100-120 MWh, i.e. 10-12 ¢/kWh, about twice as much as can be expected from solar or wind by
the year 2020. This cost does not consider the cost of handling the nuclear waste.

In the year 2013 nuclear energy contributed 2.364 PWh of HQE electricity, i.e. about 3.7 % of
the global energy. We do not consider the nuclear energy, neither fission nor fusion, as on option
for the energy system beyond the year 2100.
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2.2.32 CoalSequestration

There is some discussion of retrofitting existing coal plant with coal sequestration in order to
reduce the carbon emission. According to [Chul2] the cost of retrofitting existing pulverized coal
plants to achieve 90% CO: capture with the technology available is estimated to require capital
expenditures that approach those of the original plants. In addition, 20-40% of the plant’s energy
would be diverted for separation, compression and transmission of the CO., so only the most
thermodynamically efficient supercritical plants could be considered for retrofits. From an
economic point of view, this technology does not make sense.

2.2.4 Energy Provision beyond the year 2100

The area of fossil energy comes to an end when the contribution of fossil fuels to the world-
wide energy system has dropped below 50 % of its peak contribution (called the droop) and is
continuously falling further. Whether this happens around 2050 or 2070 is of little relevance for
our study [Pic14].

Let us speculate about a possible energy provision in Austria in era when no significant
contribution of fossil energy is available any more (Tab. 3). In Austria, due to climatic conditions,
the biomass fraction of energy is expected to be significantly higher than the world-wide average.

Energy Type LQE TWh | HQETWh | %

Hydroelectric Power 50| 31
Solar Micro-grids 15 9
Solar Utility Scale 40 | 25
Wind 25| 16
Biomass 60 30| 19
Total Energy 160 | 100

Table 3: Energy Provision in Austria without Fossil Fuels in the year 2100
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3. WORLDWIDE CHALLENGES

In this Section we elaborate on some of the technological and political challenges that must be
resolved on the route to a sustainable energy system

3.1 Energy Storage

The Archilles’ Heel of a sustainable energy system is the need for energy storage to buffer the
gap between the intermittent energy supplyof the sustainable energy sourcesd the more or
less continuous energy demand

A distinction is made between the following different kinds of storage:

1 Shortterm energy storage (SE®)the range of minutes or below. Ultra-capacitors or
mechanical flywheels provide for the short-term storage in the range of seconds and
minutes. SES is not a topic of this report.

1 Mediumterm energystorage (MES})s needed to buffer the time-span between the
daylight, when the sun shines and the night, when electric energy is needed.

1 Longterm energy storage (LES)needed to buffer the high solar insolation in the
summer months for use in the period of low solar insolation in the winter months.

3.1.1 Medium Term Energy Storage (MES)

3.1.1.1 Size of Medium Term Storage

[Pic14] estimates that the daily MES buffer needed between the uncontrollablesolarsupplyand
the requested demandnust have a capacity of about 50 kW/hfor every 1kW of continuous
demand. Taking the number of Section 2.1.2 of 2.3 kW/person of continuous demand in the year
2100 this gives a required storage capacity of about 115kWh per person.

For Austria this would translate into a buffer capacity of about 1000 GWh if all energy comes
from solar and wind. This buffer would contain the energy for two days of operation of the electric
grid.

3.1.1.2 PumpedStorageHydro-electricity (PSH)

According to [Chul2] the most inexpensive method to store electricity for the medium-and
long-term is to use pumped storage hydroelectrity (PSH)and compressed aienergy storage
(CAES) air-tight caverns, for which the capital cost is about US $100/kWh

However, CAES compared to PSH is still in an experimental phase. At present, 99% of the bulk
storage capacity worldwide is provided by PSH. A more detailed analysis of the storage issues is
contained in Section 4.1 of this report.

Pumped Hydro is the only proven and widely used technology to store the massive
amount of electric energy needed in the hour to overnight scale.
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3.1.1.3Electric Batteries

Another envisioned technology to solve the storage problem is the massive deployment of
electric batteries, particularly Li-lon batteries.

At current the production cost of a Li-lon battery is around 650 $/kWh and expected to be
reduced to 150 S/kWh in the year 2020.

The main problem with electric batteries is not only the high cost of the initial investment, but
the finite number of duty cycles before the battery goes flat. If the battery cost is reduced to 150
S/kWh and supports 1000 duty cycles, the cost of a duty cycle is still 15 ¢/kWh.

Significant technological advances are needed to reduce the cost of electric battery storag for
MES applications at the utility-scale. We estimate that in this application domain the cost of a duty
cycle has to be reduced to less than 2 ¢/kWh for a duty cycle. This seems to be far in the future.

3.1.2 Long-Term Energy Storage (LES)

3.1.2.1 Size of Long Ter&nergyStorage(LES)

Let us assume that in the summer months of May, June, July and August we collect 150% of the
average monthly energy and in the winter months of November, December, January and February
we collect only 50 % of the average monthly energy. This would result in a size for the long-term
storage of about 25 TWh for all of Austria. To store this energy in hydro-electric basins would
require 40 reservoiref the size and altitude of the Malta power station (see Section 4.1.2). This is
unworkable in Austria and illusionary at a European scale.

3.1.2.2 Synthetic GagSyngas)

One solution to the LES challenge is synthetic gas. The intermittently produced electric energy
from solar radiation is used for the production of synthetic gas. Existing storage facilities for gas—
massive caverns - can be used to store the gas produced in the summer for use in the winter.
Existing transport facilities (pipelines) can be used to distribute the gas to end users, either for
heating or for generating electricity by gas turbines. The problem with this technology is the low
grid-to-grid conversiorefficiencyof less than 30 %gompared with more than 80 % for pumped
hydroor electric batteriesSubstantial research efforts are needed to industrialize the processes for
transforming solar energy, CO, from the air and water into syngas and synfuel.

3.1.3 Other Storage Technologies

There are many research projects looking into different types of storage technologies. One of
the more promising new technologies is compressegir energy storag€CAES) where compressed
air is pumped into a cavern under high pressure and used whenever needed to generate electric
energy. The grid-to-grid conversion efficiency of CAES is less than 50 %.
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3.2 Energy Distribution

At present, energy distribution is realized via the electric gridfor the transport of electric energy
and the pipeline systeméor the transport of gas and oil. In addition the road system is used to
transport liquid fuel to gas stations and homes.

If, beyond 2100, the bulk of the primary energy is provided as electric energy, the electric grid is
destined to become the major energy distribution network.

3.2.1 Stability of the Electric Grid

The classic electric gridas evolved over the past one hundred years as a tree-like unidirectional
distribution system sending energy from a large central power station to the many remote
consumers. The control strategy is relative straightforward, taking the frequencyas a control
variable. If the load on the electric net increases, the frequency drops and the frequency drop is a
control input to the generator to provide more energy.

3.2.11 Smart Grid

The advent of the prosumey i.e. an end userthat can consume and produce electric energy
(e.g., by a photovoltaic panel on the roof of its home) requires the development of radically new
distributedcontrol strategieshat control the power flow in the grid in both directions, to and from
the end user. The concept of a smart gridrefers to the new cyber-physical system that implements
the new electric power distribution algorithms. There is a considerable worldwide research effort
ongoing to find the best structure, sensors and algorithms for the implementation of a secure and
reliable smart grid.

In addition to the high-voltage net that transports the electric energy, the smart grid requires a
reaktime information netvork to capture the up-to-date (i.e., within less than one cycle of 20
msec) state of the high-voltage net in order to be able to realize appropriate control strategies.
Only if up-to-date sensor information about the state of the grid at all critical remote points is
available in a central control room, the best control strategy for the smart grid can be
implemented.

The increased electrification of the society requires the installation of additional high-voltage
power lines that are often opposed by environmentalists.

3.2.1.2 TimeVariable Pricing of Electricity

In Section 2.1.1 we have established an average power demand of 2.3 kW/person. With a
population of 8 Mio and an 80% share of electric energy in the total energy mix this translate into
an average power demand of 15 GW for the Austrian grid. Now let us assume that 1 000 000
electric vehicles start recharging their batteries in the evening, more or less simultaneously after
work, with a power demand of 15 kW/vehicle, resulting in a more or less additional simultaneous
power demand of 15 GW at the time when the power demand on the grid is already high.

In order to reduce the amount of expensive necessary reserve capaaitythe electric grid, it
would be reasonable to shift the recharging of the electric vehicles to the time after midnight,
when the power demand on the grid is relatively low. But who determines which vehicle must shift
the charging operation?

One solution to this problem is time-variable energy pricingVith time-varying energy pricing,
e.g., the price of consumed electric energy is changed, according to the developing load situation,
e.g., every 15 minutes. The consumer can shift its power demand to intervals of low price and thus
the expensive necessary reserve capacity in the electric grid can be significantly reduced. The price
of the electric energy is continuously adapted depending on the developing supply/cost scenario.
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Time-Variable Pricing of Electricity is also essential for the development of a viable
economic market for smart micro-grids (see below).

3.2.2 Smart Micro-grids

Smart micro-grids i.e. intelligent cyber-physical electric distribution systems within a house or a
community, have the potential to significantly change the structure of the electric distribution
network.

3.2.2.1 Importance of the SGPB Breakpoifeétion 2.2.12)

As soon as the SGPBBreakpoint(see Section 2.2.1.2) is reached, i.e., the price of a duty cycle of
a batery drops below 10 ¢/kWh decentralized battery storage is attractive for a residential
customerwho may pay 8 ¢/kWh for the energy delivered by a local solar system on the roof of his
house and 10 ¢/kWh for the local battery storage, giving 18 ¢/kWh as the price for electrical energy
which is available at any point in time. If the price paid to the utility company is 20 ¢/kWh, then it is
cheaper for the residential customer to use the locally produced energy than to consume the
energy provided by the utility company. Additionally, there is the autonomy dimensiomthat makes
the residential customer willing to pay for a high degree of self-determination. We expect that the
SGPB Breakpoint will be reached around 2020 to 2025 and result in a disruptive change of the
electric grid.

Micro-Grid Utility
Micro-grid Controller [ — Utility Controller
Message

! E Interface | E

m Smart
. CONSUMER ™ Meter |1
PRODUCER i CONMTNECTION RERVIERA T |
Power
STORAGE

Fig. 2: Example of a Smart Microgrid

3.2.2.2 Example of a Smart Microgrid

Fig. 2 shows an example of a smart Microgridin a home. The smart Microgrid consists of a
Microgrid controlleya local photovoltaic systeman energystorage devicee.g., an electric battery,
and appliancesthat consume electric energy. The Microgrid controller controls the local
appliances, negotiates with the Utility to arrive at a price for the energy for 15 minutes intervals
of the next 24 hours, and decides when to store the energy in the battery or to buy fromor sell
energy to the utility in order to minimize the energy cost to the owner. The development of
autonomous fault-tolerant Microgrid controllers is a topic in the emergent Internet of Things (loT).
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3.2.2.3 Consequences of the wide deployment &nart Microgrids

The massive deployment of smart micro-grids, which is expected to occur in the years from
2025 to 2030 will have a disruptive effecbn the structure and the operation of the national power
grid. It will result in a win-win situation for both, the end customer and the power company
because

I the customer will reduce its energy bill and realize an increased autonomy.
I a market for decentralized energy provision at times of peak load will develop.
I the power companies can reduce the spare capacity in the power system.

I theload on the power lines is reduced.

3.2.3 Alternative Energy Distribution Methods

The role of the existing gas pipeline and gas distribution systems in the large cities as an energy
distribution system for synthetic gas beyond the year 2100 is a realistic alternative that is not
discussed in this report. The problem with the synthetic gas option is the low overall efficiency.

3.3 Conclusion

From the preceding Sections it is evident that already today most of the technology exists to
transform our energy system from a fossil baseto a solar baseThe barriers that hinder such a
transformation are mainly political, not economical or technological.

This conclusion is also shared in the interesting study by [Jacl4] who investigates the
economic, social and environmental consequences of this shift from fossilto solarfor the United
States. On p.23 in Table 6 of this study the approximate fully annualized, unsubzeti 2013 and
2030 U.S. averaged generation and transmission costs for sustainable\morags fossppowerare
estimated

Energy Technology 2013 2030
Conventional (fossil)-new installation | 15.4 US ¢ | 22.7 US ¢
Solar based 11.3US¢| 6.1US¢

Table 4: Cost per kWh of fossil vs. solar energy [Jac14].
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4. OPPORTUNITIES FOR THE ALPINE REGIONS

4.1 Pumped Storage Hydro-electricity (PSH)

As mentioned in Section 3.1, in a sustainable energy system, Massive Energy Storage is essential

to match the intermittent nature of solar and wind to the variable consumer demand. At present,

the only proven technology to provide MES is pumped storage hydro-electricity (PSH). According to

[Eco12]:
PSH accounts for more than 99% of bulk storage capacity worldwide: around 127,000MW,
according to the Electric Power Research Institute (EPRI), the research arm of America's
power utilities The secondbiggest brm of bulkenergy storage, though it is dwarfed by
PSH, is compressait energy storage (CAES). This involves compressing air and storing it
in large repositories, such as underground salt caverns. During peak hours the air is
released to drive a turbine
The potential market is huge: according to Pike Research, a mradesrch firm, $122
billion will be invested in energpgorage projects between 2011 and 2021. It predicts that
the bulk of this spending will go towards new forms of CAES.

A detailed analysis of the energy storage markek contained in the yearly energy storage
tracker reports from [Nav15].

Pumped Storage Hydro-electricity (PSH) needs the natural topology of mountains, widely
available in the Alpine Region.

4.1.1 Increasing the Electric Power Generation Capacity

In the past century, many hydroelectric power plantdave been installed in the Alps. The
rational for the design of the size of the storage basins and the power-generation capacity was the
yearly cycle of the melting mountain snow that produces large amounts of water in the spring that
can be stored in high-altitude basins for use in the later part of the year.

According to [Picl14], the sustainable smart grid of the future would need about 50kWh of
energy storage capacity for 1 kW of continuous power provided. Taking the numbers Section 2.1.2
this would imply an energystorage capacityfor all of Austria of about 1000 GWhand a power
generation (and pumping) capacity about 20 GW

If we look at the energy storage capéy of all existing hydroelectric power plants in Austria we
find out that this storage capacity is already larger than the storage capacity needed for the smart
grid of the future. What is missing is the required power generation and pumping capacityt is
therefore recommended to increase the power generation and pumping capacity on the existing
hydroelectric power plants.
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4.2 High-Altitude Photovoltaic Energy Parks

4.2.1 Why High-Altitude Photovoltaic?

There are a number of convincing reasons, why photovoltaic systems at high altitude make

sense:

1 Lower temperature The efficiency of photovoltaic system increases with decreasing

temperature.

9 Albedo effect:The albedo effect, the reflection of sunlight from the snow, can increase
the insolation on photovoltaic panels by 20 % [McK98].
Less FogThere are fewer fog-days at high altitude than in the valleys.
Clear airSince the air at high altitude contains fewer pollutants, the insolation is better
than in valleys.
1 Land Availability The pastures in the high-alpine regions are of comparatively little

economic value.

= =

There are research challenges that must be solved before high-altitude photovoltaic systems
can be implemented.

4.2.2 The Concept of a High-Altitude Energy Park

According to Section 2.2.4 about 40 TWh/year of electricity should be provided in the post-fossil
era by utility-scale photovoltaic systems in Austria. With today’s solar cell efficiency, a cell areaof
about 250 km?is needed to provide this amount of energy.

Let us assume that an energy park has the size of 1 km?®. In this area about 500000 m” of solar
cells can be installed, delivering about 75 MW" or 75 GWh/year. About 500 energy parks of this
size are needed to provide the photovoltaic energy of 40 TWh/year. This would require a total area
of about 500 km?. Given that there are more than 10000 km? of alpine areas in Austria, this would
amount to less than 5 % of the Alpine areas.

If the efficiency of photovoltaic cells (see Annex 3) is improved from currently about 17 % to
e.g., 25 % this land area is reduced to around 350 km?.

Alpine Energy parks could be co-located with wind-turbines that transform the energy of the
high alpine winds into electricity. Hydro-electric reservoirs could be provided such that the
produced energy is used to pump water from the valleys into high-altitude reservoirs and thus
increase the utility of the energy, since it as then available at the time of use and not only at the
time of production.

At a further stage, when gas and oil prices have increased beyond the breakeven point of
synthetic fuels, such an energy park could be expanded to include a facility for the production and
storage of synthetic gas (hydrogen) or synthetic fuels for long-term storage. Fig. 3 depicts the grid
to grid efficiency of electric batterieversus hydrogenas an intermediate storage medium.
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Fig. 3: Grid-to-Grid efficiency of different storage technologies [Mar06].
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If it is assumed that 1 kg of synthetic fuel requires about 50 kWh of electric energy for its
production, then the energy park can produce about 1500 tons of synthetic fuel out of solar rays,
water and air ever year. However, substantial research efforts are needed to bring synthetic fuel
production facilities from the research stage to the maturity needed for wide industrial
exploitation [Rid14].
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6. CONCLUSIONS

Before the end of this century, the world will exhaust the available supply of fossil fuelghat at
present provide the basis for our energy-intensive life-style. If we intent to continue these live-style
without any disruptive events, we must plan for an alternate energy system now, since the
transformation of the energy system from fossil to sustainable is expected to take more than 50
years. The transition of the present fossil fuel based energy system to a solar energy system is an
enormous economic and political challenge.

In the last decades, the technologies (photovoltaic, wind) for the transformation of the energy
contained in the rays of the sun into electric energy have matured to the point that an energy
system that is based on the direct conversion of the solar energy into electric energy is a viable
option to deliver the needed energy at affordable prices. The critical issue in such a sustainable
energy system is the provision of adequate buffers between the intermittent delivery of energy by
the sun and the continuous energy demand.

In this report we have shown that the topology of the Alpine Regions offers many opportunities
to help in the solution of the identified energy storage challenge. The expansion of the existing
hydroelectric power plants can make a contribution to solving the energy storage problem

High-altitude solar energy park can collect the energy contained in the rays of the sun with high
efficiency in the clear air of the mountains. However a number of research have to be solved
before the massive implementation of high-altitude energy parks can be started.
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ANNEXES

Annex 1: High Quality versus Low Quality Energy

In this report we use the Watt-hour (Wh) as a basis unit of high quality energy. A Wh
corresponds to 3600 Wattsecondsr Joule

We use the following abbreviations

Unit Abbreviation
1 kilo-Wh kWh 10° Wh
1 Mega-Wh MWh 10° Wh
1 Giga-Wh GWh 10°Wh
1 Tera-Wh TWh 10" Wh
1 Peta-Wh PWh 10" Wh

Tab. Al1.1: Energy Units

Different substances have differing capabilities to transform their energy content into
mechanical work. In physics, the notion of exergyis introduced to express these differences. The
exergycontained in a substance depends not only on the substance but also on the environmental
conditions of the energy transformation.

In order to simplify the discussion, we introduce two energy types only: high-quality energy
(HQE)nd low-quality energy (LQE)o simplify our discussion, whenever an energy value is used
in this report without any further comments, it refers to high-quality energy HQE measured in kilo-
Watt-hours (kWh). We use a factor 0.5 to convert LQE to HQE, because it takes at least two units
of the LQE contained in gas, oil or coal to produce one unit of HQE, i.e., electric or mechanical
energy.

Type | kWh/kg kWh/I
Hydrogen compressed LQE 39.4 1.55
Natural Gas LQE 154 0.01
Diesel LQE 13.2 9.94
Jet Fuel LQE 12.8 104
Wood LQE 4.5
Li-lon Battery HQE | 0.1-0.24 | 0.25-0.73
Water at an elevation of 1000 m | HQE | 0.0028 0.0028

Tab. Al1.2: Energy Density of various energy carriers [adapted from Wed15]
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The difference between high-quality HQE and LQE is explained by using the following
example from a heat pump to provide thermal energy to a home.

The low quality thermal energy generated in a nuclear reactor (LQE) is used to generate electric
energy (HQE). In this process two thirds of the (LQE) energy are lost and dissipated to the
environment in the form of heat. On the other side, when the electric energy (HQE) is used to heat
a home (LQE) then a heat pumpcan recapture 2/3 of this thermal energy by cooling the
environment (Fig. A.1.3).

Heat to Heat from
Environment Environment
=
=
e
(]

3 kwh LQE
e.g., heating

4,\ Power Heat
3 kwh LQE 1 kWh HQ Electric Energy >

e.g. coal Plant Pump

Fig. A.1.3: Relation between LQE and HQE.

In this example, what is the energy requirement to heat the home? It is either 3kWh of LQE of 1
kWh of HQE. If we do not distinguish between LQE and HQE and simply add the numbers, the
result is not very meaningful. Many energy statistics do not make this distinction between LQE and
HQE are therefore misleading.
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Annex 2: Insolation in Austria

Global horizontal irradiation Austria

solargis
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http://solargis.info/doc/_pics/freemaps/1000px/ghi/SolarGIS-Solar-map-Austria-en.png
Fig. A2.1: Insolation in Austria.

The amount of solar energy received in a particular area during a given time interval depends
on the latitude and the time of the year. Insolation values range from 900 kWh/year in Norway to
2900 kWh/year in Australia. In Vienna, Austria the insolation in kWh/mZdayis given in Table

Month | Vertical | Horizontal 27° angle
Jan. 1.73 1.11 1.89
March 2.78 2.95 3.43
May 2.93 5.29 4.25
July 2.87 5.25 4.04
Sept 2.78 3.27 3.57
Nov. 1.60 1.12 1.77

Tab. A2.1: Insolation in Vienna in kWh/mzday[SoI15]
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Annex 3: Research Efficiency of Solar Cells
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Fig. A3: Research Efficiency of Photovoltaic Cells.

Fig. A3 shows the efficiencies that have been achieved up to date by the best research
photovoltaic cells. From this Figure it can be concluded that there is enormous potential for PV cell-
efficiency improvement form the present level of about 16% -18% in the coming decades.



