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Abstract

The world once was 100% renewable, before the industrialization began and the use
of fossil fuels. To become 100% renewable, this should be everyone’s goal on this
earth.

The share of renewable energy is increasing and so is the need for energy storages.
The problem of volatile renewable energy generation can probably partly be solved
by smart grids and load management, and by using other renewable sources with low
volatility. But the goals for GHG emissions are set and in order to reach them, volatile

energy production such as PV and wind power is necessary.

The focus in this thesis was to analyse the use of Power-to-Ammonia storage
technology for small-scale use. Power-to-Ammonia storage can be used as a

seasonal storage with high energy capacity.

A literature research beginning from renewable energy generation up to storage
technologies and European energy statistics helped to have an overview of what is
needed. The different types of Power-to-Ammonia storage technologies and usage of

ammonia as a fuel were collected in different literature.

The analyses showed, compared to other storage technologies, Power-to-Ammonia
has a lot of advantages, especially considering the life cycle analysis. But it also
shown that in this development stage, small scale use as described in this thesis could
only make sense by merging households to a large-scale plant, due to high

investment and operation costs.
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1 INTRODUCTION

“The scientific community is united in the view, informed by a body of evidence
amassed over more than 50 years, that climate change caused by human activity
poses a considerable threat to life on Earth. There is also little disagreement from
those in international politics. In 2015, 194 countries signed the Paris climate
agreement, and the intention of US President Donald Trump to withdraw his nation
from the accord has so far done nothing to dissuade the rest of the world from taking

action on climate change.” (Hodson 2017: 53)

1.1 Long-term climate change scenarios

What happens if we do not reduce greenhouse gas emissions (GHG). The studies
and calculated scenarios show that the global surface temperature will increase with
all its negative impacts, like for example sea level change (Figure 1). The mass loss
of Greenland’s and Antarctic’s ice has already contributed to an increased sea level.
Some impacts on our climate and nature will be irreversible. Figure 1 shows that even
when the emissions are stopped, the temperature increase will not stop immediately,
it will take at least decades. Even with a constant forcing, more incoming energy from
the sun that radiation back to space, the temperature will increase until the surface
temperature is in equilibrium with the new radiative forcing which was caused by the
past GHG. The world’s climate is a very complex model with a big inertia that will not
change fast. Our climate problem is a result of all the accumulated GHG up to now,
which we can’t just remove by just stopping the emissions now. But things will not get

better if we do not force decarbonisation. (Stocker et al. 2013)
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Figure 1: Projections of global surface warming induced by GHG. Source: (Stocker et
al 2013)
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1.2 Decarbonization of energy systems

The reduction of energy consumption is a very important part for a climate-change
scenario with minor negative impacts. This thesis will not focus directly on optimising
energy consumption in the different sectors. The efficiency of our energy systems is

directly linked to the primary energy consumption and to lowering GHG emissions.

Figure 2 shows the development of gross electricity generation in Europe (EU) forcing
the decarbonization. There was a very strong increase in renewable electricity
production over the last years, which also brought up some challenges in grid
balancing, considering the most part of the generated electricity is from volatile wind
and solar power with full load hours (FLH) somewhere between roughly 1000 to 3000

hours (Figure 3).
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Figure 2: Gross electricity generation EU-28 in TWh/year. Source: (European
Comission 2018)
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Figure 3: Gross electricity generation EU-28 by renewables in TWh/year. Source:
(European Comission 2018)

In 2016 the share of renewables in the gross electricity generation in EU was 29% (in
2005 it was 14%). This transition to renewables reduced the CO, emission intensity

by almost 25% as can be seen in Figure 4. (European Environment Agency 2018)

Electricity generation — CO2 emission intensity

600 —— Eurcpesn Unian (current

composition] Electricity
generation

450

300

g CO2AkWh

150

iy
-

» i
S
EE S

s

&
b

'

x]
L7

Z
590
2,

gL s
- NN N N =

;
“Og,

o ,S’ S 5]
S 23
v

3
%05

Figure 4: European Union (2018): Is electricity production in Europe becoming less
carbon intensive? Source: (European Environment Agency 2017)
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With an increasing share of renewable energy production, it will become difficult to
match electricity generation and demand. Renewable electricity generation is volatile,
which will lead into bigger imbalances in supply and demand by an increased share

of renewables.

Another key factor that will drive the development of electricity storage technologies
is the increasing electricity demand, in total but also the peak demand. This will most
likely depend on how the transport and heat sector will develop. Fleet CO, must be
cut by regulations, this can be seen in the trend of electric vehicles (EV) models and
sales (Figure 5). The trend worldwide and in Europe shows that the fossil fuels in

these sectors will be replaced by decarbonized energy.
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Figure 5: Global electric car sales and market share. BEV (Battery Electric Vehicle).
PHEV (Plugin Hybrid Electric Vehicle). Source: (International Energy Agency IEA 2019)

So, why is it that we are doing researches in the field of electricity storages?
Compared to hydrocarbon storages, electricity storages are much more expensive,
except for pumped hydro electricity. But it is expected that new energy storage
technologies will be an important part to reach our goal of decarbonisation and energy

security. (International Energy Agency 2012)
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1.3 Energy storages

The benefits from the increased share in renewable electricity production can be
directly seen in lower CO, emissions. Figure 6 shows the number of negative
electricity prices on three different electricity trading platforms. The number of
negative electricity prices increased over the last few years and correlates directly
with the growing share of renewable electricity generation. Negative prices are usually
a result of low demand and high production, mostly when the volatile electricity
generation is very high. In combination with baseload power plants which cannot be
operated flexible depending on the demand, this leads to a negative price of

electricity.

Energy storages are important for our energy security. The major share of energy is
stored as hydrocarbons, such as coal, oil or gas. Smart grids are also one possibility
to balance the load and the volatile renewable generation. But even with smart grids

and load management, energy storages are mandatory to balance the grid.

The surplus of electricity from renewables should be stored with technologies that
make sense in terms of economic and ecological aspects. Power to gas technologies
for storage have a lot of advantages compared to electrochemical storages as for
example batteries, which tend to have a high rate of self-discharge. A detailed

overview of storage technologies and a comparison is shown in Chapter 4.
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Figure 6: Number of negative hourly wholesale prices on some trading platforms.
Source: (European Commission 2018)
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Ammonia is used worldwide as a basic chemical or for feedstock production. Most of

it is produced by fossil fuels, such as natural gas or coal as can be seen in Figure 7.
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Figure 7: Sources of global ammonia production based on feedstock use. Sources of
global ammonia production based on feedstock use. Source: (European Commission
2018)

This Master’s Thesis will focus on Power-to-Ammonia (P2A) electricity storages, used
for energy produced from renewables. The P2A electricity storages will be analysed

for small-scale usage as a seasonal storage in economic and ecological aspects.
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2 Description of the methodical approach
2.1 Method of approach

For this thesis a wide literature research had to be done. First the energy system in
Europe was taken a closer look, to see the trends and conclude to the needs in future

for a stable and secure energy system.

In a next step the renewable energy generation technology had to be analysed in
order to understand the generation process and how it could be supplemented with
the storage technologies. A comparison between renewable energy technologies

shows for which technology the analysed storage type makes sense.

The storage technologies were compared and shown for which type of application
they make sense. A detailed comparison between Power-to-Gas technologies show

the advantages of ammonia or where it can be applied.

This prework enabled to develop a concept of Power-to-Ammonia-to-Power for small
scale use. This concept was analysed in-depth in a technological, economic and

ecological aspects.

In the last part after evaluating the concept from above, a conclusion was made with

key questions that have to be analysed in future.

2.2 Literature study

The literature research was performed for different topics, such as general renewable
energy systems, storage technologies and Power-to-Gas. Power-to-Ammonia
research was also done, although there was not that much literature available, so that
for the developed concept a lot of own know-how had to be invested. For ammonia
itself and the production process separate literature was analysed.

There are also a lot of journal articles available for these technologies which were

considered in this thesis.
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2.3 Key questions and motivation
This thesis is written based on the following questions:

- Technical analysis of P2A electricity storage for small-scale usage as a

seasonal storage
- Comparison to alternative Power-to-Gas (P2G) technologies
- Comparison of Ammonia-to-Power (A2P) technologies for small scale usage
- Total efficiency analysis of P2A technologies
- Analysis of regulations in Europe for P2A implementation in small scale usage
- Economic and ecological investigation of P2A technologies

The result of these questions will lead to the conclusion and the answer of the

question, if P2A technologies could be an option in Europe for the future.

There are two main motivation for this topic. The regulations in Europe or for example
in Switzerland already set the path for a renewable energy system. The main
motivation or drive to investigate in this field should be a decarbonisation of the energy
system. There is no doubt that energy storages will play an important role in an energy
system based on renewable energy generation. Even now or in the past energy
storages are mandatory for a energy system. A lot of Switzerland’s pumped hydro
energy storages (PHES) are required to balance the connected electricity grid in

Europe.
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3 Renewable energy technologies

There are different existing technologies available for renewable electricity
generation. This chapter will give an overview of these technologies in economic and
ecological aspects. Further it will show which technologies could be used in
combination with an energy storage. This will be important for the small-scale analysis

of Power-to-Ammonia-to-Power.

3.1 Volatility of renewable electricity generation

One key factor for comparing the different renewable technologies is the volatility of
electricity generation. The different technologies are compared in Table 1 with their
full load hours (FLH).

The FLH are defined according as followed:

FLH [h/year] _ Energy generated [Wh/year] (1 )

Installed capacity [w]

Table 1: Comparison of FLH of different technologies in Europe. Source: (VGB
Powertech 2015)

Electricity generation Full load hours [hl/year]

technology Min. Max.
Wind onshore 1800 3200
Wind offshore 3000 4200
PV (fixed) 900 2000
Biomass 5000 7500
Hydro run of river 3400 5500
Nuclear 7000 8000
Gas 4500 6500
Coal 4500 7500

With an upward trend of installed capacity in wind and PV in Europe and as shown in
Table 1, these technologies are very volatile and have low FLH. PV generates
electricity only during daytime and wind power is strongly depending on wind
conditions. The growing installed capacity of PV and wind power can sometimes

cause an overproduction which leads to negative spot market prices (see Figure 6).
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The overproduction needs to be stored and can be used in times with high demand

or low production of renewables.

3.2 Solar energy technologies for electricity generation

The decreasing costs over the last few years/decades for solar PV systems have

caused an enormous momentum on installed PV power worldwide and in Europe.

PV systems can be installed on/in all kinds of buildings/roofs and areas, there are a

lot of possibilities and available mounting systems.

The solar PV market is dominated by mono- und polycrystalline PV panels, around
80% of which are manufactured in China. These panels represent around 90% of the
PV installations worldwide. (International Renewable Energy Agency 2016)

There are also thin layer PV modules available, which are manufactured by very thin
layer of amorphous silicon or other materials. The efficiency of available panels on
the market varies from 16-24%. There are also multijunction cells available with much

higher efficiency but higher investment costs (Figure 8).
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Figure 8: Efficiency chart of PV technologies plotted by the National Renewable
Energy Laboratory (NREL). Source: (Nasim 2018)

The solar cell can only use one part of the solar spectrum, as it can be seen in Figure

9 so that is one limiting factor of a cell that cannot been changed with the existing

technologies. There is a theoretical maximum in efficiency that a certain cell can reach

10
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depending on the material, but there are other factors that limit this theoretical
efficiency. One factor is the glass cover that will increase losses by reflecting a part

of the sunlight from the module.
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Figure 9: Spectral Response Characteristics of various PV technologies. Source: (PV
Performance 2019)

The temperature of the solar cell has an influence in power output of the module. That
means, by increasing the temperature of a cell by one degree, the cell will lose a half
percent of power. Especially when mounting PV modules on roofs, the solar roofs
need to be back-ventilated. In example the PV system is installed on ground and is

naturally ventilated by wind or natural convection and conduction.

11
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Figure 10: I-V curve shift due to irradiance and temperature effect. Source: (Nasim
2018)

PV modules are made of PV cells incorporated into a unit, usually by soldering them
together under a sheet of glass (Figure 11). The size of PV modules can vary
depending of the installed site. The modules are built to be robust, weatherproof with

a guaranteed performance during a lifetime 20-25 years.
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Figure 11: PV module. Source: (Florida Solar Energy Center 2014)
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The spacing of PV rows and the tilting of the modules are very important for PV power
plants. The optimum spacing and tilting for Switzerland was obtained with a software
(PVSol 2019). The ground mounted modules will be fixed with a tilted angle of 30°

angle with a row spacing of 3.9m. The mounted modules:

e Tilting angle 30°, south oriented

e Vertical mounting of PV modules 1m width, 1.65m height. 260W
Polycrystalline

e Row space 3.9m

For a specific location it would have to be calculated more in detail, it also depends
on the available area. For example, it is also possible to have an east-west orientation

with a small area to increase installed capacity.

In the economic evaluation, besides for investment cost of the PV modules, the so-
called Balance of System (BoS) and the inverter have to be considered. The BoS
includes all required hardware besides the modules and the inverter, the wiring,
mounting supports, grid-connection, transformers and other parts. For these PV
plants the PV modules require also MPPT (maximum power point tracking), to
optimise the delivered power based on the operating conditions. The MPPT is usually
a feature built into inverters allowing the PV module to run at its best efficiency point
(Figure 10).
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Figure 12: Example of a Grid connected PV System. Source: (Renewable Energy 2017)

The inverter is an important component in a PV system, which converts the DC
electricity to AC for being able feding into the electricity grid. Inverters with built in
MPPT can also optimize the power outpupt of a whole system, since every module
can vary around in it’s rated output. Shadowing effects have to be calculated also, the
rated output of the system will be cut down even if there are shadowing effects only
on one PV module connected with the others. The voltage or the current will be the

same as in the module with the least power output.

Now, to understand the potential for a PV power plant, the solar radiation of the
installed location must be known. In this case we need to know the total amount of
solar radiation that will hit a horizontal surface on the chosen location. It is called
global solar radiation and it consist the direct radiation coming from the sun, and also

the diffuse radiation from the sky and the ground.

Figure 13 shows as an example the annual global horizontal irradiation of Switzerland.
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Figure 13: Annual global horizontal irradiation in Switzerland. Source: (MeteoSwiss

2018)

Figure 14 shows the FLH for different locations in Europe. PV plants only generate

power during day and more during summer, as can be seen in Figure 15.
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Figure 14: Annual full load hours of optimally inclined PV modules with a performance

ratio of 0.75. Source: (Graaba & Kropas 2015)
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PV systems can be divided into groups:

Stand-alone systems

Grid-connected systems

This thesis will focus on grid-connected systems. Which means that the produced
energy is feed into the connected grid, the self-consumption of systems without
storages is roughly 30%.

A grid-connected PV system has the following main components:

PV module/array

PV array combiner/junction box
DC cabling

Inverter

AC cabling

Meter cupboard

2401

2001

2

1204

Radiation [kWh/m®]

=]
o

0.
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

@ Diffuse radiation [kWh/m?] () Global radiation [kWh/m?]

Figure 15: Monthly radiation example. Source: (Meteonorm 2015)
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3.3 Wind energy carriers for electricity generation

In this chapter horizontal axis wind turbines (upwind) will be explained, since this is

the most common technology and the majority of the installed wind power capacity.

The main components of a horizontal axis wind turbine are:

The foundation on the ground (on-shore)
o The foundation of on-shore plants made from concrete.

e Monopole Tower

o Steel pipes, modular or concrete tubes

o Allows to access the machine room for maintenance and testing
e Grid connection
e The rotor blades

o 2,3 most efficient
e Electronics & Control unit

o Hub and pitch mechanism

o Yaw mechanism

o Rotor break (active or passive)

o Cooling
e Drivetrain / Generator (with or without gearbox)

A Transformer is needed to adapt the generated electricity to the grid it will be feed
in. The transformer will usually be installed on ground and connected to the wind
turbines. The electricity is being produced in AC, so there is no need for an inverter

like for example for PV systems.
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Figure 16: Components of a horizontal axis wind turbine. Source: (Luo 2010)

The wind turbine rotates due to lift and drag wind forces on the blades, see Figure 16.
Most wind turbines have 3 blades for a higher efficiency and lower noise. The blades
are mostly made of fiberglass. The wind turbine can be controlled by different
methods:
e Drivetrain speed
o Fixed (direct grid connection)
o Variable (power electronics for indirect grid connection)
e Blade regulation

o Stall, blade position fixed, with increasing wind speed stall will occur
after blade

o Pitch, blade is not fixed and be controlled
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Figure 17: How a wind turbine works. Source: (Layton 2006)

Before planning or even installing a wind turbine, the wind speeds at the chosen
location have to be measured or the data of measurements have to be analyzed.
According to the wind speed the the type of turbine can be chosen and the potential

electricity production can be be estimated.

The wind measurments should be done for one year at least. But not only the wind
speed has a influlence on the wind turbines generated power, also the height at which
the blades are from the ground. So wind measurements at different heights are also
for important for the planning of a wind power plant. The wind power depends on

amount of air (volume), speed of air (velocity) and mass of air (density).

The Figure 18 shows the average monthly wind speed for Switzerland. The wind
speed can also depend from season.
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Figure 18: Average monthly wind speed 1987-2006 [m/s] Basel-Switzerland. Source:
(Wind data 2019)

Wind power plant are usually grid connected and the generated electricity is fully
conducted into the grid. If the time is right, the electricity demand is high. If the
timing is bad, due too low demand or overproduction from other volatile sources
such as PV, it can lead to negative prices. The P2A storage technology could help

to balance these overproductions.
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4 Electricity storage

There are different existing energy storage technologies and new technologies under
development. Energy storages can be divided in electricity storage and thermal

storage and furthermore in different technologies as can be seen in

Energy Storage

I 1
Electrical Energy Storage Thermal Energy Storage
I 1 I I I I 1

Mechanical Energy Chemical Energy El hemical Sup d g Cryogenic Energy Sensible Heat Latent Heat Storage Thermochemical
Storage Storage Energy Storage Magnetic Energy Storage Storage #  Phase Change Heat Storage
*  Flywheel »  Hydrogen »  Supercapacitor  Storage s Liquid Air s Ceramics Materials
*  Pumped Hydro = Biofuel =  Batteries Energy Storage s Concrete (PCM)
= Gravity *  Biodiesel *  Molten Salis e
*  Compressed Air ®  Chilled water
*  Liquid Piston

Figure 19: Energy storage technologies. Source: (Aneke & Wang 2019)

The global share of the different energy technologies is shown in Figure 20. Pumped
hydro is the most known and common energy storage, the technology is well known
like the other technologies. Currently there are new storage technologies under
development, because the potential in pumped hydro storage is limited in Europe.

® Battery ® Pumped Hydro ® Thermal ® Flywheel ® Capacitor ® Hydrogen = Compressed Air

0%

0%

1%

Figure 20: Technology share of quantity of energy stored globally. Source: (Aneke &
Wang 2019)
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4.1 Electricity storage key parameters

There are a lot of parameters to compare different electricity storage technologies. In

the following Table 2 some important key parameters for energy storages are listed:

Table 2: Key parameters used to compare energy storages with rating applied to P2A
in small scale. Source: own.

Key parameter Rating (1-5, 5 max importance)
Storage duration 5
Typical size 2
Charge duration 4
Discharge duration 2
Cycles 5
Response time 5
Energy and power density 2
Specific energy and power 1
Energy and power capital costs 4
Operating and maintenance costs 4

The importance of these parameters is shown by a rating in Table 2 made especially
for the use in small scale storages for renewable energy systems. According to these
key parameters a comparison of P2A to other storage technologies can be done and

used for the conclusion in this thesis.

For the use of P2A in small scale the storage duration will be very important, since
the P2A storages shall be seasonal storage to cover electricity shortages over the

whole year.

The size, energy/power density and the specific energy and power are not rated to be

very important for this usage, since there should be more place than for example for

thele

(]
blio
nowledge

(]
I
rk

storages used in electric mobility.


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Masterarbeit ist an der TU Wien Bibliothek verfligbar.

The approved original version of this thesis is available in print at TU Wien Bibliothek.

thele

(]
blio
nowledge

(]
|
rk

The discharge time and the energy capacity are shown and compared in Figure 21.
Power to gas technologies are the best solution when compared in energy capacity
and discharge time, they are comparable to fossil fuels. Since ammonia can be stored
easily in a liquid state with a relatively small overpressure, it is comparable or even

better than power to gas technologies with hydrogen or methane.

From this Figure 21 it can be derived, where power to gas (P2G) technologies can
make sense. They can be used for seasonal storages and balancing and grid
balancing. This thesis will investigate on the possibilities to even us this technology

for small scale use.

1 year

1 month

1 day

1 hour

1 min

e
Super-
| capacitors
1 sec |

Discharge time at rated power

1 10kWwh 100 1MWh 10 100 1GWh 10 100 1TWh 10 100
kWh kWh MWh  MWh GWwh GWh TWh  TWwh

Energy capacity

Figure 21: Storage technologies comparison. Source: (Nadeau et al. 2016)

The charge duration is rated higher, the charging will be done with higher power
during times of over production with renewables and discharging usually will be done

over a longer period.

The capital and maintenance costs are important for the economic analysis and are
rated high for this case. The costs will be compared to other storage technologies but

also to electricity price to conclude if the P2A is profitable.
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4.2 Rechargeable Batteries

Batteries became very important also for stationary use with the increased share of

renewable energy. There are a lot of different rechargeable battery technologies

available:

- Lead acid

- Alkaline

- Nickel cadmium

- Nickel hydrogen

- Nickel metal

- Nickel zinc

- Lithium cobalt oxide

- Lithium-ion polymer

- Lithium iron phosphate

- Lithium sulfur

- Vanadium redox

- Lithium nickel manganese cobalt

This thesis will only focus on the two most popular lead-acid and lithium-ion batteries.

Table 3 shows a comparison of the two technologies by some key parameters.

Table 3: Comparison of lead-acid and lithium-ion batteries. Source: (Letcher 2016)

Lead-acid Lithium-ion
(LiFePOu/graphite)
Energy density [Wh/kg] 40 110
Power density [W/kg] 350 4000
Cycle lifetime 600 5000
Efficiency % 85 94
Monthly self-discharge % | 8 3

Lithium-ion batteries have a very high efficiency and a good energy density, but the

prices were quite high. In the last few years the prices dropped a lot as you can see

in Figure 22 and are expected to drop even more. They are often used also in
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combination with a PV plant, although the investments usually are not economically

feasible.

-20% -20% -7% -10% -35% -22%

$/kWh [ N 2 | N [ ~ | v | N [ YV
1000

2010 2011 2012 2013 2014 2015 2016

Figure 22: Price development of lithium-ion batteries. Source: (Curry 2017)

4.3 Pumped hydro energy storage

Pumped hydro energy storages (PHES) are built with a lower and an upper reservoir,
which are connected by a pipe and a pump coupled to a generator. During times with
low electricity demand in the grid and with low electricity prices, the upper reservoir
can be filled with water pumping water from the lower reservoir. During times with
high electricity demand or high prices the water from the upper reservoir can flow to

the lower reservoir through the pump (acting as a turbine) and generate electricity.
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Figure 23: Pumped hydro energy storage. Source: (Letcher 2016)

PHES are the most important energy storages currently, also for grid balancing and
frequency regulation. The efficiency of a PHES is between 60-80%, the newer built

PHES may even have an efficiency over 80%.

As shown in Figure 21 PHES can store large capacities of electricity. PHES are very
reliable, the technology is well known and developed. The storage costs are also
relatively low, combined with low operation and maintenance costs, this is also one of
the reasons they were built a lot. The investment costs on the other hand are very

high for PHES, which make it more difficult to finance such big projects.

PHES have also some disadvantages, that make it very difficult nowadays to build
more. The environmental impacts are a big problem and make it difficult to find new
adequate terrains for building new PHES. Big terrains are needed for the lower and
upper reservoirs and of course a big elevation, which makes it even more challenging
to find suitable location. Due to environmental impact the governments usually require

a lot of prework to be done before allowing new PHES. (Letcher 2016)

26


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Masterarbeit ist an der TU Wien Bibliothek verfligbar.

The approved original version of this thesis is available in print at TU Wien Bibliothek.

w 3ibliothek,
Your knowledge hu

4.4 Power-to-Gas technologies

Large storage capacities, long-term and seasonal storage therefore Power-to-Gas
storages are interesting compared to batteries. The disadvantage when compared to

batteries is a much lower efficiency.

This chapter should provide a short overview of Power-to-Gas technologies before

we jump to Power-to-Ammonia.
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H,-Storage Hydmgen

) . O
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Natural Gas Grid Natural Gas with
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Figure 24: Principle of power to gas. Source: (Stolten et al. 2013)

Figure 24 shows the principle of power to gas. With the renewable energy hydrogen
will be produced from water with electrolysis (see eq. (2)). Hydrogen can also be
produced by reforming of natural gas with steam, but it's not considered for this thesis

since we concentrate on renewable energy sources.
H,0 (1) + electrical energy — H, (g) + 0.50, (g9) (2)

There are several types of electrolysers:

27


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Masterarbeit ist an der TU Wien Bibliothek verfligbar.

The approved original version of this thesis is available in print at TU Wien Bibliothek.

thele

(]
lio
nowledge

b

i
r

4.4.1 Alkaline water electrolysis (AWE)

Figure 25 shows the alkaline electrolysis principle. Two electrodes in a basic
electrolysis are connected to direct current (DC) to start a redox reaction. At the
positive electrode hydrogen is produced and at the negative electrode oxygen.
diaphragm separates the electrodes avoiding short-circuiting and enables the

separation of hydrogen and oxygen gases.

Alkaline Electrolysis
40-90 °C

Cathode - + Anode

H, % 0,
H,O

Cathode Anode

Ni HilCoiFe

Diaphragm

Figure 25: Electrolysis of water, production of hydrogen. Source: (Stolten et al. 2013)

AWE is an old technology; a lot of AWE were installed in the past 100 years. Table 4
shows the main manufactures with some key numbers. AWE has been well developed
and works stable and no noble metal catalysts are needed. AWE is chosen most of

the time for large-scale units.
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Table 4: Main manufactures and performance data of AWE. Source: (Modak 2011)

Manufacturer  Technology Rated Maximum Energy Location
production pressure consumption
[m® (STP) h™"] (bar) [kWh m~ (STP)]
Hydrogenics Bipolar 10-60 10-25 5.2-5.4 (system) Canada
H2 Logic Bipolar 0.66-1.33 1.0/2.0/ 5.4 (system) Denmark
atmospheric
H2 Logic Bipolar 32-64 4-12 4.9-5.0 Denmark
NEL Hydrogen Bipolar 10-500 Atmospheric 4-4.35 Norway
NEL Hydrogen Bipolar 60 15 4.9 Norway
Sagim SA BP-MP 0.1-1 10 5 France
100/1000
Sagim SA BP-MP 1-5 10 5 France
100/5000
Sagim SA MP8 0.5 8 5 France
Teledyne Bipolar 2.8-56 10 NA USA
Energy System
ELT Bipolar 3-330 Atmospheric 4.3-4.6 Germany
ELT Bipolar 100-760 30 4.3—4.65 Germany
IHT Bipolar 380-760 32 4.3-4.65 Switzerland

4.4.2 Proton exchange membrane electrolysis (PEM)

PEM is a higher power density and overall better efficiency compared to AWE. The

development started in the 1950s for space program applications. The membrane is

assembled with an anode, cathode and a membrane. The electrocatalyst consist of

noble metals which is a disadvantage compared to AWE. It is also not yet that well-

established technology as AWE.
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Figure 26: Schematic working principle of PEM electrolysis. Source: (Stolten et al. 2013)

Figure 26 shows the working principle of PEM. Water oxidizes electrochemically at

the anode. Oxygen, hydrogen ions and electrons are produced. The hydrogen ions

pass the membrane and recombine with electrons to hydrogen gas.

PEM electrolysers can be built very compact and allows also high-pressure operation.

Table 5: Main manufacturers and operating parameters of PEM. Source: (Gibbon 2016)

Manufacturer  Technology Rated Maximum Energy Location

production pressure consumption

[m’® (STP)h"]  (bar) [kWh m™ (STP)]
Hydrogenics  Bipolar 1.0 7.9 7.2 Canada
Giner Bipolar 3.7 85 20 USA
Proton onSite  Bipolar 0.265-1.0 14 6.7 USA
Proton onSite  Bipolar 2-6 15 6.8-7.3 USA
Proton onSite  Bipolar 10-30 30 5.8-6.2 USA
Siemens No details  ~20-50 50 No details Germany
H-TEC Systems No details  0.3—40 30 5.0-5.5 Germany

Table 5 shows some manufacturers of PEM electrolysers and some key parameters.
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4.4.3 High-temperature water electrolysis (HTE)

HTE were developed in the 1970s and 1980s. HTE operates and high temperatures

in the range of roughly 900°C and the feeding water is replaced by steam. Solid

ceramic material is used for the electrolyte through which the oxygen ions can

conduct. HTE are not still under development. HTE can run more efficient because a

large part of the energy can be supplied as heat. In combination with methanation

(exothermic reaction) this would be more efficient than PEM or AWE.

High-Temperature Electrolysis
700 - 1000 °C

Cathode - + Anode

0?- lon conductor

Figure 27: Schematic working principle of high-temperature water electrolysis. Source:

(Stolten et al. 2013)
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5 Power-to-Ammonia

5.1 Ammonia

Studies and the trends show that carbon-free fuels as hydrogen will have a big impact

in our future energy systems. Hydrogen has the disadvantages of a low energy

density compared to the fossil fuels that are commonly used. Storing and transporting

hydrogen requires high safety standards due to the hydrogen’s flammability and

explosivity and its invisible flame.

Ammonia has a high hydrogen content and does not have the above-mentioned

downsides. Ammonia can be liquified with little pressure (see Table 6) and is therefore

much convenient for storage and transportation. It can be used as a solid or liquid.

The physical properties of ammonia are very close to the properties of propane (Table

7).

Table 6: Physical properties of ammonia. Source: (Dincer et al. 2018)
Property Liquid
Color Colorless
Density (20°C, 857.5 kPa) 610.2 kg/m3
Boiling point (101.3 kPa) -33.43°C
Melting point (101.3 kPa) -77.71°C
Critical pressure 11.28 MPa
Critical temperature 132.4°C
Lower heating value 18.57 MJ/kg
Higher heating value 22.54 MJ/kg
Molecular weight 17.03052 g/mol

Table 7: Technical comparison of hydrogen with other fuels. Source: (Letcher 2016)

Hydrogen Petroleumn Methanol Methane Ammeonia
Boiling point (K) 203 350-400 337 Mg 240
Liquid density (kg/m®)’ 708 702 797 425 mn
BGas density (kg/m”) 0.0899 - - 0.718 0.77
Heat of vaporization (kl/kg) 444 302 1168 577 1377
Higher heating value (HHV)" (MJ/kg) 1419 46.7 233 55.5 22.5
Lower heating value (LHV)" (MJ/kg) 120.0 44.38 201 50.0 18.6
LHV" (MJ/m®) 8,520 31,170 16,020 21,250 14,350
Diffusivity in air (cm®/s) 063 0.08 0.16 0.20 0.20
Lower flammability limit (vol%:) 4 1 7 5 15
Upper flammability limit (vol%) 75 6 36 15 28
Ignition temperature in air (“C) 585 222 585 534 651
Ignition energy (mJ) 0.02 0.25 - 0.30 -
Flame velocity (cm/s) 270 30 - 34 -

“Al normal temperature and pressure (NTP) of 273.15K and 101.325 kPa, respectively
“These values are slightly different in different sources provided by different authors

Source, Reproduced from Rand DAJ, Dell R, Hydrogen energy: challenges and prospects, vol, 1. Cambridge: Royal Society of Chemistry
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Ammonia (NHs) is the second most produced inorganic chemical. Ammonia is used

to produce fertilizers and a lot more as can be seen in Figure 28 show the increasing

ammonia development over the last decades.

world ammonia production [x10° tons per year]
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Figure 28: World ammonia production 1946 to 2007. Source: (Eggers 2012)

Table 8: Use of ammonia. Source: (Modak 2011)

Industry

Fertilizer

Chemicals

Explosives
Fibres & plastics

Refrigeration

Pharmaceuticals

Pulp & paper

Mining &

metallurgy

Cleaning

Use

Production of: ammonium sulfate, (NH,),8O,; ammonium phosphate,
(NH,);PO,: ammonium nitrate, NH,NO,: urea, (NH,),CO.

Synthesis of: nitric acid, HNO, which is used in making explosives such as TNT
(2,4,6-trinitrotoluene), nitroglycerine which is also used as a vasodilator (a
substance that dilates blood vessels) and PETN (pentaerythritol nitrate); so-
dium hydrogen carbonate (sodium bicarbonate), NaHCOl; sodium carbonate,
Na,CO;; hydrogen cyanide (hydrocyanic acid), HCN; hydrazine, N,H, (used in

rocket propulsion systems).
Ammonium nitrate, NH,NO.
Nylon, -[(CH,),-CO-NH-(CH,),-NH-CO]-, and other polyamides.

Used for making ice, large-scale refrigeration plants, air-conditioning units in

buildings and plants.

Used in the manufacture of drugs such as sulfonamide which inhibit the growth
and multiplication of bacteria that require p-aminobenzoic acid (PABA) for the
biosynthesis of folic acids; anti-malarials and vitamins such as the B vitamins

nicotinamide (niacinamide) and thiamine.
Ammonium hydrogen sulfite, NH HSO,, enables some hardwoods to be used.

Used in nitriding (bright annealing) steel; used in zinc and nickel extraction.

Ammonia in solution is used as a cleaning agent such as in ‘cloudy ammonia’.
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Ammonia is mostly produced by fossil fuel and is therefore a main contributor for CO,
emissions. The worldwide ammonia production consumes over 1.6 % of the world’s
fossil fuels, mainly by natural gas, and emits roughly 3% of the world’s total CO-

emissions.

The production of ammonia for the existing ammonia industry by renewables is also
a very big opportunity to lower greenhouse gas (GHG) emissions but it is not part of
this thesis. This thesis will focus on the production of ammonia for the utilization as

an energy storage.

Ammonia can be used as a carbon-free fuel like for example hydrogen for different

applications as:

- Combustion engines

- Gas turbines

- Burners

- Fuel cells

- Refrigerant for cooling

- Decentralized power generation

- Smart Grid application

Ammonia as a fuel has also other advantages when comparing with hydrogen or other

hydrogen carriers:

- High octane rate 110-130

- It can be separated into hydrogen and nitrogen using roughly 12% of the
higher heating value (Dincer 2018)

- Thereis already a transportation system existing for large amount of ammonia.
Even natural gas and oil pipes could be used for ammonia transportation.

- Even small concentration can be noticed by nose

- If correctly stored, the danger of explosion or flammability is very low, since it

is lighter than air when leaking out of a storage vessel
Table 9 shows a comparison of ammonia with other fuels and it can be seen that it has

definitely an advantage when it comes to energy density and costs. Compared to

gasoline the energy density is lower by a factor of 2.5.
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Table 9: Comparison of ammonia with other fuels. Source: (Dincer 2018)

Fuel/storage P (bar)  p Density  HHV HHV per Energy per  Cost per  Cost per volume  Cost per
kgm )  (MIkg")  volume volume mass $m?3 anergy
GIm3)  (@Imd)  (Sky') ($6S7)
Gasoline, CgHyg/liquid 1 736 467 34.4 344 1.03 754.86 21.97
CNG, CHyfintegrated storage 250 188 425 104 7.8 0.91 170.60 21.29
LPG, CsHg/pressurized tank 14 388 489 19 117 1.06 413.66 21.74
Methanol, CH;0H/liquid 1 786 14.3 11.2 9.6 0.41 317.80 28.31
Hydrogen, Hy/metal hydrides 14 25 142 36 3 3.02 75.49 21.29
Ammonia, NHs/pressurized tank 10 603 225 13.6 1.9 0.23 136.63 10.04

Ammonia, NHz/metal amines 1 610 171 10.4 8.5 0.23 138.14 13.21

5.2 Toxicity of ammonia

Ammonia is a toxic substance with low reactivity. The chances of accidental
combustions or explosion is much lower than other fuels (see Figure 29). Ammonia is

considered safe for stationary storage or electricity generation. (Medina et al. 2018)

Substance Health | Flammability | Reactivity - 9 LPGNG  Fire/Explosion ]
; ydrogen
Ammonia 3 1 0
Gasoline/Methanol
Hydrogen 0 4 0 a o Toxicity -
Gasoline 1 3 0 %
©
LPG 1 4 0 e 1
&
Natural Gas 1 4 0 = )
Ammonia
Methanol 1 3 0 1 ’
Ideal Fuel
’ 0=No hazard, 4=Severe hazards

Health

Figure 29: Toxicity and Fire/Explosion comparison of different fuels. Source: (Medina
et al. 2018)

The health effects of ammonia when inhaled were observed. High levels of ammonia
can cause serious burns in the respiratory tract. Inhaled ammonia usually retains in

the upper respiratory tract. (U.S. Environmental Protection Agency 2016)

In case of any ammonia leakages near humans, it can be detected very fast by its
smell. If ammonia storages are used inside a building, there are ammonia detectors

available that can be installed.
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5.3 Production of ammonia

Ammonia consists of three hydrogen atoms and one nitrogen atom. It can be
produced by extracted nitrogen from air and extracted hydrogen from water combined
with an energy source, in best case with a renewable energy source. The synthesis

reaction is exothermic:
N,(g) + 3H,(g) < 2NH;(g) [AHDog = — 92.44 k] /mol] (3)

This reaction is reversible, the dissociation of ammonia is endothermic. In a closed
loop with renewable energy this could also work as a energy storage, but it is not part

of this thesis.

The production of one kilogram of ammonia, a reaction of 2.4 m?® of hydrogen at
standard temperature pressure (STP) and 0.8 m3 (STP) of nitrogen is required. 3.27

MJ of heat is released. 0

Worldwide about 72% of ammonia is produced by steam methane reforming from

natural gas. Hence the production costs dependent up to 90% from natural gas prices.

5.3.1 Haber-Bosch process

More than 90% of ammonia is produced by the Haber-Bosch synthesis process in the
industry and it was developed in 1913. For the Haber-Bosch synthesis different
energy sources for the hydrogen production can be used, see Figure 30. In this thesis

only the hydrogen production by renewable energy sources will be considered.
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Renewable Conventional Cryogenic Non-cryogenic

Tidal and Ocean GCoal

Solar Wind wave thermal Hydre | Biomass | Geothermal gasification ucG SMAR Nuclear Heavy oil

H2 N2

NH, synthesis (Haber-Bosch)

Internal combustion

engine Fuel cell systems

Figure 30: Ammonia production and usage routes. Source: (Letcher 2016)

As seen in the previous chapter, the Haber-Bosch process is an exothermic process
which combines hydrogen and nitrogen in a 3:1 ratio. The reaction is processed by a
catalyst at a temperature around 450-600°C. The nitrogen and hydrogen gas mixture
are usually compressed at 120-200 bar before entering the synthesis reaction. (Dincer
et al. 2018)

According to Figure 31 it can be concluded that the ammonia synthesis reaction is
favoured by high pressure and low temperature. An iron catalyst is needed to reduce
activation energy of ammonia synthesis, otherwise high temperatures (>1000°C)
would be needed. Not the whole gas is converted to ammonia, therefore multiple

passes through the converter are required. (Modak 2011)

1.0 1.0

T=473K

0.9 A 09 (B)

P =300 atm 523

500‘6(1)0r?(|)()l8f|)0.900 0.1(])0I2(|)DI300
Temperature (K) Pressure (Atm)

Figure 31: Mole fraction of ammonia at equilibrium from initial 3:1 mixture H2/N2 gas at
different temperatures and different pressures. Source: (Modak 2016)
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The feasibility of the whole ammonia synthesis process depends on the hydrogen and
nitrogen production.
b

H, NH,
—
Air
— i
NH,
—

o] | o o)

Figure 32: schematic ammonia production methods from renewable sources. Source:
own.

Figure 33 show a more detailed ammonia synthesis with storage unit. Also the

compression and cooling stages are well shown.

Separation
i Cold Heat ;
! Exchanger

; @ Purge

v N
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H; Storage

Multi-Stage H

Compressor \ Bed3
N, Storage i T%a
Mixing and Compression Reactor System

Figure 33: Ammonia synthesis with a Power-to-Ammonia storage unit. Source:
(Cheema & Krewer 2018)

Table 10 shows a comparison between different small-scale Haber-Bosch synthesis
loops. For small-scale stationary use in a house like in the following calculation in
chapter 7, the absorbent-enhanced Haber-Bosch process makes sense. It has low

investment and operation/maintenance costs with a safe operation.
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Table 10: Comparison of different small-scale ammonia synthesis loops. Electricity

consumption covers feed compression, energy input for separation, and recycle loop
compression. Source: Adapted from (Rouwenhorst et al. 2019)

5.3.2 Electrolytic ammonia synthesis

Alternative Advantages Disadvantages
High-pressure Haber-Bosch ® Well-known ® Very high
process techmology pressure and
400-550°C ® No sharp temperature
300-460 har separation Operating safety
Electricity consumption required High capital
4kWhkg ™' NH; ® No refrigeration investment
TRL ¢
Medium-pressure Haber- ® Well-known Requires large
Bosch process technology scale
350-525°C ® No sharp High pressure and
100-200 bar separation high temperature
Electricity eonsumption required Refrigeration
2.62 kWh kg ! NH, required (high
TRL 9 OpEx)

Absorbent-enhanced Haber-

Bosch process
370-400°C
10-30 bar
Electricity consumption
0.7-3.1kWhkg ' NH,
TRL 4-5

Relatively low

pressure
Lower CapEx and
OpEx

Safer operation
No refrigeration

Kinetics no longer

rate limiting,
recycle is rate
limiting

Operating safety
Efficient
separation
required (low
ammonia partial
préssune)

Electrolytic ammonia synthesis can be divided in categories depending on the

electrolyte:

Liquid electrolytes: operation at room temperature

Molten salt electrolytes: operating at temperatures 180-500°C

Composite electrolytes (solid electrolyte mixed with low melting salt):

operating at 300-700°C

Solid state electrolytes: operating at room temperature up to 700-800°C
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Table 11: Studies for ammonia synthesis. Source: Adapted from (Dincer et al. 2018)

Method Authar Resulls
Mohen salt electrobyte-based Licht ef al. Upwiards of 30% current efficiency using water, and air as reactants. Using modten
system NaOH-KOH mixture with nanoscale Fe.04 a3 a catalyst. Nickel monel mesh with
nickel elacirodes
Liquid electrohyte-based systems Giddey ef at Irom s used at the cathode at operating temperature of 50°C when nitrogen was
supplied to cathode a1 a pressure of 50 atm producing S8% curment efficisncy
Ceramic proton conductar-based Giddey ef al Ceramic proton conductor systems use vacancies in the chemical structures to
systems conduct charged species: the net conversion efficiency was found at about only
50% becawse of the decomposition of ammonda back io hydrogen and nitrogen
Potymer membrane-based Garagounis et al, The highest product yield was demonsirated from a solid Nafion membrane with a
Systems mixed oodde (SmiFe, 0wy sMly 2 04). The rate of ammanta formation reported was

1.13 10~ * molitmn®s, obtained at 80°C

Table 11 shows some results of ammonia synthesis from different literatures. And in

Figure 34 a schematic drawing of a solid state ammonia synthesis (SSAS) is shown.

High temperature ~ 600°C
Electricity

N pajoesIun

=
I
@

Unreacted
alfjon0e|a

o

H20 (g) N,

Figure 34: Steam-based solid-state ammonia synthesis (SSAS) in high-temperature
electrochemical ammonia synthesis cell. Source: (Dincer et al. 2018)
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5.3.3 Hydrogen production
The hydrogen is produced from water by electrolysis according to chapter 4.4. Table
12 show the advantages and disadvantages of different electrolysis technologies.

Table 12: Comparison of different electrolysis technologies. Source: Adapted from
(Rouwenhorst et al. 2019)

DC energy consumption
4.2-6.6kWh Nm ™ * H,
3.8-4.4kWh Nm * H,

Electrolyte 20-40 wt% KOH

Battolyser

30-60°C

1-30 bar

DC energy consumption
4.4kWh Nm " H,
Electrolyte 21 wt% KOH
TRL 4-5

PEM

50-80°C

10-200 bar

DC energy consumption
4.2.6.6kWh Nm " H,
Electrolyte Nafion

TRL 5-7

Solid oxide

650-1000°C
1-25 bar
DC energy consumption

>3.7(>4.7) kWhNm * H,

3.7-39kWh Nm ™~ * H,
Electrolyte YSZ
TRL 3-5

® Low cost (current lowest: 450 € kW ')

® Stacks in MW range (up to 5.3 MW)

® Low water purity requirement (=5 uS cm b}

® High stability (efficiency degradation 0.25-1.5% y ")
® Low maintenance cost (2-3% of capital cost y )

® (Most of the) ad ges of alkaline electrol
® Combined battery and electrolyzer

® Non-noble, abundant catalysts (Fe, Ni)

® Low cost (about 370 € kw™")

® Operation near room temperature (30-60 ‘C)

® High current densities (0.6-2.0Acm™%)

® High voltage efficiency

® Low minimum load requirement (0-10% or 5-10%)

® Fast dynamics (milliseconds scale)

® Compact system design

® High gas purity (99.9-99.9999%)

® Flexibility in modes of operation

® Acceptable stability (efficiency degradation 0.5-2.5% y )

® Reversible operation possible
® Potentially low energy requirement for splitting water

® Potential for using low cost materials (current materials are
NIO/YSZ and Lay ¢Sro 2MnO,/YSZ)
® Potentially high energy efficiency

Alternative Advantages Disadvantages
Alkaline ® Mature technology ® Low current densities (0.2-0.45Acm %)
60-90°C ® Non-noble, abundant catalysts (Ni, Ni-Mo alloys) @ Cross-over of gases
0.05-30 bar ® Long term stability (60000-90000 h) ® High load requi (10-40%, although state of the art

systems with 5% are available)

® Slow dynamics (seconds scale)

® Low operating pressures (nowadays high pressure systems of up to
30 bar are available)

@ Corrosive liquid electrolyte

©® Complicated system design, especially when high purity is required

® (Most of the) disadvantages of alkaline electrolyzers

® Low operating p (however, op at p up to
30 bar (or above) is possible)
® New technology (currently ialized in lyser B.V.)

® High cost of components (capital cost 1860-2320 € kw ™",
possibly as low as 900 € kW)

® Acidic corrosive environment

® Low stack lifetime (however, nowadays the warranted lifetime is
equal to that of alkaline electrolyzers)

@ Stacks below MW range (however, nowadays 1.1 MW size available)

@ Use of scarce materials (Ir, Pd, Pt, Ru)

® High water purity requirement (=1pScem™")

® High maintenance costs (3-5% of capital cost y %)

© High cost (current capital cost 2000 € kW ™, potentially low cost
due to low cost materials)

® Low practical current densities (0.3-0.6 Acm ™ ?)

©® New technology (not commercial yet)

® Low stack lifetime (efficiency degradation 3-50% y ')

® High temperature operation

@ High minimum load requirement (> 30%)

® Slow dynamics (seconds scale)

® Stack sizes in kW range

5.3.4 Nitrogen separation

Nitrogen separation can be done in two different ways:
- Cryogenic air separation
- Non-cryogenic air separation

The cryogenic air separation is widely adapted for air separation, it is very efficient
and relatively cheap in large-scale production. For small-scale usage there must
developed new technologies to allow economically feasible nitrogen separation. Table
13 with the well-known cryogenic separation the operation must be optimized, since

the load range is very high, and it has a slow response.
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Table 13: Comparison of nitrogen separation technologies. Source: Adapted from
(Ishak et al. 2012)

Alternative Advantages Disadvantages
Cryogenic distillation ® High purity nitrogen production (up to 99.999 wt% purity) ® Requires continuous operation (Load range 60-100%)
Capacity range © Slow dynamic response (order of hours)
250-50000 Nm* h~* ® Argon in oxygen product (up to 98 wt% purity oxygen) ® Cryogenic conditions
DC energy consumption ® Refrigeration compounds
0.11kWhkg ' N, ® (Pure oxygen product)
TRL 9
Pressure swing adsorption ® Flexible operation (Load range 30-100%) ® Nitrogen purity up to 99.8 wt% (however, oxygen can be as low as
Capacity range ® Ambient temperature 0.01 wt%)
25-800 Nm* h~! ® Little maintenance ® Argon in nitrogen product
DC energy pti ® A d operati ® Additional deoxo unit required
0.22-0.31kWh kg™ ' N, ® Short start-up times’ ® (No pure oxygen product)
TRL 9 ©® Compact unit design
® High degree of fire safety
Membrane permeation ® Flexible operation (Load range 30-100%) ® Nitrogen purity up to 95 wt% (oxygen removal down to 0.5 mol.%)
Capacity range ® Ambient temperature
3-3000 Nm* h~! ® Argon in nitrogen product
DC energy consumption ® Additional deoxo unit required
0.22-0.63kWh kg ' ©® (No pure oxygen product)
TRL 8-9

5.4 Ammonia storage and delivery

Ammonia is usually stored in liquid state since it then has a volume over 90 times
smaller than in gaseous state at 20 °C temperature. It can be stored by in liquid state
when pressurized, usually around 17 bars (compared to 8.6 bar from Table 6) to
compensate for raising ambient temperatures. Or it is stored in cooled tanks, so the
ammonia stays in its liquid state, but this type of storage requires energy to maintain

the liquid state of ammonia.

Ammonia can also be stored in metal amines or ammonia boranes, where the

ammonia is absorbed in a porous metal-amine.

The storage and delivery transportation are less complex with ammonia than with
hydrogen. The infrastructure needed is comparable with the one for liquified

petroleum gas (LPG).

There is already a transportation grid available, for example from production plants to
the port. So, the technology for storage and transport is already well known, cost

efficient and reliable.

5.5 Ammoniain use

In chapter 5.1 the ability of ammonia to be used in different applications was shown
such as combustion engines, gas turbines, burners and fuel cells. In addition,
ammonia can be used in every application that requires hydrogen by reforming
ammonia to hydrogen (see chapter 5.6). It can even be used in diesel engines with

minor changes. The use in the transportation sector is also shown in Figure 35.
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The use in the above-mentioned machines or the direct use in fuel cells or in solid

oxide fuel cells (SOFC) are further explained in chapter 6.

The use of ammonia in heating, ventilation and cooling applications is also possible

but not part of this thesis.

Figure 35 shows the possible utilization of ammonia in the transportation sector. It is
not part of this thesis but opens a possibility of combined heat and power with

combustion engines for stationary use.

Ammania
synthasis
v
Ammania
storage
| ] | Compression |
Fuel cells S7ED [+l ignition
engines 3
engines
— — [
h 4 : . h . ¥ ) ¥
1 Ammonia dual 0 Ammonia duel
Ammonia Ammonia

fuel fuel
E I § h 4 § l ) h 4 l
Ammoniaand | | Ammeonia and Ammonia | | Ammonia | | Ammonia

: and and and
h
gascling ydrogen diasal DME biodiesel

Figure 35: Direct ammonia utilization pathways for transportation sector. Source:
(Letcher 2016)

5.6 Decomposition of ammonia

As written in the previous chapter, ammonia can be easily decomposed into hydrogen
which opens an even wider range for ammonia utilization. Hydrogen can be generated

by the following endothermic single-step reaction:

NH, & % N, + g H, [AHg = 54.6 kJ/mol] (3)
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6 Ammonia-to-Power

As already explained ammonia has a lot of options for direct use. This chapter will
focus on the use of ammonia storages or delivery infrastructure for decentralized
power generation.

Figure 36 shows the pathway of ammonia usage from ammonia storages. There are
a lot of possibilities and existing technologies on the market for the ammonia fuel

usage.

Fehler! Verweisquelle konnte nicht gefunden werden.

NH3

[ Boiler Turbine

Intemal
Combustion

Engine

Fuel Cell
System

I ¥ 1
Spark Direct NH, NH, thermal .
I I:flu.m Fuel Cell decomposition NH,; electrolysis
sl and separation
| S0OFC I [ MCFC, PEM, PAFC, AFC ]

Figure 36: Ammonia as a fuel. Source: Wiley-VHC 2014)

The following sub-chapters show different technologies for power generation with
different possible applications. The all have one important thing in common, using
ammonia that was produced with renewable energy as a fuel doesn’t cause direct
CO. emissions during their operation. In chapter 8 the total energy cycle emissions
will be analysed. Figure 36 shows the possible utilization of ammonia as a fuel. This
thesis is focused on the analysis of small-scale usage, therefore utilization in fuel cells
and internal combustion engines is considered.

Figure 36 shows the pathway of Power-to-Ammonia-to-Power. Basically, the surplus
of renewable electricity is used for ammonia production. The ammonia is then stored

and maybe transported before converted into electricity again.

6.1 Fuel cell

Fuel cells can be used to convert the chemical energy of ammonia into electricity in
one step. Whereas electricity production with conventional technologies need two
steps, first the ammonia is burned and converted into thermal energy and from that to

mechanical energy.
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Fuel cells are used to produce electricity with a high efficiency and low emissions that
could harm the environment. Figure 15 shows the different fuel cells compared to
each other and compared to gas turbines. Gas turbines are not applicable for the use

in small-scale usage as considered in this thesis.

Table 14: Comparison of ammonia-to-power fuel cells and gas turbines. Source:

Adapted from (Rouwenhorst et al. 2019)

Alternative

Advantages

Disadvantages

Alkaline fuel cells

® Operation near room temperature (20 'C)

® Pure oxygen feed required

20Cc ® Fast start-up ® Low lifetime (target 1y)

(< 100°C ) ® High electrical efficiency ® Reactivity of electrolyte

Electrical efficiency Hydrogen fuel specific:

60-65%(LHV) (Pure oxygen) ® Large temperature swing between ammonia decomposition and
Electrolyte fuel cell

NaOH/KOH Ammonia fuel specific:

TRL 8-9 (Ha-based), 1-3 (NHs-based)
PEM fuel cells

® Operation with air

® No sufficiently efficient system known (in research)
® Cannot be fed with ammonia due to acidic environment of

60-80°C ® Operation near room temperature (60-80 °C) PEM fuel cells

(< 120°C) ® Fast start-up Hydrogen fuel specific:

Electrical efficiency ® Commercially available (hydrogen-based systems) ® Large temp swing b iad position and
40-55%(LHV) fuel cell

Electrolyte

Nafion

TRL 8-9 (Hz-based), N/A (NHg-based)
Solid oxide fuel cells

® Operation with air

® High operation temperature (700-775 °C)

700-775°C #® Fast hot start-up (130s) ® Minimum load of 7% required
(500-1000°C ) ® High efficiency (> 50%(LHV) in commercial ® Brittle ceramic components
Electrical efficiency application) ® Slow cold start-up

> 50%(LHV) ® Commercially available (hydrogen-based sy 5) A ia fuel specific:

TRL 8-9 (H-based), 4 (NHybased) ® Not commercial (demonstration stage)

® Near ambient pressure operation

Gas turbines ® Operation with (oxygen-enriched) air ® Minimum load of 10% required to suppress NOy emissions
900-1100°C ® Conventional combustion equipment
Electrical efficiency ® Demonstration stage with near-term use-case ® Slow start-up (hours range)
25-30%(LHV) ® Low electrical efficiency

TRL 4-7 (Hz-based), 4-6 (NHs-based) ‘® High pressure operation (> 5 bar)
Ammonia fuel specific:
® Low laminar burning velocity
® [ncreased NO, formation
® High ignition temperature required
® Slow burning speed (5 times smaller than methane)
® Low flame stability
#® Increased oxygen content required
‘® Not commercial

Hydrogen has been so far the main fuel for power generation with fuel cells. The
disadvantages of hydrogen, mainly its low energy density is a problem for the

transportation sector. 0

Ammonia has a high volumetric energy density and is therefore applicable for
transportation sector but also for stationary use. Fuel cells for direct use of ammonia

have been developed and are still being developed.

45


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Masterarbeit ist an der TU Wien Bibliothek verfligbar.

The approved original version of this thesis is available in print at TU Wien Bibliothek.

thele

(]
blio
nowledge

(]
|
rk

Anode gas Cathode gas
ﬁ—#ﬁf ﬁ
Figure 37: Schematic diagram of the anion exchange membrane fuel cell configuration.
Source: (Suzuki 2012)
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6.2 Combustion engines

Ammonia can be used in piston combustion engines, in compression ignition or spark
ignition engines. Since ammonia has a high octane, it can reduce knocking effects
on combustion engines. It can be used like other gasoline/diesel blends, such as

ethanol, methanol or hydrogen.

Ammonia is corrosive, so the design of the engine or system should not contain any
brass or copper. Ammonia was used more than 100 years ago in combustion
engines, primarily for the transportation industry. Some buses were fuelled with

ammonia due to lack of diesel in Belgium in 1942.

Conventional engines were fuelled with pure ammonia but didn’t perform as expected.
It showed that by increasing the compression ratio or supercharging the engine,
increasing the spark energy and adding hydrogen (4-5% wt) and the ammonia needed

to be vaporised, the engines performed well.

Studies have shown, that ammonia must be mixed with other fuels due to its low flame
speed and high octane. This was confirmed in different studies. Engines fuelled with
ammonia have power losses (see Figure 38) but other than that they operate reliable

and similar to engines with conventional fuels. (Medina et al. 2018)
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Figure 38: Engine test with different fuel mixtures. Source: (Medina et al. 2018)

An interesting concept is the Korean car called AmVeh (Figure 39). It runs with a fuel

ratio of 70% ammonia and 30% gasoline and could help to achieve massive CO.

emission savings. Combustion engines could also be an alternative for P2A solution

as a stationary use and not only for transportation.

ECU f GASOLINE TANK

C=

INTAKE

BI-FUEL ENGINE

AMMONIAPUMP

EXHAUST GAS ANALYZER

i

AMMONIA ANALYZER

Figure 39: AmVeh car at the top. Ammonia based engine in South Korea. Source:

(Medina et al. 2018)s
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6.3 Gas turbine

Gas turbines or combined gas turbines with heat or fuel cell cannot be adapted to

small-scale usage and are not considered here.
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7 P2A in small scale use

In this chapter P2A will be analysed for small-scale use. The aim is to see if P2A can
be adapted for small-scale use at affordable costs and if the seasonal balancing is
possible. The analysis will be done with an average home in Switzerland, which be

considered as a good average for Europe.

The analysed case is for a small household with the location in Switzerland. The
house has a rooftop PV plant and is grid connected. A part of the generated electricity
from the PV will be directly consumed and the rest will be used for the P2A storage,
and the stored ammonia will be converted to electricity by a direct ammonia fuel cell

when the production of the PV plant is to low or zero (during nights mostly).

Air

lN Hy 2

1

1
l

Figure 40: Overview of P2A system for a house. Source: own.
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7.1 Input data

In order to size the Power-to-Ammonia-to-Power system, the load profiles and PV
electricity production profiles must be analysed. The chosen house location, size and
heating technology is up to date and is a good average for Europe. Except for the

countries which mostly use electrical heating.

Table 15: Input data for a P2A design. Source: own.
House living area 120 m?

Total heat pump electrical consumption | 7200 kWh/year
[60kWh/m?], modern house insulation

Electrical consumption 5200 kWh/year
Total electricity consumption 12400 kWh/year
PV peak power 10 kWp

PV electricity generated [1000 FLH] 10000 kWh/year

Self-consumption [calculator, internet 23 %
http://www.eigenverbrauchsrechner.ch)

Surplus electricity from PV 7700 kWh/year

The consumers are not optimised for a higher PV self-consumption. Figure 41 shows
the monthly electricity consumption and the PV electricity generation. The self-
consumption is also shown in the diagram. This is a major problem with most PV
plants on houses, the self-consumption is very low and the most part of the produced
electricity must feed back into the grid. With good feed-in-tariff (FIT) it made at least

economically sense.

The FIT programs are currently being changed or will be changed in future. In future
it will be better to use storages instead of just feed back into the grid, despite there is
a demand or not. A lot of new PV plants on roofs are installed in combination with a
storage system, usually a battery. Batteries cannot be used as a seasonal storage to
balance. A combination of battery and a chemical storage could make sense but
would be too expensive, since prices of P2G storages are not linear with their

capacity.
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Figure 41: Results for self-consumption, PV production of the house. Source: own.

Table 15 shows a surplus of 7700 kWh which will be analysed in the following chapter

with a Power-to-Ammonia storage.

7.2 Efficiency of P2A fuel cell and storage

With the efficiency of the P2A process the storage tank size can be estimated. With
the efficiency of the direct ammonia usage in a fuel cell the produced electricity can

be calculated.

The total efficiency of Power-to-Ammonia including the hydrogen and nitrogen
generation is around 50-60%. This is lower than the efficiency of ammonia production

plants. 0

The efficiency of SOFC is in minimum 50%, as can be seen in chapter 6.1. The fuel

cell should have a power rating of at least 10kW.

The total efficiency can be calculated as following, with np,4 = 25% and n4,p = 25%:

Ntot = Np2a* Nazp = 25% (4)
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The storage capacity can be calculated by the P2A efficiency with the surplus of PV
electricity:

Egt = Mpaa 7700 kWh/year = 3850 kWh/year (5)

With the lower heat value of ammonia from chapter 5.1, the total amount of ammonia
equivalent can be calculated: 18.57 MJ/kg

Est

516 kWh/kg 646 kg (6)

Mg =

The volume of the calculated ammonia at 15 bar and 20 °C (density 610.8 kg/m?3):

_ Mst _
Vee = 6108 kg/m3 — 1222 | (7)

This is the maximum ammonia storage needed, if the whole yearly surplus was stored
without consumption. From the ammonia reaction (see eq. (3)) it is known that the
volume is half the volume of ammonia, in fact even lower due to higher pressure. The
difference is in monthly PV generation and power consumption is always lower than
roughly 1500 kWh.

The ammonia storage size must be around 600 litres. The nitrogen storage tank can
be chosen at 300 litres, due to a high load range of nitrogen separation with low

response.

Table 16: Ammonia storage methods. Source: (Rouwenhorst et al. 2019)

Type TRL Typical pressure (bar) Design temperature (‘C) Capacity (tyys) Refrigeration compressor
Non-refrigerated storage 9 16-18 20-25 < 270 or < 1500 None

Semi-refrigerated storage 9 3-5 Ca. 0 450-2700 Single stage
Low-temperature storage 9 1.1-1.2 -33 4500-45000 (< 50000) Two stage
Absorption-based storage 3-4 1-30 20-250 - None

TRL: technology readiness level. 9 System tests, launch& operations. 4: technology development.

The electricity that can be generated from the stored ammonia on a yearly basis, is:
Ejop = Nior = 7700 kWh/year = 1925 kWh/year (8)

The self-consumption could be increased by, considering that the whole surplus can
be converted to ammonia and the stored ammonia can be fully converted to electricity
and consumed when the PV plant isn’t generating electricity:

(2300+1925)kWh

107000 kWh =423 % (9)

Self — consumption =

In fact, all electricity generated from PV would be consumed, but the electricity
consumed for the loads in the house is lower, due the efficiency of P2A and A2P.
8175 kWh must be bought from the grid.
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To be 100% self-sufficient, the installed PV capacity should be increased by factor 4.
Which is not possible on smaller house, because the needed area for the PV plant is
bigger than 100 m?. The assumptions for the round-trip efficiency of 25% of Power-
to-Ammonia-to-Power were made to be conservative, depending mostly on the
electrolyser. Choosing the most efficient electrolysers, round-trip efficiencies of 38%

are possible. (Rouwenhorst et al. 2019)
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8 Economic analysis of P2A

The for a Power-to-Ammonia system and an ammonia-to-power system will be
collected in this chapter with a total cost estimation. The estimated cost for the
calculation of the net present value (NPV), annuity and long run generation costs of
were assumed based on different literature. Some of the components are not
commercially used yet, so there had to be made assumptions based on similar
components.

The discount rate was estimated with 5% based on actual numbers from Swiss banks.
Fuel costs are matched to the prices for back grid feed in without FIT. Revenues were
calculated with different electricity prices in Europe.

The investment costs for the electrolysers were based on the inputs from Table 12 in
chapter 5.3.3. The investment cost of the electrolyser is estimated with 800 Euro/kW,
in total 8000 Euro.

The 10kW fuel cell is estimated with 20’000 euro, since is still under development but
it was compared to other SOFC prices. (Battelle Memorial Institute 2016)

The prices for the storage tanks, the separation system and the compressors were
estimated with 10’000 euro.

The data used for the calculations are summarized in Table 17. The investment
horizon was set to 15 years, which is relatively high, but instead high repair works

were assumed. The calculations can be seen in appendix 1 and 2.

Table 17: Input data for NPV and LRGC calculations 10kWp. Source: own.

Description 10 kWp
Discount rate / cost of capital 5,00|%/year
Rated capacity 0,01|MWp

Full load hours (FLH) 200,00[hours/year
Investment costs 3800000,00|Euro/MW
Repair works after 15 years 10000,00(Euro

O&M costs (incl. all variable costs) 500,00|Euro/MWh
Feed in tariff for 15 years (FIT) 250,00|Euro/MWh
Real escalation of O&M costs 1,00|%/year
Capital recovery factor (CRF) 0,10

Annual electricity production 2,00|MWh
Investment horizon 15,00|years
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8.1 Results of the Economic analysis of P2A

The net present value (NPV) and the long run electricity generation costs (LRGC)

calculations show that the P2A2P small scale plant is not profitable, since NPV is

negative (Table 18). Most probably the situation could change with new developments

and with a high unit production.

Table 18: Results economic calculation. Source: own

Plant NPV [Euro] Annuity [Euro] LRGC
[Euro/MWAh]
10 kWp -48659 -4688 2594
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9 Ecological analysis of P2A

To see the environmental impact of P2A the life cycle analysis (LCA) from the
renewable energy production by wind or PV until the final conversion of ammonia into

power will be analysed.

9.1 Life cycle analysis of P2A

The major impact on GHG emissions in P2A systems comes from the input electricity
itself. By using renewable energy as wind and PV, the emissions can be lowered a
lot. Figure 42 show the CO; emissions of power-to-hydrogen and that the major part
of the emissions comes from the electricity and that the total amount is low when wind

or PV electricity is used.
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Figure 42: Life cycle GHG emissions of hydrogen production compared to
conventional production. Source: (Zhang et al. 2016)

9.2 Life cycle analysis of PV and wind power generation

In this part the environmental impact of PV panels will be shown, which is usually
determined using LCA. There were done a lot of LCAs on PV system, but the results
are sometimes not comparable or have differences. The LCA harmonization project

of NREL provides more precise estimated GHG emissions.

The numbers in Figure 43 show that the emission of PV for electricity generation are

much lower than for example for a coal power plant.
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Figure 43: Comparison of coal and PV for electricity generation. Source: (National

Renewable Energy

Laboratory 2012)

The numbers in Figure 44 shows that the emissions of wind turbines for electricity

generation are much lower than for example for a coal power plant.
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Figure 44: Comparison of Coal and wind for electricity generation. Source: (National

Renewable Energy

Laboratory 2013)

The ecological impacts of wind energy are very low, even compared to PV the land
use is minimal. Depending on the location wind energy is installed, long transmission
lines could be a disadvantage, but as mentioned before, it would be the case when

installed on the Plateau of Switzerland near the big cities.
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10 Conclusions and recommendations

The share of renewable energy is increasing and so is the need for energy storages.
There problem of volatile renewable energy generation can probably partly be solved
by smart grids and load management, and by using other renewable sources with low
volatility. But the goals for GHG emissions are set and in order to reach them, volatile

energy production such as PV and wind power is necessary.

Energy storages will play a big role in future, like they have been doing for the past
decades with PHES. The challenges are getting bigger and the share of volatile
energy is raising, but the potential of PHES is limited. Large-scale and small-scale

energy storages will be needed in the future.

The idea of this thesis to analyse small-scale storages would help balancing the whole
grid, when the volatile small-scale renewable energy producers would use storage
systems and not feed into the grid. Batteries are already used a lot in combination
with PV plants in households. The prices of batteries dropped significantly the last few
years are becoming more and more economically viable. Batteries have very good

efficiencies but are not able to cover up for seasonal energy storage.

Therefore Power-to-Gas technology is being developed very strongly. P2G has a lot
of advantages compared to batteries, large capacity storages are possible and a high
density. Energy can be stored with almost no self-discharge and it can be used as a
seasonal storage. The efficiency lower than batteries and when the power generation
form the gas storage is added, the efficiency is even worse, below 50% compared to

over 80-90% of batteries.

Ammonia is produced worldwide in big amounts, most of it by fossil fuels. There is a
huge potential of ammonia production by renewables instead of fossil fuels to safe
emissions. But it was not part of this thesis. Instead ammonia as an energy storage

was considered.

Using renewables to produce ammonia and store it causes very little GHG emissions.
The usage of ammonia as a fuel doesn’t emit any CO- at all. The use of small-scale
Power-to-Ammonia doesn’t make sense in an economical way. The cost analysis

showed that it is not competitive with batteries.

The efficiency of P2A2P is below 40% for small-scale usage. When the efficiency of

PV or wind power is also considered, the efficiency is even lower. But so is the
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efficiency of the photosynthesis. The efficiency does not mean that the technology is
bad, but it makes it just more expensive to run. But since a lot of development in this

area is going on, it can be expected that prices will drop in the future.

A better way than the small-scale use that was analysed in this thesis for P2A would
be of course large-scale. With an increasing plant size or output quantity the costs
could probably be reduced (economy of scale). A connection of households to one

large-scale P2A would probably make more sense.

An option that should be analysed is the combination of different storage technologies,
like batteries with P2A for example. The battery or other storage technology with high
self-discharge rate could be used for short duration periods, whereas the P2A for

seasonal storage.
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11 List of abbreviations

A2P Ammonia-to-Power

AC Alternating current

AWE Alkaline water electrolysis

BEV Battery electric vehicle

CAES Compressed air energy storage
CRF Capital recovery factor

DC Direct current

DME Dimethyl ether

EV Electric vehicle

FIT Feed-in-tariff

FLH Full load hours

GHG Greenhouse gas

HTE High-temperature water electrolysis
LAES Liquid air energy storage

LCA Life cycle analysis

LPG Liquified petroleum gas

LRGC Long run electricity generation cost
NPV Net present value

SNG Synthetic natural gas

SOFC Solid oxide fuel cells

SSAS Solid state ammonia synthesis
STP Standard temperature pressure
P2A Power-to-Ammonia

P2A2P Power-to-Ammonia-to-Power

P2G Power-to-Gas

PEM Proton exchange membrane electrolysis
PHEV Plugin hybrid electric vehicle
PHES Pumped hydro energy storage

PV Photovoltaic
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Calculation of self consumption

PV Generation Consumption Self consumption

10 kWp Monthly Monthly

Month [kWh FLH kWh Share [%] [kWh Share [%]
January 300 30 1900 3% 144 48%
February 420 42 1649 4% 183,96 44%
March 750 75 1535 8% 247,5 33%
April 1050 105 1150 11% 273 26%
May 1350 135 860 14% 256,5 19%
June 1400 140 710 14% 224 16%
July 1450 145 700 15% 232 16%
August 1300 130 765 13% 221 17%
September 920 92 777 9% 174,8 19%
October 600 60 903 6% 156 26%
November 510 51 1492 5% 204 40%
December 250 25 1859 3% 127,5 51%
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Power-to-ammonia-to-power

Description 10 kWp
Discount rate / cost of capital 5,00|%/year
Rated capacity 0,01{MWp
Full load hours (FLH) 200,00|hours/year
Investment costs 3.800.000,00(Euro/MW
Repair works after 15 years 10.000,00|Euro
0&M costs (incl. all variable costs) 500,00|Euro/MWh
Feed in tariff for 15 years (FIT) 250,00|Euro/MWh
Real escalation of O&M costs 1,00|%/year
Capital recovery factor (CRF) 0,10
Annual electricity production 2,00(MWh
Investment horizon 15,00|years
Investment / |Electricity Discounted
Year |Discounted CF [INominal CF |O&M Replacement (Sale Costs
0 -38.000,00 -38.000,00 -38.000,00 0,00 38.000,00
1 -476,19 -500,00 -1.000,00 500,00 952,38
2 -462,59 -510,00 -1.010,00 500,00 916,10
3 -449,28 -520,10 -1.020,10 500,00 881,20
4 -436,28 -530,30 -1.030,30 500,00 847,63
5 -423,58 -540,60 -1.040,60 500,00 815,34
6 -411,17 -551,01 -1.051,01 500,00 784,28
7 -399,06 -561,52 -1.061,52 500,00 754,40
8 -387,24 -572,14 -1.072,14 500,00 725,66
9 -375,71 -582,86 -1.082,86 500,00 698,02
10 -364,47 -593,69 -1.093,69 500,00 671,43
11 -353,51 -604,62 -1.104,62 500,00 645,85
12 -342,83 -615,67 -1.115,67 500,00 621,25
13 -332,42 -626,83 -1.126,83 500,00 597,58
14 -322,28 -638,09 -1.138,09 500,00 574,81
15 -5.122,58 -10.649,47 -1.149,47 -10.000,00 500,00 5.363,09
NPV -48659 NPV of costs 53849
Ann. -4688 Annuity of Costs 5188
LRGC incl. Cost escalations Euro/MWh 2593,97
Specific Investment Cos 3800,00 Euro/kW LRGC incl. cost escalations:
Discounted Replacemer 0,00 Euro/kW LRGCy =[ Annuity of costs J
Specific Fuel Costs 0,00 Euro/MWh yearly electricity production
Specific O&M Costs 500,00 Euro/MWh
LRGC (0% Cost Escalatio 123,66 Euro/MWh
Bl = Capital Recowery Factor:
* - ENT
a=npy « XA || pp @)
tr) =1 deta)t =1
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