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EXECUTIVE SUMMARY

Executive Summary

Ammonia is a focal point for the development of the
hydrogen economy. As the main intermediate product
used in fertilizer production, ammonia is also the main
building block for mineral fertilizers. Nevertheless, the
European fertilizer industry emits considerable amounts
of CO, and remains an energy and emission intensive
industry. However, it has seen a significant decline over
time in CO, emissions due to improved energy efficiency
and even more though in N,O-emissions through imple-
mentation of abatement technologies. Still, ammonia
production remains responsible for around 440 Mt/a of
global GHG emissions [1].

Scope of Study

With the overarching goal of achieving greenhouse gas
neutrality in Europe by 2050, different options for imple-
mentation of new technologies with a focus on the time-
frame up to 2030 are compared to the existing conven-
tionalammonia production process and evaluated based
on their corresponding emissions reductions, energy de-

mand, raw material input, as well as specific ammonia
production cost.

The variety of energy consumptions or age structure of Eu-
ropean ammonia plants or the large variations of bounda-
ry conditions in different European locations were not con-
sidered. Instead, an “Average European Ammonia Plant”
was used as reference and benchmarked with the new
technologies with the boundaries of the ammonia pro-
duction process as system boundaries. Different process
and cost parameters were evaluated to cover relevant and
realistic aspects of the fertilizer production process.

The scope of the study includes the CO, abatement po-
tential in an average European ammonia plant with an
overview on the energy and economic implications of
the use of various hydrogen production technologies. Al-
though it addresses Haber-Bosch (ammonia synthesis),
urea, and nitric acid, it does not analyse the technology
options for reducing emissions in these processes.
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This document lays out a basis for the evaluation of the
different technology options for hydrogen production,
used as feedstock for ammonia, against conventional
production and to map potential pathways for the indus-
try’s future development.

The timeframe of this study focuses on developments
achievable until 2030, with an outlook towards 2050.

Evaluated Technologies

Ammonia is currently produced from nitrogen and hydro-
gen obtained mainly by steam reforming natural gas via
the Haber-Bosch process.

As the leading technology for hydrogen production,
Steam Methane Reforming process (SMR), still produces
large amounts of emissions despite available improved
efficiency options that could reduce CO, emissions after
the implementation of Best Available Technologies (BAT).

The technology used to produce hydrogen for ammonia
synthesis more sustainable, could play an important role
in decarbonizing the fertilizer industry. To this end, alter-
native technologies for hydrogen production are evaluat-
ed with a focus on their CO, emissions, energy demand
as well as production cost.

The pathways for production of hydrogen and subse-
quently of ammonia, evaluated in this study are shown
in the Table below.

For simplicity of description, ammonia is designated a
colour corresponding to the colour of its hydrogen feed-
stock, e.g., “blue ammonia” refers to ammonia produced
from blue hydrogen.

Key findings and recommendations

To identify opportunities, results from this study regard-
ing reduction of energy consumption, emission reduc-
tion potential, specific production costs?, and avoidance
costs were compared.

Opportunities in 2030:

Hydrogen produced via SMR, designated as grey hydrogen,
presents specific production costs of around 330 €/tyy;
in 2020 and 450 €/tyy; in 2030 due to the rising CO,
price. Existing ammonia plants which implement BAT
can reduce energy consumption by 7% and emissions
by 8% in 2030. New grey ammonia plants which are
BAT-compliant, can also save up to 20% CO, emissions
in 2030. However, the residual amount of unsaved CO,
is still emitted into the atmosphere over the life cycle of
the new plant. Since the final goal is to achieve emission
neutrality in 2050, further investment in improving con-
ventional SMR units is unlikely to take place.

By producing blue hydrogen through capturing and stor-
ing the emitted CO, from the SMR process, CO, emissions
are reduced compared to grey hydrogen. The main draw-
back of this option is the difficulty to capture CO,-emis-
sions arising from the combustion of natural gas used as

From conventional production process (SMR) using natural gas, i.e., the currently pre-
vailing method, which has unavoidable process emissions that cannot continue if 2050
net zero emission target is to be met.

. Grey hydrogen:

. Green hydrogen: From electrolysis using exclusively renewable electricity for its production. This could

be produced on-site or delivered through pipeline. Green hydrogen is the least GHG
emitting process, but due to increased green electricity demand, faces challenges from
high costs and insufficient access to renewable energy.

Yellow hydrogen:

. Blue hydrogen:

From electrolysis using the current available electricity mix of the grid. The attractiven-
ess of this method is directly linked to emission intensity of the electricity grid.

From conventional production process (SMR) using natural gas combined with Carbon
Capture and Storage (CCS). This method is hampered by availability of adequate sto-
rage locations and potentially, cost.

Turquoise hydrogen: From methane pyrolysis. This method is currently least developed. It has the benefit of
having no direct emissions but leads to increased natural gas consumption.

1 Avoidance costs are defined further below in the study and are defined as; the costs differences of the respective technology compared with the conventional
technology per tonne of CO, avoided (€/tco,).
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fuel, as they are hard to separate due to their low con-
centration. Ammonia produced entirely from blue hydro-
gen, has up to 60% CO,-emission savings compared to
conventional grey ammonia in 2030. Its production costs
are 450 €/tyy;, reaching the same cost level as conven-
tionalammonia the same year. This means that the costs
of implementing CCS would be compensated by the CO,
price that should be paid, if the CO, was released to the
atmosphere. To fulfill higher CO,-savings, the fuel for
SMR could be replaced by a low carbon fuel (bio- or syn-
thetic fuel). An additional complexity is caused by the
limited availability of CCS sites, which depend on acces-
sibility and transport options to the relevant geological
formations. The production of blue hydrogen is a suita-
ble option for ammonia production, as separation of CO,
emissions from the SMR process is already mature and
currently implemented in conventional ammonia plants.

A technology option which allows to replace natural gas
as feedstock for hydrogen production is electrolysis of
water. Water is split into hydrogen and oxygen by ap-
plying electricity. The applicability of this method will
require a massive increase in electricity consumption by
the ammonia industry, compared to current consump-
tion.

Yellow hydrogen is produced by utilizing grid electrici-
ty to power electrolysis; hence, its costs and emissions
are set by the electricity mix of the host country. In 2030,
with the assumptions made for an average electricity grid
in Europe, production costs of yellow ammonia (1,290 €/
tyuy) are 2.8 times higher than those of conventional grey
ammonia. It also emits 39% more CO,, owing to a large
share of fossil fuel in the electricity grid. These results
are dependent on the local emission factor of electricity,
which shows significant divergence in different regions
within the EU [2]. The use of grid electricity for ammo-
nia production only leads to lower emissions, where the
emission factor of electricity is lower than 150 g¢q,/kWh.
With higher emission factors, total emissions from yel-
low ammonia are higher than those from grey ammonia.

Green hydrogen is produced by exclusively using re-
newable electricity in electrolysis. It requires a massive
increase in generation of green electricity, which is cur-
rently not available in sufficient amount for the ammonia
industry. To synthetize ammonia, green hydrogen can be
produced on-site with renewable electricity or transport-
ed to site via pipeline (off-site). For this purpose, the EU
countries were categorized into four regions: Southern,
Western, Northern and Central Europe, which present

different costs for renewable electricity. Specific produc-
tion costs of green hydrogen produced on-site amount to
760 €/tyy; in Northern Europe, 1,350 €/tyy; in Western
Europe, 1,200 €/tyy; in Central Europe €/tyy; and 830 €/
tyus in Southern Europe in 2030. 70% CO, emission sav-
ings in 2030 could be obtained by the exclusive use of
green hydrogen in ammonia production. Avoidance
costs for 2030 vary from 270 €/tcq, to 650 €/tcq, for the
on-site option and amount to 790 €/tcq, for the off-site
option. To be economically viable and competitive, ef-
forts should be driven to reduce green electricity price.

Natural gas converted to turquoise hydrogen via meth-
ane pyrolysis, produces solid carbon rather than gaseous
CO, as byproduct. Hence, carbon or carbon compounds
are stored as solid material instead of being emitted to
the atmosphere. Turquoise ammonia if developed, may
have the potential of saving up to 56% CO, in 2030, with
specific production costs of 710 €/tyy,. Its avoidance
costs would be 240 €/tcg, in the same year. Other emis-
sions arise from the use of grid electricity. Although this
technology shows a significant potential to reduce CO,
emissions, it is still in development and must be scaled-
up in order to be considered as an option in 2030.

These evaluated parameters, coupled with the need
for low-carbon technology adaptation, present blue hy-
drogen as a suitable transitional solution for ammonia
production until 2030. This allows to reduce emissions
partially, while technologies like green or turquoise be-
come economically competitive and/or technological
mature. Nevertheless, to implement CCS, the infrastruc-
ture for CO, transport and storage must be available. It
was assumed that blue hydrogen production will take
place only near storage facilities and in countries with
a positive political view on it. For locations with poor
CO,-storage options, a gradual change from grey to
green or yellow hydrogen can be considered, replacing
first a low amount of grey hydrogen, e.g., 10%. This is of
course highly dependent on the availability of green and
low-emission-yellow electricity.

Total abatement potential

To calculate the total abatement potential in the ammo-
nia production in Europe until 2030, two scenarios were
defined. The base case scenario shows a realistic oppor-
tunity for 2030 to reduce emissions in each production
plant, based on an assessment of the availability of CCS
facilities, the availability and use of renewable energy
and reduced grid electricity emissions.




10

PERSPECTIVE EUROPE 2030 - TECHNOLOGY OPTIONS FOR CO,- EMISSION REDUCTION OF HYDROGEN FEEDSTOCK IN AMMONIA PRODUCTION

EXECUTIVE SUMMARY

The more optimistic best-case scenario assumes that
more plants will produce blue and yellow ammonia. In
addition, in 2030 it assumes 4% of total considered
plant capacity to produce 100% green ammonia and 3%
to produce turquoise ammonia. As seen in the figure
below, most emissions savings for this scenario are
achieved with blue hydrogen, which represents a suitable
transition technology to reduce emissions in ammonia
production with relatively low costs. Avoided emissions
from green, yellow and turquoise technologies are also
significant. Efforts to reduce costs of green hydrogen,
decarbonize the electricity grid and further develop tur-
quoise hydrogen should be made, to exploit their emis-
sion reduction potential for production of ammonia.

Total CO, abatement potential during the ammonia pro-
duction process for Europe in 2030 varies between 13%
for base-case and 19% for the best-case scenario.

Opportunities in 2050:

To achieve the European Union’s ambition of reaching
climate-neutrality by 2050, indirect emissions stemming
from grid electricity, would completely reduce scope 2
emissions for yellow, green, blue and turquoise tech-
nology options until 2050. This leads to CO, savings of
100%?2 for all technologies except for SMR technologies,
due to its combustion emissions arising from natural gas
as fuel. Avoidance costs of all technology options will
also decrease until 2050.

Turquoise technology, although not mature, and most
likely not fully available in 2030, may offer an interesting
option for decarbonizing the ammonia industry in the
long term. Also, green hydrogen will have an essential
role to play for the production of zero carbon ammonia
in the long term.

1.800 € ;

mm Blue

1.600 € -
10% Yellow

== Turquoise

mm Green (off-site)

1.400 € -

1.200 €
1.000 € -
800 €
600 €

400 €

Production costs, €/ty;

200 €

0€
0 1000

*applicable production capacity

mm 10% Green (on-site)

—Grey conventional

2000

4000
Cummulative emission savings, kt.q,/a

3000 5000

Figure E.1 Production costs per ton ammonia of different technologies vs emission savings for the best-case scenario in 2030. Correspond-

ing applicable production capacity is indicated on the bars

2 Production emissions (scope 1 and 2).



1

INTRODUCTION

1 Introduction

1.1 Description of the Fertilizer

Industry in Europe

Plants need nutrients to grow and the latter’s availability
is directly correlated to yield. As nutrients are removed
from the soil by harvesting, there is a need to replenish
them which is where fertilizers play a major role. Their
use in agriculture has enabled the human population not
only to expand, but to produce large amounts of food,
enough to feed around half of the world’s population.
With a predicted increase of global population in the
coming years and no prospect of increased arable lands,
they will remain critical.

The fertilizer industry can be considered as one of the
oldest, large-scale chemical industries. Its roots lie in the
development of the Haber-Bosch technology, which en-
ables nitrogen, one of the essential nutrients for crops,
to be captured from air. This nitrogen is chemically com-
bined with hydrogen to produce ammonia, the main build-
ing block of most fertilizers. At present, the hydrogen
supply mainly comes from natural gas and a wide array
of fertilizers can then be produced with ammonia, nitric
acid, mined phosphorus, calcium nitrate, and potassium
inputs. These mineral fertilizers enable half of the global

Due toits critical role in the production of food, ammonia
has often been treated as a strategic asset. As a result,
the European fertilizer industry has more than 120 pro-
duction sites scattered throughout majority of European
Countries. It employs 74,000 people (including supply
chain) and has a turnover of € 9.5 BN. The EU imported
3,253 kt and exported 114 kt of ammonia in 2019 [6].

For Europe to become green in industry and agriculture,
it needs an efficient and innovative European fertilizer
industry, identifying short-, mid- and long-term prior-
ities to advance the transition towards the low-carbon
fertilizers.

Finally, while it may be old, the EU fertilizer industry has
made significant improvements in the energy efficiency
of ammonia production and has greatly reduced N,O
emissions associated with nitric acid production. With
these improvements in mind, it will tackle the enormous
challenge of reaching carbon neutrality by 2050.

Ammonia production sites in the European Union and
Norway are shown in Figure 1.1.

population to be fed. A small
fraction of ammonia is used
for the manufacture of organ-
ic chemical feedstocks for the
plastics industry; polyamides,
caprolactam, and others, and
for the production of explo-
sives (hydrazine, nitriles, etc).

0 500
[ EE—

Current developments seen
along the ammonia value
chain also include small-scale
decentralized technology [3],
the use of ammonia as poten-
tial maritime transport fuel [4]
and its use for co-firing in coal-
fired power plants [5]. Although
these efforts mightin the future
also lead to reduction of green-
house gas emissions, they are

1000 km

Ammonia plants ’
Capacity (t/d)

3300 '

' @3000 |

e *2000 |
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OpenStreetMap !
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|
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beyond the scope of this study.

Figure 1.1 Location and production capacity of ammonia plants in the European Union and Norway
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1 INTRODUCTION

1.2 Greenhouse gas emissions

reductions in the fertilizer
industry

As of 2020, the European fertilizer industry is responsi-
ble for 35 Mt of greenhouse gas emissions, with ammo-
nia production being the dominant emitter with around
30 Mt.3

Combustion of fossil-based energy sources and their
use as feedstock in the fertilizers industry, results in the
emission of greenhouse gases along the fertilizer pro-
duction value chain. Pre-eminent of these gases are CO,
and CH, emitted from feedstock mining (natural gas),
fossil-based electricity or heat consumption, the steam
reforming process and finally, N,0 and CO, emitted dur-
ing agricultural application of fertilizer products.

Ammonia production: On average, 1.9 tonnes* of CO, are
released on-site to the environment during the produc-
tion of one ton of ammonia in a conventional method
(direct emissions)5. The use of external (grid) electricity
causes additional CO, emissions off-site (indirect emis-
sions)s. Consequently, total CO, emissions linked to
ammonia production depend on electricity used and on
heat integration of the site. To reduce or even eliminate
these emissions, several technologies can be adapted in
the production of fertilizers.

Urea production: most gaseous emissions (nitrogen, ox-
ygen, carbon dioxide, hydrogen, water vapour and inert
gases) are released to the atmosphere during the pro-
duction of urea. CO, produced during the steam reform-
ing of methane subsequently reacts with ammonia to
form urea. This CO, is however released after agricultural
field application, therefore its use in urea production is
not treated as CCU.

Nitric acid production: Nitrous oxide (N,0) is formed as
an undesirable by-product of the NH; oxidation reaction
in the nitric acid production process. As its solubility in
nitric acid is very low, N,O, depending on the removal
method, is either reduced directly in the oxidation reac-
tor or removed through catalyst units, after the absorp-

3 Provided by Fertilizers Europe
4 Provided by Fertilizers Europe

tion column of the plant and before the tail gas stack.
Additionally, not all of the NO and NO, is converted to
nitric acid and is also emitted if not treated accordingly.

The system boundaries for the current study are the
boundaries of the ammonia production process, as it is
responsible for most emissions. Within the scope of this
study only CO, emissions are accounted for and are cat-
egorized as follows.

Scope 1 emissions — are generated within process
boundaries, they are thus a direct consequence of the
production process and include:

» CO, emissions stemming from burning fossil fuels
on-site.

» CO, emissions from steam reforming process, even
if they are used to produce ureas.

Scope 2 emissions are generated outside process
boundaries and include: emissions from fossil-based ex-
ternal heat and electricity supply.

Emissions caused by upstream processes (natural gas
exploration or transport) as well as emissions from ag-
ricultural use or further chemical transformation, except
for highly integrated ammonia plants are not within the
scope of this study. On-site urea production may limit
the amount of feasible absolute decarbonization at a
specific site, due to the necessity to provide a CO, feed.

5 Ammonia production process is a net exporter of steam, which if integrated in another process could provide process heat and substitute/reduce the use of

gas in conventional gas boiler, hence reducing corresponding emissions.

6 While the emissions of CO, from the decomposition of urea as fertilizer occur on the field, i.e. in the agricultural use of fertilizers, these emissions are still

allocated to the original ammonia production in the EU ETS.



2 CURRENT AMMONIA PRODUCTION TECHNOLOGY

2 Current ammonia production technology

Ammonia, a basic chemical product, is produced from
nitrogen and hydrogen in the Haber-Bosch process. Ni-
trogen, in its molecular form, is a readily available sub-
stance as it is the main component of atmospheric air.
Hydrogen, on the other hand, must first be synthetized
starting from other substances like hydrocarbons or water.

Hydrogen, the desired product of the steam reforming
process, may be produced from natural gas by three dif-
ferent chemical processes: Steam Methane Reforming
(SMR), Partial Oxidation (POX) and Auto-thermal Reform-
ing (ATR).

2.1 Hydrogen production processes
Steam Methane Reforming, as the main process of nat-
ural gas conversion into grey hydrogen, is currently the
most efficient and economically available technology
for hydrogen production. Heavy oil and coal can also be
used as feedstocks for the production of ammonia, this
requires however, higher energy consumption as well
as higher investment and production costs at European
economic conditions [7]. Most European ammonia plants
currently use natural gas as feedstock.

The SMR process is the most widespread technology at
large scale because of its favourable economics and the
large number of units currently in operation. It involves
the use of heat and steam for the conversion of natural
gas to grey H, and a substantial amount of CO,.

In this process, pre-treated natural gas is fed with steam
to a primary reformer, producing synthesis gas (Equation
2.1) with the required heat for the (endothermic) reaction
being produced by burning part of the natural gas input.

In the secondary reformer, air is added to the process in
order to convert the residual methane and at the same
time to introduce to the process the nitrogen required for
the synthesis of ammonia [8] by removing the oxygen.

The synthesis gas (CO and H,) feeds a high temperature
shift reactor (HTS) and subsequently a low temperature
shift reactor (LTS), where most of the carbon monoxide is
converted in the water gas shift reaction, to CO2 and Hz
(Equation 2.2). The product is purified by removing CO,

through one of several methods: chemical absorption,
physical absorption, or pressure swing adsorption (PSA).

CH,+ H,0 2 CO + 3H, Equation 2.1

CO+ H,02C0,+H, Equation 2.2

Hard-to-capture CO, emissions from the reformer unit
in the SMR process usually contribute the most to GHG
emissions, followed by CO, from the combustion of fuel
for steam generation [9].

Partial Oxidation is a noncatalytic process, in which
methane or biogas (or other feedstocks like LPG, naph-
tha, asphalt, residual oil, petrol coke, or coal) are gas-
ified in the presence of pure oxygen. The first reaction
is the reforming reaction (see Equation 2.3 to Equation
2.5), and the second reaction is the water gas shift reac-
tion (see Equation 2.6). The feedstock is fed into the POX
reactor where the carbon in the feedstock reacts with
oxygen in an exothermic reaction) at temperatures and
pressures of about 1200-1500°C and 3 — 8 MPa respec-
tively, producing carbon monoxide (CO). Since there is a
lack of oxygen, the reaction does not complete to form
carbon dioxide (CO,). Subsequently, the CO reacts with
steam and is converted into H, and CO,.

The H,/CO ratio ranges between 1.6 and 1.8 and in com-
parison with natural gas steam reforming, more CO is
produced.

The gaseous mixture formed through partial oxidation
contains CO, CO,, H,0, H,, CH,, hydrogen sulfide (H,S),
and carbon oxysulfide (COS) [10].

Steam reaction:

CH, + 0, — CO + 2H, Equation 2.3
CH, + 20, — CO, + 2H,0 Equation 2.4
CH, + H,0 — CO + 3H, Equation 2.5
Water gas shift reaction:

CO + H,0 — CO, + 2H, Equation 2.6

Auto-thermal Reforming is a combination of both steam
reforming (endothermic) and POX (exothermic) reac-
tions [10]. The feedstock for the ATR process can be

13
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natural gas, refinery waste gas, pre-reformed gas, Fis-
cher-Tropsch residual gas, liquefied petroleum gas (LPG)
or naphtha [11].

The first reaction is the partial oxidation reaction (see
Equation 2.7 2.3), the second reaction is the water gas
shift reaction (see Equation 2.62.4) followed by the
steam reforming equation 2.5. For this process, preheat-
ed and pre-reformed feed gas (natural gas) is fed into the
ATR reactor at 30 to 100 bar. It is then reacted with oxy-
gen (partial oxidation) and steam to produce synthesis
gas. The gas mixture is passed within the same reactor,
over a catalytic bed (nickel catalyst) to achieve a higher
hydrogen-rich synthesis gas with an H,/CO effluent, typ-
icalin a ratio of 3:1 to 5:1 [12].
4CHy + 0, + 2H,0 — 10H, + 4C0 Equation 2.7
The synthesis gas can be used as a feedstock for vari-
ous synthesis processes, primarily methanol and Fis-
cher-Tropsch synthesis or separated into pure hydrogen,
carbon monoxide and carbon dioxide.

2.2 Haber-Bosch process

More than 90% of the world’s ammonia production cur-
rently applies the Haber-Bosch process [13]. Here, hydro-
gen and nitrogen react in an exothermic reaction, overan
iron catalyst to produce ammonia (see Equation 2.8). The
hydrogen required for the process can be obtained from
SMR (see section 2.1) but also from alternative process-
es (see chapter 3). Nitrogen for the reaction, is already
part of the synthesis gas in the secondary reformer of
the conventional process. In situations where hydrogen
is not produced via SMR, an ASU is required to provide
the required nitrogen from the air.

In the Haber-Bosch synthesis, nitrogen and hydrogen
are compressed to pressures between 120 - 220 bar and
sent to an iron oxide catalytic reactor operating at tem-
peratures of 400 - 450°C. The product: gaseous ammo-
nia, is cooled and liquefied at temperatures of -10°C to
-25°C [13].

N, +3H, 2 2NH; AHy = —46 kJ /mol Equation 2.8
The liquefied ammonia acts as feedstock to produce in-
termediate products like nitric acid (HNO,), and down-
stream products like nitrogen fertilizers (such as am-
monium nitrate, urea, UAN, or CAN) and NPK (nitrogen,

phosphorous and potassium) fertilizers [7].

With a focus on decarbonizing the fertilizer industry, al-
ternative sources of H, are needed for the Haber-Bosch
process are evaluated: electrolysis of water (yellow and
green hydrogen), SMR process in combination with CCS
(blue hydrogen) and methane pyrolysis (turquoise hy-
drogen).

2.3 Downstream products

While the purpose of this study is to explore the decar-
bonization of hydrogen production in an ammonia plant,
for the sake of completeness we present here two dis-
tinct downstream products of the ammonia industry due
to their impact on technology choices and emissions.

One is urea, which is produced by directing CO,, cap-
tured during the SMR process, back to ammonia to pro-
duce urea. Urea is relevant because it requires a steady
stream of CO,, which limits the decarbonization efforts
of the relevant ammonia plant.

The second one is nitric acid, which is an intermediate
product of ammonia needed for more sophisticated ni-
trogen fertilizers, such as ammonium nitrates. Nitric acid
is relevant, as its production leads to emissions of other
GHG, such as: N,0.

2.3.1 Urea

CO, from the SMR of a nearby ammonia plant is usually
used on-site to produce urea and the reaction of ammo-
nia and gaseous carbon dioxide takes place (see Equa-
tion 2.9) in a synthesis reactor, operating at relatively
high pressures (150 bar) and elevated temperatures
(180-210°C) to produce ammonium carbamate. This in-
termediate product reacts further to urea and water (as
shown in Equation 2.10). The product mixture, consist-
ing of ammonium carbamate and urea, is stripped of am-
monia with the resultant solution, fed through several
decomposers operating at reduced pressures [14]. The
urea solution is concentrated by evaporation or crystalli-
zation and the crystals melted or granulated to yield pure
urea in the form of pills or granules [14].

2NH; + CO, 2[NH,C00] [NH,] Equation 2.9

[NH,COO][NH,] — H,0 + (NH,),CO Equation 2.10

As a result of the reaction’s reversibility, unconverted
carbamate is decomposed back to ammonia and carbon
dioxide and recycled to the reactor.
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CO, used as feedstock for urea production is included in
emission scope 1.

2.3.2 Nitric acid

Nitric acid, the main feedstock for fertilizer production,
is one of the largest sources of N,O emissions in the Eu-
ropean chemical industry.

For its production, compressed, filtered, and preheated
air at about 200°C is mixed with ammonia in a cham-
ber, to produce a mixture containing 8-10% ammonia
by volume. The ammonia-air mixture is passed through
a catalytic reactor, and produces at around 900°C, a gas
mixture of nitric oxide, water, oxygen, and nitrogen ac-
cording to Equation 2.11 [15] with further oxidation of ni-
tric oxide yielding nitrogen dioxide (Equation 2.12).

The nitrogen dioxide is then fed to an absorption tower;
where it is absorbed in water, generating a solution of
55 to 60 weight % of nitric acid with NO as a by-product
according to Equation 2.13. Some applications require
azeotropic nitric acid (68%) which can be reached with
further process steps. To increase the concentration of
nitric acid to a maximum, itis fed to a distillation column,
retrieving a nitric acid stream with concentrations up to

95-98%]15].

4NH; + 50, — 4NO + 6H,0 Equation 2.11
2NO + 0, — 2NO, Equation 2.12
3NO, + H,0 — 2HNO3; + NO Equation 2.13

Depending on combustion conditions, catalyst compo-
sition, catalyst state, and burner design, several inter-
mediate reactions may result in the formation of N,O (a
strong GHG). N,O can however be catalytically or ther-
mally decomposed to avoid emitting it into the atmos-
phere. as described in Equation 2.14 to Equation 2.16.

NH3 + 02 i 0.5N20 + 1.5H20 Equation 2.14
NH3 +4NO — 2.5N,0 + 1.5H,0 Equation 2.15
NH; + NO + 0.750, — N,0 + 1.5H,0 Equation 2.16

15
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3 Technology options

For ammonia synthesis, a stoichiometric amount of hy-
drogen to nitrogen in a ratio of 3:1 is needed. Through
several technologies, hydrogen can be produced from
renewable or fossil sources and is assigned the colour
schemes as shown in the executive summary.

3.1 Grey hydrogen

Natural gas is catalytically converted by steam reforming
into a mixture of carbon monoxide and hydrogen (syn-
thesis gas). The hydrogen, referred to as grey, acts as
feedstock for the Haber-Bosch process.

Figure 3.1 represents schematically the production chain
of fertilizer from grey hydrogen production to urea and
nitric acid.

The main CO, emissions of this process are originated in
the SMR (scope 1), which uses natural gas as feedstock
(process emissions) and as fuel (combustion emissions),
as well as in the electricity generation (scope 2). The
emissions from the combustion of natural gas (i.e. gas
used as fuel) are more diluted and difficult to separate
and are therefore usually released into the atmosphere.

CO, emissions from SMR (process emissions) can be
separated and used for other purposes, for example to
feed the urea production. These emissions are neverthe-
lessincluded in the scope 1, as they are released into the
atmosphere after field application.

Implementing BAT for old and new
SMR plants in fertilizer production

3.1.1

BAT, also known as Best Available Practice, are recom-
mended guidelines, techniques, and limits, set to mon-
itor key plant performance parameters. Environmen-
tal performance of production sites can be improved
through a combination of recycling or re-routing mass
streams, efficiently sharing equipment, increasing heat
integration, reducing waste volumes and loads, apply-
ing advanced process control systems and implementing
effective maintenance practices. By setting energy con-
sumption and emission level limits of process parame-
ters, process plant owners and operators can evaluate
and improve the performance of their production plant.

In 2010, average energy demand for existing ammonia
plants was 35 GJ/tyy, [16] The BAT recommends process,

Steam
Methane
Reformer

Natural gas

Electricity

Scope 1
CO, (feedstock)

Haber-
Bosch
process

Urea
production

Nitric acid
production

Figure 3.1 Conventional ammonia production process (grey hydrogen)
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energy, equipment, and material modifications for the
entire fertilizer production chain and suggests improve-
ments of techniques and methodologies in conventional
fertilizer production for optimal plant design, construc-
tion, installation, operation, and maintenance, with a
priorization on a high level of environmental protection.
Specific energy consumption can be reduced to 32 GJ/t
NH, by applying BAT measures to existing operating
plants.

Energy consumption for new ammonia plants is expect-
ed to be as low as 28 GJ/tyy; by 2020, 27 GJ / tNH; by
2030and 26 GJ / tNH; by 2050 and can be achieved when
production processes are highly integrated with other
industrial processes or heat recovery systems [16].

GHG emissions can be reduced by applying BAT for the
SMR process, e.g. by lowering steam to carbon ratios,
shifting duties from the primary to secondary reformer,
improving synthesis loop efficiencies, the use of burners
with low NO,-emissions and non-iron based ammonia
synthesis catalyst [7].

BAT measures applied to nitric acid plants removes N,O
from the process gas stream between the outlet of the
ammonia oxidation and the inlet of the absorption tow-
er (built-in) or reduces N,O after the absorption process
(end-of-pipe).

The EU27 countries emitted approximately 7.86 kgy.o/
tunos in 2005 and 2.9 kgy,o/thno; in 2010 [17]. By 2020,
all plants were expected to have installed catalytic or
thermal abatement technologies with an average emis-
sion level of 0.7 kg N,O per tonne of nitric acid, decreas-
ing further to an average of 0.4 kg in 2030 and 0.3 kg in
2050 [16].

For urea production, unutilized CO, can be captured. By
doing so, flue gas and reaction emissions are also de-
creased.

3.2 Blue hydrogen

Blue hydrogen replicates the process of grey hydrogen,
with a difference in the application of Carbon Capture
and Storage (CCS) (see Figure 3.2). Compared to grey
hydrogen, the emitted CO,, once captured during the
steam reforming process, is compressed into a liquid,
transported by pipeline, ship, or road tanker and stored
underground.

Usually, due to cost and complexity, only CO, process
emissions from the SMR are separated. Combustion
emissions are approximately up to one third of total SMR
emissions and are still emitted to the atmosphere as
they are difficult to capture, due to low concentrations
of CO, in the flue gas. One option to compensate these
emissions is the use of low emission fuels rather than

CO, (feedstock)

Natural gas Steam

Methane
Reformer

Electricity

Carbon
Capture
and
Storage

Haber-
Bosch
process

Nitric acid
production

Figure 3.2 Conventional ammonia production process eith Carbon Capture and Storage (blue hydrogen)
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natural gas. In cases where it is still desired to produce
urea from blue hydrogen, an external CO, source must
be introduced into the process and the pathway to nitric
acid would be a more attractive option.

The main barriers to the development of CCS technology,
next to political and societal acceptance, are both eco-
nomic and technical, as its attractiveness depends on as-
sociated costs of development, technological innovation
and economies of scale. An additional issue is availability
and proximity of adequate storage space.

3.3 Green and yellow hydrogen

Green and yellow hydrogen are produced in an electrol-
ysis process, described in the next section with the only
difference being the source of electricity. While green hy-
drogen is produced exclusively from renewable energy
sources like wind or PV, yellow hydrogen proceeds from
grid electricity which is not necessarily green, due to the
contribution of fossil fuels to the electricity mix.

Unlike the SMR process, which takes nitrogen from the air
and can accommodate the presence of other atmospheric
gases (oxygen, argon, etc.), the production of ammonia
from green or yellow hydrogen requires pure nitrogen,
which must be additionally separated from the atmos-
pheric air (see information box on the air separation unit).

3.3.1  Water electrolysis

In water electrolysis, electricity is used to electrochemi-
cally split water mainly into hydrogen (H,) and oxygen
(0,). An electrolyser is made up of two electrodes (anode
and cathode), a membrane and a solution (electrolyte).

There are three main types of electrolytic processes to
split water: Proton Exchange Membrane (PEM), Alkaline
Electrolysis and high temperature Solid Oxide Electroly-
ser SOEC.

Alkaline electrolysers are the most technologically ma-
ture system and in installations up to 165 MW in opera-
tion. PEM electrolysers are catching up and installed units
reach tens of MW load. SOEC is the least mature technolo-
gy, with small systems becoming commercial [18].

In Proton Exchange Membrane electrolysis, water disso-
ciates at the anode, into oxygen and positively charged
hydrogen ions (protons). As electrons from electricity
flow through an external circuit, hydrogen ions selec-
tively move through the membrane, to the cathode of
the PEM; combining with electrons to produce hydrogen
gas. The hydrogen is treated, stored and ready for use as
feedstock in the Haber-Bosch process.

Anode:

1 .
H,0 — 502 +2H" + 2e” Equation 3.1
Cathode:
2H* +2¢” — H, Equation 3.2
Global reaction:

1 .

H,0 + electricity — H, + 3 0, Equation 3.3

Alkaline electrolysis operates via transport of hydroxide
ions (OHY) through the electrolyte. As water dissociates
into hydrogen and hydroxide ions in the cathode, the hy-
droxide ions migrate from the cathode to the anode, with
hydrogen generated on the cathode side.

Technology | ALK | PEM | SOEC
Maturity Commercialized Commercialized Research & Development
Installed Capacity range as of 2020 in 50-5000 100-6000 150
Europe (kW) [19]

Average Electricity Input 51 47 41
(kWhel/kgH.,) in by 2030 [20]

Investment Costs EUR/kW][20] [21] 800-1500 900-1850 2200 - 6500
Average output H, pressure [bar] [21] 10 35 10
Average Operating Temperature (°C) [20] 60-80 50-70 700-800
Electrical Efficiency (LHV, %) [20] 65-68% 57-64% 72-88%
Max H, production rate (Nm,//h) [21] 10 5 5
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Cathode:
2H,0 + 2e~ — H, + 20H™ Equation 3.4
Anode:

1 .
20H™ —>502 + H,0 + 2e~ Equation 3.5
Global reaction:

- 1 .

H,0 + electricity — H, + 202 Equation 3.6

In solid oxide electrolysis (SOEC), electricity splits water
at the cathode into hydrogen and oxygen at tempera-
tures of 700°Cto 1000°C. The oxygen ions are transferred
through a solid ionic membrane where it combines with
electrons, forming oxygen molecules.

Cathode:

H,0+2e” — H, + 0%~ Equation 3.7
Anode:

2027 — 0, + 4e” Equation 3.8
Net reaction:

2H,0 — 2H, + 0, Equation 3.9

3.3.2 Green hydrogen

To produce green hydrogen, 100% renewable (wind, so-
lar, hydro, geothermal, biomass, etc) electricity is used
to power the electrolyser.

This replacement of hydrogen from SMR with green hy-
drogen, has the advantage of not emitting CO, nor other
GHGs. There are no direct (scope 1) emissions (since wa-
ter H20, not methane CHg, is used as source for hydro-
gen) and given the use of green electricity, there are also
no indirect (scope 2) emissions.

Two scenarios for green hydrogen were examined: green
hydrogen produced on-site and green hydrogen sup-
plied to the ammonia production site via pipeline. If the
green hydrogen is produced on-site, green electricity in
sufficient quantities and water are required as shown in
Figure 3.3. For this purpose, a decentralized renewable
electricity production plant can be connected direct-
ly to site, with the disadvantage of low full load hours
per year, a discontinuous production, and the need for
an electricity storage system. The second possibility is
a PPA contract with continuous supply of green electric-
ity if the regulatory regime allows this and treats such

Electrolyser
Green electricity

Green electricity

Separation
Unit

Haber-
Bosch
Air process

o]gele[Uezife]s M Scope 1

Nitric acid
production

Scope 1

Figure 3.3 Electrolyser on-site with air separation unit (green hydrogen)

7 Within the system boundaries of an ammonia plant, green electricity supply can be ensured via Power Purchase Agreements (PPAs). Within the system
boundaries of the overall electric grid, net reductions of CO,-emissions only occur, if additional renewable electricity is used. Otherwise, renewable electricity

is just shifted from one (average) consumer to another.
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Figure 3.4 Electrolyser off-site with air separation unit (green hydrogen)
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Figure 3.5 Electrolyser on-site using grid electricity with air separation unit (yellow hydrogen)
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hydrogen as equally green compared to green hydrogen
produced with green electricity generated on-site.

With ammonia being a commodity chemical produced in
large quantities (on average 400,000 t/a in Europe) per
plant, the second option seems to be the most appropri-
ate for the process.

Due to the disparate cost of producing renewable elec-
tricity in various countries, this study categorized the EU
into four regions (see section 4.4), to obtain a better rep-
resentation of their levelized cost of electricity (LCOE).
For sake of simplicity, these were designated as region
1 (Southern Europe), region 2 (Western Europe), region 3
(Northern Europe) and region 4 (Central Europe).

For green hydrogen off-site, the hydrogen for the reac-
tion with nitrogen, is continuously fed to the production
site via pipeline as shown in Figure 3.4.

3.3.3 Yellow hydrogen

Yellow hydrogen (see Figure 3.5), like green hydrogen,
is produced through the process of electrolysis, with
the electricity obtained from the grid, which may have
been partially or completely generated from fossil-based
sources, depending on the energy mix of the host coun-
try, as at the time of deployment. Indirect emissions and

the price of electricity will therefore depend on the given
country of production.

As both green and yellow hydrogen do not have any
process CO,-emissions, the CO, required for the urea
production should eventually be obtained from another
source.

3.4 Turquoise hydrogen

Turquoise hydrogen could be produced through a still-
to-be-finalized technology called methane pyrolysis.
It would consist of thermally splitting methane into its
elements, namely solid carbon and gaseous hydrogen
as shown in Equation 3.10. The C-H bonds are cracked
at temperatures between 700-18002C, splitting methane
into hydrogen and carbon in a reactor. Unreacted CH, is
separated from H,, and recirculated to the reactor while
other hydrocarbons present are similarly cracked [22].

CHyg) = Cis) + 2Hz(g) Equation 3.10

Similar to the other technology options, production of
turquoise hydrogen does not have process emissions
which could be used in the urea production. For subse-
quent urea production from the synthetized ammonia,
another source of CO, is required.

Solid carbon

Natural gas Methane

pyrolysis

Grid electricity Haber-

Bosch
N process

Grid electricity

Separation
Unit

Nitric acid
production

Figure 3.6 Methane pyrolysis (turquoise hydrogen)
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Info box — Air Separation

Air comprises by volume of 78.08% nitrogen, 20.95%
oxygen, 0.93% argon: and a small amount of neon, he-
lium, krypton, and xenon [23]. An air separation unit
extracts the nitrogen needed to react with hydrogen for
ammonia synthesis.

Three main methods separate nitrogen from air: cry-
ogenic distillation, pressure swing absorption (PSA),
and membrane separation.

The cryogenic air separation process is the most ap-
plied air separation technique in medium to large scale
gas production plants. Here, incoming air is filtered,
compressed and cooled and impurities like water and
CO, are removed [24].

The purified air passes through a heat exchanger which
brings the air feed to cryogenic temperature of approx-
imately —185°C, and is then sent to one or two distil-
lation columns to separate air components (gaseous
nitrogen, oxygen, and liquid argon) according to their
different boiling temperatures [25]. Pure N, gas is col-
lected at the top of the column and stored with purities
of nitrogen typically very high.

In the Pressure Swing Adsorption (PSA), dried, cleaned,
and compressed air is sent into adsorber towers filled
with a carbon molecular sieve (CMS).

3.5 Alternative hydrogen sources
Biomass

Biomass as a renewable energy resource with varied
compositions, may originate from forest and agricultur-
al waste, municipal solid waste, livestock waste, energy
crops etc. Hydrogen may be obtained from biomass ther-
mochemically or biochemically.

Thermochemical processes:

Thermochemically, hydrogen is produced through gas-
ification, pyrolysis or combustion. Gasification is the
incomplete combustion or partial oxidation of carbona-
ceous material into carbon monoxide, hydrogen, and

During pressurization of the CMS bed, oxygen is prefer-
entially absorbed on the surface of the carbon pellets
at high pressure, while nitrogen is retained in the feed
gas flow. The nitrogen separation process is stopped
before the CMS comes to the adsorption capacity limit
and the feed air supply is switched over to the second
adsorber tower. Nitrogen can be obtained with a purity
of up to 99,995% vol. [26].

The saturated CMS in the first vessel is regenerated by
lowering the pressure and removing adsorbed gas from
the CMS through a vent line to the atmosphere. A con-
trol valve is set to alternate adsorption and desorption
between the two CMS towers, resulting in a continuous
nitrogen generation.

The membrane in the Membrane Separation process,
consisting of hollow polymer fibres, produces nitrogen
from the air fed into it. As oxygen, water vapor and car-
bon dioxide cross rapidly through the membrane walls
and are vented as waste gas to the environment, they
leave behind nitrogen which can be concentrated and
stored as product. The dry gas with up to 99.5% vol ni-
trogen is then sent into the tanks[26].

carbon dioxide (as displayed in Equation 3.11) at a con-
trolled amount of oxygen or steam. Due to the varying
chemical composition of biomass, the hydrogen content
in its resulting synthesis gas can vary widely from 3% -
45% depending on the feedstock and processes used [27].

Biomass + aH,0 — xCO + yH, + zCO0, Equation 3.11
The theoretical efficiency of the biomass gasification
process depends on temperature, pressure, amount of
steam and amount of oxygen used.

Fluidized bed gasifiers® using catalysts operate at tem-
peratures greater than 6502C while fixed bed reactors
operate in the range between 600-800°C.

8 In fluidized-bed gasifiers, the catalyst flows freely with suspend biomass or feedstock particles in an oxygen-rich gas. Thus, the bed acts as a fluid within the
gasifier, promoting efficient mixing of biomass particles, to achieve high conversion rates of feedstock. Fixed bed reactors have fixed catalytic beds which
progressively deactivates as biomass reacts to form products. Reaction continues until blockage or deactivation of catalyst pores, necessitating catalyst

regeneration or replacement.[28]
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Pyrolysis is the decomposition of a solid fuel by heat (at
450°C) in the absence of an oxidizing medium, as shown
in Equation 3.12.

While slow pyrolysis takes several hours to complete
and results in biochar as the main product, fast pyroly-
sis which is widely applied, yields up to 60% bio-oil and
takes seconds to complete. In addition, it gives 20% bi-
ochar and 20% synthesis gas (H,, CO, CH,, C,H,, C,H,)
and liquids [29].

Biomass — Bio oil + Char + xH, + yCO + zCH,

Equation 3.12

Liquid fractions or bio-oils through subsequent reform-
ing, are most promising for hydrogen production (see
Equation 3.13).

Bio oil + aH,0 — xCO + yH, Equation 3.13
Besides the low hydrogen content in biomass and low
conversion yields, production from biomass is still an
immature technology. Complex processing, production
and transport costs of hydrogen even with reasonable
energy efficiencies, cannot economically compete with
natural gas reforming.

Combining hydrogen production from biomass with CCS
could, however, be an option to create so-called “neg-
ative emissions”, which may have a role to play in the
future.®

Biochemical processes:

Hydrogen can also be synthetized from biogas instead
of natural gas, which is produced from the anaerobic di-
gestion of energy-rich organic biomass. Typical biogas
contains mostly of methane and carbon dioxide with
little amounts of water vapor, hydrogen sulphide, oxy-
gen, nitrogen, ammonia, hydrogen and trace gases [31].
The amount of methane produced from biogas depends
on the energy content of the decomposed raw material.
Firstly, biogas is converted to biomethane at natural gas
quality, and subsequently undergoes the SMR process to
obtain hydrogen.

Methane consists of about 25% hydrogen in mass.
Hence, the production of hydrogen from biogas depends
on the methane content in biogas, the purity of methane
after biogas processing, and its conversion efficiency to
hydrogen [32].

Another approach to hydrogen production from biogas
is the use of a catalytic membrane reactor. Although still
in its testing phase, the reactor integrates hydrogen pro-
duction and separation in a single step, leading to over
70% reaction conversion at 500-550°C.[33].

9 The total CO, present in a biomass processing plant could include CO, emissions from the conversion of biomass in a large-scale facility, as well as the CO,
absorbed by the biomass during growth. Hence, the application of CCS technology in a biomass plant captures and stores the CO, produced during conversi-
on and that taken up from the atmosphere (negative emissions), provided the biomass is sustainably grown and harvested.[30]
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4 Methodology

This study evaluates the different ammonia production
pathways as well as the potential of CO, abatement for
the fertilizer industry in Europe. The study was carried
out on a regional and territorial basis for an “average
European ammonia plant”, which was assumed to have
a capacity of 500,000 tyy; per year, defined prices for
grid electricity, natural gas and CO, (see values in Annex
1) and a defined emission factor for grid electricity. Ad-
ditionally, collected data were aggregated with several
assumptions.

The methodologies used to calculate energy and feed-
stock demand, emissions and costs are presented in the
following sections.

4.1 Energy and Feedstock demand
Electricity and natural gas demand for grey, blue and tur-
quoise technologies were assumed constant over time.
For yellow and green on-site ammonia options, the elec-
tricity demand for electrolysis decreases over time, due
to an increase in the electrolysis efficiency from 66% in
2020 to 76% (LHV) in 2050. Electricity demand for util-
ities like pumps and compressors was assumed to be
covered with grid electricity for all technologies and was
considered constant until 2050.

Energy and feedstock demand parameters for all tech-
nologies are shown in Annex 2, Table 7.7.

4.2 GHG Emissions
CO, emissions were separated into two scopes:

Scope 1 emissions are only present in grey and blue am-
monia technologies due to the use of natural gas for the
SMR on the production site. These emissions remain
constant over time, as the demand of natural gas is not
subject to any variation. For calculation purposes, an
emission factor of 0.2012 tco,/MWh for natural gas*® was
assumed.

10 Based on an assumed average value of 57 tco,/T) [34].

Scope 2 emissions are indirectly linked to ammonia pro-
duction using grid electricity. The emission factor of elec-
tricity depends on the energy mixused in its generation and
the location of the plant. For this study, average Europe-
an values were assumed: 375 gco,/kWh, 250 gc¢o,/kWh,
125 gco,/kWh and o g¢o,/kWh for 2020, 2030, 2040 and
2050, respectively. To calculate emissions from electric-
ity of a specific ammonia plant, local emission intensity
of the electricity grid was used.

4.3 Costs

Costs for all plants were divided in Capital Expenditures
(CAPEX) and Operational Expenditures (OPEX).

For CAPEX, only investment costs for the ammonia pro-
duction plants were taken into account. Conventional
grey and blue plants were assumed to have no capital
cost, since they already exist and are operational.*
CAPEX of yellow and green ammonia (on-site) was split
into investment costs for the electrolysis and Haber-
Bosch process.'? CAPEX of turquoise ammonia includes
investment costs for both methane pyrolysis and the
Haber-Bosch plant. The assumed values for these costs
are shown in Annex 2, Table 7.6 and Table 7.8.

To estimate the annual payments required to pay back
the investment costs in a period of n years and with an
interest rate i, Equation 4.1 was used, with n and i equal
to 20 years and 8%, respectively.

Annuity = CAPEX X Equation 4.1

l
[1 -1+ i)‘"]
OPEX encompasses all costs required for plant opera-
tion, including feedstocks, fuels, maintenance costs,
etc. These parameters are listed in Table 4.1 for each
technology with some relevant comments. Price as-
sumptions for each parameter are listed in Annex 2, Ta-
ble 7.8. Prices for grid electricity and natural gas were
assumed constant over time, to enable the sensitivity of

11 Slightly higher costs for blue ammonia vs. grey ammonia resulting from additional CCS infrastructure cost have been ignored.

12 Existing plants can only partially be adjusted to operate with an external hydrogen source, since hydrogen generation and the Haber-Bosch process are

currently highly integrated.



4 METHODOLOGY

Table 4.1 OPEX parameters for the different technologies

Green Green Turquoise
(on-site) (off-site) q
Grid for Green for
. . . electrolysis | electrolysis and . . .
E d Grid Grid Grid
lectricity Gri and other grid for other : " .
processes processes
As feedstock As feedstock
N - - - As f k
atural gas and fuel s feedstoc and fuel
For .
Water For SMR . For electrolysis = = For SMR
electrolysis
Rrsea iy _ For nitrogen For nitro.gen For nitrogen For nitro.gen _
production production production production
For Haber-
Green hydrogen - - - - -
ydrog Bosch process
Green
Hydrogen transport - - - hydrogen via - -
pipeline
e
CO, (scope 1) as feedstock - - - - natural gas
as fuel
and fuel
CO, (from
natural gas
ccs - - - - - as feedstock)
transport
and storage
a 4,7% 4,7% 4y7% 4,7% 4,7% 4,7%
M
aintenance of CAPEX | of CAPEX of CAPEX of CAPEX of CAPEX | of CAPEX
total cost to other parameters. A European average was Car — Cer .
i AC = —-— Equation 4.2
hypothesized for parameters dependent on plant loca- Ecr — Ear

tion, like electricity and natural gas prices. Hence, it was

e . . AC: Avoid €
necessary to carry out a sensitivity analysis (section 5.4), voidance costs [€/tco.|

varying one parameter at a time, while holding others
constant, and analysing the change in total costs.

Specific production costs were estimated afterwards.
Non-depreciated costs result from the sum of CAPEX and
OPEX, while depreciated costs are only represented by
OPEX.

Avoidance costs were defined and estimated as shown in
Equation 4.2 and represent the costs of saving one mass
unit of CO,:

Car: Production costs of alternative technology [€/tyy;]
Ccr: Production costs of conventional technology [€/tyys]
Ecr: CO, emissions of conventional technology [tco,/tyus]
Ear: CO, emissions of alternative technology [tco,/tyus)]

4.4 Regions

For the calculations of green ammonia costs, the Euro-
pean Union and Norway were divided in four regions.
For sake of simplicity, these were designated as region
1 (Southern Europe), region 2 (Western Europe), region 3
(Northern Europe) and region 4 (Central Europe).
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Evaluated representative countries for each region are
Italy, Spain and France for region 1; Austria, Belgium,
Germany and Netherlands for region 2; Norway*3 as re-
gion 3, and Croatia, Hungary and Slovakia representing
region 4.

For the estimation of electricity prices for regions 2 and
4, the LCOE for the technologies present in the respective
regions and their energy contribution, were used to cal-
culate the weighted-average costs for 2020. These 2020
costs were multiplied by a factor of 1.5 to obtain a final
price of electricity. For region 1, prices for 2020 until 2030
were taken from [35]. As region 4 is just represented by
Norway, electricity prices for 2020 were taken from [36].
For all regions, these prices were subsequently extrapo-
lated until 2050. The parameters and final prices used in
this study are shown in Annex 1, Table 7.3 to Table 7.5.

These four regions were only used for the calculation of
ammonia costs from on-site green hydrogen.

4.5 Abatement potential

To calculate the total abatement potential of ammonia
production in 2030, a base-case and a best-case scenar-
io were developed.

The decision tree in Figure 4.1 is a general representation
of the approach used on all individual ammonia produc-
tion plants included in this study and was the base for
building the base and best-case scenarios for 2030.

4.5.1 Base case scenario

Downstream nitrates production:

As 100% green and 100% yellow technologies will not be
economically feasible and turquoise hydrogen, probably
still at its infant stages until 2030, these options were
not considered for the base case scenario.

The first considered feasible option for 2030 is blue hy-
drogen, due to its relatively

Affordable
green hydrogen

high emissions savings and
100% Green

available by
pipeline

Turquoise

comparatively lower costs to
other technologies. Blue hy-
drogen is a feasible option in
the ammonia industry, since
the separation of CO, from

off-site

available by
2030

CCS favourable

policy
environment

Access to CCS
location

Grid emission Affordable grid [RES

Linked to Urea I\

Turquoise

the SMR is an existing state
of the art technology. There
are two existing commercial-
ized offshore CCS facilities
operated in Norway: Snghvit
CO, and Sleipner CO, storage,
and additional facilities under
planning in Norway and the
Netherlands, which should be

lower than 150 g

gCO2/kWh electricity price

Access to

affordable

operationalin 2024 [37]. Plants
located nearby or having ac-
cess to a port in the western or
northern coast of Europe, are
accordingly expected to have

renewable
electricity

access to this technology by

2030, with exception of plants
l which produce urea (see expla-
nation below). In addition to

Grey the above-mentioned consid-

erations for the adaptation of

Figure 4.1: Decision tree for allocating ammonia plants in different regions to their respective

CCS technology, general local

production technologies in the base and best-case scenario for 2030. acceptance and support of this

13 Norway is included in this report although not a member if the European Union.
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technology by the government were also factored in. Un-
der these assumptions, blue ammonia could be applied
to 22% of the total capacity of ammonia plants (for ni-
trates) in the European Union.

A combination of 10% yellow and 90% grey hydrogen
was considered for ammonia plants in countries with
expected grid electricity emissions lower than 150 g¢o./
kWh by 2030. It was assumed that current emission fac-
tors will reduce by 33% in each country until 2030, re-
sulting in the application of this technology, for 28% of
total ammonia production capacity (for nitrates).

Another 37% of the total ammonia plants capacity (for ni-
trates) will presumably produce 90% grey and 10% green
hydrogen, owing to their renewable electricity generation
potential by 2030, while the remaining plants (13%) would
continue to use grey conventional SMR process till 2030.

Downstream urea production:

Being the subsequent process of approximately one third
of all ammonia plant capacities, urea plants utilize CO,
from the SMR as feedstock. To secure feedstock supply,
it was assumed that the possibility of partially reducing
emissions for these plants, will be through a combined
technology of 10% green and 90% grey hydrogen4. For

the base-case scenario, 59% of all urea plants will im-
plement 10% green and 90% grey technology while the
remaining 41% will remain as grey plants by 203o0.

4.5.2 Best case scenario

Downstream nitrates production:

The proportion of plants producing blue hydrogen was in-
creased to 29%, assuming some additional plants will have
the capacity to transport CO, to the storage facilities. It was
also assumed that one plant will produce 100% green and
another 100% turquoise ammonia (4% and 3% of total ca-
pacity respectively). The proportion of plants applying 10%
yellow ammonia was not changed and plants producing
10% green ammonia were reduced to 33%, because of one
plant shifting to produce 100% green ammonia.

Downstream urea production:

For the best-case scenario, 81% of all urea plants were
assumed to adopt 10% green and 90% grey technologies
while 19% will continue to run their plants based on grey
technologies. This was evaluated based on the possible
availability of renewable energy in those countries by 2030.

The described distribution for both scenarios is summa-
rized in Table 4.2 and Table 4.3.

Table 4.2 Summary of base case and best-case scenarios for nitrate plants

Technology ‘ Requirements % Base case | % Best case
e e o ﬁlhzrrot::;tnigrog:/azit)st;::ch do not fulfill the requirements for 13% 3%
Blue Access to a CCS facility via port or land and societal acceptance 22% 29%
Turquoise Rapid technological development required 0% 3%
Yellow Not considered for 2030 because of high costs and grid emissions 0% 0%
90% grey, 10% yellow | Production sites with grid emission factor lower than 150 g/kWh 28% 28%
Green IF.)?F\)NeEzzciﬁc price of green hydrogen and access to hydrogen 0% 4%
90% grey, 10% green | Low specific price of green electricity 37% 33%

Table 4.3 Summary of base case and best-case scenarios for urea plants

Technology Requirements % Base case % Best case
. All production plants, which do not fulfill the requirements for
Grey conventional ; 41% 19%
other technology options
90% grey, 10% green | Low specific price of green electricity 59% 81%

14 If all ammonia would be used to subsequently produce urea, the amount of CO, produced in the steam reforming would not suffice. However, in general, only
a part of the overall ammonia production is used as urea feedstock, allowing for a small abatement due to alternative hydrogen generation.
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5 Evaluation of technology options vs. status quo

The production of ammonia from different hydrogen
sources in relation to energy consumption, emissions,
feedstock demand and costs, were studied and com-
pared with the objective of assessing options, for a cost
effective and sustainable transformation to H, as a feed-
stock. All calculations are based on the values and as-
sumptions summarized in Annex 1 and Annex 2.

For simplicity of description, ammonia is designated a col-
our corresponding to the colour of its hydrogen feedstock,
e.g., “blue ammonia” refers to ammonia produced from
blue hydrogen, as described in the previous chapter.

5.1 Emissions

Emissions from ammonia production originate mainly
in hydrogen production from feedstock conversion and
energy consumption (combusted fuel and purchased
electricity). Figure 5.1 represents specific CO, emissions
(scope 1 and 2) from ammonia production based on ap-
plied technology.

Production of ammonia for the “average European am-
monia plant” from conventional grey hydrogen in 2020
emits approximately 2.0 tco,/tyu;, With contributions of
58% and 31% from the processing of natural gas as feed-
stock and fuel (scope 1) and 11% from the use of electrici-
ty (scope 2). Emissions from the European electricity grid
gradually reduce until 2050 and therefore, emissions
from conventional ammonia decrease slightly until this
year. Although the application of BAT to an existing or a
new SMR plant could reduce emissions to 1.8 or 1.6 t¢g,/
tuns respectively, this technology does not develop a
zero emissions pathway until 2050, due to continuing
direct process emissions. Hence the unlikelihood of fur-
ther investments in this technology.

Yellow ammonia generates 4.2 tco,/tyy; (Scope 2) in
2020, more than double the CO, emissions from conven-
tional SMR process, due to the high specific emission
factor of average electricity from the power grid. This
value gradually declines until it reaches approximately
equal tonnes of CO, as grey ammonia in 2037 and be-
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Figure 5.1 Specific CO, emissions of ammonia production (scope 1 + 2) for complete implementation of different process options
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comes emission free in 2050, if decarbonization of the
European electricity grid is achieved in this year.

However, emissions from yellow ammonia are strongly
dependent on the emission factor of grid electricity. To
calculate the maximal tolerable emission factor for grid
electricity, CO, emissions from yellow and grey ammonia
were plotted, depending on the specific electricity emis-
sion factor. The results are shown in Figure 5.2. A specific
emission factor of about 150 g¢o,/kWh in the electric grid
reaches parity of yellow with grey ammonia production.
In order to achieve CO, savings with yellow ammonia,
the emission factor of the grid electricity must be lower
than 150 gco,/kWh. The considerable differences in the
grid electricity mix and hence in indirect emissions in
European countries will have a decisive impact on attrac-
tiveness of yellow hydrogen for different installations,
depending on their location. For example, in 2019, the
carbon intensities in France and Poland were 56 g¢o,/
kWh and 751 g¢q,/kWh, respectively [2]. The assumption
of the average European CO, emission intensity of elec-
tricity is found in Annex 1, Table 7.2.

Ammonia from on-site and off-site green hydrogen uti-
lizes the available electricity from the grid for all process
equipment like pumps and compressors and, therefore,

emissions up t0 0.9 tco,/tyn; Were generated in 2020 and
steadily fall to zero by 2050.

The use of grid electricity (scope 2) emits approximate-
ly 1.3 tco,/tyn; in turquoise ammonia, as it is the only
process emission source for this technology. Turquoise
ammonia is expected to become emission free in 2050,
when the emission factor of grid electricity becomes
zero. In comparison, 0.9 tco,/tyu; are released by blue
ammonia production in 2020, from both grid electricity
use and energy consumption through natural gas com-
bustion in the SMR.

In summary, from 2020 - 2050, all studied technolo-
gies for ammonia production are observed to emit less
tonnes of CO, per tonne of NH; compared to their current
rates, but only green, turquoise and yellow could reach
emission neutrality in 2050.

5.2 Energy

Electric and thermal energy consumptions of the various
evaluated technologies were calculated, with results for
2030 shown in Figure 5.3. Energy consumption of the
conventional grey ammonia was considered constant
over time, and consumption of natural gas as feedstock
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Figure 5.2 Rate of CO, emissions from yellow ammonia to grey ammonia depending on electricity emission factor
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Figure 5.3 Energy demand of different technologies in 2030 in MWhel for electricity and MWhth for natural gas. * Electricity demand in
dashed lines is linked to the production of hydrogen off-site

(5.8 MWh/tyy,) remained the same for all three SMR
technologies (conventional and BAT compliant old and
new plants). Fuel consumption of natural gas amounts
to approximately 3.1 MWh/tyy; for conventional plants.
There was a decrease in the consumption of natural gas
as fuel (up to 13% and 39%) and of electricity (up to 45%

and 91%), after BAT recommendations were applied to
old and new SMR-based plants, respectively.

On-site green ammonia and yellow ammonia require
equal amounts of electricity (10,9 MWhg/tyy; in 2030,
out of which 8,5 MWh,/tyy, are due to the electrolytic
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Figure 5.4 Infrastructural changes needed for each technology, relative to grey conventional
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hydrogen generation), with the only distinction: their
source of electricity. An ammonia plant with capacity of
500,000 t/a and operating continuously for 8,760 hours
per year, would require an electrolyser unit with a power
of 480 MW to replace the demand for grey hydrogen with
green hydrogen. Therefore, there would be the need for
significant infrastructure development, which is beyond
the scope of the study.

Ammonia production from purchased pipeline-trans-
ported green hydrogen, requires only 20% of the elec-
tricity demanded by yellow and green on-site-produced
hydrogen. This is because the electrolysis process does
not take place in the production site. A drawback of this
option is the dependance on a continuous supply of
green hydrogen to the production site, which would re-
quire additional infrastructure costs to address the risk
of supply disruptions.

Natural gas consumption as feedstock and fuel, and
electricity demand of blue ammonia plants are roughly
the same as that for grey conventional plants.®

Turquoise ammonia plants demand double as much nat-
ural gas (feedstock) than conventional technologies,
since one mole of methane produces only two moles of
hydrogen (Equation 3.10) in contrast to the four moles of
hydrogen produced in the SMR (Equation 2.1 and Equation
2.2). This could lead to higher emissions from transport of
natural gas, which are not within the scope of the study.

Main infrastructural changes needed for the implemen-
tation of the different technologies are shown in Figure
5.4. On the main Y axis (left), pipeline capacities are dis-
played. Transportation of green hydrogen to an ammonia
plant, would require a pipeline with a volumetric flow, 2.7
times higher than that of a conventional natural gas pipe-
line to maintain the same energy flow. Additionally, an
ASU is needed to obtain nitrogen for the reaction. Blue hy-
drogen on the other hand, requires an additional pipeline
for CO,, with a relative volumetric flow of 0.82 compared
to the pipeline of natural gas. On the secondary Y axis
(right), electricity loads of all the technologies are plotted
(yellow bars). Continuous and fluctuating (4000 h) hydro-
gen production via electrolysis (on-site) would require
an electric power, 18 and 39 times higher than electricity
consumed by conventional grey process respectively. This
demands the installation of an electric connection capa-
ble of transmitting such amounts of energy. Furthermore,

the required electricity to fulfill this demand should be
available for the plant to maintain its operation.

5.3 Costs

The specific production costs of ammonia from different
technologies are displayed in Figure 5.5. Energy (elec-
tricity and natural gas demand), equipment, infrastruc-
ture, feedstock and subsequent maintenance costs were
used to estimate production, operation, and specific
production costs.

Due to an exclusion of CAPEX for existing plants (grey
conventional SMR plants and blue ammonia plants), the
depreciated costs of these plants are compared to the
non-depreciated costs of every other technology. This
comparison reflects the economic reality faced by an
ammonia producer, who has to make the according in-
vestment decision.

The production costs of 1 tonne of grey ammonia in
2020, via conventional SMR, old BAT-compliant SMR and
new SMR plants were estimated as 330 € (depreciated),
310 € (additional CAPEX for improvement non-depreciat-
ed) and 350 € (non-depreciated) respectively, with a cost
surge in 2050 more than doubling the specific produc-
tion costs, due to a rising CO, price.

Production costs of yellow ammonia in 2020 were cal-
culated as 1,250 €/tyy; (non-depreciated). Electricity
price had the greatest contribution on the total costs and
varies from country to country. These costs (yellow line)
increase slightly initially, due to a rising CO, price. After
2035, the influence of declining CO, grid emissions is
more dominant and accompanied by a drop in total costs
to 900 €/tyy; in 2050. Implementation of this technolo-
gy depends on availability of cheap grid electricity with
relative low emissions.

Production cost of green ammonia varies largely with the
location of the plant, as this determines the availability
of green energy and electricity price. Non-depreciated
costs of off-site green-ammonia, transported via pipe-
lines, amounted to 1,700 €/tyy;in 2020 and consequent-
ly drops to 1,220 €/tyy; in 2050, as a result of reducing
green hydrogen price. However, it is expected that green
hydrogen will be available at lower costs in some sweet
spot countries. In 2020, non-depreciated costs for on-
site green ammonia, varied from 930 €/tyy; in region 3

15 A blue ammonia plant will have a slightly higher electricity demand due to the need for compressor to pump CO, through the pipelines to storage.
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Figure 5.5 Specific production costs of ammonia, non-depreciated, full implementation of technologies.
*Costs from grey conventional, BAT and blue technologies are depreciated

to 2,170 €/tyy; in region 1 (see section 3.3.2) and plum-
mets to 511 €/tyy; and 513 €/tyy, respectively in 2050.
Under these conditions, ammonia from green hydrogen
becomes competitive with conventional ammonia after
2040 for regions 1 and 3 and after 2049 for region 4. It
is therefore important to take actions to further reduce
renewable electricity prices.

Blue ammonia had an average specific production cost
of 400 €/tyy, (depreciated) in 2020, slightly higher than
those from grey hydrogen (which includes CO, costs for
ETS), due to CO, transport and storage costs. These pro-
duction costs increase over time. After 2030, ammonia
production from blue hydrogen becomes attractive as
costs drop below ammonia from conventional SMR tech-
nology, which suffers more from rising CO, prices.

Finally, non-depreciated costs for turquoise ammonia
were estimated as 630 €/tyy; in 2050 and will be com-
petitive with conventional technologies. Costs for tur-
quoise ammonia for all other years are hypothetical and
depend on the availability and maturity of this technol-
ogy. Turquoise hydrogen technology is still in research
and development and must be scaled up to provide the
required volumes for ammonia production.

5.4 Sensitivity analysis

This study presents results made with certain internal
assumptions and uncertainties. Therefore, a sensitivity
analysis of different varying parameters on the specific
production costs in 2030 were carried out. The results
are shown in Figure 5.6.

Most parameters were varied by +50% and their influ-
ence on the final specific production costs analysed. An
exception to this is the electric efficiency varied at +10%,
due to technical limitations.

Production costs of grey ammonia are highly sensitive
to natural gas and CO, prices. A 50% variation of these
parameters affects the total production costs by 18% and
22% respectively.

Grid electricity price had the largest influence on produc-
tion cost of yellow ammonia, resulting in a 29% change
of the specific costs, while other studied factors, like CO,
price, CAPEX, and efficiency of electrolysis, had compar-
atively less influence.
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Figure 5.6 Sensitivity analysis of the specific production costs in 2030. *depreciated

As expected, the principal parameters affecting the pro-
duction costs of green ammonia are the price of green
electricity (on-site) and green hydrogen (off-site), which
variation causes a change of 33% and 35% on produc-
tion costs, respectively.

Natural gas and CCS prices had a strong influence on the
production of blue ammonia, with changes of 18% and
13% in the specific costs observed.

Grid electricity and natural gas prices showed a substan-
tialinfluence on the final cost of turquoise hydrogen pro-
duction, causing a change of 17% and 15%.

5.5 CO,-reduction potentialin the
ammonia production in 2030

The production costs vs. the relative CO, savings of dif-
ferent technologies compared to conventional grey am-
monia are displayed in Figure 5.7. The sizes of the bub-
bles are scaled to the CO,-reduction potentials of each
technology, which represents a theoretical maximum
and do not take costs into account. A theoretical tech-
nology, which saves 100% CO,-emissions compared to
grey conventional is shown in the graph with a blue line
as a reference.
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5 EVALUATION OF TECHNOLOGY OPTIONS VS. STATUS QUO

Yellow ammonia, the only technology without CO, sav-
ings in 2030, and consequently on the left side of the
diagram, presents an average specific grid-electricity
emission of approximately 250 gco,/kWh (see Annex
1, Table 7.2) in Europe. This technology shows 39% in-
creased emissions over conventional SMR production
in 2030. Nevertheless, these emissions are strongly de-
pendent on the local emission factor of electricity grid
and subsequently, on the production site. This tech-
nology may be adapted in countries with low electricity
emission factor and serve as a transitional technology to
green ammonia until a complete decarbonization of the
electricity grid happens in the EU.

Old and new BAT compliant SMR plants add up to 8% to
20% emission savings, respectively.

CO, savings of up to 60% and 70% can be achieved in
2030 with blue and green technology options, while
savings from turquoise ammonia are 56%. Remaining
emissions from these processes come from grid electric-
ity use and additionally from natural gas combustion for
production of ammonia from blue hydrogen. An alterna-
tive could be the replacement of natural gas with biogas
or other CO, neutral/low fuels.

The highest relative CO, savings (1.4 tco./twyy) are
achieved by producing green ammonia, but this technol-
ogy also present relative high production costs in 2030.
Blue ammonia saves 1.2 tco,/tyy; at lower production
costs.

Variations in specific production costs compared to con-
ventional grey ammonia are shown in Figure 5.8, where
contributions of CAPEX (grey area) and OPEX (blue area)
to total cost are observed. Besides previously described
options, three additional scenarios were studied with
combinations of 90% grey and 10% vyellow, 90% grey
and 10% green (off-site) and 90% grey and 10% green
electricity (on-site) technologies. Given the drastic in-
crease in electricity demand by electrolysis (see Figure
5.4) and the general lack of sufficient amount of green
electricity in the EU, this represents a more realistic ap-
proach for existing production plants, allowing gradual
transitioning into low carbon productions.

Since blue ammonia is an adaptation of existing conven-
tional SMR plants, their investment costs (CAPEX) are
minimal and ignored. OPEX of blue ammonia reach the
same value of those of grey ammonia in 2030, being eco-
nomically competitive. BAT-compliant old plants require
a relatively low CAPEX and 9% lower OPEX due to lower

2,000 € 4

o 1,800 € 1 Green (on-site) - Green (off-site)
g 1 600 € - region 2
i) ™ Green (on-site) -
o) < TN 1,400 € region 4
o+ - <)
o W Yellow* —— 8 1,200 € 1 Green (on-site) -
7 oy region 1
8= 1,000 € 1 Green (on-site) -
S g 800 € - region 3
= E BAT old
S 600 € A
_g © ./ \Turquoise
o Scale: 100% CO, emission 400 € - , Q
o savings potential compared BAT new Blue

to grey conventional 200 € -

I T T T O € T T T 1
-2.00 -1.50 -1.00 -0.50 0.00 0.50 1.00 1.50 2.00
Relative CO, emission savings t-o,/tyys

Figure 5.7 Production costs vs. relative CO,-emission savings of different technologies in 2030 compared to grey conventional.

*Yellow technology emits more CO, than grey conventional
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fuel demand and reduced CO,-cost than conventional
plants, resulting in 6% lower specific production costs.

The OPEX costs of a new grey plant show a reduction of
22% compared to conventional grey plants, due to its
reduced energy consumption. Nevertheless, this op-
tion has an increase of 22% in production costs due to
the necessary investment costs, resulting in a net zero
increase of specific production costs compared to grey
conventional. Implementing any of the options using
electrolysis (yellow or green ammonia), leads to addi-
tional specific cost of 185% to 239%, respectively. These
high values emanate from the required high volumes of
electricity and related high investments costs for these
new technologies. Alternatively, total specific costs of
producing turquoise ammonia increases by 57%.

Based on results described above, CO,-avoidance costs,
defined as cost difference over CO, difference (see sec-
tion 4.3), of the different technology options with re-
spect to conventional technology were calculated and
are shown in Table 5.1.

Avoidance costs for old BAT grey plants are negative
(-180 €/t¢g,) in comparison to conventional SMR plants,
due to lower total costs. BAT new plants present avoid-

ance costs of 5 €/tc, in 2030 and these become nega-
tive in 2050.

A negative value is shown for yellow ammonia in 2030,
as it emits considerably more amounts of CO, than the
conventional technology since the grid is not yet fully
decarbonized. This results in a negative denominator in
Equation 4.2. For this reason, its avoidance costs cannot
be directly compared to the avoidance cost of other tech-
nologies. However, avoidance costs for yellow ammonia
become positive in 2050 from the use of zero-emission
grid electricity, since they provide real emission savings.

Avoidance costs for blue ammonia production in 2030
amount to o €/tcg,, because its production costs equal
those of conventional grey ammonia in this year. They
consist of the difference of CCS costs and avoided emis-
sion costs for emissions allowances (EUA) for captured
carbon.

The avoidance costs of green ammonia vary between
220 €/tcg, and 650 €/tcq, in 2030, depending on the re-
gion in which the plant is located. These costs are still
considerably high, as processes and components still
operate on carbon intensive grid electricity.

250%
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Figure 5.8 Cost variation of different technologies in 2030 compared to grey conventional (extrapolated to 2030
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Avoidance costs of turquoise ammonia amount to 240 €/
tco, in 2030, due to high energy demand.

Ahigh CO, pricein 2050 resulted in a significant increase
in production costs of conventional grey ammonia. Addi-
tionally, OPEX costs decrease until 2050 for blue, yellow,
green and turquoise technologies in accordance to fall-
ing grid and green electricity prices. These two factors
lead to a reduced avoidance cost for these technologies
in 2050.

Table 5.1 CO, avoidance costs of different technologies in 2030 compared to
grey conventional. Green (on-site) is represented for region 1.6

Technology Options

CO, Avoidance costs

of 0.8 Mtc,/a by applying it to a capacity of 5.8 Mtyy,/a.
Finally, 10% yellow and 90% grey, with specific produc-
tion costs of 537 €/tyy,, saves 0.2 Mtcg,/a if implement-
ed to a capacity of 2.5 Mtyy,/a. In this scenario, a total of
147 kt of hydrogen are produced on-site through electrol-
ysis. For this, 2,100 GWh of grid (yellow) and 5,000 GWh
of green electricity would be consumed in the production
sites yearly for the electrolytic processes alone (which
are applied to about 6% of the total capacity according
to this scenario). This can be compared to 8,000 GWh
of electricity consumption current-
ly needed in all plants evaluated in
this study using the conventional
process. There is no off-site supply
of green hydrogen considered in this

2030 2050 .
scenario.
Grey BAT -180 € -450 €
Grey new plant 5€ 140 € A similar graph is shown for the best-
case scenario in Figure 5.10. The to-
Blue o€ -200 € tal abatement potential was calculat-
Turquoise 240 € -90 € ed as 19%. Emission savings of blue
Yellow 1,090 €17 60 € ammonia 'are hlgher' (3.0 Mtcg,/a),
due to a higher capacity converted to
90% grey, 10% yellow -1,090 € 60 € blue technology. The plant produc-
Green (pipeline) 790 € 240 € ing turquoise ammonia with a capac-
a it S oz e ity of 0.3 Mtyy,/a, could save 0.3 Mt-
reen (onsite) 220%-650 160 %€-22 c0./a with production costs of 710 €/
90% grey, 10% green (pipeline) 790 € 240 € tyus. Savings from 10% green option
90% grey, 10% green (onsite) 220 €- 650 € 160 €-22 € are also slightly higher, as 81% of all

5.6 Total abatement potential of
the European fertilizer industry
in 2030

The total abatement potential of ammonia plants for
the base case scenario is estimated as 13% with the as-
sumptions described in section 4.5. Figure 5.9 displays
the potential CO, emission savings for each technology
and their specific production costs. With the assump-
tions made, the implementation of blue ammonia for a
total capacity of 1.9 Mtyy,/a, could save approximately
2.3 Mtco,/a at specific production costs of 453 €/tyy;.
The option of 10% green and 90% grey presents specific
production costs of 517 €/tyy; and has a saving potential

urea plants were assumed to operate
with this technology. Comparatively,
a green ammonia plant with a capac-
ity of 0.4 Mtyy;/a would present savings of 0.5 Mtco,/a
with specific productions costs of 1,540 €/tyy,. In this
scenario, a total of 159 kt of hydrogen are produced on-
site with 2,100 GWh of grid (yellow) and 5,500 GWh of
green electricity, which would be yearly needed only for
the electrolytic processes. Additionally, 63 kt of green
hydrogen should be yearly transported to the site via
pipeline.

In both scenarios, electricity demand would increase
exponentially compared to today’s consumption. There-
fore, the implementation of yellow and green technolo-
gies is strongly dependent on the availability of grid and
renewable electricity in these plants.

16 In relation to the avoidance costs equation (see Equation 4.2), a negative value arises from either lower costs or higher emissions of each technology compa-
red to conventional SMR. Similarly, very high positive or negative values are undesirable because they originate from either a low value for avoided emissions

or high costs associated with the technology.

17 Negative value due to higher emissions than the conventional plant.
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Figure 5.9 Emissions savings vs. specific production costs for the base case scenario
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Figure 5.10 Emissions savings vs. specific production costs for the best-case scenario
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6 Conclusions

Today’s production of nitrogen fertilizers uses ammonia as the main building block. To achieve a considerable reduc-
tion of CO,-emissions in the fertilizers industry, emissions from ammonia production process must be substantially
reduced. SMR, the most emission-intensive process in ammonia production, is currently applied, due to its high effi-

ciency and low costs.
Opportunities in 2030:

Current production of grey ammonia presents specific
high CO,-emissions from natural gas utilization as feed-
stock and fuel. Existing and new ammonia plants imple-
menting BAT can reduce energy consumptions and emis-
sions by 8% and 20% in 2030, respectively. However,
further investments in BAT technologies are not expect-
ed, as the implementation of only process optimization
could be a step in 2030 but is insufficient to achieve the
set climate goals by 2050 due to continuing unavoidable
direct process emissions.

Blue ammonia has up to 60% CO,-emission savings
compared to conventional grey ammonia in 2030. Its
production costs are 450 €/tyy; the same year. Blue hy-
drogen plays a role as a suitable transitional solution for
ammonia production, until turquoise or green ammonia
can be produced at large scale. To implement this tech-
nology, proximity of storage locations is preferred, or at
least the infrastructure to transport CO, to the storage
facility should be available, as well as socio-political ac-
ceptance for this technology, so that not all production
plants in Europe will have the opportunity to use it.

With assumptions made for an average electricity grid in
Europe, yellow ammonia plants cost 2.8 times more than
conventional ammonia plants and emit 39% more CO, in
2030. These results are strongly dependent on the loca-
tion of the plant and the emission factor of electricity.
Hence the development of yellow ammonia plants be-
comes feasible at sites with electricity emission factors
lower than 150 g¢g,/kWh.

To synthetize green ammonia, green hydrogen can be
produced either on-site with renewable electricity or
transported to site via pipeline (off-site). 70% CO, emis-
sion savings in 2030 is obtainable by the exclusive use
of green hydrogen in ammonia production. Production
costs for the same year were estimated to vary between
750 €/tyy; and 1,540 €/tyy;. However, currently, there

are insufficient amounts of renewable energy to satisfy
the overall demand for green hydrogen in the ammonia
industry. Additionally, infrastructure adjustments are
needed to either transport green hydrogen to the plant
or to produce it on-site.

Finally, turquoise ammonia, although still having emis-
sions through the use of grid electricity, has the poten-
tial of theoretically saving up to 56% CO, with production
costs of 710 €/tyy, in 2030. Despite its significant CO,
emissions reduction potential, implementation at large
scale remains uncertain by 2030, as it is still in early
stages of development.

Since manufacturing urea utilizes part of the CO, emitted
from grey hydrogen, the implementation of blue, yellow,
green and turquoise hydrogen technologies leads to
a shortage in this important feedstock. For small scale
processes, CO, from the atmosphere via DAC can be
used. Industrial sources can also be an option, but this
is still controversial.

With the assumptions made for the base and best-case
scenarios, the total abatement potential for ammonia
production in 2030 varies between 13% and 19%.

Opportunities in 2050:

Remaining emissions stemming from grid electricity for
the turquoise, yellow, green and blue technology options
can be completely reduced until 2050, if the grid elec-
tricity is successfully decarbonized until then. This could
lead to CO, savings of 100% for ammonia produced from
turquoise, yellow or green hydrogen. Production costs of
all technology options will also decrease until 2050.

Turquoise technology although not feasible in short term
(2030) offers an interesting option for decarbonizing the
ammonia industry in long term. Also, green hydrogen,
either produced on-site or transported through pipe-
lines, will be essential to produce zero carbon ammonia.
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Annex 1

Table 7.1 General costs parameters

Definition of average European energy system

‘ Unit ‘ Value ‘ Comment
Depreciation Period a 20
ROI % 8%
Maintenance and replacement-ratio % 4.7% of CAPEX
Table 7.2 Defined average European energy system

‘ Unit ‘ 2020 ‘ 2030 ‘ 2040 2050
Electricity price (grid) €/MWh 70 70 70 70
Electricity price region 1 (green) €/MWh 144 35 26 17
Electricity price region 2 (green) €/MWh 99 83 66 50
Electricity price region 3 (green) €/MWh 34 28 23 17
Electricity price region 4 (green) €/MWh 83 69 55 41
Natural gas price €/MWh 19 19 19 19
CO, price €/tco, 35 100 200 300
Green Hydrogen price €/ty, 7,000 6,000 5,333 4,667
Specific emissions electricity gco./kWh 376 251 125 o)

To calculate the electricity price, four regions were defined:

» Region 1representing southern Europe, based on Italy, Spain and France.

» Region 2 Western Europe, based on Austria, Belgium, Germany, Netherlands.

» Region 3 northern Europe, based on Norway.

» Region 4 central Europe, based on Hungary, Croatia, Slovakia.

Then, the average contribution of renewable energy for region 2 and 4 was defined based on [38] and is shown in Table
7.3. It was assumed, that this contribution remains constant over time until 2050.

Table 7.3 Contribution of renewable source in the four defined regions

‘ PV ‘ Wind ‘ Hydro ‘ Biomass
Region 2 (western Europe) 20% 49% 24% 7%
Region 4 (central Europe) 15,7% 4,6% 59,8% 20%

Simultaneously, the average LCOE for each energy source depending on the region was calculated based on data from
[39] and is summarized in Table 7.4. The LCOE for biomass in region 2 was assumed, because there was not data avail-
able for biomass in the corresponding countries.
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Table 7.4 Average LCOE of the four regions

Wind off-shore

Hydro

Biomass

Region 2 (western Europe)

€/MWh

76

63

32

128

Region 4 (central Europe)

€/MWh

91

79

77

162

Finally, a weighted-average cost was calculated for 2020 for each region based on Table 7.3 and Table 7.4. These 2020
costs were multiplied by a factor of 1.5 to obtain a final price of electricity.

Renewable electricity prices for 2020 for regions 1 and 3 were taken from [35] and [36].

Costs for all regions were subsequently linearly extrapolated with assumed decrease of 50% until 2050.

Table 7.5 Cost of renewable electricity in the defined regions

Unit 2020 2030 2040 2050
Region 1 (southern Europe) €/MWh 144 35 26 17
Region 2 (western Europe) €/MWh 99 83 66 50
Region 3 (northern Europe) €/MWh 34 28 23 17
Region 4 (central Europe) €/MWh 83 69 55 41

Finally, a weighted-average cost was calculated for 2020 for each region based on Table 7.3 and Table 7.4. These 2020
costs were multiplied by a factor of 1.5 to obtain a final price of electricity.

Renewable electricity prices for 2020 for regions 1 and 3 were taken from [35] and [36].

Costs for all regions were subsequently linearly extrapolated with assumed decrease of 50% until 2050.
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Annex 2 Process specific parameters

Table 7.6 Parameters for electrolysis

‘ ‘ 2020 ‘ 2030 ‘ 2040 ‘ 2050

CAPEX € [ kW 1,400 1,100 800 750
Efficiency (LHV) % 66% 69% 73% 76%

Table 7.7 Feedstock and energy demand for ammonia production in an “average European ammonia plant” from
different technology options

Unit Grey Grey Grey Yellow Green | Turquoise Blue
hydrogen | hydrogen | hydrogen | hydrogen | hydrogen | hydrogen | hydrogen
(conventional)| (old BAT) | (new plant)

Full Load Hours h 8,760 8,760 8,760 8,760 4,000 8,760 8,760

(on-site)

8,760

(off-site)
Electricity demand | MWh/ 0.61 0.33 0.06 2.32 2.32 3.41 0.61
(other) thns
Natural Gas, Feed G]/tNH3 21 21 21 (o) o 42 21
Natural Gas, Fuel | G)/tyy 11.20 9.80 6.80 0 ) o 11.20
Total energy G)/tyns 34.4 32.0 28.0 8.4 8.4 54.3 34.4
demand
Water demand t/tnms 2.00 2.00 2.00 1.59 1.59 [0} 2.00

Table 7.8 Cost parameters for ammonia production from different technology options.

Unit Grey Grey Grey Yellow Green | Turquoise Blue
hydrogen | hydrogen | hydrogen | hydrogen | hydrogen | hydrogen | hydrogen
(conventional) (BAT) (new plant)
CAPEX ammonia €/t 1.000 1.000 1.000
: 5 , 500 500 1,000 1,000
plant
CAPEX BAT €/t = 150 - - - - -
Maintenance €/thns 5 5
ammonia plant 47 47 47 4 4 47 47
CAPEX air €/tNH3 _ _ _ _
separation 90 90 90
Maintenance air | €/tyy; _ _ _ _
separation 4 4 4
Water cost €/tu.0 1 1 1 1 1 - 1
Transport cost €/ty, _ _ _ _ _ _
hydrogen 300
CCS cost 2020 €/tco, - - - - - - 100
41
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