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Abstract

Dynamic analysis and experience in ammonia process is the key to design and optimize a
green plant based on variable renewable power supply.

The following discussion describes the latest Casale achievements to fulfil the technological
requirements of the green ammonia economy.

More in detail the Casale products for green ammonia plants and the gNH3 optimizer are
the crucial elements that make the Casale solutions the benchmarks for a sustainable and
optimized green plant process, considering the peculiar features of a plant entirely based on
renewable.

The role played by such Casale technologies and solutions are described step by step
considering plant fluctuations, different plant size, different scope of work and the relevant
impact on the economics.

The result of this analysis is a green ammonia plant configuration based on a unique control
system that makes the calculated LCOA of this new plant unexpectedly closer to an
affordable and economically viable solution, not too far from a standard grey ammonia plant.
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Dynamic analysis and experience in ammonia process is the key to design and optimize a green
plant based on variable renewable power supply.

The following discussion describes the latest Casale achievements to fulfill the technological
requirements of the green ammonia economy.

More in detail the Casale products for green ammonia plants and the gNH3 optimizer are the crucial
elements that make the Casale solutions the benchmarks for a sustainable and optimized green plant
process, considering the peculiar features of a plant entirely based on renewable.

The role played by such Casale technologies and solutions are described step by step considering
plant fluctuations, different plant size, different scope of work and the relevant impact on the economics.

The result of this analysis is a green ammonia plant configuration based on a unique control system
that makes the calculated LCOA of this new plant unexpectedly closer to an affordable and economically
viable solution, not too far from a standard grey ammonia plant.

1. INTRODUCTION

Environmental emission reduction and the taxation on extra emission - in particular of the carbon dioxide - are the
driving force for the developing of the Green and Blue Ammonia Processes; Blue Ammonia started to appear the
immediate solution for large low carbon ammonia production, but the recent surge of fossil fuel price and the availability
of renewable energy source at always more affordable costs make the green ammonia area more interesting for a
faster development regardless the plant size.

Irena (International Renewable Energy Agency) recently declared that the Europe’s gas crisis could speed the
transition to clean energy and the adoption of green resources as a viable alternative to oil and gas, additionally the
new energy model would provide less volatility to price in the energy sector that is also affecting the ammonia
production.

In general, the development of the green sector became a priority for many countries in order to match the “net zero”
target planned for 2050. The availability of the renewable energy is the crucial factor which is going to change the
maps of the ammonia production: the green sector growing is going beyond the recent forecast in many countries
such as Germany, Uruguay, Chile and Brazil. Beside this, there are well known countries such as Australia and Japan
that are making the new green sector strategical since a while for their future economy, without forgetting other areas
such as the Middle East, where plans for green development are already ongoing.
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Big energy consumers, including the US, China, EU, Japan, India and South Korea, have already selected the green
sector as major component of their energy plans.

One of the biggest challenge is the dealings with the variability and seasonality of the green power: in 2020 80% of
the net new electricity capacity added in the world came from renewable energies and 90% of these renewable
energies came from the variable ones (solar and wind); therefore, the flexibility of chemical conversion is of paramount
importance for sector such like hydrogen and ammonia, without forgetting methanol and nitric acid generation that
could provide synergies with many other industrial application.

In the following paragraphs an overview of Casale’s products for Green Ammonia is given; additionally, a more detail
description of the Casale’s optimization methods and tools is provided, along with the dynamic simulation analysis
which is essential for the best utilization of renewable fluctuating energy.

2. CASALE TECHNOLOGIES AND PRODUCTS FOR GREEN AMMONIA PLANT

Casale is the oldest Licensor involved in the green ammonia field presently available in the market. Casale built the
first fully green ammonia plant about 100 years ago in Italy (Fig. 1). The electrolyzers were fed by hydroelectric power
producing hydrogen that was supplied to a dedicated synthesis loop.
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Fig. 1: PFD of the green ammonia synthesis loop installed by Casale in the 1920s
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Today Casale detains a wide range of modern technologies and products focused but not limited to the ammonia
synthesis. The scope of supply is ranging from the power supplied from the BLs up to the ammonia storage
and downstream Nitrogen Fertilizers (Fig. 2):

co,
: - NITROGEN
00, CAPTURE FERTILIZERS

EIEEIEXEEEEN GREEN AMMONIA PLANT *
WATER
| WATER H 2:3:35::
ELECTROLYZERS ’ COMPRESSION
RENEWABLE

POWER

GREEN NH, NIA
AMmoNi PLNT B "“" "‘m

N,
N; GENERATION
AR

<

DIGITALIZATION UTILTES BACKUP POWER STEAM
GENERATION GENERATION

Fig. 2: Extended Casale scope for a NH3 green plant (proprietary technologies marked by the flag)

Inside the Ammonia Plant unit, Casale is the unquestionable leader for technologies to be applied in the synthesis
loop starting from the Casale’s workhorse - the ammonia synthesis converter - and other suitable products (Fig. 3).

Different products have been developed with the main aim to provide:
- an efficient technology with the lowest specific consumption possible;
- arobust design of the installed equipment with special regard of the ammonia synthesis converter;
- along lasting and easily maintainable Ammonia unit.

In case of fluctuating renewable energy other important features added by Casale in the green product are:
- aflexible control system to consider the significant load variation;

- anew catalyst formulation for ammonia catalyst called “AMOMAX™-Casale”, particulary suitable for green
production, developed in joint-venture with Clariant;

- an optimized design to provide the most suitable plant arrangement depending on the power profile;
- aspecific mechanical design considering the cyclic behavior of a green ammonia plant.

Proprietary technologies and engineering solutions are provided by Casale inside the Ammonia Plant; additionally
new digital tools have been developed in order to optimize the plant design and to react to power fluctuation in the
most suitable, prompt and reliable way.

In particular, Casale has develop an optimizer tool for green ammonia plants, which is suitably utilized to set the
ammonia plant capacity as well as other external units, such as the hydrogen storage system, considering the
unique trend provided by the renewable energy.
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Fig. 3: Casale technologies for green ammonia plant

2.1. Ammonia synthesis converter

The Casale’s workhorse for ammonia synthesis in a green plant is the ammonia synthesis converter which combines
several advantages such as:

Unique performances: Casale technologies have been used for new and revamped converter being the
most efficient technology available on the market;

Robust design: robustness is a key factor already in the conventional ammonia plant; this feature becomes
of paramount importance for a green ammonia plant to withstand the cyclic trend;

Up-to-date construction: converter materials are made in accordance with the most recent good
engineering practice;

Simpler maintenance: the internal basket as well as the internal heat exchanger are removable, making
simpler the maintenance activities as well as whatever check to be performed, even when the catalyst already
activated;

Improved accessibility: the new converter is designed to ensure easier accessibility to the internal parts,
making simpler the inspection and maintenance activities of the internal parts. Suitable spaces are provided
by design to allow personnel safe activities inside the vessel.

Figure 4 - Casale Ammonia Converter
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The ammonia converter can be designed according to very different sizes, from few MTD up to 7000 MTD in a
single vessel.

Casale is also able to provide specific design of the downstream heat exchanger as well as provide special and
intrinsically safe design, namely the “nozzle-to-nozzle configuration” to avoid highlty costly high pressure tube
installation for the connection with the downstream heat exchanger.

It is worth to mention that ammonia converter is the critical elements for the mechanical reliability of the entire
ammonia plant. In a green ammonia plant, the electrolyzers are counting for an overall 93-95% of the overall energy
consumption; however, the ammonia plant can continuously operate in case of reducing hydrogen production due to
expected or unexpected shut down of one or more electrolyzers’ stacks, whereas any mechanical failure on the
ammonia converter — for instance, caused by a bad design not able to deal with the load fluctuations - would lead to
a certain loss of producion for several week or months, with heavy economical impact for the Customer. Therefore,
the mechanical reliability and robustness of ammonia converter should be carefully considered during the Licensor
selection.

2.2. Amomax™-Casale

The Amomax™-Casale is a newly developed and referenced catalyst suitably designed for green application. This
catalyst has been jointly developed by Casale and Clariant to be used inside Casale converters. The main features of
this catalyst are:

- Up to 30% higher activity compared with the other 15t class catalyst available on the market
- Higher resistance to poisoning and longer life
- Higher activity at lower temperature.

All these features make this catalyst the perfect choice for a system exposed to load fluctuation and possibly to
continuous changes of the operating conditions inside the ammonia converter (Fig. 5).

Catalyst performance comparison
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Fig. 5: Activity comparison among different catalysts
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2.3. Electric start-up heater
Another critical item specifically designed by Casale for the ammonia loop is the electric start-up heater.

Such unit combines high mechanical robustness and the capability to be operated according to a flexible operating
mode, typical of the green plant.

Start-up heater can be installed directly inside the ammonia converter or outside as external unit with dedicated
pressure vessel, depending on the plant nameplate capacity (Fig. 6).

Casale has a proprietary solution, already in service in many plants, characterized by a very robust mechanical
designed, aimed at resisting to the stresses consequent to the operating conditions variability.

Fig. 6: Casale Electrical Start-up heater (internal installation)

2.4. AWU (Ammonia Washing Unit)

The make up gas (hydrogen and nitrogen mixture) should be provided to the ammonia plant water-free, to avoid any
possible damage to iron-based ammonia catalyst. In case this is not possible, the Casale’s solution for drying the gas
is the AWU (Ammonia Washing Unit).

Such unit is based on a contacting unit (ejector) and a downstream separator, where liquid ammonia is intimately
mixed with the MUG, removing the water therein contained. Ammonia is then recovered as a product (Fig. 7).

This could be a more efficient and cost-effective alternative to typical dryers, because AWU does not require any
maintenance, catalyst replacement and lead-leg configuration.

—

Fig. 7: Casale Ammonia Washing Unit
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2.5. AARP (Aqua Ammonia Refrigeration Package)

When a refrigerant compressor is required in a synthesis loop, AARP can be considered as alternative to this
machine. Such system is operated using low energy grade (for instance LP steam) and it allows to generate the cold
liquid ammonia for the loop chillers (Fig. 8).

AWU is particulary suitable to follow the load fluctuation of the green ammonia production, more than a typical
ammonia compressor.

The adoption of this unit allows to avoid the installation of a dedicated ammonia compressor for refrigeration
purpose.

Fig. 8: Casale Aqua Ammonia Refrigeration Package

3. DESIGN AND CONTROL OF A GREEN PLANT:
THE CASALE DIGITAL PRODUCT

Design and control of a green plant based on renewable energy are of supreme importance to avoid an uncontrollable
surge of capital investment and to provide a continuous and stable operation of the plant without affecting the reliability
of the relevant components.

The adoption of the optimizer and dynamic tools allows to design the synthesis loop with the lowest possible LCOA
(Levelize Cost Of Ammonia), achieving at the same time the highest possible production for the given power profile
and to guarantee a long and trouble-free operation of the loop.

3.1 Plant Configuration Assessment
Most of the green ammonia plant elements can be considered new compared to a conventional process with also new
interfaces and unique and independent control (Fig. 9).
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Fig. 9: Green Ammonia Complex Block Diagram
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The dynamic analysis includes:
- Renewable power profile analysis
- Grid power (if available - island mode can be an option)
- Electrolyzers, specifying their optimal size
- Hydrogen Storage, including its sizing, control philosophy and integration in the plant
- Ammonia Plant, with its unique and independent controls
- Nitrogen generation, suggesting the optimal N2 profile

Such new features have to be carefully considered in the plant design and operation in order to guarantee a continuous
and efficient operation of the plant.

The analysis can be performed in two ways:

- Power profile as input: once the power profile is fixed, Casale can set the electrolyzer size as well as the
optimal size for hydrogen storage and the ammonia plant nameplate capacity.

- Ammonia production as target: once the ammonia yearly production is fixed, Casale can suggest the
hydrogen storage size (if needed), the electrolyzer installed capacity and the expected renewable power
profile. Ammonia plant nameplate capacity is another optimized output.

For what concern the analysis in the following paragraphs, the path with power profile as input has been chosen.

3.1.1.  Power Profile Analysis

The analysis of the power profile is the first step to approach the set-up of green ammonia plant (Figure 10). There
are some important parameters to calculate such as:

- Capacity factor, defined as the ratio between the average production and installed capacity, which gives a
benchmark for the generation along the year

- Seasonal factor, defined as the ratio between the average of the daily average power and the maximum daily
average peak. This parameter allows to understand how big the fluctuations between different seasons are.

- Ramps up/down, defined as the load variation in 1 hour respect the average capacity, which gives an
indication about the stability of the renewable sources

- Availability, defined as how long a certain percentage of the installed capacity is available
- Cut-off, defined as the renewable power that can not be used or stored. This parameter must be minimized
in order to reduce the inefficiencies.

Power profile variability and fluctuation can give a preliminary idea on the economic feasibility for the project, since
high variation and low availability heads to enlarge the hydrogen storage, with detrimental effects on the CAPEX.

Yearly Power Profile (High Resolution, >= 1h)

kly-Averaged Power Profile Power Ramps Yearly Cumulative Power Distribution
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Figure 10 - Typical Power Profile Analysis

3.1.2. Hydrogen Storage

As the electrolyzers dynamic is much faster than ammonia plant dynamic, a hydrogen buffer is quite often to be
foreseen. A hydrogen storage system shall be adopted to cope with the unpredictable power profile of a wind system
and to enlarge the daily trend hydrogen supply of a power profile based on a solar system. Operation based on the so
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called “hot stand-by” mode is also possible, but it is not a subject for the current paper, and it is considered less
profitable for the plant economics.

In addition, the installation of a hydrogen storage allows to optimize the size of the ammonia plant, which has not to
be designed for the peak of the hydrogen production. This is an outstanding economic advantage especially for such
power profiles where the capacity factor is very low (namely <50%), which means that the period of peak production
is limited. The case studies in the following paragraphs will analyze these scenarios.

On the contrary, for such cases where the capacity factor is quite high (namely >50%) the hydrogen storage is only
used to mitigate the fluctuation for a smoother operation and so the ammonia nameplate capacity should be designed
close to the peak production; otherwise, the hydrogen peak production should be stored rather than processed in
ammonia plant, resulting in a huge size for hydrogen storage and inefficient volume utilization (empty most of the time,
rarely full - just during peak production) (Fig. 11).

H, Storage H, Storage

0 1000 2000 3000 4000 5000 6000 7000 8000 9000 O 1000 2000 3000 4000 5000 6000 7000 8000 9000
Time (h] Time [h]

Fig. 11: H2 storage utilization profiles for properly sized NH3 plant (left) vs downsized NH3 plant (right), with
same power profile and annual NH3 production

Finally, if the renewable source is always available at constant value (for instance, hydroelectric or geothermal power),
hydrogen storage can be avoided.

3.2 Case Studies

The intermittency of the renewable power requires more flexibility to the ammonia process and offers challenges due
to the intrinsic operational discontinuities. This is also affecting the capital investment cost that could be higher than
strictly required or would provide a poorer utilization of the renewable power.

Casale has analyzed some real power profiles in some strategic areas for green production. In the following figure
different power profiles are shown, which are different for location, source and availability (Fig. 12)

The aim of this analysis is to understand the impact they would have on the economics and to demonstrate that the
flexible approach proposed by Casale is the way to deliver the ammonia at the lowest cost.

To provide a common understanding of the implication, it has been assumed the same yearly comulative power
production equivalent to a 45 MTD ammonia plant made on average.
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Fig. 12: Power profile for different location and source

The capacity factor of the 4 trends are as follows:
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Table 1 - Capacity factor for different scenarios

Type of power profile Capacity factor
Solar PV in USA 30%
Solar PV in Chile 27%
On-Shore Wind in USA 38%
On-Shore Wind N. Europe 30%

Capacity factor is defined as the averaged power achieved in a profile by the installed power.

The two PV based power profiles have the same day to night profile as expected, while from a seasonality point of
view the Chilean trend looks more stable across the year. Regarding the On-Shore Wind profile the USA one has a
higher capcity factor but also a higher seasonality.

3.2.1. Definition

LCOA is defined as:

$ CAPEX % CRF + OPEXeqr
LCOA|—=| = -
MT Productionyeq,
Where:
CRF = CAPEX Recovery Factor
CRF = ir(1 + )"
(1+i)n1

Where:
ir=interest rate;
n=years of investment

3.2.2. Conventional “rigid” Ammonia plant
For each power profile is considering the following the key assumptions:
1) Energy input of 156 GWhly.
2) Rigid system able to operate in a 70-100% load.
3) “Renewable” electricity cost of 40$/MWh, and “grid” electricity with cost of 100$/MWh.
4) 45 MTD of NH3 as target average production
5) H, buffer system designed to allow the targeted ammonia production.
According to the previous assumptions, the LCOA has been calculated and the results are shown in Fig. 13:
- most of the systems are tied up with a LCOA higher than 1200 $/MT;
- the PV system located in Chile is providing a lower LCOA thanks to a power profile less seasonal sensisitive
- the hydrogen buffer system accounted for 39-56% of the LCOA except for the Chilean system.

It worth to mention that to achieve the calculate cost were used the optimal blend of electricity from renewable and
from the grid for the PV system. The lack of a grid connection (island configuration) could further worsen the calculated
LCOA.
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Fig. 13: LCOA for different profile system

3.2.3. Casale Flexible Ammonia plant

Considering the previous basis of design, the Casale optimizer tool was adopted to calculate what could be the new
LCOA thanks to the adoption of a Casale Flexible Ammonia unit, capable to operate in a range 10-100%, with load
ramps of 100%/h.

The first impact in the adoption of the flexible loop and to the use of the optimizer is a significant smaller hydrogen
storage, which size is reduced by more than 20 times (Fig. 14):
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Fig. 14: Schematic comparison between a rigid loop and Casale flexible loop for the US PV system

For the selected US PV system, the LCOA has been calculated according to the Casale flexible loop and a marked
reduction of the LCOA up to 35% has been assessed (Fig. 15).
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Fig. 15: LCOA comparison for the PV US system with rigid and flex approach

The other scenarios previously analysed could be improved by the Casale flexible loop according to different extents,
for instance the Northern Europe system could enjoy a reduction of the LCOA of 35% while the Chilean system a
reduction of the LCOA up to 5%. The economic analysis performed is showing the significant benefits achievable with
a flexible loop able to follow the power profile changes with competitive final LCOA for the new installation.

3.2.4. No Hydrogen Storage Option
An alternative to the adoption of the hydrogen storage system plant would be a “no storage” configuration (Fig. 16).
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Fig. 16: Schematic comparison between “No Storage” configuration and Casale flexible loop for the US PV
system

The ammonia plant must be oversized to cope with the hydrogen peak production; a smaller ammonia plant would
even worsen the economics, as high amount of hydrogen cannot be stored or loss of renewable energy would occur
(the so-called “cut-off”), while an oversized ammonia plant would operate far from ideal conditions for most of the time,
with very detrimental efficiency as a result. In addition, the investment cost for such big ammonia plant covers
completely the costs for a smaller ammonia plant plus the dedicated hydrogen storage.
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The “no-storage” option can work if the plant is always connected with a grid, but the amount of energy to be imported
is not comparable with the one needed to keep a smaller ammonia plant at minimum capacity.

As a result, the “no storage” arrangement would count for a higher LCOA of 10% (PV US) up to 24% (Wind Northern
Europe), demonstrating that the investment cost for a hydrogen storage is however compensated by the smart and
flexible design (Fig. 17)

LCOgA [USD/MT]

No H2 storage Optimal storage
CAPEX Electrolyzer B CAPEX H2 storage
CAPEX N2 generation B CAPEX NH3 storage
CAPEX NH3 loop Renewable electricity

B DMWater B Replacement costs

Grid electricity
Fig. 17: LCOA comparison for the PV US system with “no storage” and “storage” configuration

3.3 Casale Dynamic analysis

The economic analysis performed is showing the benefits achievable with a flexible loop able to follow the power
profile changes and bringing to the lowest LCOA. However, Casale, beside the optimizer, has developed other tools
able to assess the dynamic of the system in order to forecast how the system will react to power and reagents changes.

Typically, an ammonia reactor could lose its activity when operated far away from the designed conditions as well as
it could bring the plant out of reaction with economical losses. In addition, continuous changes in the operating
conditions could make the ammonia converter more prone to mechanical failure.

The Casale flexible plant (operated under fluctuating power profile) is based on 4 main pillars:
1) The power supply is used to maintain the synthesis loop in operation at minimum load
2) Plant can deal with hydrogen production in an intermittent way
3) Hydrogen storage is designed and operated in order to never have the storage completely full or empty
)

4) Synthesis loop is operated controlling the reactor and loop load and H/N ratio. The target is to avoid loop
depressurizzation or overpressurization and reaction loss.

The dynamic model is run from real plant fluctuation profile, with a resolution of less than 1 second for a 1-day horizon
analysis: the aim is to assess phenomena such as reactor shut-off, over-pressurization, instability generation etc.

An output for dynamic analysis is shown here below (Fig. 18), where a real power profile has been considered as input
for a nameplate capacity of 60 MTD ammonia. The entire plant (electrolyzers, H, storage, ammonia plant) has been
designed and sized in a previous step thanks to the application of the ammonia optimized described in the paragraphs
above.
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Fig. 18: Dynamic analysis on hydrogen generation and distribution to synloop and hydrogen storage

In particular, a PV daily trend is considered, reported as an equivalent hydrogen production (Fig. 18— top right). In
addition, the hydrogen flow trend to the hydrogen storage is shown (Fig. 18— top left). Finally, a trend of the hydrogen
supply to the synthesis loop as well as of the hydrogen pressure profile in the hydrogen storage is shown (Fig. 18-
bottom left).

It can be noticed that the load ramp up into the loop is higher than 50% in 1 hour (hour 11 of the figure) and the ramp
down is more than 50% in 1 hour too (hour 22 of the figure); in addition, the synthesis loop is not designed to accept
the peak production of the electrolysers but is designed for about half of it, providing a cost-saving for the Ammonia
Plant.

3.3.1.  Ammonia Converter Dynamic Analysis

Looking at the impact of hydrogen fluctuation in the synthesis loop, it can be noticed that the ammonia production and
consequently the Ammonia Plant load is changing from 10% to 100% and viceversa.

The temperature profiles are quite well aligned with the main occurred fluctuation starting at hour 7 and at hour 13.
The simulated synloop pressure remain practically stable along the time (the variation is estimated being 5% max
around the operating pressure).

The reaction of the catalytic beds is always guaranteed as shown by the outlet temperature from the two beds
configuration of the the designed reactor; this achievement is possible thanks to the control of the reaction temperature
as well as through the control of the flow through the converter (Fig. 19).
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Fig. 19: Dynamic analysis on the ammonia converter

Summarizing, thanks to Casale technologies and its proper process control, these targets are achieved nevertheless
the actual plant load:

1) Plant production is always guaranteed

2) No ammonia converter shut-off (low temperatures) as well as no overheating is expected, as temperatures
are always well controlled within a suitable range

3) Synloop overpressurization is avoided, guaranting the mechanical integrity of the plant and in particular of
the ammonia converter.

4, CONCLUSIONS

The Green Ammonia Production must face many challenges, such as power fluctuation and seasonality, which brings
new constrains in an ammonia plant design.

It is not only a matter to deliver the most efficient technology for static situations, but also to analyse the dynamic of
the overall system to guarantee the optimal plant configuration as well as reliability and robustness for key equipment.
Ammonia converter is one of such key equipment because it must work in variable conditions and no mechanical
failures is acceptable.

Flexibility is the key to deliver the Green Ammonia at competitive costs: the more flexible the Ammonia Loop is, the
lowest LCOA can be achieved. The analysis of various power profile in different locations shows that a flexible
ammonia loop and the adoption of a hydrogen storage properly sized (if needed, depending on the power profile
capacity factor mainly) leads to an economically viable green ammonia production.

Thanks to Casale’s analysis tools and flexible Ammonia Loop, it is possible to optimize the ammonia plant size as well
as the hydrogen storage & the electrolyzer size, to maximize the utilization of the renewable sources, even suggesting
the optimal size for the renewable energy plant.

Casale solutions for Green Ammonia plant can rely on:
- the analysis of power profile for specific cases
- the dynamic analysis for the entire plant
- the robust and strong design for Ammonia Converter
- the Amomax™-Casale catalyst
- the fine process control of the operating parameters.

In the next future, the cost of green ammonia will become more and more affordable, due to the increasing carbon
taxation and decreasing of renewable energy and green hydrogen production costs. Casale owns already in its
technology portfolio the solutions for a competitive and profitable green ammonia production.
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