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Abstract

Ammonia production accounts for about 2% of global CO, emissions, and there is a strong
industrial interest in deploying alternative sustainable routes. The scope of the Thesis is the
conceptual design of an inherently safer and more environmentally sustainable process for
ammonia production. Low carbon emissions are achieved by considering the electrification of
the Haber-Bosch process and the substitution of fossil-based feedstocks with water and air.
Process safety issues are tackled since the beginning of the conceptual design according to the
principles of inherently safe design, thus allowing for the selection of safer solutions while
driving the arrangement of the process operations. A reduced plant capacity (100 ton/day) is
considered. Specification on ammonia purity is set at 99.9%w. The final design is also evaluated
in terms of its economic performance, considering different scenarios based on different
electricity prices. The economic assessment highlights the high production costs, primarily due
to the high electrical demand and capital costs necessary to retrieve the hydrogen-nitrogen
mixture. The best-case scenario, with an electricity price fixed at 0.08 €/kWh, leads to an
ammonia selling price of 2.30 €/kgnns, nearly five-fold the current market value (0.47

€/kgNH3).






Prefazione

Per riuscire a raggiungere gli obiettivi climatici fissati al 2050, lo sviluppo di processi industriali
sostenibili ¢ un tassello fondamentale per ridurre 1 contributi legati al settore chimico. Questo
lavoro, in particolare, si ¢ concentrato sul contributo dell’ammoniaca, corrispondente al 35%
delle emissioni di CO; del settore chimico e al 2% delle emissioni globali. L’ammoniaca
presenta un impatto ambientale diretto, legato alla sua produzione, e indiretto, ovvero legato al
suo utilizzo come materia prima per la sintesi di altre sostanze e il loro utilizzo (ad esempio la
conversione di ammoniaca in urea e il suo utilizzo nel settore agricolo.

Il progetto proposto per un processo per la sintesi di ammoniaca a basse emissioni di carbonio
¢ stato ottenuto tramite 1’elettrificazione dei consumi energetici e la sostituzione delle materie
prime fossili con acqua ed aria, per I’ottenimento dei reagenti necessari.

In questo elaborato, nello specifico, sono state comparate due configurazioni di processo,
caratterizzate da differenti pressioni operative (200 e 300 bar) e basate su ridotte capacita di
produzione rispetto agli impianti attualmente disponibili (100 ton/giorno).

Durante lo sviluppo della progettazione di processo, con 1’obiettivo di incrementarne la
sicurezza, 1 principi della progettazione intrinsecamente sicura sono stati applicati, permettendo
di effettuare scelte in merito alle tecnologie da utilizzare e fornendo raccomandazioni utili per
aumentare la sicurezza dell’impianto. Particolare interesse ¢ stato rivolto agli stoccaggi, unita
caratterizzate da elevati rischi intrinseci legati all’accumulo di sostanze pericolose in grandi
quantita. Durante la valutazione delle performance di sicurezza del processo sviluppato,
differenti tecniche sono state applicate: HAZID (hazard identification), necessaria ad una
valutazione preliminare dei rischi e alla loro identificazione; HAZOP (hazard and operability
analysis), per poter condurre una piu dettagliata e rigorosa analisi di rischio basata sulle
deviazioni che possono interessare il processo e una valutazione tramite “7TNT-equivalency” del
potenziale di esplosione nel caso di collasso meccanico dei serbatoi di stoccaggio.

In aggiunta alla valutazione di sicurezza, le proposte progettuali sviluppate sono state infine
valutate in termini di prestazioni economiche, comparandole in funzione dei prezzi dell’energia
elettrica. In particolare, differenti scenari che considerano la produzione di elettricita a basse
emissioni di carbonio sono stati confrontati con due scenari attuali, presi come riferimento della
situazione attuale del mercato elettrico.

Le prestazioni economiche del processo sviluppato, inoltre, sono state valutate in due

condizioni differenti: inizialmente fissando il prezzo di vendita del prodotto ottenuto pari al
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valore di mercato attuale (aggiornato a Novembre 2023) e successivamente aggiustando il
prezzo di vendita con il fine di osservare le prestazioni economiche in condizioni favorevoli.

In particolare, 1 risultati ottenuti da queste valutazioni hanno permesso di osservare che il
processo proposto soffre di costi di produzione molto elevati: nel caso migliore, il costo di
vendita ¢ risultato pari a 2.30 €/kgNH3, ben lontano dal valore di mercato attuale, 0.47 €/kgNHs.
A parita di prezzo di vendita, I’analisi di redditivita ha evidenziato prestazioni leggermente

migliori per la configurazione a bassa pressione rispetto all’alternativa a 300 bar.

v
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Introduction

Net-Zero 2050 represents a key-target fixed in the near-future, that requires noticeable changes
in the production processes of chemical products to achieve the sustainability goal fixed. One
of the chemicals that most contributes nowadays to pollution is ammonia, accounting for about
2% of global CO; emissions and 35% of the chemical sector. For this reason, this work aims at
developing a sustainable design for ammonia production using commercially available
technologies and industrial best practices. Fossil fuels have been removed from the ammonia
synthesis process, thanks to process electrification and using water and air as process
feedstocks: air separation and electrolysis have been considered in order to obtain the synthesis
mixture required.

The thesis is structured as follows.

After having presented the overall environmental background and the scope of the thesis in the
first chapter, the method applied to simulate the conceptualized process has been presented in
the second chapter of this elaborate. Two different configurations have been compared in this
work, both characterized by a reduced plant capacity compared to industrial plants (100
ton/day) and that differentiate in the operative pressure used: 200 bar and 300 bar.

The third chapter presents the inherently safer design (ISD) principles applied in this work and
summarizes safety-information about process risks and hazards of the chemical components.
Interaction matrices, and HAZID and HAZOP analyses are discussed in this chapter, too.

The fourth chapter is concerned with the assessment of the economic performance of the
proposed design configurations, taking into account several scenarios based on the price of
electricity.

Some final remarks and a future work perspective conclude the thesis.






Chapter 1
State of the Art

This first chapter collects and illustrates the basis on which the work has been developed. The
environmental background is firstly introduced, giving information about the concerns and
challenges the chemical sector has to tackle in the near future. After a brief discussion about
the chemical sector, the process considered in this elaborate and the involved species (Haber-
Bosch process for ammonia production) are introduced with a resume of the technologies

available to produce the required feedstocks. Concluding, the aim of this elaborate is discussed.

1.1 Global Warming

In recent years, public perception of global warming has changed, showing an increasing
interest about the environment, the protection of ecosystems and, more in general, the “health”
of the planet. Different associations are exhibiting their interest and feelings about the cause, in
some cases also with different forms of protests.

Human activities are unequivocally responsible for the increase in greenhouse gas
concentration since the industrial revolution. This increase in pollutants concentration, ascribed
to “anthropogenic pollution”, is responsible for the increase of the average surface temperature
of the planet, that has increased by 1°C since 1850 [1]. To avoid an excessive increase in the
surface temperature, which may end in rising risks of far more severe climate change impacts,
at the UN Climate Change Conference held in Paris in 2016, COP21 (21% Conference of
Parties), 196 Nations signed the Paris Agreement, with the common target of limiting global
warming. The ambitious target fixed by the Paris Agreement is to limit the increase of global
average temperatures below 2°, preferably 1.5°C, compared to pre-industrial levels [2], value
indicated by the UN’s Intergovernmental Panel on Climate Change (IPCC) as a limiting
threshold to avoid severe consequences [3]. Paris Agreement, in addition to the mentioned
temperature-increase threshold, has also set an additional ambitious target related to the amount
of greenhouse gases emissions, especially of CO»: by 2050 Net-Zero CO; emissions [1].
Many institutions and companies have developed, adopted and regulated both low-carbon,
carbon-free and more sustainable technologies aiming to reduce human-derived pollution [4,5]

with the common target of improving their environmental impact. All sectors are involved in
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this action, from building to transport, industry and the energy sector. Figure 1.1 illustrates the

share of CO, emissions pertaining to each.
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Figure 1.1 Pie-chart showing the share of CO; emissions of each sector [6].

1.1.1 Energy Sector

According to Figure 1.1, the energy sector covers the majority of CO; emissions , which are
primarily associated with electricity production by power-plants, fuels for transports and even
energy in the form of fossil fuels used in industrial processes. Focusing on the Italian framework
and according to the data shown in Figure 1.2, in 2021, almost 80% of Italian primary energy
supply (net energy production considering imports/exports, international bunkers and stock
changes [7]) came from fossil-fuels, meaning that a relevant change is necessary for a more

sustainable future.
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Figure 1.2 Chart showing the share of primary energy supply in Italy by source [8)].
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A significant reduction of emissions can be achieved with renewable energy sources (RES) that
will undoubtedly play a relevant role in the pathway toward 2050. However, the implementation
of RES will bring new obstacles to overcome, e.g. productivity fluctuations due to weather
instability, local availability of natural resources (wind and solar exposure), and the need for
adequate energy storage and interconnections (electricity grid improvement in transport
capability). Also, a mere substitution of fossil-fuels with RES would miss the benefits of a
wholesale energy transition, including energy efficiency and more sustainable and

environmentally friendly practices [1].
1.1.2 Chemical Sector

The chemical sector accounts for 7% of all industrial CO, emissions [9], meaning that the
implementation of sustainable processes can contribute significantly to the contrast of climate
change. Notably, the implementation of new processes based on carbon-capture and utilization,
carbon sequestration from air and green hydrogen can play a key role in the decarbonization
strategy.

1.1.2.1 Electrification of Chemical Industry

Industry is the primary energy-requirement sector (Figure 1.1), and about one-third of the
energy provided is used as feedstock [10], meaning that fossil-fuels are used to produce other
products: their mass is used, not the energetic content. The remaining energy requirement is
provided by fossil fuels and electricity, which account for only 20% of the overall industrial
energy demand.

A central aspect to consider when discussing the decarbonization of the chemical sector is
electrification, i.e. the substitution of the share of fossil fuels used for their energy content with
electricity. One of the concerns of electrification of the chemical sector is the operation at high
temperature: nowadays many technologies are available to provide heat up to 1000°C; above

this threshold new processes must be developed to meet the final goal, as shown in Figure 1.3.
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Examples of processes Technology status

Other
(potential not assessed’)

Melting in glass furnace, reheating of
32 slab in hot strip mill, and calcination of Research or pilot phase
limestone for cement production

High-temperature heat Steam reforming and cracking in Available toda
(400-1,000°C) the petrochemical industry Y

Medium-temperature heat
(100-400°C)

Very-high-temperature heat
(>1,000°C)

18 Drying, evaporation, distillation, and activation Available today

Low-temperature heat

(€100°C) 15 Washing, rinsing, and food preparation Available today

Figure 1.3 Status of availability for technological electrically-driven alternatives to fossil-based

equipment at different operative temperatures and examples of processes involved [10].

As mentioned, electrification is a suitable strategy for the reduction of CO, emissions, being
fossil fuels substituted with electricity, but the effect of this action is contingent by the
environmental impact of the national energy mix: as higher shares of electricity are produced
with fossil-fuels, as higher CO;, emissions per kWh are produced. In such case, the direct
consumption of fossil fuels in the plant rather than the electrification of the industrial process
is both cheaper and more efficient (less polluting).

The practical effects of a fully electrified industrial sector with a 100% renewables-based
energy system are rarely investigated. Still, compared to hydrogen-based economies (that are
commonly considered as a viable substitute to the actual fossil-based market), smaller costs and
higher efficiencies are obtained, leaving the hydrogen-driven equipment as a suitable option for

cases where any other alternative is not suitable or available [11].

1.1.2.2 Reduction of CO;, Emission: the Case of Ammonia Production

Ammonia is one of the “big-four” industrial processes (ammonia, steel, cement and ethylene)
that requires the development of a carbon-free process because of the associated emissions [12].
As reported in Figure 1.4, ammonia is the process that emits more CO,, around 500 million
tons of CO; per year (2018), equal to 1.8% of the global CO;, emissions [12] referring only to

the chemical sector those are 35% of the overall emissions [13].
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Figure 1.4 Annual greenhouse gases emissions expressed

for selected high-volume chemicals (data referring to 2010) [12].

Interest of this work is the reduction of the environmental footprint of ammonia production.

For this reason, in the following sections, both materials and processes required to develop an

electrified and sustainable design for ammonia production will be introduced and discussed.

This is performed considering that the two main aspects to account for achieving this goal are:

1.2 Air

Reactants sustainability, i.e. sustainable production of N, and H, is necessary to
substitute the actual production processes used: gasification and steam-methane-
reforming. This aspect is solved by retrieving nitrogen from air separation and
producing hydrogen via electrolysis, both fed with low-carbon emissive electricity.

Production process sustainability: production process electrification should be further

considered, especially in terms of the energy-mix carbon-intensity used in the plant.

Air is a mixture of gases, whose composition is reported in 7able 1.1, mainly made of nitrogen,

oxygen, argon and with traces of CO, and noble gases.

Table 1.1 Average composition of air [14].

Species Concentration
Nitrogen 78.1%
Oxygen 20.9%
Argon 0.93%
Carbon Dioxide 419 ppm (0.04%)
Neon 18 ppm
Helium 5 ppm
Krypton 1 ppm
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Nitrogen, oxygen and argon are commodities that are obtained by air separation units (ASU).
The market size of these chemicals has increased over the years and it is expected to continue
to grow [15]: after the COVID-19 pandemic, investments in oxygen production has increased
noticeably, accordingly to an increasing market demand expectation, especially concerning the
Asia-Pacific region. The expected growth rate of oxygen demand through 2032 is of 12.8%;

the major driver of this increased demand is the healthcare industry.
1.2.1 Air Production Routes

Whenever one of the components of air is required, air separation units (ASU) are built to
provide the plant the species of interest. Different techniques can be used to obtain the desired

result and those are: membranes, pressure swing adsorption and cryogenic distillation of air.

1.2.1.1 Membrane Air Separation

Membrane-based air separation process can be used to separate gases via selective permeation:
nitrogen (i.e. the chemical of interest) is not capable of permeate the membrane, therefore it is
collected in the retentate stream leaving the unit; permeable species are instead collected in the
permeate stream, that contains oxygen and impurities (mainly water and CO») present in the
feed of pre-treated-air (without dust particles) [14].

The purity of the product can be varied by changing the operative conditions and the number
of stages, but the technology is not mature enough to provide very-pure nitrogen streams.
Membranes show the lowest capital and operational and maintenance costs (abbreviated in
CAPEX and O&M) for production capacities smaller than 1’120 STD m?/hour. Figure 1.5

represents the simplified scheme of a membrane ASU.

—# Permeate outlet
3rd stage

* H 2nd stage

1st stage

Feed

-

Waste
— -

Figure 1.5 Schematic representation of the Membrane-ASU process [14].
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1.2.1.2 Pressure Swing Adsorption (PSA4)

PSA is a technology based on solid adsorption of air constituents on the surface of solid species
contained in the process vessel: usually zeolites, molecular sieves; also silica gel and active
carbon can be used. The adsorption mechanism is both pressure-dependent and reversible and
allows to adsorb nitrogen because of its stronger interactions with solid materials used
compared to oxygen and impurities. Figure 1.6 represents a PSA unit, made of two elements
that operates in parallel, allowing a continuous operation by the alternation of adsorption and
desorption steps [14].

PSA could be operated also under vacuum conditions (Vacuum-PSA), approach characterized

by higher capital costs but a more energetically efficient process.

—-—
Oxygen stream

——
Nitrogen stream

1 Zeolite
molecular
<1 sieve beds

Carbon
molecular
sieve
beds

«| Drier beds

Optional vacuum pump

Airin
— .

(a) Compressor

Optional vacuum pump Airin
— - 8
—

Oxygen rich stream (b) Compressor " Nitrogen rich stream

Figure 1.6 Representations of two Pressure Swing Adsorbers for nitrogen(a) and oxygen (b) recovery [14].

1.2.1.3 Cryogenic Air Distillation (CAD)

Cryogenic air distillation is a process performed to separate air constituents by distillation at
extremely severe conditions, because of species’ boiling temperatures: low-moderate pressures
(10 bar) and -200°C. Because of the operative conditions a proper insulation and heat-
integration are required to obtain good efficiencies [14] and to minimize costs.
To recover highly pure products, being boiling temperatures of air constituents very close to
each other, minimal pressure drops are required in the two distillation columns used: 0.141 bar
for the low-pressure column and 0.04 bar for the high-pressure column [16].
Three configurations are available for air-separation and the proper one is selected as function
of the desired products and their purity, specifically:
e single-columns for oxygen/nitrogen recover at high purity, represented in Figure 1.7;
e double-columns for pure oxygen and nitrogen recovery, represented in Figure 1.8;

e triple-columns for oxygen, nitrogen and argon recovery, represented in Figure 1.9.
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Figure 1.7 Representation of Single-Column CAD for nitrogen (a) [17] and oxygen (b) recovery [18].
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Figure 1.8 Representation of the Double Column CAD process for air separation (a) [17]
and an alternative based on Linde Technology (b) [18].
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Figure 1.9 Schematic representation of an Heylandt-type CAD-ASU with SSC for Argon recovery [15].

In all the represented CAD alternatives, a compression-expansion process refrigerates air at the
operative temperature. Figure 1.9 explicitly represents all the steps necessary for air separation.
After pre-purification, performed by PSA, air is compressed at 5/10 bar [14] by multistage

compression (with three [15] or four [16] stages) with intercooling (temperature reduced at

10
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300K after every compression-step [15]) driven by cooled water: air compression is the most
expensive step in CAD [19]. Heat-integration for additional cooling of air and recovery of
“cold” from products is performed with a multi-current brass-aluminum fin-plate heat-
exchanger, that guarantees very small temperature gradients between fluids and allows the
integration of different fluid streams, increasing process efficiency [14,16].

Once cooled, air is expanded in the distillation column with a turbine (adiabatic expansion) or
by lamination (Joule-Thompson expansion), rapidly reaching the required conditions [17].
Lamination is a preferrable choice because of the high capital cost to sustain for purchasing the
turbine, that operates with a to-phase flow and at arduous conditions (80K) [17]. After
expansion, the two-phase refrigerated air stream is fed in the column, providing it refrigeration.
In the double-column configuration, to enhance process performance, the two columns operate
at different pressures and are welded together, improving heat integration: operating the bottom
column at higher pressure it is possible to use its top-section as reboiler for the top-column,
whose bottom acts as condenser for the low-pressure unit, as can be seen in Figure 1.8.b. The
low-pressure column operates at 1.2-1.3 bar and the high-pressure unit at 5/6 bar: this difference
allows to operate with a total condenser, exploiting the boiling temperature difference between
the two fluids, that is around 3 degrees [17].

Figure 1.9 represents an alternative approach for ASU, Heylandt-type process [18]: part of the
air fed (around 10% [15]) is sent to a turbine before entering the low-pressure section.

A “super stage column” (SSC) can be added to the two-column ASU to recover pure argon,
with <lppm of impurities. Without the SSC unit argon must be purged from the column to
avoid its accumulation (especially in the low-pressure column), having boiling temperature
between nitrogen and oxygen ones.

The main disadvantage of the SSC column is the economical impact it has on the overall
process: to minimize pressure drops a suitable structured packings is required and a very high
reflux is needed to increase product purity.

One final aspect related to “operation-as-usual” of CAD-ASU regards the periodic purges
required: even if an SSC column is added, noble gases such as neon and helium accumulates,
requiring purges to avoid an incorrect operation of the distillation unit [17].

Independently from the technology considered, nitrogen can be recovered with <2ppm of

impurities [16,17], satisfying ammonia plant purity demand.

11
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1.2.2 Comparison between Alternatives & Technology Selection

The choice of the most suitable technology is commonly performed considering the
productivity demanded and the purity degree, CAPEX and OPEX of the technological
alternatives. In this elaborate a very-pure nitrogen stream with a moderate-high productivity to
synthesize ammonia is required. A brief comparison between the three technologies presented

is reported in Table 1.2.

Table 1.2 Comparison of ASU technologies: advantages and disadvantages.

Technology Advantages Disadvantages

Large space & utility requirements

Low electricity per unit of nitrogen
Cryogenic Air Distillation Produces very pure nitrogen

Generates liquid nitrogen for storage

High capital costs
Limited productivity scalability

Long start-up and shut-down times

Low to moderate capital cost ) ) )
High maintenance requirement
] ] Cost effective nitrogen production with ]
Pressure Swing Adsorption Noisy
Relatively high purities .
Limited scalability
Quick installation and start-up

Low CAPEX

Uneconomical for high-purities or

Membranes Flexible productivity and product purity High-productivities

Quick installation and start-up High electrical demand

For the correct operation of ammonia synthesis unit and considering that the technology is not
commercially available nowadays, membrane air separation units has not been considered for
the application of interest.

Both the remaining alternatives, CAD and PSA, are suitable alternatives for the process of
interest and are applied industrially nowadays. The choice of the technology to implement has
been performed considering the nitrogen requirement for the ammonia plant capacity of
interest, 100 ton/day [20]: the attended nitrogen demand overcome the threshold of 1’200 STD
m?/h indicated in [14] as a nitrogen productivity above which CAD is more economically

convenient compared to PSA.

12
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1.3 Hydrogen

1.3.1 Sustainability & Future Perspectives

In recent years, aiming to a more sustainable future, hydrogen has gained interest because of its
potential in replacement of the actual hydrocarbon-based economy: hydrogen can serve as
energy carrier for both transportation and chemical-related applications [21]. These
applications, called “Power-to-X"" approaches, consist in the conversion of power in hydrogen,
that can later be converted back into energy (Power-to-Power) or chemicals, such as Gas,
Ammonia or other fuels; combining this approach with low-carbon energy, the resulting green-
economy can aim to achieve sustainability goals on the long-run (Net-Zero 2050 goals).

To develop this hydrogen-based scenario it must be reduced the emissions associated to
hydrogen production. Presently, around 50% of hydrogen’s world demand is met by steam
methane reforming (SMR), 30% by oil/naphtha reforming, 18% by coal gasification, 3.9% by
water electrolysis, and 0.1% from other sources [21].

NACFE has develops a color-coding technique to describe hydrogen sustainability as function

of the feedstock used to produce it and this Figure 1.10

Hyd dGlebE o sis of THRQUOISE YELLOW BLUE
lydrogen produced by elecirolysis o Hvd duced b

a ~ lydrogen produced by the thermal =
vt g ey iem el splitting of methane (methane Hydrogen produced by electrolysis Grey or brown hydrogen with its CO,

sources like hydropower, wind, and

sequestered or repurposed.

pyrolysis). Instead of CO,, solid using grid eleciricity.

solar. Zero carbon emissions are .
carbon is produced.

produced.

PINK/PURPLE/RED BLACK/GRAY WHITE BROWN

Hydrogen produced by electrolysis Hydrogen extracted from natural gas
using nuclear power. using steam-methane reforming.

Hydrogen exiracted from fossil fuels,

H d byproduct of
ydrogen produced as a byproduct o usually coal, using gasification.

industrial processes.

Figure 1.10 NACFE'’s (unofficial but commonly accepted) differentiation of hydrogen “types” by source [22].

With the only exception of electrolysis-derived hydrogen, all commonly used hydrogen
production technologies retrieve a gaseous mixture of Ho and CO, called syngas (abbreviation
of synthesis-gas), but for ammonia synthesis only hydrogen is of interest, therefore syngas
purification and upgrading operations are necessary intermediate steps.

For the sustainable and electrified production of ammonia, the only technology to consider
further is electrolysis (in its three technological alternatives, discussed in the following
paragraph), therefore green-hydrogen accordingly to NACFE’s color-coding. It must be noted

that with green-hydrogen (or “green-X" in a wider perspective) it is commonly intended

13
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“hydrogen produced via electrolysis with electricity produced by RES”. Considering in this
elaborate a plant fed with electricity provided by the grid, a more correct definition of hydrogen
should be “yellow hydrogen”, accordingly to the presented nomenclature.

Since in this elaborate different future scenarios based on electricity produced with low carbon
emissions are considered and since “green hydrogen” is a term commonly adopted to indicate
hydrogen production with “low or zero carbon-emissions”, in the present elaborate “green” is

adopted to highlight the sustainable production of chemicals, with “low or zero”” CO, emissions.
1.3.2 Hydrogen Production Routes

Aiming to the sustainable production of ammonia via electrified Haber-Bosch process, in the
present elaborate the only technology available for hydrogen production is water electrolysis,
declined in its three technological alternatives: alkaline electrolysis (AEL), proton electrolyte

membrane (PEMEL) and solid oxide electrolysis (SOEL).

1.3.2.1 Electrified Production Process - Water Electrolysis

The principle of water electrolysis is the same for all the options available, the elements that
differentiate the three electrolysis technologies are the electrolyte, operative conditions and
materials required by the cell. In all cases water electrolysis allows to retrieve products (oxygen
and hydrogen) with purities degree above 99%, but with slight differences associated with
operative conditions.

It is estimated that the minimum amount of energy required to operate electrolysis is 39.4
kWh/kgH, at full conversion efficiency, but the actual efficiency of electrolytic cells raises this
value to 55 kWh/kgH> [20,23,24]. The generic equation that represents the reaction occurring

in the synthesis unit is reported in Equation 1.1.

2H,0 = 0, + 2H, (1.1)

Electrolysis requires demineralized water to be operated, with a cost of 1$/m*H2Opurified [25].
Accordingly to stoichiometry, 9 kgH>O/kgH, are required, but demineralization and
electrolysis inefficiencies increases the water intake to 18-24 kgH>O/kgH> [25].

The main drawbacks of hydrogen production via electrolysis are the high CAPEX and the
energy demand, but products purity degree is certainly an advantage of this approach; cell

efficiencies is above 60% for all the three technologies available (AEL, PEM, SOEL) [25,26].

14
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1.3.2.2 Alkaline electrolysis (AE/AEL)

AEL is the most mature technology available nowadays to recover H, and O, from water; the

cell requires the addition of an electrolytic solution, KOH or NaOH at concentration of 20-30%.
Operative temperature is between 60°C and 90°C and pressure between 10-30 bar [24].

A diaphragm is required to separate the two compartments: the anodic, where oxygen is
produced and the cathodic one, where hydrogen is released, as reported in Equation 1.2-1.3.
Water is fed in AEL in form of the electrolytic solution and it is consumed at the cathode.

20H = Hy,0 +1/50, + " (1.2)

(1.3)

Anode

Cathode 2H,0 + 2e~ = 2H, + 20H™
Nickel catalysts are required and their availability and costs influence strongly the cost of the
unit. Electrolyser outlets are collected in a drum that serves for separation of liquid-gas phases
and it is followed by dehydration for water-removal, leading to the recovery of 99.9% hydrogen
and 99-99.8% pure oxygen [24-27].
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Figure 1.11 Principle layout of a alkaline-electrolyser [24].

1.3.2.3 Proton Electrolyte Membrane / Polymer Electrolyte Membrane (PEM/PEMEL)

PEMEL is another mature technology. Contrary to AEL, it does not require the addition of
highly corrosive substances, since in this case poly-sulfonated membranes are integrated
(Nafion® in most cases or Fumapem®, Flemion®, and Aciplex® [28]); the chemistry behind this
technology is the same of the AEL, reported in Equation 1.2-1.3.

Electrodes represent another difference with respect to AEL: in this case are directly mounted

on the membrane, forming the membrane electrode assembly and are made of noble metals
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(platinum for the cathode and iridium for the anode) covered by protective coatings, because of
the acid environment. Water feed-point is also different: in PEMEL it is fed closer to the anode.
Higher operative pressures compared to AEL can be achieved with PEMEL, 20-50 bar, and
lower temperatures are demanded, between 50-80°C.

PEMEL advantages compared to AEL are: faster start-up (few minutes for a cold-start-up and
seconds for a warm-start-up), higher hydrogen purity compared to AEL (>99.99%), higher

energy conversion efficiency, lower environmental impact and smaller space occupied [24-27].

]
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Figure 1.12 Principle layout of a polymer-electrolyte-membrane electrolyser [24].

1.3.2.4 Solid Oxide Electrolysis (SOEC/SOEL)
Contrary to AEL and PEMEL, SOEL is not a commercialized technology.

SOEL does not use a traditional catalyst: conductive ceramics materials are used. Different
operative procedures also characterize this cell: water is fed at the cathode with some recycled
Hj; air is also fed to the anode to remove the produced hydrogen.

Contrary to AEL and PEMEL, this technology requires extremely high temperatures to operate,
700-900°C, but low-moderate pressures are considered, 1 bar to 15 bar. The high temperature
allows to increase cell efficiency, but introduces difficulties in materials selection because of
their stability at the operative conditions; because of this, expensive materials are required and
at the actual state it present a short cell-life compared to other technologies.

Relevant advantage of SOEL is the possibility of operating these units as either electrolysers or

solid-oxide fuel cells [24-27].
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Figure 1.13 Principle layout of a polymer-electrolyte-membrane electrolyser [24].

1.3.2.5 Technology Selection, Plant Lifetime and Economics

Before proceeding with the selection of the technological option for electrolysis, it must be
noted that only mature technologies are considered in this elaborate; this is why SOEL was
excluded, because of its early degree of development.

Chemical plants are usually expected to last at least 10-15 years, 20 years on average.
Therefore, the choice of the equipment and process unit operations must minimize the need to
replace the equipment. In the case of electrolysis, the expected lifetime is comparable with that
of chemical plants, as reported in Table 1.3. It must be noted that even if process-unit lifetime
is comparable with the one of chemical processes, cells lifetime differs because of degradation
mechanisms. In other words, after 8-15 years, cells need replacement. In the case of AEL,
slightly larger degradation effects are noted compared to PEMEL, but the lifetime is
comparable for both the technologies [24].

Different estimations about CAPEX and OPEX can be retrieved in the literature; in Table 1.3
some estimations are reported for AEL and PEMEL [24].

Table 1.3 Plant lifetime, installed and uninstalled CAPEX of AEL and PEMEL and OPEX costs [24].

o CAPEX
Property Plant Lifetime OPEX
Uninstalled Installed

AEL 30-50 years 700-3500 €/kWh,  800-1500 €/ kWhe  2-3% of CAPEX
PEMEL 20 years 1300-2200 €/kWhe  1400-2100 €/ kWhe  3-5% of CAPEX

Being the CAPEX of PEMEL cells twice the one of AEL, the applicability can be questioned.
However, the additional advantages of PEMEL compared to AEL (in addition to the ones
reported in Chapter §1.3.2.3) are the following:
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e cell load flexibility: AEL requires a minimum load of 10-40% (mainly 20-25% [24]) to
avoid cross-permeation, while PEMEL does not technically requires a minimum load;
e faster (warm and cold) start-up: advantage in contexts with high RES penetrations in
the energy mix. Particularly:
o few seconds for the warm start-up of PEMEL (“stand-by” mode, kept at the
operating conditions) compared to 5-10 minutes of AEL;
o few minutes for the cold start-up of PEMEL compared to 2 hours for AEL.
It must be noted that the advantage PEMEL offers in terms of start-up times is undoubtedly an
advantage in situations where RES produces electricity. Still, considering a process supplied
by grid electricity and operating 24/7, PEMEL is not relevant in the decisional framework
PEMEL also show disadvantages compared to AEL, especially in terms of capacity of
maintaining the operative pressure for long periods: in PEMELS the pressure decreases faster
compared to AEL (few hours for PEM compared to several days in case of AEL).
Additionally, safety issues play a critical role in the selection of the proper solution: results
show that the safety performances of PEMEL are worse compared to AEL [29,30].
Hence, considering pros and cons here presented, AEL can be identified both from an
economical and safety perspective as the most suitable technology for the electrified and

sustainable production of hydrogen.
1.4 Ammonia

Ammonia is one of the most important chemicals produced nowadays, and even if it is used in
a variety of fields: over 80% of the ammonia produced worldwide is used for fertilizers [31]. It
is also used as a refrigerant, and in textile and pharmaceutical industries. Ammonia future role,
as valuable alternative to fossil fuels as carbon-free energy vector [12] must not be neglected.

Considering the increasing interest in ammonia in different fields, its production is expected to
increase in the following years, from 176 million metric tons in 2017 [12] to 270 million metric

tons expected by 2050 [31].
1.4.1 Sustainability & Future Perspectives

As mentioned in Chapter §1.3.1, all chemicals can be classified in terms of sustainability
similarly to hydrogen NACFE’s classification. Particularly, in case of ammonia this
classification is based on the path used to produce its synthesis, made of nitrogen and hydrogen.

NACFE’s classification can be applied to ammonia as follow:
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e brown ammonia: hydrogen is produced through coal gasification;

e grey-ammonia: hydrogen is produced via methane steam reforming (SMR);

e Dblue-ammonia: grey or brown ammonia coupled to carbon capture processes;

e Dbio-based green ammonia: hydrogen is obtained from biomass or biogas;

e clectrified (green) ammonia: hydrogen is produced by electrolysis and air separation.
As evident, nitrogen is not considered in the present classification since it can be obtained
indirectly during the gasification/reforming process or via electrified air-separation, process
discussed previously in Chapter §1.2.1.
As mentioned in Chapter §1.1.2.2, aiming to obtain a more sustainable ammonia synthesis, two
main aspects must be considered, i.e. reactants and production process sustainability.
Assessments performed on the different production routes, show that CO-emissions of grey-
ammonia plants is about 1.6 tonCO,/tonNH3, that increases between 2.5-3.8 tonsCO»/tonNH3
in case of gasification-based plants (brown-ammonia) [12]. Also, external factors should be
considered for a correct estimation of CO; emission from ammonia production processes. In
this regard, the carbon intensity of local electricity production is a central aspect to consider
when dealing with the electrification of the traditional Haber-Bosch process.
Over the time Haber-Bosch process efficiency has been improved, reducing the energy
requirement from more than 100 GJ/tonNHj3 to 28 GJ/tonNH3, considering the application of
the best available technology (BAT) available nowadays, with an energy requirement that is
close to the theoretical minimum of 18.6 net GJ/tonNH3 (22.2 GJ/tonNH3 considering also
auxiliary units in the reforming section of a grey-ammonia plant), meaning that very few
improvements can be performed on this design [13,32-34]. This has also led to a decrease in
the CO, emissions related to the syngas production section, which nowadays are mainly
associated with the reforming plants, which requires about 80% of the energy of a typical
process [12].
Concluding, it must be noted that a practical constraint must be satisfied whenever a new
proposal is developed: the economical feasibility of the process, aspect that will be addressed

further in this elaborate.
1.4.2 Ammonia Production Routes

Ammonia synthesis, performed by the Haber-Bosch process, requires the Ho/N> mixture

produced by ASU and electrolysis, part of the synthesis mixture production section [35].
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The Haber-Bosch process is based on the well-known high-pressure, high-temperature

catalyzed reaction, reported in Equation 1.4

3H, + N, =25 2 NH, AH? = —92.4 k /mol [36] (1. 4)

In the Haber-Bosch process, the operative conditions that allow the maximization of the
conversion consider a pressure between 100-250 bar and a temperature in the reactor between
400-500°C, with suitable recycling of the unreacted species to increase process yield (single-
pass conversion is around 20-30%). Low temperatures favor the process, but kinetic limitations
makes inconvenient to operate below 670 K (400°C) [12,13,34,35,37-39].

Higher operative pressures can theoretically be used to increase conversion (300-1,000 bar),
but because of the increased power consumption and equipment cost, pressures around 200 bar
(£ 50 bar) are commonly adopted [34,40].

The improvement in material and energy efficiency of the Haber-Bosch process has been
followed by an increase in daily productivity, ranging from 1,000-1,500 tons nu3/day in the
early 2000s to the actual plant capacity of 600-3,000 tonsNHz/day, with some plants producing
more 3,000-4,000 tons nus/day [13,32,35,38].

A description of the traditional Haber-Bosch process is discussed in the following paragraphs,
together with introductory concepts about the green-ammonia configuration.

The Haber-Bosch process plant layout differs among the alternative plant configurations
available and depends on the way the synthesis mixture is retrieved. In general, it can be stated
that after the syngas production unit (SMR, gasification or electrolysis with ASU), a cleaning
and upgrading step is performed, followed by the synthesis loop, the section of the plant
demanded to the conversion of the reactive mixture into ammonia. The synthesis loop involves
a compression step, the reactor unit and the separation step of ammonia from the recycled

unreacted mixture.

1.4.2.1 Syngas Cleaning & Upgrading Technologies

Different technologies are available to produce hydrogen in the form of a CO & H; mixture,
and those differ in both the feedstock used and the product obtained (SMR and gasification are
the two most common approaches used). Since the mixture of CO and H; obtained contains
different poisons for the ammonia catalysts, cleaning and upgrading steps are necessary to
improve the quality (and composition) of the syngas, making it viable for the Haber-Bosch

process. Figure 1.14 illustrates the steps of a grey ammonia production process.
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The CO-shift step involves the water-gas-shift reaction (WGS), a catalyzed process (performed
at 500K) that increase the mixture hydrogen content by conversion of CO into CO,.

The CO;-removal is performed by absorption-stripping driven by amines solutions and aims to
remove poisoning substances for the Haber-Bosch catalysts (CO; and H,S). The most common
amines used are MEA (mono-ethanol-amine), MDEA (mono-di-ethanol-amine) and DEA (di-
ethanol-amine); absorption is commonly operated at 40-60°C, 35 bar, while 2 bar, 120°C is the
typical operating condition of the stripping unit [4,26,34,35].

Methanation, a catalyzed hydrogenation, is the last cleaning step that allows to remove the
remaining traces of poisoning chemicals by their conversion in inert species: water (removed
by condensation) and methane (inert species found in grey-ammonia plants) are produced.

CO shift CO, removal
Secondary reforming HT LT Methanation
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P Steam BFW
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Process air _ A
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Primary reforming Sulfur removal Ammonia recovery Ammonia synthesis

Figure 1.14 Scheme of an integrated Haber-Bosch process for the production of grey-ammonia [35].

Instead, considering electrified ammonia, the N, & H> mixture required is obtained ASU and

water electrolysis, that produce pure streams, making the pre-purification steps not necessary.

1.4.2.2 Ammonia Synthesis Loop

The present paragraph collects information regarding Haber-Bosch process units and the

technological alternatives available for ammonia production.

Synthesis Loop

The Haber-Bosch synthesis loop is made of different steps: compression, to bring the reactive
mixture at the reactor operative pressure, the reactor unit and the separation section of the plant,
necessary to recover the produced ammonia.

Because of the low single-pass conversion, around 20-30%, the separation of the unreacted

mixture from the product and its recycling is a necessary step in ammonia plants to increase the
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overall process conversion [35]. Because of the properties of both synthesis mixture and
ammonia, depending on process operative conditions and the feedstock purity, different recycle
loop designs are available to recover ammonia and unreacted reactants. Figure 1.15 provides
an overview of the best options available for both grey and electrified production processes. In
Figure 1.15.a, the synthesis loop of a grey ammonia production plant is reported, which
minimizes the ammonia concentration in the reactor feed stream and the compression cost while
removing impurities that are soluble in ammonia. The configuration reported in Figure 1.15.b,

instead, is the best option for electrified ammonia synthesis since it can be used with a high-

purity feed with no poisons [35].

Feed gas }
Feed gas = ":'_9
(S %.-.-_
\ 4 — NH,
y - NH; Reactor  Separator

(@ (®)
Figure 1.15 Scheme representing the simplified synthesis loop for both

grey-ammonia (a) and electrified-ammonia (b) production processes|[35].

Figure 1.16 shows the main heat exchangers and compressors comprised in the synthesis loop;

it is also highlights the different bed size that can be commonly found in Haber-Bosch reactors.
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Figure 1.16 Scheme representing the ammonia-production process including the compression-train [34].
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Multistage Compression

The starting point of the whole ammonia synthesis loop is the intercooled multistage-
compressor train used to bring the make-up stream at the operative pressure. The first
compressor train and the recirculation one (Figures 1.15-1.16) take about 45% of the overall

energy requirement of the ammonia production section [34].

Reactive Section

Two reactor configurations may be found industrially, i.e. directly-cooled reactors and
indirectly-cooled reactors. In the first case, a quenching process is operated in the unit, sending
fresh and cold reactive mixture at different heights directly inside the catalytic bed. On the
contrary, in the second configuration, intermediate heat exchangers are placed between catalytic

beds. Figure 1.17 represents these two industrially adopted configurations.
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Figure 1.17 Schemes representing quenched (a) and inter-cooled (b) reactor configurations [35].

Common aspect of the two technologies is the flow pattern followed by the feed of the reactor:
the cold stream is firstly pre-heated with a heat exchanger embedded in the reactor head and
then flows between the shell and the catalyst bed. It is further preheated using the heat produced
by the reaction, avoiding issues to the metallic surface of the shell, made by carbon or alloy
steels that may undergo embrittlement in the case of very high temperatures [35]. The head-
heat exchanger that pre-heats the feed allows for the recovery of large quantities of heat,
decreasing the temperature of the product stream (that leaves the unit at around 500K) and heats
the reactive mixture to the temperature required by the process, i.e. around 670K.

In the case of quenched reactors, two different alternatives are available (Figure 1.18): the
reactor feed can be injected directly in the catalytic bed («) at different height or in spaces left

between multiple-catalytic beds ().
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Figure 1.18 Schemes representing a quenched reactor with inlet in the catalytic bed (ICI) (a)
and with inlet in spacers between beds (Kellogg)(b) [35].

The second option available in terms of converter technology is the intercooled configuration
(Figure 1.17.b), which is provided by multiple heat exchangers (explicitly represented in
Figure 1.16). These units are interposed between the catalytic beds and are necessary to control
the exothermic reaction. This approach is applied in most large-scale plants because it allows
recovering heat at the highest possible temperature and increase plant energy efficiency: about
9% of the plant energy demand can be satisfied by this recovery [34]. The disadvantage of this
strategy is the high investment cost compared to quenching systems because of the adoption of
additional heat exchangers, which are often provided in complex configurations where each

catalytic bed is accommodated in one vessel with associated heat exchangers [35].

Catalyst

Haber, Bosch and Mittasch (BASF) found the most reliable and efficient catalyst for ammonia
synthesis, which is an iron oxide-based catalyst. Modern alternative noble-based catalysts have
been commercialized by Kellogg/Brown & Root (KBR) [35]. To improve efficiency and
resistance to sintering and poisoning, catalysts have been modified with promoters and
protectors (Al, Ca and Mg in form of oxides). Critical poisons are O,, H,O and CO, species that
react with the surface of the material, inducing irreversible bounds and, often, sintering.
According to the literature and industrial experience, cumulative concentrations even below 10
ppm severely affect the catalyst activity. For this reason, the minimization of their concentration
in the fed reactive mixture below 5 ppm is mandatory [41]. Moreover, the size of catalyst
particles is relevant because smaller particles can increase efficiency but also increase the

pressure drop across the bed, increasing compression costs [35]. A solution can be represented
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by radial converters (Figure 1.19), for example, that developed by Haldor Topsee (radial

converters can be arranged as either quenched or cooled reactors).
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Figure 1.19 Schemes representing a radial ammonia-converter developed by Haldor Topsoe [35].

This approach allows for the reduction of pressure drops through the catalytic bed since a larger
cross-sectional area is available for the reactive stream. In fact, by providing a larger area per
unit volume, smaller pressure drops are established [35]. Since it is of primary interest in
pushing the conversion based on a given catalyst volume (while minimizing pressure drops
across the bed), a radial-inter-cooled converter is usually applied industrially (Figure 1.20). The
intercooled configuration allows them to achieve better performance compared to the quenched

alternative because the quenched case operates by diluting the reactive mixture with cooled-

fresh mixture, decreasing the single-pass conversion.
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Figure 1.20 Comparison of ammonia’s concentration and temperature profiles in

multibed; quenched (b) and intercooled (c) configurations with respect to equilibrium (a) [34].

Rather than the classical iron-oxide catalyst, other alternatives have also been tested, including

those based on uranium and osmium, even if unsuccessful. The ruthenium-based catalyst is 10-
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20 times more active than the iron-based alternative and has been commercialized. It allows
reducing the operative pressure and temperature [34,39,40]. Practical applications of
ruthenium-based catalysts are limited due to the material low availability, which leads to a high
cost of the metal [20]. For this reason, ruthenium-based catalysts are not considered further,

even if recent studies have discussed their applicability to RES-driven processes [39,42].

Ammonia Recovery and Recycle & Hydrogen Recovery

As mentioned, after the reaction section of the synthesis loop, ammonia must be recovered and
separated from the unreacted reactants. This process is performed through a refrigeration cycle
at -25°C [43] to maximize ammonia recovery, a condition that changes depending on the
operative pressure of the plant [42] and also depending on the ammonia recovery costs [44].
The condensed liquid stream of product contains residues of reactants, that are commonly
removed from the stream by flashing down to 20 bar, retrieving almost-pure products (around
99.9 %wt.) and a stream of reactive mixture to recycle back to the reactor [20,43].

The outflow of the reactor is composed of ammonia and unreacted reactants, but impurities are
also present in traces: argon, inert species produced by ASU or introduced in the hydrogen
stream by SMR/gasification and methane, inert species that is produced in the syngas cleaning
and upgrading steps of grey/brown ammonia plants. To avoid the accumulation of these inert
in the reactor unit, a purge is necessary.

In conventional Haber-Bosch plants, to avoid the loss of hydrogen, a valuable reactant, a
hydrogen recovery unit is implemented to separate it from the inert chemicals purged. Different
hydrogen-recovery strategies can be applied, including a pressure-swing-adsorption process
(purity of recovered hydrogen around 80-95 %vol.) [35] or membrane-based processes.

The hydrogen recovery unit is not necessary, instead, in electrified Haber-Bosch plants, where
the only inert species present is argon, that is soluble in ammonia: because of this, it is removed

from the synthesis-loop with the product, eliminating the need of purges [36].

1.4.2.3 Plant Configurations

A description of both the grey-ammonia and electrified-ammonia processes is here reported.

Grey-Ammonia — SMR based Ammonia Production
Figure 1.21 represents a simplified scheme of the grey-ammonia production process.
The grey-ammonia plants comprise the reactive mixture production via SMR, made of primary

and secondary reformer units, that are followed by the syngas cleaning and purification section.

26



Conceptual design of a green-ammonia production process: cost and safety assessment

After syngas cleaning and upgrading steps here shown, the synthesis mixture (with a H2/N»
ratio of 3:1) is fed to the ammonia synthesis loop described in Chapter §1.4.2.2: firstly the
reactive mixture is compressed at the operative condition and is later sent to the loop
represented in Figure 1.15.a. Interest of this work is the configuration that considers an inter-
cooled reactor, but Figure 1.21 represents a quenched reactor; the purification of ammonia by
flashing is also represented as the purged stream necessary to avoid inert (methane)
accumulation in the reaction-loop; it is not reported the hydrogen recovery section introduced

in Chapter §1.4.2.2.
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Figure 1.21 Scheme of the Haber-Bosch process designed by KBR,

one of the first single-train large capacities ammonia plants [33].

Electrified-Ammonia

The electrified production of ammonia follows the general scheme of a state-of-the-art
ammonia plant previously described in Chapter §1.4.2.2: the syngas production unit and the
synthesis loop, made of the feed-compression-train, the reactive and separation sections.
Differences compared to the grey-ammonia plant previously presented are: the processes used
to retrieve the reactive mixture, the absence of the syngas cleaning and upgrading section
(because of the feed purity degree) and, in the separation section of the synthesis loop the
hydrogen recovery unit is not present.

In this dissertation, the electrified and sustainable production of ammonia has been considered

composed by AEL as electrolysis technology for hydrogen production and CAD-ASU for

27



Chapter 1 — State of the Art

nitrogen recovery; the by-product of the resulting synthesis mixture production unit, i.e.
oxygen, has been assumed sold at market price.

Concerning the ammonia synthesis-loop, its feed is made of a hydrogen/nitrogen mixture in 3:1
ratio, sent directly to the Haber-Bosch synthesis loop [13] since the purity degree that respects
the ammonia iron-based catalyst specifications (oxygen-content <5 ppm). The reactor unit has
been considered as an inter-cooled reactor (common industrial practice) and the separation
section has been considered arranged as in Figure 1.15.b.

An advantage offered by the electrified production of ammonia is a simplification of the process
flowsheet compared to the gasification or SMR based processes [45], aspect in accordance with

inherently safer designs principles.
1.4.3 Ammonia Electrified Production Considerations

In this last paragraph about ammonia, some concluding considerations about sustainability and

economics of the electrified ammonia production are reported.

1.4.3.1 Electrification & CO, Emissions

This dissertation aims to discuss and develop a sustainable ammonia production plant based on
electrified processes: in this case, electricity is the only source of energy, which has been
assumed provided by the grid. This means that the process carbon intensity depends solely on
CO; emissions of the local grid (gCO2/kWh), which is considered based on Italy.

To assess process economic performance, different scenarios has been considered, based on
both recent data and future projections; in particular, the future scenarios accounted considers
low-carbon emissions associated to electricity production.

Important consideration is that, accordingly to Figure 1.22, nowadays fossil-fuels are a
predominant source of electricity in Italy, meaning that emissions of the electrified Haber-
Bosch process will be higher compared to SMR-based plants (grey-ammonia), because of the

higher efficiency in the direct use of fuels compared to their use for electricity generation [13].
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Figure 1.22 Chart showing the evolution of the Italian electricity-generation by source [46].

It can be estimated that to achieve a more sustainable process compared to the actual state-of-
the-art grey-ammonia plant it is required a carbon-intensity of the electricity produced below
180 gCO2/kWh, target that only few countries around the world satisfy nowadays; as European
Union the average emissions related to electricity generation are 231 gCO»/kWh [13,36].

1.4.3.2 Economical Considerations

Considering process economics, nowadays the electrified ammonia production suffers from
higher costs compared to the grey alternative: electrolysis capital costs are higher compared to
stem-methane-reforming and natural gas is cheaper than electricity. Similarly to classical
Haber-Bosch plants, also the electrified proposal consumes most of the energy provided (95%)
for hydrogen production, meaning that even with a relatively high efficiency of the apparatus
required for electrolysis (that ranges 60-70% in the case of AEL [24,25]) the operative costs of

this process will be high and concentrated in one single step.
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1.5 Objective of the Thesis

The aim of this thesis is the development of the conceptual-design for sustainable ammonia
synthesis via electrified Haber-Bosch process, based on the choice of the sustainable operations
and on common industrial practices.
The resulting proposal economic performance is further assessed under different electricity-
prices and the resulting ammonia cost of production is compared with its actual market-price.
These assessments are performed comparing different electricity prices [47-51], based on
recent data and future projections of the Italian electrical-generation for low carbon emissions.
In this elaborate it has been assumed, as already mentioned, that electricity is provided to the
plant by the grid, meaning that:

e the grid is capable of satisfy the plant demand continuously, 24/7;

e process CO; emissions are directly related to the carbon intensity of the grid.
These conclusions have a practical effect on plant performance and design: firstly, the plant
must not adapt its production to energy productivity fluctuations typical of RES (i.e. plant
discontinuous production is not necessary); secondly, it is not necessary to over-design the plant
to obtain the same productivity of a continuous plant.
During the design development, also safety performances has been considered, aiming to
implement the safer alternatives available for each process unit since the beginning of the
conceptual-design, accordingly to inherently-safer-design practices. Concluding, the overall

plant safety assessment has been performed, with particular attention on storage units.
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Process Simulation

In the second chapter of this elaborate the simulation approach is described step-by-step.

This work will consider a plant productivity that is about one-tenth of common industrial
facilities, size of interest for the future development of sustainable ammonia production [20];
to discuss the economical feasibility of the process, two configurations are compared: the first
one considers a pressure of 200 bar (the state-of-the-art configuration), while the second one

operates at 300 bar, pressure considered also in [42].

2.1 Conceptual Design Development

The development of an industrial conceptual-design is commonly performed following a series
of steps that can be summarized as follows:

e definition of customer needs: in this case the development of a sustainable-ammonia
production facility capable of producing low-carbon ammonia, with a capacity of 100
ton/day and a purity degree above 99.9%w. [20];

e development of the conceptual design;

e cconomic evaluation of the proposal and selection of the design for the following steps
(detailed design, followed by the procurement and construction phase, that anticipate
the operation of the facility);

The conceptual design development starts with the definition of the process block-flow-
diagram (BFD) representing schematically the process units and their arrangement, allowing to
perform preliminary estimation of plant material demands. These two steps are presented in the
following paragraph and are followed by plant simulation description.

During conceptual design, a very relevant aspect is cost-estimation and optimization:
performing corrective adjustments to improve plant performances is both easier and less

expensive during this phase compared to following design-steps (detailed design).
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2.2 Block-Flow-Diagram & Preliminary Mass Balance

The developed block flow diagram representing the sustainable production of ammonia based
on water electrolysis and air separation unit to recover nitrogen and hydrogen is reported in
Figure 2.1. The steps previously described in Chapter §1.4.2.3 are here represented, with an

explicit representation of the synthesis loop.
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Figure 2.1 Block-Flow-Diagram of the electrified green-ammonia production process proposed (adapted [42]).

As it can be seen from the block flow diagram, the two main products of the process are oxygen
(by-product) and ammonia, but depending on the technology used and the agreements with
ASU contractors, also excess nitrogen could be obtained. In the present work it has been
considered that only oxygen and ammonia are sold and nitrogen is produced accordingly to
plant demands. The simplified input/output structure of the process considers that intermediate
recycle streams have been embedded within each block (unitary conversion is assumed); the

block flow diagram has been used as guide to compute the process material requirements.

Table 2.1 Molecular Weight for the species handled in the process.

Species Molecular Weight Vapor Fraction in Air
Ammonia 17.031 g/mol -

Nitrogen 28.02 g/mol yn2 =0.781
Hydrogen 2.016 g/mol -

Oxygen 31.9988 g/mol yo2 =0.209
Water 18.01528 g/mol -
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Table 2.2 Reactions involved in the synthesis of ammonia from water and air.

Species Reaction Stoichiometric Coefficients
Vo= 1
Electrolysis 2H,0 = 0, + 2H, V=2
VH20= -2
VNH3= 2
. catalyst
Ammonia 3H, + N, —= 2NH; Vo= -3
VN2 = -1

Firstly, the daily productivity of ammonia is converted into molar-productivity on hourly basis.

tonyy k kmol
100-2NHs _ 4116672 INHs _ 944 6O NH; (2.1)
day hour hour

According to reaction stoichiometry, reported in Table 2.2, it is possible to retrieve the

stoichiometric needs of hydrogen, nitrogen and oxygen productivity:

kmoly, _ kmolyy, Vi | _ 366.98 kmoly, _ 739 8kgH2 (2.2)
hour hour VNH, " hour " hour
kmoly, _ kmolyy, | vn, 122 3k moly, _ 21427 6 KON kgn, _ 29928 Nm3, (2.3)
hour hour VNH, hour hour hour
kmol,, _ kmoly, Vo, | _ 183 Skmolo2 S 4kg02 (2.4)
hour hour ~ |vy, " hour " hour

Similarly, from the nitrogen demand, ASU oxygen productivity has been computed by

stoichiometry; the air intake has been derived too.

Nmiir NmI3V2 /hO m13§1r m3 (25)
= =3'83195——— &N X =8009——=
hour YN, hour i X Yo, hour
Nm3 kmol k 2.6
8008802 = 327002 _ 11047 5°9% (26)
hour hour hour

Nm? corresponds to the volume of a species at normal conditions, ambient pressure and

temperature: 298.15 K and 101325 Pa; R is the universal gas constant, taken as 8.31446

mol-K’

33



Chapter 2 — Process Simulation

2.3 Process Model

Ammonia process simulation has been performed in ASPEN® Plus, where the five sections that
compose the ammonia process have been simulated: electrolysis unit, ASU unit, multi-
compression, reaction and separation section (the last three compose the synthesis loop

described in Chapter §1.4.2.3 and represented in Figure 2.1).
2.3.1 Synthesis Mixture Production Section

The reactive mixture production section of the plant comprises electrolyser and ASU units: both
have been modelled with two black-box models (calculators) to compute the electrical demand
necessary to satisfy process hydrogen and nitrogen demand. CAPEX and OPEX have been
added directly in Microsoft® Excel, where the profitability analysis has been performed.

2.3.1.1 Electrolysis

Electrolysis unit has been modelled as black-box, a calculator, with the hydrogen stream set as
calculator input, necessary to compute, accordingly to values collected in Table 2.3: the
electrical demand, water purification costs and other process costs resumed in the table.
Specifications of the hydrogen stream set in ASPEN® Plus are the flowrate (computed in
Chapter §2.2) and the operative conditions, that has been fixed as the average temperature and
pressure of AEL units, 70°C and 20 bar [24]. Table 2.3 also collects simulation results for the

two configurations considered in this elaborate, the synthesis performed at 200 bar and 300 bar.

Table 2.3 Parameters used in the electrolysis black-box and simulation results.

Result
Parameter Factor UoM  Ref.
P=200bar P=300 bar

H; Make-Up - 778.65 739.78 kg/h -
Purified Water 21 kgH,0/kgH> 16’351 15’535 kg/h  [25]
Sodium Hydroxide Solution @ 30%w. 4°905 4°660 kg/h -
Purification Cost 1 €/m’ 16.35 15.53 €h [25]
Electric Demand 55 kWh/kgH, 42°825 40’688  kWh/h [24]
Oxygen Produced - 6’228 5’928 kg/h -
CAPEX AEL (Installed) 1’150 €/kWhg 4.92x107  4.68x107 € [24]
OPEX AEL 4% CAPEXpem 1.48x10°%  1.40x10° € [24]
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2.3.1.2 Air Separation Unit

Similarly to hydrogen, also the ASU is modelled via black-box, with the nitrogen flowrate
produced as input. 7able 2.4 collects both the process variables estimated to characterize ASUs
and the results obtained for the two configurations considered.

The nitrogen stream has been fixed accordingly to the result of Chapter §2.2 and the operative
conditions have been fixed at 20°C and 5 bar, considering that the cold-stream of nitrogen can
be heat-integrated to recover ammonia in liquid phase, decreasing refrigeration costs: this

aspect has been investigated in a later-stage of process design.

Table 2.4 Parameters used in the ASU black-box and simulation results.

Result

Parameter Factor P—200bar P=300 bar UoM Ref.
N, Make-Up - 128.75 12233 kmol/h -
Purified Air - 4’033 3’832 m’/h -
Purification Cost 10 €/ton,; 52.15 49.54 €/h [15]
Electric Demand 200 kWh/tonOxpure) 220.50 209.5 kWh/h  [37,52,53]
Oxygen Produced - 1'102 1'047 kg/h -
CAPEX (Ready-for-Start-Up) 30 M€ - - -
Product Storage Costs 7.5 M€/storage-tank - - - [54]
Auxiliaries Costs 15 M€ - - -

The electrical demand of CAD-ASU has been fixed at 200 kWh/tonOxpure), in agreement with
common ranges of 184-260 kWh/tonO, [37,52,53];

2.3.2 Ammonia Synthesis Loop

The ammonia synthesis loop is the part of the plant demanded to the conversion of the
sustainable synthesis mixture obtained to ammonia and in this work it has been considered
made of three sections: multistage-compression, reaction and the separation-recycle sections.

The appendix collects additional information about ammonia synthesis loop modelling, §A4.1.

2.3.2.1 Multistage Compressors

Multistage compression is the synthesis loop section demanded to bring the fresh-feed at the
loop operative pressure. As commonly performed in industrial ammonia plants, one additional
compressor unit is considered in the synthesis loop and treats the recycled stream of unreacted
reactants; this unit, demanded to counter plant pressure-drops, has been considered part of the

separation section of the facility.
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To avoid compressors damages and malfunctions due to excessive temperatures caused by the
increase in temperature of the gas due to normal-unit operations, intermediate cooling is
performed between each compression step: shell-and-tube heat-exchangers (floating-head-type
has been considered [55]) have been adopted for this scope, driven by cooling-water with final
temperature fixed at 45°C. Process utilities and heat-exchangers additional information have
been collected in the appendix, §4.1.2.

The final compression train arrangement is reported in Figure 2.2.

3
KP-HX3-
MP-CMP4
HX-4
MKP-ChIP2. MKPH
MP-CMPS
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I .o
MP-CMPS
ew
MKP-CMPEH

Figure 2.2 Schematic representation of the intercooled-compression unit for the make-up stream.

The simulation has been performed considering isentropic compressors, with an isentropic

efficiency of 0.75 [20,55] and a mechanical efficiency of 0.90 [55].

Multi-Compression Operative Condition Definition and Sizing

Compression optimal operative conditions have been defined through an optimization routine
implemented in ASPEN® Plus aimed to minimize process costs, computed accordingly to
Guthrie method, described later in this elaborate, §4.1.1.

The only manipulated variable set in the optimization routine has been the compression ratio,
as reported in Figure 2.4, being the heat-exchanger duty (converted in area by a calculator) and
the associated utility requirement computed autonomously by ASPEN® Plus.

Compression ratio has been left vary between 1 and 4, range for intercooled-multi-compression
units, aiming to a ratio of circa 2, the industrial standard for ammonia synthesis [20].

The performed optimization considered two constraints: the outlet-pressure of the final unit,
necessary to define the plant pressure-requirement (200 bar, 300 bar in the two configurations)
and the outlet-temperature of each unit, restrained to 145°C + 5°C [55], necessary to avoid
damages to the compression unit. Additional design constraint fixed are pressure drops of heat-

exchangers, fixed to 1 bar per unit, rounding the value of 70 kPa suggested in [55].
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Figure 2.3 ASPEN® Plus User-Interface for th