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Abstract

The intermittent nature of renewable energies had made its high penetration (>
15%) in the grid difficult unless upgrades are made to increase the grid’s flexibility.
However, this need can be circumvented by storing the excess energy in ammonia
and re-injecting this energy back to the grid during shortage. This storage concept,
called power-to-ammonia, relies on renewable energies to power the electrolyzer
which produces the Hy needed for the Haber-Bosch synthesis process. Nevertheless,
the variability of the electric supply causes fluctuations in the H, supply to the
synthesis loop, which is not optimized for flexible operation. These fluctuations
can cause temperature to vary inside the reactor such that limit cycle behavior or
temperature extinction is achieved, resulting to catalyst disintegration. Therefore,
a reactor system designed to have high temperature resilience is of great interest.
Using Non-dominated Sorting Genetic Algorithm-I1 (NSGA-II), deterministic design
optimization was performed with the goal of maximizing temperature resilience
and NHjz output flow rate. The Polynomial Chaos Expansion (PCE) was then used
to propagate the uncertainties in the model, where robust design optimization was
performed on the most resilient deterministic design, to have a reliable net NH;
output flow rate. The effect of cooling system configuration and reactor volume
on temperature resilience was determined by considering a non-optimized volume
of the system for the former, while optimizing the volume for maximum resilience
and flow rate, for the later. Results showed that introduction of the feed in smaller
amounts as quench streams into the reactor system, as in direct quenching, led to
slightly higher resilience (> 1.01 times) compared to when introducing a single,
larger feed, as in indirect quenching. On the other hand, the effect of reactor volume
depended on the cooling configuration adopted by the reactor system. The presence
of uncertainties led to reactor extinction when using the lowest uncertainty values,
while higher steady-state temperature values were obtained under operation at
the highest values of uncertainties. Finally, the RDO showed that for the adopted
lowest Hy/Ny ratio during ramping, optimization was unsuccessful. Therefore,
improvements need to be made to account for ramping duration during robust
optimization.



Chapter 1

Introduction

The issue of global warming and depleting energy resources are not new. In fact, for
over 50 years, 145 countries around the world had set policies to support the shift
towards renewable energy resources as one of the ways to mitigate global warming
[1]. Countries from the European Union (EU) are notable leaders in this endeavor.
In Germany and Denmark, it is targeted that 80% and 100% of its energy will be
be derived from renewable energies by 2035 [1], respectively. However, increasing
the integration of renewable energy in the grid system posses great challenge in
terms of balancing the energy supply and demand. This is because for certain
renewable energies such as solar and wind, they are non-dispatchable [2] and thus
energy is not always readily available to meet consumer needs. As a result, a highly
flexible grid is needed.

One way to circumvent around the need for flexible grid is to use energy storage
systems. This approach can be carried out in two pathways: the Power-to-X
(P2X) and the X-to-Power (X2P) pathways, where "X" refers to the energy storage
medium. In P2X, excess energy is stored in "X". During a power shortage, the
energy stored in "X" is re-introduced into the grid through the X2P pathway. This
thesis focuses on the P2X pathway, in particular, using NH3 as an energy carrier
(i.e. Power-to-Ammonia).



Chapter 2

Power-to-Ammonia

2.1 Renewable energy integration

Global warming occurs when greenhouse gases such as carbon dioxide trap radi-
ation from the sun within Earth, causing the planet to heat up. This warming
causes climate change which leads to frequent and extreme weather events, hotter
temperatures, and wildlife extinction [3], to name a few. In EU, more than 75%
of its greenhouse gas emissions is attributed to the energy sector [4]. Efforts in
reducing these emissions are carried out by shifting towards the use of renewable
energies [5]. Therefore, increasing the integration of renewable energies in the grid
is important to mitigate global warming.

However, a fundamental challenge lies in increasing the integration of renewable
energies in the grid at high levels (> 15% energy[2]). On the one hand, the
transport of electricity from one point (i.e.the energy source) to another (i.e.the
end-user) through the grid is done on a per-second basis [6]. This means that
matching needs to be continuously done by the operator to reduce stress on the
grid [7]. On the other hand, renewable energies such as solar and wind are available
based on meteorological conditions and/or time of the day. Therefore, matching
between the supply and demand proves to be challenging [7], such that when con-
sidering integration at high levels, the flexibility of the grid needs to be increased [§].

A flexible grid refers to a grid system that can respond rapidly according to
variations in energy supply and demand [9]. There are different methods to increase
grid flexibility such as highly interconnected grid designs, demand-side management
and the use of energy storage systems [10]. Increasing grid connectivity allows
improvement in the power quality of renewable energies by drawing from multiple,
different locations [2, |10]. This improvement eases the matching between the



supply and the demand, thereby increasing the flexibility of the grid. With the
demand-side management, constraining the demand according to the available
energy minimizes the mismatch between the supply and demand, thus reducing the
strain on the grid [1]. Finally, energy storage systems can be used to store excess
energy during surplus and re-introduce this energy back to the grid during deficit
[11]. When considering high penetration of renewable energies, the variability
in the energy supply at a larger scale will become more complicated such that
increasing the grid interconnectivity and demand-side management will not be
enough. Because large amounts of energy can be stored with certain types of energy
storage systems, it is a robust way of increasing grid flexibility in the future.

2.2 Ammonia as an energy storage system

The technologies used for energy storage can be grouped into chemical, thermal,
electrochemical, mechanical and electrical technologies [12]. Depending on the
technology, different amounts of power can be stored for different periods of time.
For the purpose of increasing renewable energy penetration in the grid, the ability
to store large amounts of power for long duration are important. The chemical
storage technology is shown to have the largest storage capacities (100 kW to 1000
MW) for the longest duration of time (hours to weeks) [13]. Next to this, pumped
hydro, which is a mechanical type of storage, can store 100 MW to 1000 MW for
days, while thermo-mechanical technology such as compressed air energy storage
can store 10 MW to 100 MW for the same duration [13]. However, both mechanical
and thermo-mechanical technology are limited by its geographic/geological require-
ments [12], and therefore the chemical storage technology presents a viable option
for practical energy storage in the near future.

When choosing the type of chemical storage technology, an important param-
eter to consider is the energy density. Substances with higher energy density is
needed as larger amounts of energy can be stored per unit mass (gravimetric energy
density) or per unit volume (volumetric energy density). There are two main
types of chemical storage technology considered to be viable for renewable energy
storage: the hydrogen and its derivatives, and the hydrocarbons [12]. Hy possesses
the highest gravimetric density among the chemical storage systems (120 MJ /kg
LHV [6]), while the hydrocarbons have energy densities which are at least two
times lower than H, (20-50 MJ /kg LHV [6]). Because hydrocarbons contain carbon
in their structure, CO, is emitted to the atmosphere upon its use. As such, Hy
had been the popular choice as chemical storage system [14]. Despite having the
highest gravimetric energy density and being carbon free, H, faces major drawbacks
in terms of storage. Hy is typically stored either in compressed gas or condensed



liquid form to facilitate storage and transport. Storage of Hy in its compressed gas
form requires pressures of at least 350 bar at ambient temperatures, while storage
in condensed liquid form requires ambient pressures at temperatures of around
-254°C [6]. Thus, the extreme conditions needed for Hy storage makes the process
complicated, requiring special storage vessels which are expensive [6]. Because
of this, non-carbon containing H, derivatives had been sought after as an alternative.

NH; is an attractive alternative to Hy as an energy storage due to its comparable
volumetric energy density, relatively easier and cheaper storage, mature distribution
system and thorough knowledge in handling and safety. NHs contains one of the
highest gravimetric (17.8%) H, densities, and the highest volumetric (0.107 kg
H,/L) H, densities among the non-carbon containing H, derivatives [12]. This
allows NH3 to have a high volumetric energy density (11.5 MJ/L LHV [6]), which is
43% higher than Hy, (8 MJ/L LHV [6]). In contrast, the gravimetric energy density
of NH; (18.6 MJ/kg LHV [12]) is 84.5% lower than H,. Despite NH3 having a
lower gravimetric energy density, it is important to point out that storage of H, in
condensed liquid form requires extreme conditions (-254 °C). On the other hand,
the storage of NH; in compressed gas form requires a pressure of 10 bar at ambient
temperature, while storage in condensed liquid form requires -33 °C at ambient
pressure [15]. This difference in storage conditions is due to NH; (0.769 kg/m? at
273.15K and 1atm) being 9.18 times heavier compared to H, (0.0838 kg/m? at
273.15 K and 1atm). The possibility of storing NHj at relatively milder conditions
not only makes its storage cheaper, but also increase the storage cost savings
with time. To illustrate, for a storage period of 1day, the difference in storage
cost is 0.68 euros/kg H, equivalent between NHj (0.03 euros/kg Hy equivalent) and
H, (0.71 euros/kg Hy equivalent). For a storage period of 182 days, the difference
in storage cost is 12.99 euros/kg H, equivalent between NHjy (0.49 euros/kg H,
equivalent) and H, (13.48 euros/kg Hy equivalent) [6].

On the other hand, NH3 has an established distribution system thanks to its
century long history of production. As a base chemical for a large number of
intermediate products, the demand of NHj is high, being the second most produced
inorganic chemical next to sulfuric acid [16]. Examples of important products
produced from NHj are fertilizers, explosives, pharmaceuticals, refrigeration, etc
[17]. In the Netherlands, the distribution of NHj is done via rail, pipes, ships,
or even via its own transportation line (Betuwe line) [6]. With such demand of
NH;, there exist extensive knowledge in terms of its handling and storage. In
fact, numerous classification and labelling systems for the transport of NH3 had
already been defined by the United Nations and are currently being used [15].
Even though NHj is classified as a toxic gas by the United Nations, it is detectable



at low concentrations (20-50 ppm) due to its pungent smell [12]. Health effects
in the form of severe irritation with no lasting effect on short term exposure (15
minutes) is only experienced at concentrations of at least 400 ppm [18]. Therefore,
through its carbon-free structure, comparable volumetric energy density, relatively
milder storage conditions, mature distribution system and knowledge in storage
and handling, NHj3 offers the best chemical storage system for renewable energies.

2.3 Power-to-Ammonia technology

The increase of renewable energy integration in the grid through the use of NH; can
be done through the power-to-ammonia technology . This technology
is mainly comprised of a H, production unit, a N, production unit, and an NHjy
production unit. Renewable energies are used to power the electrolyzer, which split
water (HyO) into Hy and O,. The resulting stream, which consists of a mixture of
H,, O, and H,0O, then proceeds to a separation unit where H, is isolated. On the
other hand, N, is extracted from air through separation processes such cryogenic
distillation, pressure swing swing adsorption, and vacuum swing adsorption, or
through the use membrane technologies such as polymeric membranes and ceramic
membranes [15]. The resulting Hy and N, streams then undergoes compression,
where it enters the NH3 synthesis unit to produce NHs.

Heat,
0, H,0 Purge Gas
0, and H,0 Ammonia

Water ——>{ Electrolyser Compression NH,
Removal Synthesis
1 Nitrogen T
Power Production Power Power
Air,
Power

Figure 2.1: The power-to-ammonia technology consists mainly of a H, production
unit, a Ny production unit and an NHs production unit. The focus of this thesis is
the ammonia synthesis unit, highlighted by the red box. Modified from [15].

The fast response time of electrolyzers make it compatible with the renewable
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energy. For Proton Exchange Membrane (PEM) and alkaline electrolyzers, both
have response times in the order of milliseconds |19]. This fast response time allows
the electrolyzer to have flexible operation which is necessary when dealing with
the intermittency of the renewable energies. However, this is not always the case
for the NH; synthesis unit. The fluctuations in the energy input result to varying
amounts of Hy fed to the synthesis unit. For certain synthesis units such as the
Haber-Bosch synthesis (HBS) loop, flexible operation was not considered in its
initial design |20]. As such, at certain amounts of Hy input, the system may undergo
reactor extinction or run-away. Therefore, optimization of the NH3 synthesis unit
for flexible operation is important, which is the purpose of this thesis.

In what follows, the alternative technologies for NH; synthesis will be discussed,
starting with the HBS loop, followed by electrochemical synthesis, non-thermal
plasma, and finally photocatalysis. After the introduction of each technology,
comparison will be done to identify the best NHs synthesis technology for power-
to-ammonia application.

2.3.1 Haber-Bosch synthesis

The HBS process is one of the most important industrial process developed. It is
currently the main process used for NH3 production, responsible for at least 90%
of the production in 2018 |21]. This is important because about 80% of the NHj3 is
used for the production of fertilizers [17]. Without it, the world would have been 4
billion people short in 2018 [22]. Essentially, there are 3 main steps comprising the
HBS process : feed preparation, reaction, and separation . During feed
preparation, N, from air and H, from the steam methane reforming process are
compressed and heated to reach the desired reaction conditions (400-500°C and
150-300 bar) [21} 23}-25]. As previously mentioned, the separation of Ny from air is
typically done through cryogenic distillation |21}, 26] or pressure swing adsorption
(11}, 21, [25].
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Figure 2.2: The Haber-Bosch synthesis is mainly comprised of three steps: feed
preparation, reaction, and separation. of inerts is not shown in this diagram for

simplicity .

During reaction, 1 mole of N, and 3 moles of Hy are reacted to produce 2 moles
of NHjs, as shown:

This exothermic, equilibrium reaction is carried out in the presence of catalyst
at 400-500 °C and 150-300 bar [21], 23-25]. The catalyst used for NH; production is
typically iron-based, specifically the wustite or magnetite-based , , although
ruthenium-based catalysts are also used under milder conditions (280-450 °C and
9.9 bar) . To explain this need for extreme reaction conditions, it is important
to first discuss the mechanism of NH; production via HBS.

There are three mechanisms used to describe the production of NH; from H,
and Ny: the dissociative pathway, the associative alternating pathway and the
associative distal pathway . Among the three mechanisms mentioned, the
dissociative pathway is the widely accepted mechanism of NHs production via
HBS 30]. According to this mechanism (Figure 2.3)), the N, first undergo
dissociation by forming a bond with the surface of the catalyst. Once bonded, the
resulting nitride then undergoes a step-by-step hydrogenation, releasing NHj at the
last step. As N, is a very stable molecule, the process of dissociating N, requires
941 kJ/mol N, for all three bonds [31], making this step the rate determining step
of the reaction. Therefore, for NH3 to be produced, high temperature (400-500 °C)
is employed to attain sufficient kinetic activity . On the other hand, since
NH; production is exothermic (AH} = —45.90kJ/ molNHg), the high temperature
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causes the equilibrium reaction to not favor NHs; production. Because of this,
high pressure (150-300bar) is employed to force the equilibrium to favor NHj
production.

N, H H H HHH
\' | \ / \l/
N — N — N —> N

Figure 2.3: The dissociative pathway mechanism for NH3 production via HBS
involves two things: dissociation of Ny and hydrogenation of Hy. The dissociation
of Ny is the rate determining step of the reaction. Diagram taken from [29].

NH,

Z

The interplay between the reaction kinetics and thermodynamic equilibrium
makes temperature an important design parameter for the HBS. On the one hand,
high temperature is needed for faster kinetics, while on the other hand, the thermo-
dynamic equilibrium of NH3 production is favored at low temperature. Generally
speaking, there are 2 types of reactor systems used for NH3 synthesis: the tubular
and multi-bed reactor systems [20} [32]. The difference between the two lies with the
temperature control management. For tubular reactors, cooling is achieved through
the use of cooling medium which is at indirect contact with the catalyst. This
cooling medium can either be situation inside the reactor with the catalyst outside,
or vice versa [20]. The continuous contact between the cooling medium and catalyst
allows the best temperature profile for maximum NHj production to be achieved
[32] while allowing efficient heat recovery |20, [32] for tubular reactors. Multi-bed
systems on the other hand, is cooled either by direct or indirect quenching between
the catalyst beds [20, 33]. This bed-wise cooling makes the temperature control
discontinuous resulting to temperature profiles which does not always correspond to
maximum NHj production [32]. Nevertheless, tube cooled systems are at least three
times more expensive than the multi-bed systems [20]. Furthermore, numerous
literature |20, 33| and industries |34} 35] had pointed to the use of 3-bed adia-
batic indirect quenched reactor as the best balance in terms of cost and performance.

The single pass conversion of HBS is 15% [24] and therefore after the reaction,
the outlet stream still contains a significant amount of H, and Ny, along with NH;.
Because of this, recycling is done resulting to an overall conversion of 97% [21].
To avoid accumulation of NHs in the recycle stream, the reactor outlet stream
undergoes a separation process prior to recycling. This is important as large
amounts of NHj3 in the reactor will result to its consumption to produce N, and
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H, (reverse reaction of [Equation 2.1]). Cryogenic separation at -20°C [20, |36] is

the most common method of separating NH3 [25] which takes advantage of the
different condensation temperatures of the components in the mixture. Because
NHj is the heaviest among the mixture, it will be condensed first and the light
components such as Ny, Hy and inerts can then proceed to recycling with a portion
of it purged.

2.3.2 Alternative ways of ammonia production

The need for extreme conditions makes HBS an energetically intensive process
requiring at least 600 kJ/mol NHjz [37, |38]. Alternative ways of NH3 production had
been developed over the past years to allow NHs production at relatively milder
conditions, ideally at ambient conditions. As discussed previously, the conflict
between reaction kinetics and thermal equilibrium resulted to the need for high
temperature and pressure operation in HBS for maximum NHj production. To
operate at relatively milder conditions, the reaction kinetics can be increased while
removing the influence of thermal equilibrium [39], as will be discussed. There are
currently numerous alternative NH3 production methods being studied however,
focus will be given on the electrochemical process, the non-thermal plasma and the
photocatalysis.

Electrochemical synthesis

The electrochemical process produces NHj directly from Ny (air) and Hy or HoO via
redox reactions |17, 139-41]. The process uses an electrolytic cell which is composed
of an anode on one side and a cathode on the other side (figure[2.4). The electrodes
are separated by an electrolyte which can be of different types. Depending on the
electrolyte involved, the substance introduced to each electrodes slightly varies.
Generally speaking, Hs containing compounds such as HoO or hydrocarbon fuel is
fed at the anode side and N either alone or in the presence of HyO is fed at the
cathode side [42]. During production, electrons are generated from the oxidation
of Hy or HyO in the anode and then consumed for the reduction of Ny to NHjs in
the cathode. Ions can also be liberated from the redox reactions which will diffuse
through the electrolyte to participate in the reaction. Because of the separation of
the reactants by the electrolyte, the effect of equilibrium on the reaction is removed
[39]. How fast the reaction will proceed then depends on how fast the electrons or
ions diffuse through the electrolyte to reach the appropriate electrode for reaction

[39].

The different electrolytes used for NH; production are: solid, molten and aqueous
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electrolytes (figure . The electrochemical process that uses solid electrolytes are
commonly referred as solid-state electrochemical ammonia synthesis (SSAS) [39].
This solid electrolytes are dense, acting as barrier for gas diffusion and facilitating
the transfer of proton (proton SSAS) or oxide ions (Oa- SSAS) [17,[39]. SSAS uses
porous electrodes and is operated at high temperatures (T > 500°C) [17] [21} [39,
. On the other hand, molten electrolytes uses molten metal salts which allow
ionic conductivity to be increased [39]. The increase in ionic conductivity allows
operation at intermediate temperatures (100°C < T < 500 °C) to
be possible. Finally, in an effort to produce NH3 at ambient conditions, aqueous
electrolytes were developed which can be operated at low temperatures (T< 100 °C)

139, 142J.

H, N,
(H,0,CH,) . f (air)
HZ Polymers, Pyrochlores, N H3
(OZICXHY) Fluorites,Perovskites, 0
composies___ M ©,)
Inert
N,, H,0
(Fuel) \ ‘ f » e
Inert, O, / \
(€0, H,0) e o
H,0 \ / N2, H0
0,,H,0 / Nafion, \’ NH,
Molten Hydroxides
H; N,
(H,0,CH,) /
. N-=-
NH, \ N
(OzrcxHy) Molten Chlorides "
Anode Cathode

Figure 2.4: Diagram depicting the most commonly used design for electrochemical

NHj3 synthesis .

Non-thermal plasma

The first industrial plasma-based N, fixation was developed before the HBS in
1903 by Birkeland and Eyde which utilized thermal arc furnace to convert air into
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nitrogen oxides (NOx) [43, 44]. However, it suffered low NOx yield and low energy
efficiency and thus was eventually replaced by HBS as an alternative N fixation
technique |45]. Since then, the use of plasma for N, fixation had been continuously
studied. In non-thermal plasma (NTP), only the electrons (contrary to thermal
plasma) are at high temperatures (several 10° K). The rest of the species such as the
gas molecules and ions are at around ambient temperature [45-47]. The idea is to
use the highly energetic electrons to excite, ionize and dissociate the gas molecules
which will then react further [45, |46]. In this way, the energy needed is only for the
heating up of the electrons and operation at atmospheric pressure is possible [45]
48]. Depending on the type of plasma generated, the energy requirement for the
excited electrons varies. In terms of NH3 production, the dielectric barrier discharge
is commonly chosen due to the possibility of catalyst inclusion in the reactor [49].
Indeed, plasma is non-selective thus the presence of catalyst will increase selectivity
for NH3 production [45]. The dielectric barrier discharge reactor (figure [2.5)) is
composed of 2 electrodes, one connected to the power supply and the other one
grounded. An alternating potential difference is placed between the electrodes. A
dielectric barrier is placed between the electrodes to control the electrical current
that passes between the electrodes and thus preventing it from becoming thermal
plasma. Ny and Hy enters from one side of the electrode and react as it travels
through the reactor. The formed NHj3 then exits at the other electrode. The main
parameter for the process is the strength of the electric field which can be controlled
through the distance between the electrodes and the applied voltage frequency [46].
Optimum values for voltage frequency is taken to be 1 kHz to 10 MHz [50]. Catalyst
can be incorporated in the reactor region to provide selectivity of the reaction [49].
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Dielectric barrier

Power supply ; Reactor region

Figure 2.5: Schematic diagram of dielectric barrier discharge reactor. The catalyst
(not shown here) can be placed in the reactor region to increase the selectivity of
the reaction [46].

Photocatalysis

Photocatalysis is another promising alternative technology for producing NHjz in
ambient conditions using only abundant, cheap substances, Ny, HoO and sunlight.
The process makes use of semiconducting photocatalysts which absorb photons of
the right energy to perform charge carrier separation [51H53|. In this phenomenon,
the electrons are excited from the valence band (VB) to the conduction band (CB),
generating holes along the process. The holes will cause oxidation of the H,O to HY
ions whereas the electron and the H* ions will be used by the N, for its reduction
into NHj at the surface (figure [2.6)).
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Examples of semiconducting photocatalysts studied are TiOs, FesO3, WOs,
ZnO and GayO;3 [52]. Timeline of the catalyst development can be seen in the
review article of Zhang et al. . Despite the promise of this technology, it is still
far from industrial application. Major challenges experienced by this technology is
ineffective light absorption which can be attributed to a large band gap between
the VB and CB as well as fast electron-hole recombination process . To address
this, suggestions are made such as introduction of metal active sites to provide
more active centers, as well as introduction of noble metals such as Pt, Ru, Pd,
Rh into the photocatalyst to act as electron acceptors to promote charge carrier
separation and suppress electron hole recombination . Although this technology
is still at its early stages , the potential of harnessing sunlight to drive the
reaction which requires extreme conditions in industrial setting makes it worth
mentioning.

2.3.3 Comparison

In this section, comparison is made between the HBS and the 3 alternative NHjz
production technologies: electrochemical synthesis, non-thermal plasma and pho-
tocatalysis. It is important to note that comparison is difficult mainly due to
the lack of common performance indicators between the considered technologies.
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Nevertheless, 3 criteria is used to assess the suitability of the technology for P2A
process: energy efficiency, NHj3 yield and TRL.

The purpose of using P2A technology is to increase the renewable energy in-
tegration in the grid through the use of NH3 energy storage system. This allows
the dependency of fossil fuels to be reduced while also reducing CO, emission.
Therefore, it is important for the ammonia production process of P2A to be en-
ergy efficient. One of the main strength of HBS that makes it difficult to replace
despite its need for extreme processing conditions is its high energy efficiency of
0.1 MJ/mol NHj produced [54]. Among the technology explored, only the energy
efficiency of NTP is found (1.5 MJ/mol NH; [54]). Because of this, in terms of
energy efficiency, only the 2 technologies can be compared with NTP being 15
times less efficient than HBS. Although the efficiency of HBS process decreases with
production scale [54], the adjusted energy efficiency corresponding to production
rate compatible with renewable energy (10 tons/day [54]) is 0.41 MJ/mol NHj pro-
duced [54], which is still at least three times lower than the energy efficiency of NTP.

In terms of NHj yield, the comparison will be made in terms of single pass
conversion for HBS and NTP. This is because there is no data available yet for
an overall conversion of NTP which accounts for recycling. On the other hand,
a different unit for yield is used for electrochemical process due to the nature of
process (diffusion-based). In HBS, the single pass conversion is 15% [24] which is at
least 1.5 times higher than the highest attained conversion for NTP which is 9% [55].
For the electrochemical process, there is a minimum order of yield that must be
met to be considered profitable in an industrial scale which is 1077 mol/cm? s [39).
Among the electrochemical process explored, only the SSAS process is able to reach
this order [39]. However, the operating temperature of SSAS (T > 500 °C) is higher
than the HBS (400-500 °C) making it not suitable for the purpose of P2A technology.

Finally, it is important to mention that the absence of data that would’ve
allowed better comparison between the NH3 production technologies is mainly
due to the alternative NH3 production technologies still being in their research
stage (TRL 1-3 [24]). Thus, even though there were some missing pieces in the
comparison among the technologies, the commercial maturity and high energy
efficiency of HBS makes it currently the best technology for P2A.

2.4 Summary and Conclusion

In this chapter, the use of energy storage system as a way to increase the pene-
tration of renewable energy in the grid without the need for high grid flexibility
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was discussed. Among the energy storage systems, the chemical type proved to be
more feasible for long term storage (weeks) of high power (100 - 1000 MW). Partic-
ularly, NH3 shows great promise due to its carbon-free structure, high volumetric
energy density and commercial maturity. Nevertheless, because of immense energy
consumption and carbon footprint of SMR which is used as the main source of H,
for NH3 production, the P2A technology offers a renewable pathway that bridges
the need for increased renewable energy integration and sustainable energy storage
system.

The HBS has been the main choice for producing NHj3 for the past century.
Comparison with other alternative NH3 production technology proves that it also
currently the best NHs production technology for P2A due to its high energy
efficiency, high NHj3 yield and commercial maturity. Particularly, optimization
of a currently established and widely implemented technology would make the
goal of high renewable energy penetration in the near future be more attainable.
Thus, this thesis will focus on the optimization of HBS at small scale production
of around 10 tons/day.

17



Chapter 3

Methodology

Increasing the integration of renewable energies in the grid is crucial to achieve
the greenhouse gas emission cut-off policies. However, the variability of renewable
energies makes this integration especially challenging. One way to circumvent this
is to use power-to-ammonia technology where NHj is used as the energy storage
system. Nevertheless, the HBS process was not designed for flexible operation,
and a steady supply of energy is needed. To satisfy this need, complementary
renewable energy sources, such as wind and solar, are combined [56]. Sometimes,
electricity from the grid is supplemented to further improve the stability of the
input [56]. Even so, the resulting energy profile will not be perfectly constant, but
rather fluctuates with time.

The issue with a fluctuating energy source is that the Hy, produced by the
electrolyzer will vary. In turn, the H, input to the loop will not be constant and
therefore, operation at suitable conditions is not always the case. This can bring the
system to an unstable state where limit cycle behavior manifest or worse, reactor
extinction can occur. Temperature oscillations inside the reactor is undesirable as
it causes thermal cycling of the catalyst, leading to deterioration. On the other
hand, re-starting the system from extinction requires special start-up procedures
[57], adding up to its down-time and hence, loss in NH3 production. Therefore,
a system capable of recovering back to its normal temperature operation after
changes in its Hy input is of great interest for power-to-ammonia applications. In
this thesis, such system is said to have high temperature resilience.

The reactor system is considered as the heart of the HBS, and for adiabatic,
fixed-bed reactors, two types of inter-bed cooling configuration typically exist,
the direct and indirect quenching. Cheema et al. [20] has shown that operational
flexibility differs between the two cooling configurations, with the directly quenched
system exhibiting higher flexibility compared to the indirectly quenched system.
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On the other hand, the temperature dynamics of ammonia production is linked to
the mass of catalyst, as seen in the energy balance, with larger mass associated with
higher temperature change with time. When combined with ramping in its Hy/N,
ratio, the amount of catalyst could indirectly influence the capacity of the system to
recover. Therefore, the objective of this thesis is two-fold: (1) examine the effect of
cooling system on the temperature resilience and (2) examine the effect of reactor
volume on the temperature resilience. The Deterministic Design Optimization
(DDO) was first carried out to obtain designs which exhibited maximum NHj output
flow rate and maximum resilience, deterministically. The effects of the cooling
system and reactor volume were then examined through these two extreme designs.
Due to the inherent sensitivity of the ammonia reactor system [32], the effect of
operational and parametric uncertainties on the deterministic designs were then
studied by subjecting the designs to worst-case scenarios. The feed temperature
to the reactor system and Hy/N, ratio were chosen as operational uncertainties,
while heat of the reaction and heat capacities of the gas and catalyst were chosen
as parametric uncertainties. Finally, a Robust Design Optimization (RDO) was
carried out to obtain a robust design which maximizes the net NHs; output flow
rate.

3.1 System design

The system considered in this study is an adiabatic reactor comprised of three-beds.
Between each bed, cooling takes place which can either be accomplished through
direct quenching or indirect quenching. The effect of cooling configuration on
temperature resilience was studied by considering two systems of the same volume
with different cooling configurations. These volumes were calculated based on the
operating conditions from Gullberg [58]. On the other hand, the effect of reactor
volume on resilience was also investigated by optimizing the bed volumes of both
configurations for maximum net NH; output flow rate and maximum resilience. In
this section, the methodology adopted for the system design is detailed. First, the
schematic diagram of the two studied reactor systems are presented. Then, the set
of equations used to model the reactor bed, heat exchanger and mixer are provided.
These equations were solved using GEKKO from Python which is discussed next.
Then, the result of the model validation with literature is presented. Finally, the
method adopted for calculating the reactor volume used for the first objective is
discussed.
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3.1.1 System configuration

The reaction governing ammonia synthesis is an equilibrium-based reaction which
is exothermic. As the reaction proceeds, heat is generated causing the temperature
of the system to rise. By Le Chatelier’s principle, removal of some of the generated
heat is important to maintain high reaction rate. For fixed-bed reactors used
in ammonia synthesis, cooling is popularly done either through direct quenching
or indirect quenching. In the directly quenched system, the feed stream is split
into smaller fractions which is fed in-between the reactor beds. This cold stream
will be introduced into the hot reactor bed directly, resulting to quenching of the
temperature and change in gas concentration at the inlet of the bed. Because of
this abrupt change in temperature, direct quenching does not allow precise and
smooth temperature control, which is important for maintaining close operation
at the maximum reaction rate |32]. On the other hand, for indirectly quenched
system, a single feed enters the reactor at the top and then heat exchanger(s) are
used to cool the outlet stream before proceeding to the next bed. This indirect
cooling is achieved through heat exchanger(s) which allows for better temperature
control over the inlet temperature of the beds, resulting to operation close to the
maximum reaction rate [32].

The reactor system configurations considered in this thesis were adopted from
Cheema et al [20]. Both systems are considered as adiabatic and consist of three
beds. The inlet stream, at a certain feed pressure P; and feed molar flow rate ny,
enters at the top (bed 1) and exits at the bottom (bed 3) (Figure 3.1). For the
directly quenched system, the feed entering the reactor is split into three quench
streams and one inlet stream at the top of reactor bed 1 (V;). The temperature of
the inlet stream 7; is controlled through the use of a valve uz and a heat exchanger
Apx. As the stream flows through the bed, the heat generated from the reaction
causes its temperature to increase. Prior to entering the next bed, the exit stream
is cooled down by mixing with the quench stream. The process continues until
the final exit stream is cooled by Agx. The same can be said about the indirectly
quenched system except that the entire feed enters through V,, and exits all
together at the final bed V3. On the other hand, autothermal operation for the
directly quenched system is attained mainly through the heat balance at Apx,
while for the indirectly quenched system, autothermal operation depends on the
heat balance on all three heat exchangers.
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Figure 3.1: The two system configurations studied are the direct (left) and indirectly
quenched system (right). These configurations were optimized using the parameters
shown.

3.1.2 Reactor bed

There exist different models for modelling a fixed-bed reactor. Broadly speaking,
these are the pseudo-homogeneous and heterogeneous models [32]. The main differ-
ence between the two is that for the former, no distinction is made between the
condition of the gas and solid catalyst, while the later accounts for this difference.
These models can be further classified into one-dimensional and two-dimensional
modelling where ideal and/or axial mixing is considered in the one-dimensional
pseudo-homogeneous model, and interfacial and/or interparticle gradient is con-
sidered in the one-dimensional heterogeneous model. On the other hand, the
two-dimensional modelling incorporates radial mixing on top of what was just
mentioned. In this thesis, a one-dimensional pseudo-homogeneous model was
adopted [20] 57, |58]. Furthermore, as the catalyst considered here is a 1.5 to 3mm
size magnetite Fe;O, particles, transport limitations can be neglected [20, [59] due
to its small size [59] and high thermal conductivity [60], while pressure drop was
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considered to be negligible [61].

Performing dynamic modelling on a plug flow system entails numerical resolution
of coupled linear or nonlinear partial differential equations [62]. To facilitate
the numerical routine, transformation of these partial differential equations to
ordinary differential equations are typically done. There are two ways of doing
this: the differential reactor approximation, and the staged continuous stirred-tank
reactor approximation [62]. In the first method, the partial differential equation is
approximated to be equal to its difference quotient (0dy/ddx ~ Ay/Ax), while the
second method approximates the plug flow reactor as a series of continuous stirred-
tanked reactors, allowing transformation of the equations to ordinary differential
equations using finite differences. This approximation means that the volume can
be discretized into volume compartments where perfect mixing occurs (Figure 3.2)).
In this thesis, the second method is adopted as the first method is only limited to
low conversion systems [62]. Finally, the gas hold-up inside the reactor is neglected
as it changes at a rate that is much faster than the temperature dynamics [57, 58].
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Figure 3.2: The plug flow reactor can be approximated into a series of continuous
stirred-tank reactors. This allows transformation of the partial differential equations
to ordinary differential equations through finite differences. Diagram modified from
[58].

As a summary, the following assumptions were taken to simplify the modelling
of the reactor bed.

e Only axial flow

o Negligible pressure drop

o Perfect mixing in each volume compartment

o Negligible gas hold-up

» Constant heat capacity of the gas and catalyst

o Negligible heat capacity of the gas compared to the catalyst
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In what follows, equations used to model the reactor beds are presented. These
equations are based on performing balance on a single volumetric compartment,
thereby allowing the energy balance equation to be expressed as an ordinary
differential equation, instead of a partial differential equation.

Mole balance

The mole balance of a system can be generally expressed as

< Rate of ) _ (Rate of) _ <Rate of moles) n <Rate of moles) (3.1)

moles out moles in accumulated consumed

Considering the j¥* compartment from and neglecting the gas hold-up,
the overall mole balance of component ¢ is

species

’flj = ’flj_l + Z Meat,jUiT Ny, j (32)

(2

where 7 is the total molar flow rate in kmol/s, ry, is the rate of Ny consumption
in kmol Ny/Kkg.u+ 8, v; is the stoichiometric ratio of 4, and m.q is the mass of the
catalyst inside the volumetric compartment, calculated as

Meat,j = ﬁpcat (3-3)

where nc is the number of volume compartments, Vj.q is the volume of the
reactor bed in m?, and p., is the density of the catalyst in kg/m?3. On the other
hand, the component mole balance on the j"* compartment is

NjTij = T 1T j-1 + Meat,jUiT Ny, j (3.4)

where x; is the mole fraction of component i.

Energy balance

Similar to [Equation 3.1} the energy balance can be generally expressed as
(Rate 0f> B <Rate of> _ (Rate of heat) n <Rate of heat) (3.5)

heat out heat in accumulated consumed

The flow stream carries a certain amount of energy which is used for the reaction
and/or accumulation within the volumetric compartment. When considering the
the 7' compartment, the energy balance can be expressed as

Ty Cpgas(ftj-1Tj-1 — 1;T5) + Mecat 7Ny, (—AHra)

— 3.6
8t mcat,j Cp,cat ( )
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where T is the temperature in K, AH,, is the heat of reaction in J/kmol Ny,
and C) . and C), 45 are the heat capacity of the catalyst and gas in J/kmol-K,
respectively.

Rate of reaction

The kinetic rate expression is based on the Temkin-Pyzhev equation [32] which is
expressed in terms of partial pressures, p;.

/ ( p}f’ PNH;
: Peat A PNH; pjlfig

where f is the catalyst activity factor, taken to be equal to 4.75 [57], ky and
k_ are the rate constants for the forward and backward reaction, respectively. In
turn, the rate constants can be calculated as

87090
= 1.79 - 10%xp [ -’ .
k. 79 - 10%exp ( T ) (3.8)
198464
k- =257-10" - :
5710 6Xp< T > (3.9)

where R is the gas constant.

3.1.3 Heat exchanger

For the heat exchanger, a steady-state operation was assumed where both the
overall heat transfer coefficient and the heat capacity of the gas were taken to be
constant during the cooling process. Furthermore, conduction along the tube was
not accounted for and the heat exchanger is assumed to be insulated. The method
used to model the heat exchanger is the Number of Transfer Units (NTU) method,
as it is simpler to use compared to the logarithmitc mean temperature difference
method [20]. To start, the heat capacity ratio, C, is given by

Nmin Cp,gas,min

C, = (3.10)

hmaxcp,gas,max
where the subscript min and max refers to stream with the minimum and maximum
values of C), respectively [63]. For the directly quenched system, the minimum and
maximum C), values were identified to be the cold and hot streams, respectively,
while the opposite was observed for the indirectly quenched system. On the other
hand, the Number of Transfer Units, NTU, is given by

UA
NTU = ———— (3.11)

TMmin Cp,gas,min
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where U is the overall heat transfer coefficient in W/m?. K, and A is the area of
the heat exchanger in m2. The equation for the effectiveness factor, €, was adopted
from Gullberg [58] and is given as

1 — e~ NTU(1=Cy)

€ = TG eNTTiT) (3.12)

The actual heat exchanged per unit time Q can then be calculated from € and the
maximum possible heat exchanged per unit time, Q. as shown

Q - 6C?mam (313)
where '
Qmax - 7;LminCtp,gas,rnin(,-Z—;n,h - ,I;n,c) (314)

Finally, the outlet temperatures of the cold and hot streams were calculated as
follows

Q = hhcp,gas,h(ﬂn,h - Tout,h) (315)
= ncOp,gas,c(Tout,c - T;n,c) (316)
Q
Tou = T%n - - 3.17
= T = 7 3.17)
Q
Tou c:Enc_ . 3.18
tv ) nCCp7ga57C ( )

3.1.4 Mixer

During mixing, it is assumed that the heat capacity of the streams do not change,
and that changes are only associated in terms of temperature and composition.
When mixing two streams with inlet temperatures of Tj,; and T;,2, having inlet
molar flow rates of n;,; and n;,s, the outlet temperature of the mixer T,,;, is given
by
Min1 Nin2
Tou = Nin1 + hm2Tm1 - Nin1 + flszm (3:19)

Similarly, the outlet mole fraction of component 7, x; 4, is calculated as

Nin1 Nin2
Tiinl T =

Nin1 + MNin2 Nin1 + Nin2

Tiout =
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3.1.5 Dynamic simulator tool

The equations previously presented comprises a system of Differential-Algebraic
Equations (DAE) which were coded in Python and solved using GEKKO. GEKKO
is a Python optimization package developed for solving mixed-integer and DAE.
To solve these equations, a GEKKO model is first created by calling the m.GEKKO
command. Inside this model, Variables, Parameters and Constants are defined
and then related through Intermediates and Equations. At the back-end, it uses
the Advanced Process Monitor (APMonitor), which is a modelling language for
DAE, to compile the model and perform reduction based on the analysis of model’s
sparsity structure. When specifically dealing with DAE, APMonitor uses orthogo-
nal collocation on finite elements to convert DAE into a purely algebraic system
of equations. The APMonitor then calls nonlinear programming solvers such as
Advanced Process OPTimizer (APOPT), Interior Point OPTimizer (IPOPT) or
BIM-based Performance OPTimizer (BPOPT) to solve the reduced equations [64].

Th APMonitor has 9 different modes of modelling simulation, three of which are
steady-state modes (Steady-state simulation, Model parameter update, Real-time
optimization), four are dynamic modes (Dynamic simulation, Moving horizon
estimation, Nonlinear control) and the rest can be used either in steady-state or
dynamic mode (Sequential dynamic simulation, estimation, or optimization) [64]. In
steady-state mode, all the time derivatives are set to zero, while the opposite is true
in the dynamic simulation. In this thesis, two modes were used, the steady-state
simulation for the steady-state modelling, and the sequential dynamic simulation
for the dynamic-state modelling. Values obtained from the steady-state modelling
were used to initiate the dynamic simulation. Finally, IPOPT was specified as the
solver.

[POPT uses the interior point method to find the optimal solution of the model.
In this method, a feasible region is defined by approximating the constraints defined
in the model as boundaries of this region. Search of the optimal solution is then
focused in this region through iterative means using Newton’s method. The solution
is said to be found if the Karush-Kuhn-Tucker conditions, which are basically first
derivative tests, are all satisfied [65].

3.1.6 Model verification

To verify the model used in this thesis, the system of Gullberg [58] was considered.
The verification involved replicating the temperature oscillations obtained through
pressure ramping at different points in time. To make the comparison, the result
reported by Gullberg was extracted and plotted with the result obtained from my
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model. The pressure ramping consisted of decreasing the pressure from an initial
value of 150 bar to to 125 bar after 0.5 h, increasing it back to 150 bar after 5h, and
finally decreasing to 115 bar after 10 h. Results show that despite adopting the
exact equations used by the author, a different profile was obtained at the first few
hours of ramping . In my result, the oscillation started at around 1 h,
while in the Gullberg’s results, the oscillation occurred at a later time, at around
3h. Nevertheless, after 5h, a similar profile was observed.
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Figure 3.3: Model verification revealed early onset of oscillation obtained in my
model (1h), relative to the results reported by Gullberg , where oscillations only
become noticeable after 3h. This difference is believed to be due to the solution
found by IDAS being not able to satisfy all Karush-Kuhn-Tucker conditions, which
is the basis of IPOPT convergence.

It is important to mention that the parameter values used in my model were
the same as in the work of Gullberg. The only difference is that a different frame-
work, called CasADi [66], and IDAS was used in Gullberg’s work, while GEKKO
with IPOPT was used in this thesis. Experimentation with different volumetric
compartments (nc = 10, 30, 60) with my model revealed that all oscillations started
at the same time (1h) as reported in In comparison, Gullberg reported
an early onset (1h) in oscillations for nc = 30. This result suggests that different
solutions have been found by the two solvers. Indeed, as previously mentioned,
the IPOPT uses the Newton method to find the optimal solution in the feasible
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region which satisfies all the Karush-Kuhn-Tucker conditions. On the other hand,
IDAS uses backward differentiation formulas to solve the dynamic model. Since
the IPOPT converges based on how well the conditions are met, it is possible that
solutions found by IDAS does not satisfy all the conditions, leading the IPOPT
to find another solution and converge with such solution. This would explain why
the same starting time is obtained by GEKKO despite the volumetric considered,
which is contrary to the case of IDAS.

3.1.7 Reactor volume design

The purpose of calculating the reactor bed volumes at this stage is to ensure that
the capacity of the system is at least equal to 50000 kg NH3/day. This capacity was
chosen as it corresponds with Thyssenkrupp’s micro-plant, which was specifically
developed for power-to-ammonia application [67]. Although the capacity reported
by Gullberg [58] is close to the target value (55000 kg NHsz/day), the proposed
system consisted only of two reactor beds. Khademi et al. [33] had studied the
effect of the number of reactor beds on conversion, energy savings, capital and
maintenance cost, and concluded three beds to be the most efficient. As such,
efforts were made to convert Gullberg’s two-bed system (Va1 = 2m?) into a
three-bed system.

According to Cheema et al. [36], the optimum reactor design volume can be
achieved by maintaining the outlet bed temperatures at 90% of the equilibrium
temperature. This is because, an infinite volume is needed to reach equilibrium.
By setting such limitation, the maximum possible reaction rate is achieved [36].
The equilibrium temperature was obtained by setting ry, = 0 in and
solving the equation in terms of temperature for a chosen range of Ny conversion
(XNQ). The sum of the difference between the outlet bed temperatures (7, ;) and
90% of the equilibrium temperature (7p9pg) were then minimized while the NH;
production is maximized (hNH&net), to obtain the maximum possible reaction rate.
This was carried out by allowing the inlet bed temperature (7},;) and reactor
volumes (Vjeq,;) to vary, as summarized below.

n

Minimize : Tyirr = Y (To.org — Tout,i)

7
Maximize : iNH, net = NNHg,0ut — TNHy,in
Constraint : 0 < Xy, < 0.3, Viptar = 2m°
Decision variables : T}, i, Vied.i

From this, the following volumes for the first, second and third were obtained :
0.561m?3, 0.708m?, and 0.834 m?>.
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3.2 Multi-objective Optimization

In this section, the methodology adopted for the multi-objective optimization is
detailed. First, the scenario considered for the optimization is described. Then,
the optimization problem for the DDO and RDO are explained. The DDO was
done by searching for solutions in the design space which were subjected to certain
constraints, while the RDO further considers the uncertainties during optimization,
as defined in the stochastic space. Lastly, the objective algorithm and uncertainty
quantification method will then be explained, where both of these methods are
employed in the RDO.

3.2.1 Optimization scenario

In power-to-ammonia technology, renewable energy is used to power the electrolyzer,
producing the H, needed for ammonia synthesis. The variability of the renewable
energy results to changes in the generated electricity, and in turn, causes fluctua-
tions in the H, production through time. As the HBS loop was not designed for
flexible operation, storage tanks can be incorporated to increase its flexibility [6§].
However, the size of the tank needs to be large enough to effectively buffer the
fluctuations in Hy production, with systems powered by wind requiring capacities
of 3.5 days of equivalent full load [6§], making it expensive. Aside from the cost,
H, storage is complicated (-254 °C or 350 bar), making it more challenging when
dealing with large capacities. Considering that the heart of the HBS loop is the
reactor system [20], one way of going around this is to use a small buffer tank and
a reactor system designed to be resilient to a certain degree of disturbance in the
H,/Nj, ratio. This resilient system is said to be capable of returning back to normal
operating conditions after the disturbance is removed. Therefore, the scenario
considered for the optimization involved ramping of the Hy/Ny stoichiometric ratio
for a total duration of 55 minutes. First, the Hy/N, ratio was ramped down from
3/1 to 1.31/2.69 [20] after 1 minute steady-state operation. Then, this ratio was
maintained for 7 minutes. After 32 minutes, it was then ramped back up to 3/1

(Figure 3.4)).
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Figure 3.4: The optimization scenario considered in this thesis consisted of ramping
the Hy/N, stoichiometric ratio from 3/1 to 1.31/2.69 at 1 minutes, for a duration
of 24 minutes, maintaining this ratio for 7minutes, and ramping the ratio back
to initial value at 32 minutes, for 24 minutes. Despite ramping being finished at
56 minutes, 150 minutes was considered for the optimization to account for any
delays in the temperature recovery.

Both the ramping profile and duration, as well as the 7 minute time interval
in-between rampings were based on the work of [56], who studied the scheduling
and capacity planning of ammonia production powered by renewable energies.
Despite the total ramping being executed for 56 minutes, a 150 minute duration was
considered for the optimization to account for any delayed recovery of the system.

3.2.2 Optimization objectives

During periods of low H, production due to temporary decrease in wind energy, it
can be expected that the reaction rate decreases accordingly, leading to a decrease
in the temperature inside the reactor. When the temperature becomes too low
for the reaction to be facilitated, the system is said to be extinguished. Thus,
it is desired that recovery of the temperature back to normal operation occurs
after ramping. In other words, a system exhibiting high temperature resilience is
needed. The calculation of the temperature resilience of the system is based on the
definition of resilience by Gao et al. [69]. Specifically, the temperature resilience
is based on the outlet conditions of the reactor system (outlet of bed 3) and is
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written as shown
() dt

R emperature — e 3.21
temperat T(to) ( )

which is to be maximized. Here Riemperature refers to the temperature resilience
of the system for the duration considered (150 minutes), ¢ is the time at which
ramping was first initiated (1 minute), and ¢, is the final time considered. On the
other hand, it is further desired that extraction of the maximum possible NHj is
made and for this, the net NH; output flow rate (kmol/s) is maximized, as shown

NNHgz,net = TUNHg,0ut — TUNHg,in (322)

Therefore a multi-objective optimization was carried out in this thesis, with the
goal of maximizing both temperature resilience and net NH;3 output flow rate. As
it is desired to determine the effect of cooling system configuration and the reactor
volume on the temperature resilience under the scenario described, a total of four
deterministic optimization cases were made. For the first objective, two systems of
the same reactor bed volumes but different cooling configuration, that is, one is
directly quenched, while the other is indirectly quenched, were considered. For the
second objective, the reactor volumes of each cooling configurations were optimized
in terms of maximum temperature resilience and maximum net NH; output flow
rate.

Following the deterministic optimization, the cooling system configuration
yielding the highest temperature resilience was then robustified against uncertainties.
The objective of the robust optimization was to maximize the mean net NHj
output flow rate, while minimizing its standard deviation under the presence
of uncertainties. By focusing on the net NH; production during robust design
optimization, a resilient design is obtained which produces NHj reliably.

3.2.3 Design space

During optimization, the design space is searched for optimal solutions that satisfies
the objectives specified. Here, maximization of both the net NHs output flow rate
and temperature resilience was done by considering the split fraction ratio, area of
the heat exchangers, feed pressure and feed molar flow rate as decision variables
when investigating the effect of cooling system configurations. The reactor volumes
were further included as decision variables when considering the effect of the reactor
volume. The main purpose of including the split fraction ratio and area of the heat
exchangers as decision variables is to control the inlet temperature of the beds.
Due to the deactivation of catalysts at high temperatures [32, [33], constraints [36]
were imposed on the inlet temperatures of the beds as shown
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623 K < Theq < 850 K (3.23)

In choosing the range of values for the decision variables of the first objectives
, the typical operating range of the HBS loop were first identified from the
literature, and then imposed in the model. This was the case for the feed pressure
where a range of 150 bar to 300 bar [20] was reported. However, for other decision
variables such as the feed molar flow rate and area of the heat exchanger, initial
results showed that the solution saturated at upper limit value [58, [70]. Therefore,
these were adjusted accordingly until saturation was not observed anymore. For
the feed molar flow rate, a range of 0.1kmole/s [58] to 2 kmole/s was found to be
sufficient, while for the area of the heat exchangers, 1m? to 150 m? was chosen. In
terms of the split ratio, the range depended on the cooling configuration considered
since each configuration had different number of valves . The split ratio
was defined as the fraction of the feed that goes into the mixer which was controlled
using valves. For the indirectly quenched system, since the feed is split only one
time, the range was simply taken to be 0 to 1. A different way of assignment was
made for the directly quenched system since the feed is split three times. To allow
inclusion of a wide range of inlet temperature for beds 2 and 3, it was assumed
that up to 90% of the initial feed can be directed to quenching while the remaining
10% was for controlling the inlet temperature of bed 1 . This lower
split ratio allocation for bed 1 was chosen because of the area of heat exchanger
being a decision variable.

Table 3.1: The design space for studying the effect of cooling system configuration
on temperature resilience. Range of values were based on literature |20}, [58} 70]
and adjusted accordingly.

Decision variable Units Dlrec.t Indlre.ct
quenching quenching

Split ratio quench 1 - 0-0.45 0-1

Split ratio quench 2 - 0-0.45

Split ratio quench 3 - 0-1

Feed pressure bar 150 - 300

Area of heat exchanger m? 1-150

Feed molar flow rate kmol/s 0.1-2

For the second objective, the range of values for the reactor bed volumes were
taken as 0.3m? to 10> m?|57]. Since larger reactor volumes were considered in this
objective, the feed molar flow rate and area of the heat exchangers were adjusted
to 0.1kmol/s to 10kmol/s and 1m? to 250 m?, respectively, while the range of the
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rest of the variables were adopted from the first objective (Table 3.2)).

Table 3.2: The design space for studying the effect of reactor volume on temperature
resilience. The inclusion of higher reactor volumes causes the feed molar flow rate
and area of the heat exchangers to be adjusted accordingly. Ranges of the remaining
variables are from the first objective ((Table 3.1J).

Direct Indirect

Decision variable Units . .
quenching quenching

Split ratio quench 1 - 0-0.45 0-1

Split ratio quench 2 - 0-0.45

Split ratio quench 3 - 0-1

Feed pressure bar 150 - 300

Area of heat exchanger ~ m? 1-250

Feed molar flow rate kmol/s 0.1-10

Volume of bed 1 m? 0.3 - 10

Volume of bed 2 m? 0.3-10

Volume of bed 3 m? 0.3-10

3.2.4 Stochastic space

The characterization of the uncertainties were based on two things, its distribution
and deviation with respect to the mean [71]. There are two types of distribution
considered for uncertainties, the Uniform distribution and the Gaussian distribution.
The Uniform distribution is typically chosen for operational parameters or when
knowledge on the uncertainty is lacking, while the Gaussian distribution is best
used for uncertainties associated with the natural randomness. Five parameters
were considered uncertain , two of which are operational and the rest are
parametric. In the global sensitivity analysis done by Verleysen et al. [72], it was
shown that the HBS loop was highly sensitive to the inlet Hy/N, ratio and inlet
temperature to the reactor system 7;. In terms of parametric sensitivity, Lassak et
al. [73] had shown the contribution of the heat of reaction AH,,,, to be significant.
On the other hand, the heat capacity of the gas C), 4.5 and catalyst C) ..+ were
further considered as uncertain. Since the Hy/N, ratio is an operational parameter,
a Uniform distribution was assumed. On the other hand, the inlet temperature
to the reactor system, heat capacity of the gas and solid, and heat of the reaction
were taken as Gaussian distributions. Lastly, the mean and standard deviation
used in the calculation of the deviation of uncertainties were adopted from the
literature [72, 73].
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Table 3.3: Summary of the implemented operational and parametric uncertainties
into the reactor system. The mean and standard deviation obtained from [72] and
[73].

Operational uncertainty Distribution Mean Star.ldafrd Unit Ref.
Deviation

H,/N, ratio Uniform 2.75 0.14 - [72]
T; Gaussian 673 6.67 K [72]
Parametric uncertainty

A H,., Gaussain -92.0 2.30 kJ/moly, [73]
Cp.gas Gaussian 3500 175 J/kg K |73
Cp cat Gaussian 1100 55 J/kg K |73

3.2.5 Optimization algorithm

When doing multi-objective optimization, it is often the case that no single solution
can be designated as best for all the objectives considered. Rather, there exist a set
of non-dominated solutions or Pareto solutions which inhibits optimized solutions in
the chosen objectives by changing the design variables, forming a Pareto front [74].
Genetic algorithms had been a popular choice for doing multi-objective optimization
due to its ability to find the Pareto solutions in one single simulation run, which
is not the case for classical optimization methods such as method of objective
weighting, method of distance functions and minimum-maximum formulation [74].
Among the genetic algorithms, the Non-dominated Sorting Genetic Algorithm -
IT (NSGA-II), has shown promise, outperforming other genetic algorithms such
as Pareto-archived evolution strategy and strength-Pareto evolultion algorithm in
terms of solution diversity and convergence near the actual Pareto solutions [75].
In this study, NSGA-II was adopted as the multi-objective design optimization
algorithm.

The concept behind finding the Pareto solutions using NSGA-II can be il-
lustrated in [Figure 3.5, where the ¢th generation is considered. The algorithm
starts by generating an offspring population @); of the same sample size from the
parent population P, of N samples through cross-over and mutation. Together,
P, and N; comprise an overall population R; with 2N samples. To identify the
parent population for the next iteration P;y;, R; undergoes two sorting mechanisms,
the non-dominated sorting and crowding distance sorting. In the non-dominated
sorting, the samples in R; are ranked according to dominance, where the best
non-dominated solution set F) is prioritized to be passed on to P,y. If F} < N,
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the second best non-dominated solution set F5 will be included, and so on until
P, is completed. To guarantee the same N for P,,, crowding distance sorting is
performed on the last solution set. Basically, for a solutions with the same non-
dominance ranking, solutions with larger proximity with other solutions (crowded)
will be chosen over solutions in less crowded region to comprise the remaining slots
in Pyq. This allows a uniformly spread-out Pareto front to be generated. On the
other hand, solutions which were not chosen will be discarded. This P, will then
be used for the generation of the next off-spring population, continuing to do so
until the Pareto solutions are found [75].

Non-dominated Crowding distance
sorting sorting

Pt+1

(V) < Rejected

R,
(2N)

Figure 3.5: The NSGA-II finds the optimal solution by first creating an offspring
population @); from the parent population P, through cross-over and mutation.
Non-dominated sorting is then performed on the overall population R; to ensure
elitism. When not all of the elements in the population can be accommodated
as members of the new parent population P, crowding distance sorting is used.
Diagram modified from [75].

The NSGA-II used in this thesis was obtained through the Robust design
optimization of renewable Hydrogen and dErlved energy cArrier systems (RHEIA)
framework. A population size of 24 was used for all cases studied with a computa-
tional budget of 2000.
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3.2.6 Uncertainty quantification method

In practice, the input parameters of a system are not characterized by a constant,
single value. Rather, the values are uncertain which can be expressed in terms of
the mean, the relative deviation and the distribution. To propagate the uncertainty
of input parameters to the system model, the Polynomial Chaos Expansion (PCE)
was used. The PCE was developed by Sudret et al. [76] as an alternative method
to the robust yet inefficient Monte Carlo simulation. The popularity of the PCE
is largely due to its emphasis on calculation efficiency, which makes the statistics
of computationally demanding models faster to retrieve [76]. This high efficiency
of the PCE can be attributed to the use of a surrogate model MTCF which is an
approximation of the model M. This MPYF is expressed as series of orthogonal
polynomials ¢/ and its corresponding coefficients u, as shown below

MPOE(X) = 3" ugtha(X) = M(X) (3.24)
acA
where «a are the multi-indices and A is the considered set of multi-indices. When
A is equal to infinity, the surrogate model is the real model. Truncation is typically
done, and is given as

_ o) (3.25)
M!p!

where p corresponds to the polynomial order and M is the number of uncertain-
ties or stochastic dimension. Cross validation is then done to assess how well the
MPFCE had modelled M. To this end, the leave-one-out (LOO) cross validation
can be used [76]. The validation involves generation of multiple PCE from a set of
sample with one point being left out (V. In other words, a PCE model MPCF is
generated from the remaining n — 1 samples, and the error Errroo with respect

to the original model M is calculated as shown

A

— 12 ) )
Errpoo = — > (M(z®) = MPE (20))? (3.26)
niz
If the LOO error is less than a certain specified value, it is supposed that MT¢F
can accurately represent the M. We can analytically derive the mean p and the
standard deviation o, as follows

= g (3.27)

o’ = u (3.28)
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Aside from the statistical moments, the contribution of each stochastic parameter
on the output of interest can be quantified through Sobol” indices. The total Sobol’

indices SiT PO quantifies the total impact, including all mutual interactions.
AT 2
i
STPC — E“i?“ Al = o € Ala; > 0 (3.29)
o

As with the NSGA-II, the PCE was obtained through RHEIA. An LOO < 0.001
was set as the limit of MPYF accurately approximating the M. Identification of
p involved examining the LOO error starting from order 1 until 5. At p > 5, the
quantification is considered computationally expensive and the MPYF was declared
as not being able to accurately approximate the model. In this case, quantification
of uncertainty involves identification of the worst-case scenarios, which corresponds
to the lowest and highest values of each stochastic parameters.

38



Chapter 4

Results and Discussion

The discussion in this chapter is divided into two main sections, the deterministic
design optimization (DDO) and the robust design optimization (RDO). The purpose
of doing a DDO is to identify designs with the most temperature resilience (most R)
and the most net NH3 output flow rate (most NHj). These extreme designs are then
used as basis for identifying the effect of the cooling system configuration and the
reactor volume on the temperature resilience. The influence of uncertainties on the
deterministic designs will then be discussed by subjecting the extreme deterministic
designs to worst-case scenarios. Finally, the RDO of the most resilient system will
be detailed.

4.1 Deterministic design optimization

The DDO was performed on the direct and the indirectly quenched system, first
with the previously calculated volume and secondly, where each system’s volume is
optimized. A population of 24 samples was selected for each DDO, and using NSGA-
IT as the optimization algorithm, converged to set of solutions which maximizes the
net output NH; flow rate, as well as the temperature resilience in varying degrees.
In what follows, the effect of cooling system is first discussed, followed by the effect
of reactor volume on temperature resilience.

Objective 1: Effect of cooling system
Directly quenched system

The DDO of the directly quenched system yielded a set of non-dominated solu-
tions which reveal a design trade-off between the net NH; output flow rate and
temperature resilience . Although a good compromise between the two
objectives exist (highlighted in yellow, , the most R design was chosen
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for further analysis as this design resulted to the lowest temperature drop inside
the reactor, which is important for catalyst integrity. To illustrate, the temperature
drop obtained with the compromised resilience design (150 K) is 2.27 times higher
compared to the most R design (66 K).

The most NHj design resulted to a net output of 0.0741 kmol/s, which is 2.07
times larger than the most R design (0.0358 kmol/s). In turn, the higher net output
of the most NHj design is compensated by its resilience (0.941), which is 1.05 times
lower than the most R design (0.941) (Table 4.1).

Most NH;

0.0741; F—\'—'—\‘—*—-—k

NNH3, net
[kmole/s]

0.0358" Most R

0.941 0.985
R [-]

Figure 4.1: The DDO of the directly quenched system resulted to a design trade-off
when maximizing for the net NH; output flow rate (nm,mne:) and temperature
resilience (R). The Pareto solution highlighted in yellow refers to the compromised
design.

To operate in the most NH3 design, a feed pressure of 267 bar and a feed molar
flow rate of 0.530 kmol/s are required. The split ratio of the quench stream and
area of the heat exchanger needs to be configured such that the inlet
temperatures of bed 1, 2, and 3 are 627K, 661 K, and 802 K, respectively. On the
other hand, operation at the most R design requires a pressure of 184 bar, a feed
molar flow rate of 0.400 kmol/s, and inlet bed temperatures of 626 K, 779 K and
806 K for beds 1, 2 and 3, respectively. When comparing the operating conditions
between the two extreme designs, the most NH3 design operates at a pressure and
feed molar flow rate that is 1.45 times and 1.33 times higher than the most R design,
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respectively. However, the inlet bed temperatures of the most NH; design are
generally lower than the most R design. This need for higher pressure, higher feed
molar flow rate and lower inlet temperatures by the most NH; design is expected
as higher pressure and higher reactant concentration drives the equilibrium to
more NH; production, while lower temperature favors equilibrium for exothermic
reactions, in accordance to the Le Chatelier’s principle.

Table 4.1: Set of decision variables, resulting inlet bed temperatures and objective
values of the extreme designs of the directly quenched system.

Decision variable Units Case

Most NH; Most R
Split ratio quench 1, uy - 0.00945 0.00945
Split ratio quench 2, u, - 0.377 0.0256
Split ratio quench 3, ug - 0.132 0.034
Feed pressure, Py bar 267 184
Area of heat exchanger, Ay y m? 32.9 67.2
Feed molar flow rate, ny kmol/s 0.530 0.400

Inlet bed temperatures

Inlet temperature of bed 1, T;; K 627 626
Inlet temperature of bed 2, T;, K 661 779
Inlet temperature of bed 3, T; 3 K 802 806
Objective values

Net NHj output flow rate, nyg, kmol NHs/s 0.0741 0.0358
Temperature resilience, R - 0.941 0.985

Examination of the temperature profile with time at the outlet of bed 3 ([Fig;
shows that, for the most NHj3 design, the ramp-down in the Hy/Nj, ratio
during the first 25 minutes resulted to a decrease in temperature, followed by the
onset of temperature oscillations at the start of ramp-up (32minutes). These
oscillations continued even after ramping (56 minutes), and recovery to normal
operation is observed at 97 minutes. The oscillation profile obtained for the most
NHj design is characterized by amplitudes which increase and then decrease after
reaching a maximum. The lowest temperature (422 K) is obtained during ramp-up,
at 45 minutes. On the other hand, for the most R design, a similar temperature
response is initially observed, except that smaller amplitudes were obtained which
slowly continue to dampen after 150 minutes. Unlike the most NHj design, the
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largest temperature drop for the most R design (66 K) is obtained prior to the
onset of oscillations, that is, at the lowest H,/Ny ratio (32 minutes).

864 Tout,
Tout R
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Figure 4.2: Temperature profile of the directly quenched system with time during
ramping for the most NH; (T, n) and most R (T, r) designs. Ramp-down of
H,/N, from 3/1 to 1.31/2.69 is carried out in the first 25 minutes, followed by no
disturbance for 7 minutes, and then ramp-up back to 3/1 for another 24 minutes.

To explain the difference in the oscillation profile between the most NH3 design
and the most R design, it is important to first discuss the concept of stability in
a dynamic industrial reactor. For this, we refer to the bifurcation study done by
Mancusi et al[77] for a directly quenched ammonia reactor. In this study, the
temperature was obtained by varying the pressure to yield the solution diagram.
The value reported for the temperature in the solution diagram depended on
whether the dynamic system reached steady-state temperatures, or if limit cycle
was observed. If the former case is attained, the temperature value was taken
to be the steady-state outlet temperature value of the reactor, while, if the later
case is observed, the maximum outlet temperature value attained during the
oscillations was used. The solution diagram revealed an S-shape profile between
the temperature and pressure, which represents three branches - the stable high
conversion branch, the stable low conversion branch, and the unstable stationary
branch .

The stable high conversion branch corresponds to sets of temperature and
pressure values that would result to a stable dynamic system with high reactant
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conversions. Likewise, a system operating at the stable low conversion branch will
converge to the indicated temperature and pressure values as its steady-state values,
but with lower conversions. On the other hand, operation at the unstable stationary
state results to an unstable limit cycle behavior which eventually extinguishes to
the stable low conversion value. It is important to mention here that transition
from one state to another is possible by either manipulating the temperature or
pressure, as in the case of Mancusi’s study. The author further stated that around
the lower limit of the stable high conversion branch, a shift from steady-state
solution to periodic solution is possible, as defined by a critical point called the
Hopf bifurcation. Furthermore, the stability of the periodic solution depends on
which region or more accurately speaking, fold bifurcation, the system is in. The
fold bifurcation immediate to this Hopf bifurcation (F3) is characterized by unstable
periodic solutions, while the next fold bifurcation, located further from the Hopf
bifurcation (Fy) is characterized by stable periodic solutions . As such,
a system can have stable oscillations characterized by amplitudes of constant size,
or unstable oscillations which can either return to the upper steady-state solutions
or proceed to the unstable stationary branch, eventually reaching the stable low
conversion branch, corresponding to extinction.

Therefore, in Figure 4.2, the reason why the most NH; design exhibited an early
oscillation which recovers after ramping is that, the system is operating around
the fold bifurcation close to the Hopf bifurcation in the stable high conversion
branch (F3). On the contrary, the most R design is operating around the fold
bifurcation corresponding to stable oscillations (Fs). Indeed, by operating close
to the Hopf bifurcation (F3), which, as mentioned before, is a critical point of
transition between stable to periodic solutions or vice versa, the system was able
to recover to steady-state temperature value after the oscillations. The mani-
festation of the instability as oscillations instead of extinction can be explained
through the inverse-response behavior experienced during sudden changes at the
inlet conditions [57]. In this case, as the H, concentration is decreased, the reaction
rate around the inlet of the bed decreases, and thus the temperature around the
inlet as well. This causes the temperature around the outlet of the bed to appear
relatively higher when compared to the temperature around the inlet. Therefore,
as the temperature propagates through the bed, it will first exhibit a decreas-
ing profile and then slowly change into an increasing profile as it approaches the
outlet of the bed. As such, a wave-like profile is obtained which leads to oscillations.

On the other hand, to explain the larger amplitudes obtained for the most NH;
design relative to the most R design, we refer to the Hy concentration profile of
both designs with time . Initially, the outlet H, concentration for the
most NHj design is 2.35kmol/m?, which reduces to 0.88 kmol/m? after the full
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ramp-down. As the ratio is ramped up, oscillations are observed, where recovery
to steady-state value is attained after 97 minutes. For the most R design, the
initial outlet Hy concentration is 1.71 kmol/m3, and drops to 0.67 kmol/m? after
the ramp-down. In comparison, the largest drop in Hy concentration for the most
NHj; design is 1.47 kmol/m?, which is 1.41 times larger than the most R design
(1.04kmol/s). This larger drop in concentration is expected as the most NHj
design requires a feed molar flow rate which is 1.33 times higher than the most R
design. By experiencing a larger drop in concentration, the changes in the outlet
temperature is also larger for the most NHj design compared to the most R design.
As such, when conditions corresponding to the fold bifurcations are reached, the
corresponding amplitudes of the oscillations will also be higher.
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Figure 4.3: H, concentration profile with time for the most NH; (Cyz ) and most R
(Cua,r) design of directly quenched system. Oscillations in the Cpa y observed for
the most NHj design is a feedback from the oscillations observed in the temperature.
Ramp-down of Hy/N, from 3/1 to 1.31/2.69 is carried out in the first 25 minutes,
followed by no disturbance for 7 minutes, and then ramp-up back to 3/1 for another
24 minutes.

The influence of the operating conditions and the H, concentration on the
outlet temperature between the extreme designs can be seen in [Figure 4.4l During
ramp-down, negative values of the reaction rate (outlet) for the most NHj design
were obtained, followed by oscillation to positive values at the start of ramp-up,
eventually including negative values during oscillations. The same can be said
about the most R design except that smaller oscillations were attained, with a mean
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reaction rate of around the equilibrium value (ry, = 0). As previously mentioned,
the most NH3 design operates such that the equilibrium is shifted towards the
production of NHj (higher pressure and feed molar flow rate, but lower inlet
temperatures). Therefore, as the Hy concentration was increased from ramp-up,
the larger amounts of Hy introduced into the system resulted to a dramatic increase
in its reaction rate. On the other hand, the smaller feed molar flow rate specified
for the most R design is not enough to induce a large increase in the reaction rate
at the same order as observed in the most NH; design. Because of this, despite
operating at lower inlet bed temperatures, the most NH3 design exhibits larger
changes in the temperature compared to the most R design. As a consequence, the
smaller drop observed for the most R design allows for easier recovery to normal
temperature operation after ramping, resulting to higher resilience than the most
NH; design.
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Figure 4.4: Reaction rate profile of directly quenched system showing the larger
variations in the reaction rate for the most NHjy design (rgo v) relative to the most
R design (rpe2,z) with time.

Indirectly quenched system

The DDO of the indirectly quenched system converged to 24 generally non-
dominated solutions, revealing design trade-offs when maximizing for the net
NH; output flow rate and temperature resilience . The most NHjy
design resulted to a net output rate of 0.0510 kmol NHj/s, which is slightly higher
than the most R design (0.0506 kmol NH3/s). In turn, the resilience of the most
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NH; design is 0.976, which is slightly lower than the resilience of the most R
design (0.979). This small trade-off between the extreme designs was expected
since a limitation was imposed on the search space to only include designs which
exhibited recovery to normal operation after ramping. Although this constraint
was also imposed for directly quenched system, this small trade-off highlights the
operational inflexibility of the indirectly quenched system relative to the directly
quenched system. As explained next, a delicate balance need to be respected to
operate autothermally. Therefore, despite such small trade-off, it is still important
to proceed with the separate discussion of the extreme designs to better understand
resilient operation for indirectly quenched system, and to have a basis of comparison
for the extreme designs of the directly quenched system.

Most NH;
0.0510¢
NNH3, net
[mole/s]
Most R
0.0506"
0.9757 0.9790

R[-]

Figure 4.5: The DDO of the indirectly quenched system resulted to a small
design trade-off when maximizing for the net NH; output flow rate (nNHgmt) and
temperature resilience (R).

To operate at the most NHs design, a feed pressure of 238 bar and a feed molar
flow rate of 0.382kmol/s are required. The split ratio of the quench stream and
the heat exchanger area needs to be configured such that the inlet
temperatures of bed 1, 2, and 3 are 696 K, 697 K, and 802 K, respectively. The same
feed pressure and feed molar flow rate are required to operate at the most R design,
however, higher inlet temperatures for bed 1, 2, and 3 are needed. This need for the
same feed pressure and feed molar flow rate between the two extreme designs of the
indirectly quenched system can be explained by first discussing how autothermal
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operation is achieved for this system. As mentioned in the previous chapter, the
cold feed enters at the first reactor bed, where it then exits as a hot stream. This hot
exit stream then proceeds to the heat exchanger where cooling takes place through
indirect contact with the cold incoming feed. Therefore, achieving autothermal
operation depends on the balance between the all inlet and outlet temperatures,
which in turn, are interconnected . It is believed that by imposing a
constant reactor volume, differentiation between the most extreme designs was
limited to the inlet bed temperatures.

Table 4.2: Set of decision variables, resulting inlet bed temperature and objective
values of the extreme designs for the indirectly quenched system.

Decision variable Units Case
Most NH; Most R

Split ratio, u - 0.785 0.906
Feed pressure, Py bar 238 238
Area of heat exchanger 1, Ayx m? 91.8 122
Area of heat exchanger 2, Agx o m? 33.3 28.8
Area of heat exchanger 3, Ay x 3 m? 18.8 18.8
Feed molar flow rate, ny kmol/s 0.382 0.382

Inlet bed temperatures

Inlet temperature of bed 1, T, K 696 696
Inlet temperature of bed 2, T, K 697 705
Inlet temperature of bed 3, T, 3 K 624 626

Objective values

Net NHj output flow rate, nng, ne¢e  kmol NHs/s 0.0510 0.0506
Temperature resilience, R - 0.976 0.979
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Figure 4.6: The cold feed stream (blue line) enters the reactor bed and exits as
hot exit stream (yellow line), where it then enters the heat exchanger. In the heat
exchanger, the hot exit stream comes in indirect contact with the incoming cold
feed stream to achieve the desired inlet temperature of the next bed.

Inspection of the outlet temperature of bed 3 with time shows that for both
extreme designs, recovery to normal operating temperatures were successful after
ramping at 55 minutes . For the most NHj3 design, initial ramp-down
resulted to a momentary peak in the outlet temperature (9 minutes), followed by
a decrease up until the early stage of ramp-up (36 minutes). This corresponding
dip in the temperature resulted to a maximum temperature drop of 107 K, for the
most NHj design. The same can be said for the most R design, except that the
maximum temperature drop is 94 K. This similarity in outlet temperature profile
between the two extreme designs is expected since both designs operate at the
same feed pressure and feed molar flow rate, with the only exception of inlet bed
temperatures. As the most R design operates at a slightly higher inlet temperature,
its outlet temperature is correspondingly higher than the most NH;3 design.
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Figure 4.7: Temperature profile of the indirectly quenched system with time during
ramping for the most NH3 (T,,: ) and most R (Tour) designs. Ramp-down

of Hy/Ny from 3.0 to 1.5 is carried out in the first 24 minutes, followed by no
disturbance for 7 minutes, and then ramp-up back to 3.0 for another 24 minutes.

To understand why temperature recovery was attained for both extreme de-
signs of the indirectly quenched system without oscillations, it is important to
first discuss the difference in its operating conditions with respect to the directly
quenched system . The indirectly quenched system operates at a feed
molar flow rate is at least 0.018 kmole/s lower than the directly quenched system.
In terms of the inlet bed temperatures, the values range from 623 to 705 K, for
the indirectly quenched system, while a range of 626 K to 806 K is observed for
the directly quenched system. This operation at lower feed molar flow rate and
lower inlet bed temperatures which is limited to a small range is believed to be
the reason why recovery without oscillations was possible for both extreme designs
of the indirectly quenched system. That is, at lower feed molar flow rate, the
experienced drop in the amount of H, during ramp-down will not be as dramatic as
when the feed molar flow rate is high . Furthermore, by operating at a
lower temperature, a slower reaction rate can be realized, making the temperature
changes not as dramatic (Figure 4.7)). Because of this, the system stays at the
stable high conversion branch during ramping, and recovers more easily afterward.

Nevertheless, a higher resilience was obtained for the most R designs of the

directly quenched system (0.985) compared to the indirectly quenched system
(0.979). This is because with directly quenched system, the feed is split into
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fractions which enter the reactor beds in smaller amounts. As such, a smaller
amount of H, is reacted at each bed compared to the indirectly quenched system,
where all of the feed is reacted at the same time. Therefore, the changes in the
reaction rate is not as dramatic in the direct quenching compared to when more
feed is reacted, as in indirect quenching . Ultimately, this results to

minimal changes in temperature and thus higher resilience.
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Figure 4.8: Reaction rate profile of the indirectly quenched (rpg2 g) and directly
quenched system (rpa,g) with respect to bed volume fraction, showing the larger
variations in the reaction rate for the former compared to the later.

Therefore, when considering the best design between the two configurations
for power-to-ammonia applications, we need to consider not just the resilience
of the system but also the temperature profile inside the reactor. As previously
shown, the directly quenched system resulted to the highest resilience between
the two configurations. However, oscillations are observed in its temperature

profile for both extreme designs . Although these oscillations can be
prevented by choosing a compromised design , the temperature drop
obtained in such design (150 K) is 1.40 times higher than the largest temperature
drop (107K) obtained for the indirectly quenched system (most NHj design).
When considering the most R design of both configurations, the directly quenched
system has a resilience of 0.985, which is slightly higher (0.006) than the indirectly
quenched system (0.979). In turn, the difference in terms of the largest temperature
drop between the direct (66 K) and indirectly quenched system (94 K) is 28 K.
Furthermore, because of the lower residence time in the directly quenched system
compared to the indirectly quenched system [20], a higher output is obtained
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for the indirectly quenched system for a lower feed molar flow rate. Despite the
limited range of operation (feed pressure and feed molar flow rate) for the indirectly
quenched system , it is still perceived as the best design for power-
to-ammonia applications due to its high resilience without the manifestation of
oscillations, and high net NH; output flow rate. Moreover, the feed pressure and
feed molar flow rate can be kept constant by manipulating the argon concentration
in the feed [20].

Objective 2: Effect of reactor volume
Directly quenched system

The DDO of directly quenched system converged to 24 solutions, revealing a design
trade-off between the two conflicting objectives . The most NH; design
resulted to a net NHy output flow rate of 0.362kmol/s, which is 19 times larger
compared to the most R design (0.0191 kmol/s). In turn, the resilience of the most
NH; design is slightly smaller (0.983) compared to the most R design (0.987).
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Figure 4.9: The DDO of the directly quenched system with optimized volume
resulted to a design trade-off when maximizing for the net NH; output flow rate
(NN, net) and temperature resilience (R).

Operation at the most NH3 design requires a feed pressure of 296 bar and a feed
molar flow rate of 2.84 kmol/s, while the inlet temperature of beds 1, 2 and 3 need
to be at 626 K, 775 K and 777 K, respectively (Table 4.3)). In comparison, the feed
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pressure and feed molar flow rate for the most R design are 1.13 and 15.5 times lower
than the most NH3 design (263 bar and 0.183 kmol/s). Also, slightly higher inlet
bed temperatures are needed for the most R design, which are 654 K, 812K and
816 K for beds 1, 2 and 3, respectively. This need for lower feed pressure and feed
molar flow rate, as well as higher inlet bed temperatures agrees with the previous
result of the directly quenched system. In terms of the optimized bed volumes, the
most NHj design requires a volume of 9.78 m3, 2.28 m?3, and 4.73m? for beds 1, 2
and 3, respectively. Similar results are obtained for the most R design, with volumes
for bed 1 and 3 being slightly lower (9.73 m? and 4.65 m?) than the most NH; design.

Table 4.3: Set of decision variables, resulting inlet bed temperatures and objective
values of the extreme designs of the directly quenched system, yielding its optimized
volume design.

Decision variable Units Case
Most NH; Most R

Split ratio quench 1, uy - 0.117 0.0500
Split ratio quench 2, u, - 0.126 0.0677
Split ratio quench 3, us - 0.038 0.038
Feed pressure, Py bar 296 263
Area of heat exchanger, Ay m? 191 222
Feed molar flow rate, n; kmol/s 2.84 0.183
Volume of bed 1, V; m? 9.78 9.73
Volume of bed 2, V, m3 2.28 2.28
Volume of bed 3, V; m? 4.73 4.65

Inlet bed temperatures

Inlet temperature of bed 1, T, K 626 654
Inlet temperature of bed 2, T, K 775 812
Inlet temperature of bed 3, T, 3 K T 816
Objective values

Net NHj output flow rate, ng, ne¢e  kmol NHs/s 0.362 0.0191
Temperature resilience, R - 0.983 0.988

Investigation of the outlet temperature profile with time for both extreme

designs (Figure 4.10) show that recovery is attained in both designs. For the most
NH; design, the temperature decreases with ramp-down, exhibiting a minimum
prior to ramp-up (32 minutes), where it then makes a recovery shortly after the full
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ramping (56 minutes). This minimum corresponded to the largest temperature drop
(82 K) relative to the initial outlet temperature value. For the most R design, the
temperature follows a similar profile, but shifted to the right, with the minimum
temperature exhibited after the full ramping of the system (68 minutes). This
delayed response has the largest temperature drop of 41 K, which is 2 times smaller
than the most NH3 design.
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Figure 4.10: Temperature profile of the directly quenched system with optimized
volume as a function of time, for the most NHj (T v) and most R (Tyue ) designs.
Ramp-down of Hy/N, from 3/1 to 1.31/2.69 is carried out in the first 25 minutes,
followed by no disturbance for 7 minutes, and then ramp-up back to 3/1 for another
24 minutes.

It is interesting to point out that, despite specifying the range for each reactor
volume to be 0.3m? to 10m?, and 0.1 kmole/s to 10 kmole/s for the feed molar flow
rate, the NSGA-II selected volumes which are atleast 2.73 times larger than the
volumes used in the previous objective (0.561m?, 0.708 m?, and 0.834m?), while
the corresponding flow rate here was chosen to be 4.30 times higher for the most
NH; design, but 2.19 times lower when comparing the most R design of the same
system from the previous objective. The tendency for larger volume and feed molar
flow rate for the most NHj design is expected as higher these mean higher NH;
production capacity, while for the most R design, the combination of lower feed
molar flow rate and higher reactor volume allows for the immediate consumption of

reactants. This is clearly seen in Figure [Figure 4.11] which shows the reaction rate
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of the most R design for the optimized (rg,,ov) and the non-optimized (ru,Nov)
volume as a function of reactor bed volume fraction, as an example. For the
optimized volume, the low molar flow rate resulted to a low H, concentration
in the bed, causing the reaction rate to decrease with the bed volume fraction
and reach equilibrium values near the entrance of the bed. In contrast, for the
non-optimized volume, because of the combination of larger flow rate and smaller
reactor design, the amount of Hy that can be consumed per kg catalyst is relatively
higher. Because of this, more Hy can be consumed leading to generation of more
heat and temperature to rise. With this increase in temperature, the reaction
rate exponentially increases (according to Arrhenius law) until it decreases again
as the H, are used. In the absence of these fluctuations in the reaction rate, the
temperature drop inside the bed will not be as dramatic, thereby increasing the
chances for recovery after ramping.
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Figure 4.11: The low reaction rate of the most R with optimized volume design
(rp,,0v) allowed temperature drops to be not as large compared to if the reaction
rate was higher, as observed in the non-optimized volume design (ru,,nov).

Indeed, when going to larger reactor volumes as obtained in the optimization
here, the feed molar flow rate shows an inversely proportional relationship with
resilience (Figure 4.12f), while the relationship between reactor volume and resilience

is not so straightforward (Figure 4.13]).
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Figure 4.12: Optimization of the reactor volume of directly quenched system show
an inversely proportional relationship between feed molar flow rate and resilience.
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Figure 4.13: Optimization of the reactor volume of directly quenched system shows
that resilience to not depend on the reactor volume.



Indirectly quenched system

On the other hand, when optimizing the reactor bed volumes of the indirectly
quenched system, 24 generally non-dominated solutions were obtained, which also
reveals a design trade-off when maximizing the net NH; output flow rate and
temperature resilience (Figure 4.14). The most NH; design has a net output flow
rate of 0.390 kmol/s which is 1.30 times larger than the most R design (0.301 kmol/s).
This resulted to a decrease in resilience to 0.960 which is 1.03 times smaller than
the most R design (0.985).

Most NH,
0.390

NNH3, net
[kmole/s]

0.301* Most R

0.960 0.985
R[]

Figure 4.14: The DDO of the indirectly quenched system with optimized volume
resulted to a design trade-off when maximizing for the net NH; output flow rate
(nNH,net) and temperature resilience (R).

To operate at the most NH3 design, a feed pressure and feed molar flow rate
of 300 bar and 2.26 kmol/s are needed, with inlet bed temperatures being 737K,
709 K, and 649 K, for beds 1, 2 and 3, respectively. The most R design requires the
same feed pressure and feed molar flow rate, but with slightly lower temperatures
(694K, 697K and 640 K). The operation at the same feed conditions agrees with
the result previously obtained for its non-optimized volume. However, in the
case of non-optimized volume, the inlet bed temperatures for the most R design
was slightly higher than the most NHj design. This difference can be interpreted
by first mentioning the optimized volumes for both extreme designs. For the
most NH; design, 3.22m?3, 4.48 m® and 6.66 m® are required for beds 1, 2, and 3,
respectively, while for the most R design, the same volumes are needed for beds
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1 and 2, but a much smaller volume (0.36 m?) is needed for bed 3. Unlike in the
non-optimized volume case where the volumes of both extreme designs are the
same, here, by allowing the inlet bed temperature and volume to be small for
bed 3, the corresponding outlet temperature drop can be decreased. Indeed, a
smaller volume means smaller amount of catalyst, and low inlet bed temperature
means a low starting point for the reaction, the amount of heat generated from
the reaction is also smaller, resulting to less intense dips in the temperature. As
seen in |[Figure 4.15| the largest temperature drop for the most NHs design is 177K,
while the drop is 2.49 times smaller for the most R design (71 K).

Table 4.4: Set of decision variables, resulting inlet bed temperatures and objective
values of the extreme designs of the indirectly quenched system, yielding its
optimized volume design.

Decision variable Units Case
Most NH; Most R

Split ratio, u - 0.632 0.632
Feed pressure, Py bar 300 300
Area of heat exchanger 1, Ay x m? 64.1 64.1
Area of heat exchanger 2, Ay x o m? 210 210
Area of heat exchanger 3, Apx3 m? 96.8 96.8
Feed molar flow rate, n; kmol/s 2.26 2.26
Volume of bed 1, V; m? 3.22 3.22
Volume of bed 2, V, m3 4.48 4.48
Volume of bed 3, V3 m3 6.66 0.36

Inlet bed temperatures

Inlet temperature of bed 1, T, K 737 694
Inlet temperature of bed 2, T, K 709 697
Inlet temperature of bed 3, T, 3 K 649 640
Objective values

Net NH;z output flow rate, nxg, ner  kmol NH;/s 0.390 0.301
Temperature resilience, R - 0.960 0.985
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Figure 4.15: The larger drop in temperature observed for the most NHj3 design
(Tout.v) of the indirectly quenched system with optimized volume is due to the
larger volume specified for the last bed. The same reasoning applies for the most
R design (Tour), where its temperature drop is 2.49 times smaller than the most
NHjs design.

Examination of the evolution of reactor volume with resilience for indirectly
quenched system with optimized volume show that the resilience is dependent only
on the last reactor volume, bed 3 (Figure 4.16)). For beds 1 and 2, a constant
volume is obtained for all resilience values. This implies that for indirectly quenched
system, higher resilience can be attained if a smaller volume at the last reactor is
implemented.
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Figure 4.16: Optimization of the reactor volume of indirectly quenched system
show resilience increasing with the last reactor volume (Vj).

For both systems, the higher reactor volumes chosen by NSGA-II relative to the
previous objective, led to higher temperature resilience for both extreme designs
of the directly quenched system. For the indirectly quenched system, an increase
in resilience was observed for the most R design but a decrease was seen for the
most NHj design. Despite an increase in resilience obtained at higher volumes, the
temperature resilience of the directly quenched system did not show dependence

on the reactor volume , however, decreasing the feed molar flow rates
resulted to increasing resilience . In contrast, an inverse relationship
between the last reactor bed and temperature resilience was observed for the
indirectly quenched system. Furthermore, no oscillations were seen for all the
optimized volume design unlike the previous objective (directly quenched system).
Therefore, it is perceived that under the scenario of fluctuating H, amount in the
feed, operation at higher reactor volume with a smaller flow rate is best (high
resilience) for the directly quenched system, while for the indirectly quenched
system, opting for a smaller volume at the last bed with higher feed molar flow
rate is recommended.

4.2 Effect of uncertainty on deterministic designs

The effect of uncertainties on the deterministic designs was studied by subjecting
the extreme designs to worst-case scenarios, defined as the lowest and highest values
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of the uncertainties. In what follows, the temperature profile of extreme designs are
examined under the presence of uncertainties, starting with the directly quenched
system, and then indirectly quenched system. For each system, the non-optimized
volume design is analyzed first, followed by the optimized volume design.

System 1: Directly quenched system

shows that operation of the directly quenched system with non-optimized
volume at the lowest values of uncertain parameters resulted to temperature
extinction for both extreme designs. The same initial and final outlet temperatures
were obtained for both designs, with the most R design achieving extinction at
a later time (80 minutes) compared to the most NH3 design (35 minutes). This
corresponded to a decrease in resilience from 0.941 in the deterministic operation
to 0.568 in this case for the most NHj design, and from 0.985 to 0.602 for the most
R design.
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Figure 4.17: Subjecting the directly quenched system with non-optimized volume
to the lowest values of uncertainties resulted to reactor extinction for both extreme
designs, with the most R design becoming extinct 45 minutes later than the most
NH; design. The resilience decreased by 0.373 for the most NHj design, and by

0.383 for the most R design with respect the resilience obtained from deterministic
operation.

The extinction for both designs are expected, since the lowest values of feed
temperature, Hy/Ny ratio, and heat of reaction, among others, were considered.
Because the temperature inside the reactor is influenced by the amount of heat
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generated from the reaction, a lower ratio means that the amount H, that can be
reacted to generate the heat is also lower. By further taking the lowest value for
the heat of reaction and feed temperature, the resulting temperature of the system
becomes low enough that extinction is achieved.

On the other hand, the temperature profile of the directly quenched system
with optimized volume shows that successful recovery was made when considering
the lowest values (-30) of the uncertain parameters (Figure 4.18)). Nevertheless,
a lower initial outlet temperature was obtained here compared to deterministic
operation due to operation at lower inlet temperature, H,/N,, and heat of reaction
values. For the most NHj design, the initial outlet temperature was decreased from
824 K to 815K, while for the most R design, a decrease from 835K to 826 K is
observed. Correspondingly, the resilience dropped from 0.983 to 0.982 for the most
NH; design, and from 0.988 to 0.987 for the most R design.
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Figure 4.18: Subjecting the directly quenched system with optimized volume to the
lowest values of uncertainties resulted to a decrease in the initial outlet temperature
with respect to the deterministic operation for both extreme designs. As a result,
the resilience decreased by 0.001 for both extreme designs.

The recovery attained by the directly quenched system with optimized volume
can be attributed to its larger volume and larger feed molar flow rate compared
to the system with non-optimized volume. At these designs, the amount of Hy
consumption is higher, leading to generation of more heat from the reaction. There-
fore, despite considering the lowest values for the feed temperature, H,/N, ratio,

61



and heat of reaction, recovery was possible as the temperature was somewhat
maintained from the heat generated.

When operating at the highest values of the uncertain parameters, the most R
design of the non-optimized volume of directly quenched system showed an increase
in the initial outlet temperature, from 810 K in the deterministic operation to 817K
in this case, while recovery to normal operation is attained at 70 minutes which
is 17 minutes earlier compared to the recovery from deterministic operation. This
corresponded to no change in resilience with respect to deterministic operation.
On the other hand, the most NH; design showed a decrease in the initial outlet
temperature, from 744 K in the deterministic operation to 720 K in this case, and
attained a new, higher steady-state temperature value of 817 K at 70 minutes. This
jump can be understood by considering that the initial ramping caused the system
to be unstable, manifesting the oscillations in temperature, and when ramp-up
was done, this supplied the necessary amount of reactants needed by the system
to become stable again, at a higher outlet temperature (4+ 97 K). Because of this
jump, the reported resilience for the most NHs design in this case is greater than 1.
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Figure 4.19: Subjecting the directly quenched system with non-optimized volume
to the highest values of uncertainties resulted to an increase in the initial outlet
temperature with respect to the deterministic operation for the most R design (+
7K), but a decrease in the said temperature for the most NHj design (- 24 K). The
resilience for the most R design is the same as in deterministic operation, while
the resilience of the most NH; exceeded 1.

A similar situation can be observed for the case of directly quenched system
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with optimized volume. A higher initial outlet temperature of 844 K for the most
R was obtained here compared to the deterministic operation (835 K). However,
a further delay in the temperature response from ramping is observed, with the
largest dip attained at 75 minutes instead of 68 minutes as in the deterministic
case. The resilience here is reported to be the same as in deterministic operation.
A larger jump in the outlet temperature (178 K) is observed for the most NHj
design with the optimized volume relative to the non-optimized volume (97 K)
after ramping. This can be attributed to the fact that the feed molar flow rate
of the most NHj design with the optimized volume is 5.36 times larger than its
corresponding non-optimized volume design.
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Figure 4.20: Subjecting the directly quenched system with optimized volume to
the highest values of uncertainties resulted to an increase in the initial outlet
temperature with respect to the deterministic operation for the most R design (+
9K), but a decrease in the said temperature for the most NH3 design (- 169 K). The
resilience for the most R design is the same as in deterministic operation, while
the resilience of the most NHj exceeded 1.

Therefore, under the presence of uncertainties, the use of the optimized volume
(larger volume) for the directly quenched system is recommended for better recovery
performance. At the low-end values of the uncertain parameters, the optimized
volume did not result to reactor extinction, while extinction is observed for the
case of non-optimized volume. Although the optimized volume resulted to a
shift to higher steady-state temperature values, it is assumed that such case is
better compared to reactor extinction, as the later would require special start-up
procedures [57], and hence increase in maintenance time.
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System 2: Indirectly quenched system

Operation of the indirectly quenched system with non-optimized volume using the
lowest value of the uncertain parameters resulted to a reduction in the initial outlet
temperature, from 772 K in the deterministic operation to 623 K for the most NHy
design, and from 643 K to 625 K for the most R design. The temperature profile for
both extreme designs are very similar, following the same response with ramping.
The ramp-down from these lower initial outlet temperature resulted to a decrease
in temperature, followed by a small resistance in temperature due to initiation of
ramp-up (32 minutes). The temperature then continues to decrease with extinction
(383 K) attained for both extreme designs after the full ramping (55 minutes). As
discussed previously, the jump from the stable high conversion branch located at
higher temperatures, to the stable low conversion branch can be made through
changes in the temperature of the system. Hence, the decrease in temperature
brought by ramp-down supported this drop from 625K to 383 K. The resilience
reported for both extreme designs are 0.696, which is lower by 0.28 with respect to
deterministic operation for both designs.
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Figure 4.21: Subjecting the indirectly quenched system with non-optimized vol-
ume to the lowest values of uncertainties resulted to an decrease in the initial
outlet temperature with respect to the deterministic operation for both designs.
Consequently, the resilience decreased by 0.28 for both designs.

When examining the effect of operating at the lowest values of the uncertain
parameters for the optimized volume of indirectly quenched reactor, no solution
was found by GEKKO. This could be due to not finding solutions that satisfies the
KKT constraints within the defined feasible region.
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On the other hand, examining the effect of the highest values of the uncertain
parameters showed that a similar temperature profile is obtained for both extreme
designs of indirectly quenched system with non-optimized volume. The same
observation was also made for the case of operating at the lowest values of the
uncertain parameters were studied . For the most NHj3 design, the
initial outlet temperature was decreased from 772K at deterministic operation
to 717K, while its temperature is at the minimum (598 K) at the start of ramp-
up (32 minutes, . For the most R design however, the initial outlet
temperature increased from 643 K in the deterministic case to 718 K, in this case
. A slightly higher minimum temperature of 604 K was obtained
for the most R design which was also attained at early ramp-up stage. Despite
operating at the highest uncertainty values, a decrease of 0.00422 for the most NH;
design, and 0.00590 for the most R design was observed in the resilience. This is in
contrast to the findings for the directly quenched system, where operation at the
highest values either result in the preservation of the resilience or a slight increase
with respect to deterministic operation. Nevertheless, the recovery made here is to
be expected since higher values of feed temperature, Hy/N, and heat of reaction
support higher values of outlet temperatures during ramp-down, making recovery
more feasible.
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Figure 4.22: Subjecting the indirectly quenched system with non-optimized volume
to the highest values of uncertainties resulted to an increase in the initial outlet
temperature with respect to the deterministic operation for the most R design (+
75K), but a decrease in the said temperature for the most NHj design (- 55 K).
The corresponded to a decrease of 0.00422 for the most NHy design, and 0.00590
for the most R design in terms of the resilience, relative to deterministic operation.
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For the optimized volume of the indirectly quenched system, a temporary dip
followed by settling to a new, higher steady-state temperature values are observed
in its temperature profile, when operating at the highest values of the uncertain
parameters. Again, the settling to higher steady-state values is due to the design
parameters supporting higher outlet temperatures through larger reactor volumes
and higher feed molar flow rate. Because a higher steady-state value is obtained,
the resilience are both greater than 1.
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Figure 4.23: Subjecting the indirectly quenched system with optimized volume
to the highest values of uncertainties resulted to higher steady-state temperature
values, leading to resilience values greater than 1 in both extreme designs.

When operating at non-deterministic parameter values, a similar temperature
profile was obtained for both extreme designs of the indirectly quenched system
with non-optimized volume. Therefore, either most extreme designs is perceived
as best for operation with uncertainties. On the other hand, the optimized design
needs to be re-done for recommendations to be made.

4.3 Robust design optimization

As seen in the previous section, subjecting the deterministic designs to the worst-
case values of the uncertain parameters can result to reactor extinction or re-settling
to a higher steady-state temperature value. The former case is undesirable since
the system needs to be re-started to resume operation and therefore losses in terms
of NH; production are incurred, while for the later case, there is issue with regards
to safety as this could result to reactor run-away. Therefore, RDO was performed
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to design a system which is robust against uncertainties while having a reliable
NH; production. This was done by maximizing the mean of the net NHj output
flow rate while minimizing its standard deviation. With systems having optimized
volume showing the highest temperature resilience, its corresponding direct and
indirectly quenched systems were optimized.

Attempts on performing RDO on these systems were unsuccessful, mainly due
to the solution not converging to a feasible design. It is believed that this is due to
the combination of two things : definition of the constraints in the model, and the
lowest value of the Hy/N, ratio considered during ramping. As explained in the
methodology chapter, GEKKO solves the set of DAE by using Newton’s method to
iteratively find the solution within a feasible region, whose boundaries are defined by
the constraints imposed in the model. These constraints were placed to specifically
screen out impossible designs such as those with a mole fraction greater than 1, a
molar flow rate which is negative, or a pressure which is negative. More importantly,
because reactor run-away needs to be prevented, the highest temperature inside
the reactor was limited to 900 K. Therefore, designs with temperatures greater
900 K inside the reactor were removed from the design space. On the other hand,
the lowest value of the Hy/N, ratio considered during ramp-down is 1.31/2.69,
which is adopted from Cheema et al.[20]. It is believed that for the reactor sizes
considered here, this ratio might be too small. In the work of Cheema et al.[20],
this value was reported as the minimum limit at which NH; production can still
occur. However, their work makes use of volumes which are atleast 12 times smaller
than the volumes considered in this thesis. Therefore, to operate at such a small
ratio in larger reactors, the temperature inside the reactor needs to be very high,
which is not possible due to the imposed constraints.

On the uncertainty propagation side, Mai et al. [78] demonstrated how the
PCE failed to accurately represent the model a well-stirred, homogeneous chemical
system which exhibited oscillatory response in species concentration due to uncer-
tainties from its reaction parameters. To understand why PCE failed in this case,
we need to discuss again how the PCE surrogate model is generated and validated.
Consider a given sample set of size N which are inputs to the model. N — 1 points
from this sample will be used to generate the surrogate model, while the excluded
point x will be used for its validation. During validation, x will be used as input
to both the actual and surrogate model, where the outcome obtained from the
surrogate model will be compared to the one obtained from the actual model. If
the difference between the outputs of two models are small enough (based on their
LOOQO), then the surrogate model is considered representative of the actual model.
In cases where a certain input causes an oscillatory response, the randomness of
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the oscillation’s frequencies and amplitudes makes generation of a surrogate model
capable of capturing these oscillations difficult.

Indeed, previous results in this thesis have shown that certain input variables
bring the system to a certain limit of stable operation where ramping pushes the
system to an unstable state, as manifested by the oscillations. Depending on
which Hopf bifurcation point or fold bifurcation the system is in, the oscillations
can be stable, characterized by constant amplitude and frequency, or unstable,
characterized by dampening amplitudes towards a higher steady-state value or
a lower steady-state value. Applied to this thesis, this implies that the inability
of the surrogate model to capture these oscillations results to inaccurate mean
and standard deviation values of the net NH; output flow rate. As both mean
and standard deviation influences the population propagated by NSGA-II, the
inconsistencies brought by the non-linear oscillatory response made convergence
difficult to attain during optimization. To deal with this, the author [78] suggested
to use time transformation to project the responses onto a suitable space, where a
suitable warping can be chosen to minimize the difference in the frequency and
phase between the surrogate and actual model. In doing so, the oscillatory response
will be effectively captured by the surrogate model. Therefore, it is believed that
the inability of the non time-warped PCE to capture these oscillatory response had
also contributed to the failure of RDO. However, the main reason is perceived to
be due to the chosen constraints and lowest H,/N, ratio for the optimization.
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Chapter 5

Conclusion

In this thesis, the dynamic simulation and optimization of an adiabatic, three-bed
reactor system were made using GEKKO Python as the DAE solver. The NHy
production capacities considered here were based from Thyssenkrupp’s ammonia
plant which was developed for power-to-ammonia applications. In this technology,
renewable energy is used to power the electrolyzer which produces the Hy needed
for ammonia synthesis in the HBS loop. However, a fundamental issue lies with
this set-up as the pre-existing HBS loop are not optimized for flexible operation.
Therefore, optimization was performed under a scenario where the Hy/N, ratio
was ramped to simulate the fluctuations in Hy supply. Aside from the changes in
H, supply, the resulting temperature changes inside the reactor is important as
conditions might be reached where limit cycle behavior or reactor extinction occurs.
These temperatures can be influenced by the reactor system’s cooling configuration
and amount of the catalyst. As such, the two most popular cooling configurations
were studied, the direct and indirect quenching, where its effect on the temperature
resilience was determined by comparing the most resilient and productive designs
of both cooling configurations. These extreme designs were obtained from the
multi-objective DDO which uses NSGA-II as the optimization algorithm. The RDO
was then done by combining the NGSA-II with the PCE method for uncertainty
quantification, to obtained designs with reliable NH5 production.

The DDO step resulted to a Pareto front with its extreme ends corresponding
to the most resilient and most productive design. The effect of cooling configura-
tion on the resilience is mainly related to the possibility of the configuration to
introduce less feed at the inlet without shutting down the system, and to maintain
small temperature changes during ramping. In directly quenched system, the
arrangement of distributing the feed into smaller fractions to comprise the inlet
and quench streams, allow temperature changes to be well managed throughout
ramping. While for indirectly quenched system, the arrangement of introducing
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the feed one time at the inlet calls for larger amounts of H, to be reacted, resulting
to larger temperature changes which are more difficult to manage. As a result, the
direct quenching configuration led to designs with the highest resilience. Meanwhile,
the effect of reactor volume on resilience depends on the reactor system’s cooling
configuration. For the directly quenched system, there was no definitive influence
of the reactor volume on resilience. That is, the resilience obtained was the same
for both small and big reactors. On the other hand, the effect of reactor volume on
resilience for the indirectly quenched system is limited to the last reactor bed, with
smaller volumes leading to higher resilience. In deciding the best configuration
under the scenario of fluctuating H, input, the indirectly quenched system was
chosen due to its ability to exhibit high resilience without the limit cycle behavior,
and high net NH; output flow rate due to higher residence times.

When studying the effect of uncertainties on the deterministic designs, worst-case
scenarios comprising of the lowest and highest values of the uncertain parameters
were implemented. At the lowest-value scenario, the combination led to an expected
decrease in the outlet temperature, resulting to extinction during ramp-down.
However, systems with optimized volumes showed recovery after ramping, with
a decrease in resilience. At the highest-value scenario, the combination led to an
expected increase in outlet temperatures allowing the system to either recover with
a small decrease in temperature resilience or to transition to higher, steady-state
temperature values after ramp-up. Finally, due to the constraint imposed in the
RDO design and the Hy/N, ratio adopted for ramping, the RDO was unsuccessful.
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Chapter 6

Future work

The greatest weakness of this thesis is the implementation of how resilience was
calculated. Although the definition was adopted from Gong et al. [69], the resilience
was calculated with reference to a lower-bound temperature value of zero. Because
of this, despite achieving extinction, relatively high values of resilience were reported.
This makes the reported resilience values not representative of the true performance
of the reactor. In practice, once reactor extinction is achieved, the reactor is
considered non-performing as it will then be subjected to special maintenance [57].
To address this, it is suggested that the lower-bound temperature value should be
defined as the lowest temperature attained throughout ramping. Furthermore, the
oscillations brought by the instability should be accounted for and avoided in the
design, to avoid thermal cycling of the catalyst. The range of operation for which
instability can be avoided is defined through a bifurcation study. When operating
at non-deterministic conditions (highest-value case), high temperatures (at least
800 K) were obtained. Due to the higher heat capacity of the catalyst relative to
the gas, the temperature difference between the two will become significant. As
such, heterogeneous model should be adopted in the future. On the other hand,
the RDO revealed that robustifying the system against uncertainties under very
low Hy/Nj ratio and limited reactor temperature range is not possible. To address
this, it is suggested to study different ramping duration on the robustness of the
design. Done this way, the flexibility of the design is further improved without
depending on large H, storage tanks. It is also suggested to perform uncertainty
quantification through time-warp PCE to allow the surrogate model to capture the
oscillations in the response. Finally, inclusion of the entire HBS loop should be
made, with regards to scheduling and cost optimization.
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Appendix A

Bifurcation analysis from
literature
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Figure A.1: The solution diagram of the bifurcation analysis done by Mancusi
et al. [77], showing pressure as the bifurcation and temperature as the measured
response. The solution can be divided into 4 types - (1) stable stationary solutions
(solid lines), (2) unstable stationary solutions (dashed lines), (3) stable limit cycles
(filled circles), and (4) unstable limit cycles (unfilled circles). The Hopf bifurcation
(H) is the critical point of transition from steady-state behavior to limit cycle
behavior, while the transition from the stable high conversion branch, 1, to the
stable low conversion branch, 2, is defined by the fold bifurcations (5). Diagram
taken from [77).
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