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Abstract: Green ammonia is a promising carbon-free energy vector and means
to store hydrogen efficiently. Employing the software Aspen Plus®, this work
presents an exergetic comparison of a novel small-scale power-to-ammonia
system, to be tested in 2023 and designed for low investment cost and dynamic
flexibility, to a conventional system. For a thorough evaluation six equations of
state, one provided by an industry partner, as well as chemical exergies with
and without excess values are compared. With 64.59%, the novel design has a
4.87% lower exergetic degree of efficiency. The difference can be attributed to
the simplified design of the novel cycle, mainly to the use of an electrical
preheater instead of an internal gas-gas heat exchanger and a recycle valve
instead of a recycle compressor. However, an upcoming exergy economic
analysis will show that the novel cycle is more economical overall, as its
investment costs are lower.
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1 Introduction

After sulphuric acid ammonia is the world’s most produced chemical in terms of tons per
year, of which 80% are used for fertilisers (Bazzanella et al., 2017). The growth of the
world’s population and ammonia production correlate (Appl, 2000a). But a growing
world population only exacerbates the problem of manmade climate change. Therefore, it
is not without irony that ammonia is being suggested as a green energy vector to replace
fossil fuels.

The Haber-Bosch reaction is the most common way to produce ammonia. It is a
gaseous equilibrium reaction of hydrogen (H») and nitrogen (N>) in a ratio of three to one
to form two ammonia (NH3) molecules in the presence of a solid catalyst. The
equilibrium equation which has a negative reaction enthalpy is shown in equation (1) at
standard conditions (25°C and 1.01325 bar) (Bazzanella et al., 2017).

1.5H,() +0.5N,¢) = NHz(,, Ah° =—46.22 kJ/ molyy, (1)

Older and newer ways than Haber-Bosch for nitrogen fixation in ammonia exist (Patil
et al., 2000; Wang et al., 2018; Renner et al., 2015; Travis, 2018), but are not industrially
relevant.

The most common feedstock in the Haber-Bosch process are natural gas and air with
the undesired by product carbon-dioxide (Appl, 2000b). Thus, efforts are being
undertaken to turn the Haber-Bosch process green. Such green power-to-ammonia (P2A)
processes use green electricity to power water electrolysis units to yield H» and air
separation units to yield N,. In academia, green ammonia production (Bafiares-Alcantara
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et al., 2015; Inamuddin et al., 2020; Valera-Medina and Banares-Alcantara, 2021) and the
use of ammonia as a carbon-free energy vector (Valera-Medina et al., 2018; Elishav
et al., 2020; Morlanés et al., 2021) is being discussed increasingly. Furthermore, there
exist several recent, current and planned research projects, e.g., in the UK where Siemens
has built a small-scale P2A reactor with a conventional catalyst (Siemens Energy, 2020)
or in Japan at the Fukushima Renewable Energy Institute where a 100% ammonia fuelled
gas turbine with an electrical output of 41.8 kW has been successfully run for the first
time worldwide (Kobayashi, 2014). In addition to academia and research, there are
numerous ongoing renewable ammonia industry projects. In Australia, the 15 GW Asian
Renewable Energy Hub, a 6,500 square kilometre wind and solar farm, is planned to
produce and export green ammonia starting in 2028 (Brown, 2020; Tancock, 2020). And
only very recently EverWind from Canada and Uniper from Germany have reached a
deal to produce half a million tonnes of green ammonia annually in Nova Scotia to be
shipped to Germany starting in 2025 (Uniper SE, 2022).

A first adopter of ammonia as a fuel is likely the maritime industry as ammonia is
shipped worldwide already and using it as both cargo and fuel seems logical (Teo, 2020).
MAN is developing ammonia retrofits for their two-stroke diesel engines (Jacobsen,
2020) and the shipping company NYK LINE is developing ammonia fuelled tug boats
and ammonia carriers (Taruishi, 2020).

This work compares a novel to a conventional small-scale 15 kW P2A cycle. The
novel cycle, developed in the EU FLEXnCONFU project, was introduced in Koschwitz
et al. (2022b) with a thermodynamic steady state energetic analysis and optimisation. The
new cycle’s predicted dynamic behaviour was analysed in Koschwitz et al. (2022a,
2023). The containerised solution of the novel cycle is under construction and will be
tested at the University of Genova in 2023.

Small-scale P2A can be a valuable means in remote or islanded areas to store energy
(Rouwenhorst et al., 2019; Bafiares-Alcantara et al., 2015) and to use the ammonia as a
fertiliser (Reese et al., 2016; Lin et al.,, 2020). Another advantage of small-scale
compared to big scale is its relatively fast start-up time to match the fluctuations in the
renewables (Verleysen et al., 2021).

The motivation for an exergetic comparison in this work is threefold. First, only
exergy can compare the efficiency of energy storage systems fairly, as not only the first
but also the second law of thermodynamics is taken into consideration. It is the aim to
show that the novel cycle exergetically compares to a conventional small-scale
Haber-Bosch design. Second and third, an exergy analysis lays the foundation for both an
exergetic costing (Tsatsaronis and Winhold, 1985; Bejan et al., 1996; Lazzaretto and
Tsatsaronis, 2006) and exergetic environmental analysis (Meyer, 2006; Meyer et al.,
2009; Tsatsaronis and Morosuk, 2008a, 2008b), the former showing whether a process is
economical, the latter whether it is ecological. Both an exergetic costing and
environmental comparison analysis of the two designs are planned as future works, for
which this work lays the foundation.

2 System description

The novel and conventional P2A process diagrams are displayed in Figure 1 and
Figure 2. The streams are numbered H», N> and in roman letters I to XII. The 15 kW
electrolyser splits water to provide H,. The N, from the air is provided by e.g., membrane
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separation. In the novel layout, the inlets H, and N, enter the system (dotted system
boundary) and are mixed with the recycle XII in the mixer (M-1) at 8 barg. The outlet I
of M-1 enters the compressor (C-1), which is driven by electric power P c; to increase
the pressure to 80 barg (s. Figure 1). In contrast, in the conventional layout the mixing of
the inlets and recycle takes place at 80 barg after the first compressor C-1 (s. Figure 2).
Thus, in the conventional layout C-1 only compresses the inlets to 80 barg, which are
then mixed with the recycle XII in M-1 at 80 barg (s. Figure 2). For a better overview, all
the differences of the two layouts mentioned in this section are listed in Table 1.

In the novel layout, the compressor outlet II enters the electric heat exchanger (E-1),
which takes up the electric power P. 1 and increases the temperature to the optimal
reactor inlet temperature of 380°C (s. Figure 1). In contrast, in the conventional design
the compressor outlet enters the internal gas-gas heat exchanger E-1 to leave with a
temperature of 213°C (s. Figure 2 and Table 1). The heat provided in E-1 is provided by
the reactor outlet stream VI.

In the novel layout, the preheated outlet III enters R-1, the first of three identical
fixed-bed reactor sections (R-1, R-2 and R-3). Each section is temperature controlled by a
combination of air cooling and electric heating to ensure the optimal temperature profile
for NH3 conversion of 380°C, 350°C and 340°C (s. Figure 1), as discussed by Koschwitz
et al. (2022b). The electric power uptake and given-off heat stream of each section is
Por1, Para and Pogs and Oy, Og-» and Og_3. In contrast, as will be discussed in
Section 4.3, in the conventional layout the optimal temperature profile is slightly different
with 380°C, 360°C and 340°C. In other words, only the temperature in R-2 is higher by
10°C (s. Figure 2 and Table 1).

In the novel layout, the outlet VI of R-3 enters the condenser (V-1), which takes up
the electric power Py~ to cool VI to 15°C. Here, for simplicity, a worst-case vapour
compression refrigeration (VCR) with a coefficient of performance (COP) of 1 is
assumed. In contrast, in the conventional layout the reactor outlet VI is used in the
internal gas-gas heat exchanger E-1 to heat up the reactor inlet III (s. Figure 2). The
cooled down reactor outlet VI-2 then enters V-1.

In both layouts, the outlets of V-1 are the liquid stream VII and the gaseous stream
VIII. VII mainly consists of NH3 and exits the system to the ammonia storage tank. VIII,
which mainly consists of unconverted H, and N, enters the splitter (S-1). In the real test
plant, the purging of the system via the purge valve (I-1) will take place intermittently
and depends on the measured concentration of unwanted inerts that enter the cycle such
as Argon. For simplicity, S-1 is assumed to have a split ratio for VIII of 0.05 and 99.95
mol% for IX and XI. IX enters I-1. The purge X exits both I-1 and the system.

In the novel layout XI enters the recycle valve (I-2). The outlet XII of I-2 is the
recycle stream, which has a reduced pressure of 8 barg to match the low pressure of the
inlets H, and N> to close the cycle in M-1. In contrast, in the conventional layout the
pressure is not reduced. Instead, a second recycle compressor (C-2) compensates for the
pressure losses in the previous components (s. Figure 2). The outlet XII of C-2 has a
pressure of 80 barg to match the outlet pressure of the inlet compressor C-1.
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Figure 1 Flowsheet of the novel P2A cycle
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Figure 2 Flowsheet of a conventional P2A cycle
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Table 1 Main differences of the novel and conventional P2A cycle

Difference Novel P24 cycle Conventional P24 cycle

M-1 mixer The mixing of the educts H2 and N2 The mixing of the recycle and educts
as well as the recycle XII takes place takes place after the compressor C-1 at
before the compressor C-1 at 8 barg. 80 barg.

C-1 The compressor inlets are the educts ~ The compressor inlets are only the educts

compressor  Hz and N2 as well as the recycle XII.  Hz and Na. The conventional cycle has
The novel cycle only has one the inlet compressor C-1 as well as a
compressor, C-1. recycle compressor C-2.

E-1 heater The heater E-1 is an electrical heater ~ The heater E-1 is an internal gas-gas heat
that heats up the reactor inlet III to exchanger that heats up the reactor inlet
380°C. I to 213°C.

Reactor The reactor compartments R-1, R-2 The reactor compartments R-1, R-2 and

temperature  and R-3 are isothermal temperature R-3 are isothermal temperature

profile controlled at 380°C, 350°C and controlled at 380°C, 360°C and 340°C.
340°C.

Recycle The pressure in the recycle is The pressure in the recycle is maintained

reduced via the recycle valve I-2 to
match the low pressure of 8 barg of
the inlets.

at 80 barg by the recycle compressor
C-2, which compensates for the pressure
losses in the upstream cycle components.

For conventional ammonia cycles both the use of a recycle compressor (see for example,
(Appl, 2000b, 2000c; Verleysen et al., 2020, 2021; Bland, 2015; Aspen Tech, 2015;
Tripodi et al., 2018; Stephens and Richards, 1973; Aratjo and Skogestad, 2008; Zhang
et al., 2010; Tian et al., 2011; Palys et al., 2018; Kirova-Yordanova, 2004; Penkuhn and
Tsatsaronis, 2017) and the use of an internal gas-gas heat exchanger (see for example,
Appl, 2000b, 2000c; Reese et al., 2016; Verleysen et al., 2021; Bland, 2015; Aspen Tech,
2015; Stephens and Richards, 1973; Aratjo and Skogestad, 2008; Zhang et al., 2010;
Tian et al., 2011; Palys et al., 2018; Verleysen et al., 2020; Kirova-Yordanova, 2004;
Morud and Skogestad, 1998; Kasiri et al., 2003; Bothinah et al., 2016; Allman and
Daoutidis, 2018; Jinasena et al., 2018; Adhi and Prasetyo 2018) are widespread. From an
exergetic point of view, the use of both components is likely to be superior to the
proposed recycle valve and the electrical heater in the novel layout. However, from an
investment cost point of view the opposite can be assumed. As necessary preliminary
work for an exergy costing comparison, this work shall determine the extend to which the
two layout differences affect the exergetic parameters of the cycles, cycle components
and cycle streams. For this, since only the differences matter, the system boundary
excludes the input sources, i.e., electrolyser and N»-source, which are the same in both
layouts. The unit operations R-1, R-2, R-3, V-1, S-1 and I-1 are also the same in both
layouts. However, because they are downstream and affected by the upstream layout
differences, they are included in the system boundary.

3 Methods

To derive the thermodynamic data for the exergy analyses the simulation environment
Aspen Plus® (Aspen Tech, 2023) is employed. In Section 3.1 the key aspects of the
exergetic approach are explained. In Section 3.2 the simulation setup is reported. The
three goals of the simulation setup are described in Subsections 3.2.1, 3.2.2 and 3.2.3.
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3.1 Exergy analysis

The exergy concept (Bejan et al.,, 1996; Szargut et al., 1988; Moran et al., 2014;
Tsatsaronis, 2007) is a strong and long-established tool for the evaluation of power and
chemical systems to determine inefficiencies and ways to reduce them. As opposed to a
pure energetic analysis, exergy is that theoretical maximum part of energy that can be
converted to power. Since P2A processes, like all other power-to-X-to-power processes,
use power and generate it again, it is more sensible to look at exergy and not only energy.
Perhaps even more or equally important, an exergy analysis includes an entropy analysis.
Exergy destruction, i.e., potential power lost through inefficiencies in cycle components,
is proportional to entropy production. Therefore, an exergetic analysis determines the
exergy destruction in a process and thus reveals the inefficiencies of that process in a way
that a pure energetic analysis cannot.

The exergy concept has been applied to ammonia production processes already
(Kirova-Yordanova, 2004; Penkuhn and Tsatsaronis, 2017; Radgen and Lucas, 1996).
Neglecting kinetic and potential energy, the exergy stream E; of a stream i is the sum of

its physical EF# and chemical exergy EC¥ stream, shown in equation (2).
E; = EPH + ECH 2)

The chemical exergy concept is explained, e.g., in Bejan et al. (1996) and Sato (2004).
The molar chemical exergy of a mixture ey is the sum of the ideal molar chemical
exergy ey, and the molar excess Gibbs energy gj,., shown in equation (3) (Sato,
2004).

ey =ZijjCH +TOEZJ’1 In(y;)+ g 3

J=1 J=1

’ECH

~“Mix id
In equation (3), y; is the molar fraction and e/ the chemical exergy of the /™ component
Ha, N> or NH3. In this work the values for e are taken from Szargut et al. (1988). gy,

from equation (3) can be calculated by subtracting the ideal gy s from the real Gibbs
energy of the mixture g,;, given in equation (4).

i = &Mix — EMix,id “4)

g5 from equation (4) is calculated by determining g and g0 in Aspen Plus® via
the use of a non-ideal equation of state (EoS) and the ideal EoS respectively. In literature,
(chemical) exergies for ammonia processes are calculated in different ways. Bram and
Ruyck (1997) employ Aspen Plus® with an external Fortran subroutine. An ideal mixture
is assumed and only the chemical exergies of hydrocarbons are considered.
Kirova-Yordanova (2004) conducts an exergetic analysis of ten designs of ammonia
synthesis loops at 300 bar. The mixtures are treated as real mixtures. Penkuhn and
Tsatsaronis (2017) evaluate two designs of ammonia synthesis loops with an advanced
exergy analysis. Radgen and Lucas (1996) evaluate an ammonia and urea plant through
an exergy analysis. Osuolale and Zhang (2018) use the excess approach from equation (3)
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for the evaluation of a distillation system. For the evaluation of a water-ammonia
absorption refrigeration system Gupta et al. (2015) employ the approach from
equation (4).

The most important exergetic indicators in this work are Ep s, Ep or» €k s €or> Ch » Stor
and ¢. The exergetic destruction K, that takes place in each unit operation & is being
calculated by subtracting the exergetic product Ep leaving from the exergetic fuel Er
entering that unit operation, given in equation (5).

Epy =Epg—Epy ®)

The total exergetic destruction ED,,,,, for the whole system is the sum of all ED,k, given
in equation (6).

Epw = Epg (6)
k=1

The exergetic degree of efficiency of each unit operation ¢ is calculated by the ratio
E pi tO E F.k, given in equation (7).

E
€ = ,P’k (7)
Er

The total exergetic degree of efficiency € is calculated by the ratio of the total exergetic
product EP,,,,, to fuel EF,,,”, i.e., the sum of all Ep,k leaving to the sum of all EF,k

entering the system across the system boundary (sb), given in equation (8).

m .

: E
_ EP,tot _ Zk:1 Poklsh 3
i = DL it (®)

The ratio of exergy destruction in a component to total exergetic fuel & is calculated by
the ratio of Epy to Er 4y, given in equation (9).

E E
£, = oDk D.k )

_EFtot " E
E k=l F.k

Analogously, &, is calculated by the ratio of E D.tor tO E £, glven in equation (10).

sb

Epw m_ ED,k
é:tot = -D’” = k=l (10)

m o .
EF,mt E EF P
k=1 ?

Lastly, the ratio of exergy destruction in a component to total exergy destruction ¢ is
calculated by the ratio of ED,k to ED,M, given in equation (11).

sb
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_Epx _ Eps
@_EDIUI_ " E (an
. Z o EDik
Table 2 Novel and conventional layout main exergy and Aspen Plus® parameters
Exergy
Chemical exergy model Szargut et al. (1988)
Reference temperature 25 °C
Reference pressure 1.01325 bar
Aspen Plus®
Pressure drop per unit operation 1 mbar
Components Hz, N2 and NH3
EoS HYSPR-mp used by
industry partner
(Koschwitz et al., 2022b)

Modified binary interaction Ha N2 NH3
parameters of HY SPR-mp
(Koschwitz et al., 2022b)

Ha / —0.036 0

N2 —0.036 / 0.222

NH3 0 0.222 /
Electrolyser power input 15 kW
Electrolyser Hz outflow 3 Nm3/h
Cycle inflow molar ratio Hz to N2 2.96 -
C-1and C-2
Isentropic efficiency 85 %
Mechanical efficiency 100 %
E-1 (internal)
Temperature approach outlet 10 K
Minimum temperature approach 10 K
Direction of flow Countercurrent
R-1, R-2 and R-3
Type Plug flow
Length 0.5 m
Diameter 0.1 m
Catalyst mass 12 kg
Kinetics Modified Aspen Plus® LLHW Kkinetics fitted to novel iron-based

catalyst data (Koschwitz et al., 2023, 2022b)

Pressure drop correlation Ergun
V-1
Temperature 15 °C
S-1
Molar split fraction IX 0.005 -
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Novel layout exergetic definitions

Table 3

:\_M ,:MN + m.z@m + fmw &@N @NN 1ei0],
/ Emh..w — tﬂ.ﬂ / / AATBA 1
/ Xy — xig / / QATBA 1-1
Xy 4 Yy niag / / 1on1ds I-S
:\_.@ HiAgy — Mgy 4 =41y 1A g / [9SSoA I-A
€= mh,.w+ :r.ﬂ ;M / ﬁ o \Qmé,m@ 103089y A
[0
N\x,mr.ﬂ + ;.m .i,m / m o — &Néd@ J010ey d
=¥y
Tm,m.m n E.m E.m / ﬁﬂ — Q Tz.@@ 103089y -
Iq - g 7P g it / 191831 JL1JJ[ -9
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Conventional layout exergetic definitions

Table 4

o7 |+ e g R 17 7K ol

/ g — g TPy (el / Jossardwo) 0

/ / g - / / QATEA 1

/ xw + E.N ::N / / Tonidg 1-S
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/ w07 4 iy ayq / MM& _ QTE.@ 103080y [
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3.2 Simulation setup

Table 2, Table 3 and Table 4 list the values of the main exergy and Aspen Plus®
parameters, the exergetic definitions of the novel and of the conventional cycle
components.

In Table 3, the inlet streams of M-1 approximately have the same temperature, which
is why the exergetic fuel and product of M-1 are taken to be the actual exergetic in- and
outflows of M-1. The components E-1 and V-1 are electrically heated and cooled, for V-1
assuming VCR with a COP of one as a simplified worst case scenario approach. The
resulting heat stream of the VCR is neglected. R-1, R-2 and R-3 are electrically heated or
cooled, via free convection or if that is insufficient, via ventilated forced air convection,
depending on the desired temperature profile in the sections. In the novel layout, the

reactors all need to be cooled and give off the heat streams Op_;, Ox_» and Og_; at

temperatures 71, Tr—> and T3 to ambient air at 7. Heat transfer calculations conducted
prior to this work suggest that free convection is sufficient. Therefore, the electrical
power consumption of the three reactors is zero. I-1 and I-2 are dissipative components
for which no exergetic product can be defined. In addition, they serve more the cycle as a
whole than other components. Hence, no combined exergetic degree of efficiency with
other components can be defined for I-1 and I-2, either. Moreover, by convention, the
exergy losses for individual components are set to zero. Lastly, since the exergetic heat
streams are all leaving the system and therefore have a negative sign, for the total exergy
loss, their absolute value is being used.

In Table 4, unlike R-2 and R-3, R-1 needs to be electrically heated because E-1
cannot supply enough energy to heat up III to the required inlet temperature. Apart from
that, the same arguments from above for the novel layout also apply to Table 4 for the
conventional layout.

Three main exergetic comparisons of the two P2A cycles were carried out. Their
setup and aims are described in detail in the three following Subsections 3.2.1, 3.2.2 and
3.2.3.

3.2.1 EoS comparisons

Several EoS are used in literature to simulate ammonia processes. Bland (2015) uses
SRK to model and optimise a conventional methane ammonia synthesis plant. The EoS
fits the data provided by the fertiliser company Yara. SRK with no further modifications
is also used by Rouwenhorst et al. (2019). RKS-BM with pure NH3 properties adapted for
the synthesis unit and binary interaction parameters for H», N>, Ar and CH4 adapted to
account for the solubilities of these components in NH; are used in an Aspen Plus®
tutorial (Aspen Tech, 2015). The same EoS is also used for a biomass gasification and
ammonia synthesis plant by Arora et al. (2016) and for a green ammonia plant about
30-times smaller than a conventional plant by Lin et al. (2020). Kirova-Yordanova (2004)
employs RK and both Tripodi et al. (2018) as well as Adhi and Prasetyo (2018) use PR.
In addition, Tripodi et al. (2018) also employ RKS and RKS with modified parameters.
To evaluate how the choice of EoS determines the exergetic results, the five EoS
mentioned in the previous paragraph (SRK, RKS-BM, RK, PR and RKS) are compared
to the EoS HYSPR-mp. HYSPR-mp is the Aspen HYSYS® Peng Robinson EoS with
modified parameters (s. Table 2) which was used in the previous work by Koschwitz
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et al. (2022b). It is the aim to determine if the HYSPR-mp is suitable for an exergetic
analysis, i.e., gives comparable results to more commonly EoS used in literature.

3.2.2 Chemical exergy comparisons

The chemical exergy is the sum of the ideal chemical exergy and an excess part
[s. equation (3)]. The calculation of the excess part [s. equation (4)] is somewhat
laborious and is only necessary if the system deviates a lot from being an ideal system.

To evaluate if the system can be regarded as an ideal system, the exergetic indicators
with and without the excess part are compared, for both layouts and all six EoS. It is the
aim to determine if a time saving ideal exergetic analysis also gives comparable results to
an exergy analysis with excess values.

3.2.3 Exergetic analysis

Taking into account the results of the two previous Subsections 3.2.1 and 3.2.2, the two
layouts are exergetically evaluated and compared.

The chief aim of this exergy analysis is to determine and compare the overall
exergetic degree of efficiency of both cycles. Further, the exergetic weaknesses of the
two cycles shall be determined and solutions proposed on how to reduce these
irreversibilities, i.e., exergy destructions.

4 Results

The following Sections 4.1, 4.2 and 4.3 correspond to the Subsections 3.2.1, 3.2.2 and
3.2.3.

4.1 Results of the EoS comparisons

The results of the absolute and relative differences in the exergetic stream values of the
alternative five EoS to HYSPR-mp are listed in Table 5 and Table 6 for the novel and
conventional layout respectively. For better visualisation, Figure 3 depicts the maximum
and minimum percentage values of Table 5 and Table 6.

Figure 3 Maximum exergy deviations for all streams and both layouts of the five EoS to
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Table 5 Novel layout exergy stream deviations from HYSPR-mp

AE [kJ | hr] H> N2 I i b1t ViZ 14 VI

SRK 0 0 1,376 1,655 1,779 1816 1,774 1,756

RKS-BM -1 0 3,774 3,846 3,927 3,952 3929 3918

RK -1 0 279 455 542 569 541 531

PR 0 0 3,985 4,145 4224 4254 4227 4214

RKS -1 0 7,021 7250 7381 7427 7382 7,359
Vil VIl IX X X1 XI1

SRK -16 1,618 8 8 1,610 1,395

RKS-BM -17 3,871 19 19 3,852 3,779

RK -5 436 2 2 434 294

PR -14 4,139 21 21 4,118 3,992

RKS -32 7,254 36 36 7218 7,030

AE [%)] H> N2 I i b1t ViZ v VI

SRK 0.0 -0.1 1.3 1.5 1.6 1.6 1.6 1.6

RKS-BM 0.0 0.2 3.5 3.4 3.5 3.5 3.5 3.6

RK 0.0 0.2 0.3 0.4 0.5 0.5 0.5 0.5

PR 0.0 0.0 3.7 3.7 3.7 3.8 3.8 3.8

RKS 0.0 -0.1 6.5 6.4 6.5 6.7 6.7 6.7
Vil VIl IX X X1 X1

SRK -0.1 2.1 2.1 2.1 2.1 1.9

RKS-BM -0.1 5.0 5.0 5.0 5.0 5.0

RK 0.0 0.6 0.6 0.6 0.6 0.4

PR 0.0 5.3 5.3 5.3 5.3 5.3

RKS -0.1 9.3 9.3 9.3 9.3 9.3

Table 5 and Table 6 reveal that HYSPR-mp calculates lower exergies than the five EoS
for the pure streams H, and Na, liquid VII as well as I in the conventional layout. The
absolute and percentage exergy differences are negative but rather small, i.e., not
below —0.2%. This can be explained by the fact that in all these streams one component is
dominant, such that they can be regarded as almost pure streams or, in the case of stream
I, by the lack of NHs. For the other streams for both layouts, HY SPR-mp leads to higher
exergies than the five EoS, i.e., the absolute and percentage exergy differences are
positive. For these streams, RK displays the smallest and RKS the biggest percentage
differences. SRK is second closest to HYSPR-mp with an average deviation of ca. 2%,
whereas RKS-BM and PR both deviate by ca. 3.4%—5.3%.

Judging from Table 5, Table 6 and Figure 3, with a maximum of 9.3% for RKS and a
minimum stream exergy deviation of —0.2% for RK, it can be claimed that all EoS are
within a reasonable range of one another and ergo the results of HYSPR-mp should be
reasonable.
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The results of the exergetic indicators for the novel and conventional layout are listed
in Table 7 and Table 8. For better visualisation, Figure 4 depicts the maximum and
minimum percentage values of Table 7 and Table 8.

Table 6 Conventional layout exergy stream deviations from HY SPR-mp

AE [kJ / hr] H> N2 I I b1l v v 144

SRK 0 0 -5 1,978 2,036 2,228 2,198 2,168

RKS-BM -1 0 -10 3,639 3,664 3,756 3,736 3,722

RK -1 0 -10 771 811 945 926 907

PR 0 0 -3 3,960 3,993 4,113 4,090 4,072

RKS 0 0 -5 1,978 2,036 2,228 2,198 2,168
VI-2 214 2104 X X X1 XII

SRK 2,053 -18 2,026 10 10 2,016 2,018

RKS-BM 3,675 -16 3,677 18 18 3,659 3,659

RK 829 -7 808 4 4 804 805

PR 4,007 -13 3,999 20 20 3,979 3,980

RKS 6,951 -30 6,948 35 35 6,913 6,915

AE [%] H> N> I Vi ur v v |24

SRK 0.0 0.1 0.0 1.8 1.8 2.0 2.0 2.0

RKS-BM 0.0 -0.2 0.0 33 33 3.4 3.4 3.4

RK 0.0 -0.2 0.0 0.7 0.7 0.9 0.8 0.8

PR 0.0 0.0 0.0 3.6 3.6 3.7 3.7 3.7

RKS 0.0 0.1 0.0 6.2 6.2 6.4 6.4 6.4
VI-2 2/4 2004 X X X1 XII

SRK 1.9 0.1 2.6 2.6 2.6 2.6 2.6

RKS-BM 34 0.1 4.7 4.7 4.7 4.7 4.7

RK 0.8 0.0 1.0 1.0 1.0 1.0 1.0

PR 3.7 0.0 52 52 52 52 52

RKS 6.4 0.1 9.0 9.0 9.0 9.0 9.0

Table 7 Novel layout exergetic results deviations from HY SPR-mp

Ep Ae a¢
kJ/hr % %. % %. %
SRK 1,023.8 7.5 -1.5 -2.3 1.6 54
RKS-BM 425.7 3.1 -0.6 -1.0 0.6 2.2
RK 669.0 4.9 -1.0 -1.5 1.0 35
PR 619.9 4.6 -0.9 -1.4 0.9 33

RKS 931.5 6.8 -1.4 22 1.4 4.9
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Table 8 Conventional layout exergetic results deviations from HY SPR-mp
Ep Ae A¢

kJ/hr % %. % %. %
SRK 1,087.3 9.0 -1.9 2.7 1.8 6.6
RKS-BM 4248 3.5 0.8 -1.1 0.7 25
RK 728.0 6.0 -1.2 -1.8 1.2 4.4
PR 628.5 52 -1.1 -1.6 1.0 3.8
RKS 933.9 7.7 -1.7 2.4 1.5 5.6

Figure 4 Maximum exergetic indicator deviations for both layouts of the five EoS to HYSPR-mp
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The data in Table 7 and Table 8 reveals that HYSPR-mp overestimates Ep and & but

underestimates €. This suggests that HYSPR-mp yields rather conservative exergetic
indicator values. From Figure 4, it can be seen that the differences for all five other EoS
and both layouts are in between the values of SRK, i.e., below the maximum of 9.0% for
AED, above the minimum -2.7% for Ac and below the maximum 6.6% for AZ. This

suggests as well that HYSPR-mp yields reasonable exergetic results. Overall for the
exergetic indicators, SRK and RKS deviate the most, RK and PR are in between and
RKS-BM deviates the least from HYSPR-mp.

Summarising, for all of the five EoS (SRK, RKS-BM, RK, PR and RKS) compared to
HYSPR-mp, the maximum percentage difference is within £10% for the exergy streams
(s. Figure 3) as well as for the exergetic indicators (s. Figure 4). Therefore, it can be
assumed that HY SPR-mp likely gives reasonable and reliable results that are within range
of those five other EoS used in literature to simulate ammonia processes. This also means
that HYSPR-mp can be used for the exergy analysis in Section 4.3 as well as for the
upcoming exergy costing comparison of the two cycles.

4.2 Results of the chemical exergy comparisons

The comparisons of the chemical exergies revealed that the differences of real to ideal
(index id) chemical exergies are marginal. This is true for the stream exergies as well as
the exergetic indicators for both layouts. Analogously to Figure 3, Figure 5 depicts the
maximum and minimum percentage stream exergies for both layouts and all streams. The
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maximum and minimum percentage differences are 0.0008 for RKS and close to
—0.006% for all EoS.

Figure 5 Maximum real to ideal exergy deviations of the six EoS for all streams and both layouts
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Analogously to Figure 4, Figure 6 depicts the maximum and minimum exergetic
indicator real to ideal percentage differences for both layouts. The maximum percentage
difference is 0.0159% for AE, and AE and the minimum is —0.00591% for Ae (all for
PR). The real exergies overestimate E, and ¢ but underestimate ¢. This means that the

real exergies produce more conservative values. This is true for all EoS and both layouts.

Summarising, the results of the chemical exergy comparisons show that the excess
values have a marginal impact on the (chemical) exergies. Thus, it can be argued that the
excess values can be neglected, saving programming and calculation time without
significantly affecting the accuracy of the exergetic evaluation. This further means that a
reduced chemical exergy analysis suffices for the exergy analysis in Section 4.3 as well
as for the upcoming exergy costing comparison of the two cycles.

Figure 6 Maximum real to ideal exergetic indicator deviations of the six EoS for both layouts
0.017
0.013
0.009
0.005
0.001

-0.003 I I I

-0.007

Deviation [%]

HYSPR-mp SRK  RKS-BM RK PR RKS
Equation of State

Novgl Conyentional
QAEp mAe BAE OAE,mAe aAi



Exergetic comparison of a novel to a conventional small-scale 145

4.3 Results of the exergetic analysis

Taking the results from the previous Sections 4.1 and 4.2, HYSPR-mp with ideal
chemical exergies is being employed in this section. However, as a first step in order to
fairly compare the two cycles, both cycles need to operate at their optimal reactor
temperature profile. As determined by Koschwitz et al. (2022b), for the novel layout this
profile is 380°C, 380°C, 350°C and 340°C for the outlet temperature of the electrical
preheater and the temperatures in R-1, R-2 and R-3. However, this profile may not be
optimal for the conventional layout. Thus, a variation analysis for the conventional layout
for the three reactor temperatures from 350°C to 410°C, 320°C to 380°C and 310°C to
370°C, a sensible range of = 30 K in steps of 10 K, was carried out, to determine the
optimal profile with regards to a maximum total exergetic efficiency.

The result of the variation analysis is depicted in Figure 7. The optimal reactor
temperature profile is 380°C, 360°C and 340°C for a maximum total exergetic value of
69.47%. Compared to the novel profile, only Tk, increases from 350°C to 360°C. From a
kinetic and thermodynamic point of view, the result of the variation analysis makes
sense, as the expected falling reactor temperature profile is maintained and only slightly
changed.

Figure 7 Optimum (black column) reactor temperature profile variation analysis result
(€tot = 69.47%; Tr-1, Tr2, Tr-3 = 380°C, 360°C, 340°C) for the conventional layout
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With this optimal profile, the exergetic analysis is carried out. The stream variable results
of the novel and conventional layout are given in Table 9 and Table 10. The results of the
exergetic analysis are given in Table 11 and Table 12.

Comparing Table 9 and Table 10, it first strikes out that the stream values of the
output VII as well as the recycle XII and the purge XI are almost the same, at least to the
number of decimal places given in the tables. This means that both layouts have not only
the same input, but also similar outlets as well as internal streams.

What differs is the energy needed for heating the reactor, which is smaller in the
novel than in the conventional layout and is shifted from the preheater to the electrical
heater of the first reactor section, i.e., Peg1 = 1,591 kJ/h in Table 9 vs. Peg 1 = 2,282
kJ/h in Table 10. This suggests that E-1 (internal) cannot transfer all the energy needed to
heat up the reactor inflow. The reason for this is the lower inlet temperature of II into E-1
(internal). This, in turn, can be explained by the fact that in the novel layout the complete
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recycle enters C-1, resulting in an already well-heated outlet stream. Therefore, the
question arises whether the internal heat exchanger in the conventional layout really
poses that much of a benefit, given that in the novel layout C-1 already acts as a sort of
heater and E-1 (electric) only needs to raise the temperature by ca. 80 K.

Table 9 Novel layout stream variable results
Stream H> N> 1 I 1l 1w vV Vi
M kg/hr 0.27 1.27 7.94 7.94 7.94 7.94 7.94 7.94
N kmol/hr  0.13 0.05 0.64 0.64 0.64 0.58 0.56 0.55
T °C 20.00  20.00 7.58  301.44 380.00 380.00 350.00 340.00
p bar 9.01 9.01 9.01 81.01 81.01 81.01 81.01 81.01
YV, mol/mol  1.00 0.00 0.56 0.56 0.56 0.46 0.43 0.41
YN, mol/mol  0.00 1.00 0.34 0.34 0.34 0.33 0.32 0.32
YNH; mol/mol  0.00 0.00 0.09 0.09 0.09 0.21 0.24 0.27
et kJ/kmol 5426 5411 5431 13,377 14,650 14,794 14,281 14,118
et kJ/kmol 236,100 720 162,032 162,032 162,032 177,577 182,219 185,124
E kl/hr 32,328 277 107,489 112,589 113,406 111,479 110,693 110,317
214 VI X X X1 XII
M kg/hr 1.50 6.43 0.03 0.03 6.40 6.40
N kmol/hr 0.09 0.47 0.00 0.00 0.46 0.46
T °C 15.00 1500 15.00 15.00 15.00 3.11
p bar 79.01  79.01 79.01 79.01  79.01 9.01
Vi, mol/mol 0.00 0.49 0.49 0.49 0.49 0.49
I mol/mol 0.00 0.38 0.38 0.38 0.38 0.38
YNH; mol/mol 0.99 0.13 0.13 0.13 0.13 0.13
e kJ/kmol 5,831 10,761 10,761 10,761 10,761 5,437
et kJ/kmol 342,406 157,073 157,073 157,073 157,073 157,073
E kJ/hr 30,841 78,063 390 390 77672 75,209
Pec-i Pep-1 Per-i Per2  Per-3  Pely-i
Ey kJ/hr 5,726 1,591 / / / 7,825

However, the fact that the whole recycle is being compressed results in a much higher
electrical power demand of compression in the novel layout, i.e., Pec-1 = 5,726 kJ/h in
Table 9 vs. Pec1 + Pec2= 1,719 kl/h in Table 10.

The last value that strikes out is the similar cooling requirement in the condenser
P y1, which is only slightly higher for the novel layout, i.e., 7,825 kJ/h in Table 9 vs.
7,797 kJ/h in Table 10. One would expect, given the higher temperature in the novel
layout, i.e., 340 of VI in Table 9 vs. 223.14°C of VI-2 in Table 10, but besides that
almost identical stream properties, that the condensing energy required in the novel
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layout would be much higher. However, the condensation of NH; is much more energy
intensive than the cooling of the stream. This results in an almost similar energy uptake in
V-1 in both layouts.

Table 10  Conventional layout stream variable results
Stream H> N> 1 I 1 1w V Vi
M kg/hr 0.27 1.27 1.54 791 791 791 791 791
N kmol/hr  0.13 0.05 0.18 0.64 0.64 0.58 0.56 0.55
T °C 20.00  20.00 338.55 102.11 213.14 380.00 360.00 340.00
p bar 9.01 9.01 81.01 81.01 81.01 81.01 81.01 81.01
YV, mol/mol  1.00 0.00 0.75 0.56 0.56 0.46 0.43 0.41
YN, mol/mol  0.00 1.00 0.25 0.35 0.35 0.33 0.32 0.32
YNH; mol/mol  0.00 0.00 0.00 0.09 0.09 0.21 0.25 0.27
et kJ/kmol 5,426 5,411 13,867 11,117 12,170 14,794 14,463 14,118
et kJ/kmol 236,100 720 175,260 161,925 161,925 177,496 182,234 185,115
E kl/hr 32,328 277 33,867 110,605 111,278 110,940 110,250 109,776
VI-2 214 VI X X X1 XII
M kg/hr 791 1.50 6.40 0.03 0.03 6.37 6.37
N kmol/hr  0.55 0.09 0.46 0.00 0.00 0.46 0.46
T °C 223.14 15.00 1500 15.00 15.00 1500 17.54
p bar 79.01  79.01 79.01 79.01 79.01 79.01 81.01
Vi, mol/mol  0.41 0.00 0.49 0.49 0.49 0.49 0.49
I mol/mol  0.32 0.00 0.38 0.38 0.38 0.38 0.38
YNH; mol/mol  0.27 0.99 0.13 0.13 0.13 0.13 0.13
e kJ/kmol 12,204 5,831 10,761 10,761 10,761 10,761 10,820
et kJ/kmol 185,115 342,404 156,896 156,896 156,896 156,896 156,896
E kJ/hr 108,721 30,844 77,528 388 388 77,140 77,167
Peici Per-1 Pear2  Pers  Pevi  Pec2
Ey kJ/hr 1,685 2,282 / / 7,797 34

Looking at the exergetic values of the two processes in Table 11 and Table 12, the first
thing that catches the eye is that the reactor cooling in the novel layout is almost thrice
that of the conventional layout and thus the exergy of heat unused and lost is almost three
times as high, i.e., EQ,,,,I =-2,900kJ/h in Table 11 vs. —1,121 kJ/h in Table 12. Thus,
together with the purge X leaving the cycle, the exergetic losses in the novel cycle are
almost double, i.e., ELM =3,290kJ/h in Table 11 vs. 1,509 kJ/h in Table 12. Also, the
novel cycle has a higher exergetic fuel demand, i.e., EF,M =47,747 kJ/h in Table 11 vs.
44,404 kJ/h in Table 12. This can be attributed to the higher demand for exergetic power,
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ie., E.W,mt =15,142kJ/h in Table 11 vs. 11,799 kJ/h in Table 12. At the same time, with

VII being almost identical in both layouts, the exergetic product of both cycles is almost
identical. This results in a lower total exergetic efficiency in the novel layout with a
difference of 4.87%., i.e., €,r = 64.59% in Table 11 vs. 69.46% in Table 12.

Perhaps not surprisingly, in the novel layout in Table 11 the recycle valve I-2 displays
the lowest exergetic efficiency (> = 0%) as well as both the second highest exergetic
ratio of destruction to feed (&> = 5.16%) and exergetic destruction ratio (¢ = 18.09%).
However, the biggest share in exergy destruction is caused in V-1 with values of
€1 = 76.95%, &y = 19.35% and ¢y = 67.84%. This means that the cooling of the
reactor outlet causes by far the greatest irreversibilities. This suggests that a different
separation method, e.g., ad- or absorption at a higher temperature, as put forward in Palys
et al. (2018), Malmali et al. (2018) or Smith et al. (2019), might be exergetically
beneficial. However, these methods make the cycle operation more complicated, i.e., by
the batch-wise removal of NH; and the recycling of the adsorption bed or absorption
material.

In the conventional cycle in Table 12, V-1 displays a similar dominance on the
exergetic performance, followed by R-1 with ED,R—I =2,620kJ/h, & = 5.90% and

@r-1 = 21.74%. This can be explained again by the fact that E-1 (internal) does not
preheat the reactor inlet as much as the combination of C-1 and E-1 (electric) in the novel
layout. The resulting temperature difference has to be bridged by the electrical heating in
R-1, resulting in irreversibilities and a low exergetic performance of R-1.

Summarising, the results of the exergetic analysis show that the novel layout only has
a 4.87 percentage point lower exergetic degree of efficiency, with a value of 64.59%
compared to 69.46% of the conventional layout. This rather small difference is
remarkable, given that the novel layout is much simpler. Furthermore, the integral part of
the conventional cycle, the internal heat exchanger, does not seem to be that beneficial, as
it cannot provide all the energy needed for heating up the reactor inlets. This in turn leads
to a high exergy destruction in the first reactor compartment due to the required electrical
heat-up there.

On the contrary, in the novel layout the heating up is already partly done during the
compression in the compressor. The compressor in the novel cycle displays the main
exergetic uptake. Therefore, its efficiency should be improved. This can be achieved by
choosing a high-end compressor. Since the novel cycle employs only one instead of two
compressors, a larger investment in a high-end compressor is likely to be less costly than
the investment cost of two less efficient compressors for the conventional cycle.
However, such trade-off calculations will be made and discussed extensively in the
upcoming exergy costing analysis of the two cycles, for which this exergy analysis has
laid the foundation.

The main exergetic losses in the novel layout are related to the heat losses in the three
reactor sections. However, these heat losses have to be accepted as part of the novel cycle
design. The same is true for the high exergy destruction in the recycle valve. In both
layouts, the highest share of exergy destruction is caused by the condenser. To reduce the
irreversibilities there, a different way of removing the ammonia from the cycle at higher
temperatures might be a solution, e.g., via ad- or absorption. However, this would lead to
a more complicated design and operation of the cycle and possibly also to higher
investment costs.
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Novel layout exergetic results
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Conventional layout exergetic results

Table 12
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5 Conclusions

In this work an exergetic comparison between a novel and a conventional small-scale
P2A system has been carried out. The analysis is split into three parts. First, five EoS
commonly found in ammonia process simulation literature are compared to the EoS
HYSPR-mp previously introduced in Koschwitz et al. (2022b) to determine if HYSPR-
mp is a suitable EoS. Second, the two systems are evaluated by using both an extended
and ideal calculation of chemical exergies, i.e., with and without excess values. This is
done to determine if an ideal exergy analysis describes the systems adequately and thus
calculation and programming time for the excess values can be saved. Third, building on
the results of the first two parts, the exergetic comparison of the two P2A systems is
carried out.

The EoS comparison shows that the maximum percentage difference of HY SPR-mp
to the five EoS (SRK, RKS-BM, RK, PR and RKS) is within £10% for the exergy
streams as well as for the exergetic indicators. Therefore, HYSPR-mp seems to be a
suitable EoS for the exergy comparison.

The chemical exergy comparison shows that the excess values have a marginal
impact on the (chemical) exergies. The real to ideal exergetic stream and indicator
differences for both layouts and all streams lie within £0.02%. Thus, it can be argued that
the excess values can be neglected, saving programming and calculation time, whilst
keeping the exergy evaluation accurate.

Taking the results of the EoS and chemical exergy comparison into consideration, for
the exergetic comparison of the two P2A systems HYSPR-mp with ideal chemical
exergies is used. The results of this comparison show that the novel layout only has a
4.87 percentage point lower exergetic degree of efficiency with a value of 64.59%
compared to 69.46% of the conventional layout. Thus, the novel layout is slightly
exergetically inferior to the conventional design. The novel design possesses
process-inherent exergy destruction in the pressure reducing recycle valve as well as
exergy lost due to the unused thermal exergy of the reactor outlet stream. However, an
upcoming exergy costing analysis, for which the exergetic analysis in this work is the
basis, will show that these exergy inefficiencies will be compensated by the lower
investment cost of the novel cycle, as the recycle valve and the electrical heater in the
novel design are less costly than the recycle compressor and the internal gas-gas heat
exchanger in the conventional design.

Looking ahead, the thorough exergetic study of this work will be the basis for first an
exergy costing and later an exergy environmental evaluation of the two layouts. The
exergy costing study will reveal that the lower exergetic degree of efficiency of the novel
layout can be compensated by its lower investment cost. The exergy environmental study
will reveal how the novel layout compares to the conventional layout in terms of its
impact on the environment. After all, future storage systems of renewable energies should
not only be economical, but also ecological.
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Nomenclature
Symbols
Ar Argon
C-1 Compressor (novel layout)

Inlet compressor (conventional layout)

C-2 Recycle compressor (conventional layout)
CHa4 Methane

COopP Coefficient of performance

E-1 Electrical preheater (novel layout)

Internal heat exchanger (conventional layout)

EoS Equation of state
EU European Union
H> Hydrogen

HYSPR-mp Aspen HYSYS® Peng Robinson modified binary interaction parameters

LI, ..., XII Stream numbering

I-1 Purge valve (novel and conventional layout)

I-2 Recycle valve (novel layout)

LLHW Langmuir Hinshelwood Hougen Watson

M-1 Mixer (novel and conventional layout)

N2 Nitrogen

NH3 Ammonia

P2A Power-to-ammonia

PR Peng Robinson

R-1 First reactor section (novel and conventional layout)

R-2 Second reactor section (novel and conventional layout)




Exergetic comparison of a novel to a conventional small-scale 157

Nomenclature (continued)

R-3 Third reactor section (novel and conventional layout)
RK Redlich Kwong
RKS Redlich Kwong Soave
RKS-BM Redlich Kwong Soave Boston Mathias
S-1 Splitter (novel and conventional layout)
SRK Soave Redlich Kwong
V-1 Condenser (novel and conventional layout)
VCR Vapour compression refrigeration
Mathematical symbols
e Molar total exergy kJ/kmol
E Total exergy flow kJ/hr
g Molar Gibbs energy (free enthalpy) kJ/kmol
AR° Molar standard reaction enthalpy (1.01325 bar, 298 K)  kJ/mol
M Mass flow kg/hr
N Mole flow kmol/hr
P Pressure bar
P Power MJ/hr
0 Heat/cooling stream Ml/hr
R Molar gas constant kJ/(kmol-K)
T Temperature °C, K
y Mole fraction -, %
Greek symbols
€ Exergetic degree of efficiency -, %
& Exergy destruction over total exergy fuel -, %
@ Exergy destruction over total exergy destruction -, %
Superscripts
CH Chemical
e Excess
m Counting limit for number of unit operations
n Counting limit for number of components
PH Physical
Subscripts
0 Ambient
D Destruction
el Electric
F Fuel

i Stream number, i =1, 11, ..., XII
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Nomenclature (continued)

Subscripts

id Ideal

j Component, j = Ha2, N2 and NH3
k Unit operation number/name, k= M-1, C-1, ..., [-2
1 Liquid

L Loss

Mix Mixture

P Product

Q Heat

sb System boundary

tot Total

W Work




