
Journal of Cleaner Production 438 (2024) 140740

A
0

Contents lists available at ScienceDirect

Journal of Cleaner Production

journal homepage: www.elsevier.com/locate/jclepro

Exploiting synergies between sustainable ammonia and nitric acid
production: A techno-economic assessment
Nicole Carina Neumann a,∗, David Baumstark a, Pablo López Martínez a,b, Nathalie Monnerie a,
Martin Roeb a

a German Aerospace Center, Institute of Future Fuels, Linder Höhe, Köln, 51147, Germany
b Technical University of Denmark, Process and Systems Engineering Centre, Søltofts Plad, Kongens Lyngby, 2800, Denmark

A R T I C L E I N F O

Handling Editor: Jin-Kuk Kim

Keywords:
Nitric acid
Process simulation
Solar energy
Ostwald process
Explosion limits
Oxygen injection

A B S T R A C T

The decarbonization of the fertilizer industry is an important step towards a climate-neutral society. Nitric
acid produced via the Ostwald process is a key precursor to nitrogen-based fertilizers, with the production of
ammonia representing an important intermediate step. This work focuses on the search for synergies between
the sustainable production of ammonia feedstocks – hydrogen and nitrogen – and nitric acid production in
the Ostwald process: Oxygen a by-product of sustainable hydrogen and nitrogen production was considered
for injection in the Ostwald process at 4 points. A techno-economic assessment was performed to identify the
technical and economic potential of this air enrichment. In addition, the safety implications of applying a
higher oxygen concentration in the ammonia combustion step of the Ostwald process was evaluated based on
explosion limit simulations. The techno-economic assessment was based on a mono-pressure nitric acid plant
with a plant capacity of 700 t/d of pure nitric acid at a concentration of 60 wt% in water. The investigations
of injecting oxygen at four different points of the plant show that daily nitric acid production can be increased
by 0.31% and final NO𝑥 concentration of the absorption column can be reduced by up to 43.6% by enriching
the main air pipeline with oxygen. Optimal oxygen injection could reduce the capital costs by 0.41 Me.
Nevertheless, the operating costs dominated the final cash flow analysis with ammonia costs accounting for ca.
60% of the total operating costs. The CO2 price would need to increase to at least 233e/t to compensate for
the higher green ammonia price and equalize the minimum selling price. As the oxygen injection at the main
air line comes with safety risks due to the ammonia explosion limits, we evaluated the effect of O2-enrichment
on the explosion limits of NH3-O2-N2 mixtures. The foreseen oxygen enrichment reduced the lower explosion
limit only marginally. For a medium pressure plant at 5.8 bar the lower explosion limit is reduced to 10.3%
for the highest considered oxygen injection case, which is close to the applied ammonia concentration.
1. Introduction

The world’s population growth to 8 billion would not have been
possible without the development of the fertilizer industry (Randive
et al., 2021). Nitric acid, along with ammonia, constitutes an important
feedstock for the production of nitrogen-based fertilizers due to its high
nitrogen content (15.5% to 34.5%) and its rapid release as a major plant
nutrient. Thus, around 80% of the global nitric acid production is used
to produce fertilizers (Smil, 2004).

Despite the importance of nitrogen-based fertilizers for modern
society, their production and use have considerable impacts on the
environment (Kniel et al., 1996). In fact, the production and transporta-
tion of N-based fertilizers account for 0.9% of global greenhouse gas
(GHG) emissions (Menegat et al., 2022). Thus, pathways towards green
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ammonia production are currently investigated. These pathways need
to include both green hydrogen production, e.g. by electrolysis or solar-
powered thermochemical cycles (Budama et al., 2022; Vieten et al.,
2020; Rosenstiel et al., 2021), and the provision of very pure nitrogen
with oxygen impurities below 10 ppm, in order to avoid catalyst
deactivation in the subsequent Haber–Bosch process (Moghaddam and
Krewer, 2020). The combination of a pressure-swing adsorption unit
with thermochemical air separation based on the non-stoichiometric
redox reaction of perovskites presents one promising option to provide
such pure nitrogen in an energy-efficient way for large range of plant
scales (Klaas et al., 2023). This novel process would allow for ammonia
being solely produced with water, air and solar energy.
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Fig. 1. Pathways for a solar-based ammonia & nitric acid production.
Oxygen is a natural by-product of both hydrogen production and
the separation of nitrogen from the air. This surplus oxygen can be
integrated into existing nitric acid plants at several points of the process
to increase nitric acid production and reduce NO𝑥 emissions or allow
a reduction in the capital cost of new nitric acid plants (Wagner and
Plains, 2003). More specifically, oxygen-enriched air in the ammonia
combustion step could maximize the catalytic combustion of ammonia,
reduce the amount of inert gas (nitrogen) in the system, and thus
compression costs. In addition, the NO𝑥 gases concentration in the tail-
gas can be reduced due to improved conversion rates of the gaseous
nitrous oxides, and the bleaching process could be boosted to increase
the nitric acid strength and quality of the final product (Echegarary
et al., 2000; Wagner and Plains, 2003; Bhatia et al., 1997; Powell,
1975).

Although many patents hint at this beneficial integration of oxygen
to the conventional Ostwald process, no study identified the techno-
economic potential of a sustainable process chain including also a safety
analysis regarding the use of surplus oxygen in ammonia combustion.
Thus, this work focuses on the synergies between solar-powered am-
monia production and the downstream processing into nitric acid in
the Ostwald process. A schematic of the overall process chain is given
in Fig. 1. The motivation is to produce green ammonia using solar
technologies for the required energy, as well as, the required hydrogen
and nitrogen production. A specific focus is put on the effect of inte-
grating the surplus oxygen obtained as by-product from the hydrogen
and nitrogen production into the Ostwald process as oxygen-enriched
air.

Within this study, the Ostwald process is modeled in Aspen Plus® as
a mono-pressure (5.8 bar) plant with a capacity of 700 t/d nitric acid.
We defined four scenarios of different oxygen injection points – before
the ammonia burner, before the cooler, before the absorption tower
and before the bleacher column – to identify the effect on nitric acid
strength, production rate and NO𝑥 emissions. The injection of surplus
oxygen prior to ammonia combustion is limited by the lower explo-
sion limit of ammonia–oxygen mixtures in nitrogen (Haynes, 2019).
Therefore, the influence of oxygen enrichment on the explosion limit
of ammonia is also analyzed in this work. Finally, we assessed the
2

economics of the most promising oxygen-injection scenario in compari-
son to conventional nitric acid production with and without renewable
energy supply.

2. Methodology

2.1. Process simulation

The nitric acid synthesis process is known as the Ostwald process.
The process consists of three main steps: the ammonia combustion, the
oxidation of nitric oxide into nitrogen dioxide and dinitrogen tetroxide
and the absorption of the formed nitrogen oxides in water. Nitric
acid plants are typically divided into mono-pressure and dual-pressure
plants. Mono-pressure nitric acid plants are more suitable in locations
with lower energy costs and shorter depreciation periods. Dual-pressure
processes are preferably used when large capacities are needed, since
it combines the favorable economics of medium pressure combustion
with efficiency of high-pressure absorption (Thiemann et al., 2000).
A medium size mono-pressure nitric acid plant is selected for the
simulation in Aspen Plus® based on an initial sizing of the process
depicted in Fig. 1 in which a concentrated solar power plant provides
electricity and heat. Thus, the nitric acid plant is designed to operate
at 5.8 bar with a capacity fixed to 700 t/d of nitric acid (100 wt%)
which is equivalent to 1166.67 t/d of product at a nitric acid con-
centration of 60 wt%. This acid concentration is suitable for fertilizer
production (Clarke et al., 2005).

The process flowsheet, including the operating conditions, is shown
in Fig. 2. Liquid ammonia is first vaporized (E-101) and overheated
(E-102) at 150 °C, before being mixed with the air stream. Filtered
atmospheric air passes through a three-stages compressor train (C-101)
to remove air moisture and achieve the design pressure of 5.8 bar.
This air-stream is split into two streams: a primary stream goes to
the ammonia-air mixer and a secondary stream goes to the bleaching
column (T-102). The ammonia-air mixture is preheated to 200 °C
upstream of the ammonia burner (R-101). Ammonia and air are com-
busted while crossing through a Pt-Rh catalytic gauze. During the
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Fig. 2. Aspen Plus® flowsheet of simulated nitric acid plant.
catalytic combustion, 63.1 MW of heat are released and a gas stream
composed of nitrogen oxides, nitrogen and oxygen is produced.

During the heat recovery, nitric oxide is first oxidized to nitric diox-
ide and secondly dimerized to form dinitrogen tetroxide. The detailed
heat exchanger specifications and the modeling approach can be found
in Appendix A. Furthermore, the NO𝑥 gas stream is partially condensed
in a cooler-condenser (E-108) with the help of cooling-water. A high
quantity of weak nitric acid is formed at the bottom and sent to the
lower-middle part of the absorption column (T-101). On the other side,
the remain gas stream is mixed with the air leaving the bleaching
column (T-102) and sent to the bottom of the absorption column.
The NO𝑥 gas stream is counter-currently contacted with process water
entering at the top of the column. The absorption process results in
the required nitric acid strength being achieved at the bottom of the
column. Finally, the liquid acid is transported to the bleaching column
to be bleached with secondary air. The NO𝑥 gases leaving at the top
of the absorption column are transported to a series of gas-gas heat ex-
changers. Afterwards, they are treated in a NO𝑥 capture system before
the exhaust gas is discharged into the atmosphere. Overall 199.5 t/d of
ammonia, 3915.5 t/d of air and 243.6 t/d of process water are needed
to produce 700 t/d of pure nitric acid.

Thermodynamic models
The electrolyte nonrandom two-liquid (ELECNRTL) thermodynamic

model provides an accurate description of the aqueous nitric acid
system and is thus selected for the absorption step (Mock et al., 1986).
Nitric acid is a strong acid that in presence of water is dissociated
into hydronium and nitrate ions. Therefore, the presence of ions in
the liquid phase requires non-ideal solution thermodynamics, which
are covered by ELECNRTL. As many units of the plant operate at high
pressure and temperature where no liquid phase is present, the NRTL-
RK model is applied. This model uses the Redlich–Kwong (RK) equation
of state to describe the vapor phase and the non-random two-liquid
model for the liquid phase (NRTL). For cooling water and steam, the
STEAMNBS model is used since it counts with NBS/NRC equation of
state for steam and liquid water properties (Haar et al., 1984).

Furthermore, Henry’s law is applied to model the vapor–liquid equi-
libria for NO, NO2, O2, N2 and N2O4 in the aqueous phase with Henry’s
law constants for NO2 and N2O4 of 8.47 ⋅106 and 7.25 ⋅104 m3Pa/kmol
at 25 °C, respectively (Schwartz and White, 1981). It is assumed that
Henry’s law constants for NO2 and N2O4 have a similar temperature
dependency as that of SO2 in water. The selected thermodynamic
models for the sections in the nitric acid plant are summarized in
Table 1.
3

Reaction kinetics
In the first step of the Ostwald process, ammonia is oxidized to form

gaseous nitrogen oxides. Ammonia (NH3) together with air passes over
a Pt-Rh gauze catalyst composed of 90% platinum and 10% rhodium.
The ammonia diffuses through the gaseous film to the catalyst surface,
where it reacts with adsorbed oxygen to form nitric oxide (NO) and wa-
ter (H2O) (Eq. (1)) (Il’chenko, 1976). Eq. (1) to (3) thereby take place
directly and are practically irreversible. All reactions are sufficiently
exothermic to be self-sustaining. However, without the presence of a
catalyst, mainly nitrogen would be formed. When a catalyst is used,
Eq. (4) takes place only when the gas velocity is low and the formed
nitrogen oxide diffuses into the catalyst. This secondary reaction can
be avoided by decreasing the contact time between the catalytic wire
gauze and the gases. For that reason, the gaseous mixture is quenched
immediately to avoid NO decomposition (Koukolik and Marek, 1968).
The catalytic combustion efficiency of ammonia is around 93 to 98

4NH3 + 5O2 ⟶ 4NO + 6H2O 𝛥𝐻 = −904.0 kJ∕mol (1)

4NH3 + 4O2 ⟶ 2N2O + 6H2O 𝛥𝐻 = −1105.0 kJ∕mol (2)

4NH3 + 3O2 ⟶ 2N2 + 6H2O 𝛥𝐻 = −1268.0 kJ∕mol (3)

4NH3 + 6NO ⟶ 5N2 + 6H2O 𝛥𝐻 = −1808.0 kJ∕mol (4)

The Aspen Plus® operator used to simulate the catalytic oxidation
unit is a stoichiometric reactor (R-101) considering a NH3 conversion
of 96% and 4% for Eqs. (1) and (3), respectively. The conversion of am-
monia towards reactions (2) and (4) is quite low. Nowadays, catalysts
for abatement are installed after the ammonia oxidation catalysts to
reduce this greenhouse gas. Therefore, those reactions are neglected. A
reduction of around 90% is feasible. Therefore, we neglected reactions
(2) and (4) in our simulation. The catalytic combustion of ammonia
proceeds as a combination of exothermic reactions at 890 °C. The
released energy will be recovered by a series of heat exchangers. One
of the main important economic and design aspects of this unit is the
amount of catalyst required (Xin et al., 2017). A catalyst consumption
of 0.11 g/ton nitric acid is taken from Sperner and Hohmann (1976).
Assuming that the plant operates 8000 hours per year, a total of 25.7 kg
of catalyst gauze is required for the process, of which around one-third
must be replaced each year.

The second step of the Ostwald process is the oxidation of nitric
oxide into nitrogen dioxide (NO2) and dinitrogen tetroxide (N2O4). The
remaining non-reacted oxygen from the ammonia combustion starts
to react with the nitric oxide formed to produce NO2 (Eq. (5)). This
reaction occurs while the product gas of the ammonia combustion is
cooled down, to recover the released heat Grande et al. (2018). At the
same time, NO can dimerize to form N O (Eq. (6)). Consequently,
2 2 4
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Table 1
Thermodynamic model for each section of the nitric acid plant.
Species Section Thermodynamic model

Air, Water and Ammonia Air compression/Gas mixing NRTL-RK
Air, steam and Ammonia Ammonia oxidation NRTL-RK
NO𝑥 gases, Air and Ammonia Nitric oxides oxidation NRTL-RK
NO𝑥 gases, Air, Water and Nitric acid Absorption ELECNRTL
Cooling water and Steam Utilities STEAMNBS
Fig. 3. Simplified absorption mechanism, developed by Miller (1987).
nitric oxide and NO2 can react to form dinitrogen trioxide (N2O3)
which is considered an undesirable reaction (Eq. (7)). The reaction of
the NO𝑥 gases with vaporized water leads to the formation of nitric acid
(e.g. Eq. (8)).

2NO + O2 ←←←←←←←←←←←←⇀↽←←←←←←←←←←←← 2NO2 𝛥𝐻 = −113.7 kJ∕mol (5)

2NO2 ←←←←←←←←←←←←⇀↽←←←←←←←←←←←← N2O4 𝛥𝐻 = −58.1 kJ∕mol (6)

NO + NO2 ←←←←←←←←←←←←⇀↽←←←←←←←←←←←← N2O3 𝛥𝐻 = −40.0 kJ∕mol (7)

3NO2 + H2O ←←←←←←←←←←←←⇀↽←←←←←←←←←←←← 2HNO3 + NO 𝛥𝐻 = −72.8 kJ∕mol (8)

The reactions (5), (6) and (8) are computed creating a Fortran user
kinetic subroutine. The user subroutine is used to describe the kinetic
model for several heat exchangers modeled as plug flow reactors (PFRs)
in the nitric acid simulation. Other intermediate by-products such as
nitrous acid (HNO2) and N2O3 are unstable species and therefore not
considered in the simulation. The specifications of the heat exchangers
can be seen in the appendix Table A.5 and the applied reaction kinetics
in Appendix A.1.

Finally, the last process step is the reactive absorption of NO2 and
N2O4 in water. NO𝑥 absorption has been defined by many researchers
as one of the most complex absorption mechanisms due to several
reasons (Suchak and Joshi, 1994): Firstly, the obtained NO𝑥 gas is a
mixture of several nitrogen oxides (NO, NO2, N2O3 and N2O4). The
absorption of these NO𝑥 gases in water leads to the formation of two
oxyacids, nitric acid and nitrous acid. More than forty equilibrium
reactions take place in both gas and liquid phase. The absorption
of NO, NO2, N2O3, and N2O4 is accompanied by chemical reaction
whereas the desorption of NO, NO2 and HNO2 is preceded by chemical
reaction. Secondly, there is a heterogeneous equilibrium between gas-
phase and liquid-phase components and only limited or incomplete
data of physical and chemical properties for the nitrogen oxides species
are available.

Several methods have been proposed for calculating the complex
absorption of nitrogen oxides in aqueous solution. They depend on
the number of reactions considered, the factors included in the kinetic
reactions and the different mathematical models used. We selected the
simplified model developed by Miller in 1987, which uses correlations
for modeling the behavior of absorption towers in the production
of nitric acid (Miller, 1987). As Fig. 3 shows, this model considers
two vapor-phase and one liquid-phase reaction. Firstly, the NO oxida-
tion takes place to form NO for which we assumed the kinetic rate
4

2

described by Bodenstein (1922). Secondly, the dimerization of NO2
takes place. This equilibrium equation has been modeled using the
equilibrium capability in Radfrac. Finally, the overall reaction for the
production of nitric acid can be described. The absorption rate depends
on the type of tray. In this work, sieve trays were chosen because they
have become widely used in commercial nitric acid plants. The column
specifications are shown in appendix Table A.6.

Oxygen injection in nitric acid plant
Several industry-approved patents are considering the injection of

pure oxygen into nitric acid plants (Powell, 1975; Watson and Balkey,
1980; Bhatia et al., 1997; Echegarary et al., 2000; Wagner and Plains,
2003). Based on these patents, four different injection cases are in-
vestigated to determine the feasibility and functionality of oxygen
integration.:O2_Bleacher: Pure oxygen is uniquely injected in the up-
stream of the bleaching column, T-102; O2_Cooler: Pure oxygen is
uniquely injected in the upstream of the cooler/condenser, E-108;
O2_Absorption: Pure oxygen is uniquely injected in the upstream of
the absorption tower, T-101; O2_Combustion: Pure oxygen is uniquely
injected into the primary feed air upstream the ammonia burner. An
overview of the four different cases is given in Fig. 4.

The amount of surplus oxygen available from the hydrogen pro-
duction is calculated according to the amount of ammonia needed to
produce the 700 t/d of nitric acid. Theoretically, 3 moles of hydrogen
and 1 mole of nitrogen are required to produce 2 moles of ammonia.
Therefore, 0.177 t of hydrogen and 0.823 t of nitrogen are necessary to
produce 1 ton of ammonia. Since 199.5 t/d of ammonia are needed to
produce 700 t/d of nitric acid, 35.3 t/d of hydrogen are consumed. Ap-
plying Eq. (9), the surplus oxygen available from hydrogen production
accounts for 131.3 t/d. Additionally, oxygen could be obtained from the
air separation process for nitrogen production.

H2O(𝑙) ⟶ H2(𝑔) + 1∕2O2(𝑔) (9)

2.2. Explosion limits

The determination of the explosion limits for ammonia–oxygen–
nitrogen mixtures for varying gas temperatures is based on a 0D-reactor
network model in Cantera (Goodwin et al., 2022) (see Fig. 5). This
model considers mass and species balances, an energy balance and ap-
plies the respective reaction mechanism. The CVODES solver integrates
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Fig. 4. Overview of injection cases of oxygen into the nitric plant. The flow names correspond to the flow diagram in 2.
the stiff ordinary differential equations for specified time steps to yield
the time-dependant change in concentration, temperature and pressure
in the reactor vessel. We implemented the reaction mechanism by Mei
et al. (2019) as it gives satisfactory results for the laminar burning
velocity of ammonia-air mixtures compared do experimental data (Mei
et al., 2019; Liu and Han, 2021; Li et al., 2021).

The model is based on the following assumptions:

• The gases in the reservoir and reactor are homogeneously mixed.
• The reactor is adiabatic, has a constant volume and is in thermo-

dynamic equilibrium.
• Explosion is detected when the gas temperature rises > 25 K/s in

the reactor.

The defined reactor network consists of a fuel reservoir to pro-
vide the ammonia, an oxygen–nitrogen reservoir, an ignition source
reservoir containing H atoms, a reactor for the combustion observation
and an exhaust reservoir (see Fig. 5). The fuel and oxygen–nitrogen
flows are mixed at predefined ratios and the total mass flow of the
ammonia–oxygen–nitrogen mixture and the ignition source in the reac-
tor is defined with mass flow controllers. These mass flows, the solver
sensitivity and the reactor volume were varied in a sensitivity analysis
to fit the results of this work’s model to literature values (Ciccarelli
et al., 2006 for the lower explosion limits of ammonia-air mixtures from
room temperature up to 400 °C at 1.013 bar. However, experimental
literature values differ from each other, since the obtained explosion
limit values depend on the experimental setup, the ignition source and
the operating parameters. In our model a short gaussian-shaped pulse
of H atoms from the ignition reservoir is applied to ignite the ammonia–
oxygen–nitrogen mixture in the reactor. This initiated reaction in the
reactor is simulated time-dependant and the temperature development
of the reactor is tracked. The combustion in the reactor is considered
as an explosion if the temperature in the reactor is increased by 50 K
after 2 s run time (equal to 25 K/s), analogue to the numerical analysis
of explosion limits for ammonia–hydrogen–oxygen mixtures from Liu
and Han (2021). As no experimental or numerical data for explosion
limits of oxygen-enriched air–ammonia mixtures could be found in
literature, our results of this model were validated with experimental
data for a nitrogen-diluted mixture for gas at room temperature, 300 °C
and 400 °C (Harris and MacDermott, 1977). After this final step, the
model was applied for an oxygen-enriched ammonia mixture at various
5

starting gas temperatures and pressures. The procedure and code for
calculating the explosion limits are given in Appendix B.

2.3. Economic analysis

The methodology applied to develop the economic analysis is based
on Peters, Timmerhaus and West (Peters et al., 2003). According to the
level of detail provided, this study is estimated to be part of a class
3 & 4 following the AACE international guideline. These levels imply
that the cost assessment accuracy is ±30% (Christensen et al., 2005).
The calculations of the investment are based on the methodology for
setting up a new system on an existing plant where the corresponding
infrastructure is already in place.

The fixed capital investment (FCI) is the sum of direct and indirect
equipment costs (EC). Eq. (10) is used to determine the equipment cost
of each specific component, in which𝑓𝑖 represents the specific equip-
ment cost function and 𝑆𝑖,𝑘 corresponds to the equipment characteristic
parameter which is needed to estimate the cost of the unit. 𝐹𝑝𝑟𝑒,𝑖 and
𝐹mat ,𝑖 are additional equipment factors related to specific materials
and operating conditions. The applied factors can be found in appendix
Table D.8.

The Chemical Engineering Plant Cost Index (CEPCI) is a factor used
to adjust process plant costs from one year to the selected base year,
taking into account inflation and cost variations over time (Vatavuk
et al., 2002; Maxwell, 2023). The techno-economic analysis in this work
is performed for the year 2021. In appendix Table D.9 the values of the
CEPCI and the $/e exchange rates from 2000 to 2021 are summarized.
In addition, the equipment size is adapted applying Eq. (11). The fixed
capital investment is estimated according to Eq. (12). The ratio factors
(𝐹𝑖𝑛𝑑,𝑖,𝑗) for direct and indirect costs of fluid processing plants are
given in the appendix (Table D.8). The total capital investment (TCI) is
calculated assuming that 11% of the FCI is required as working capital
(WC).

𝐸𝐶𝑟𝑒𝑓 ,𝑖 = 𝑓𝑖
(

𝑆𝑖,1;𝑆𝑖,2;… ;𝑆𝑖,𝑘
)

⋅
𝐶𝐸𝑃𝐶𝐼

𝐶𝐸𝑃𝐶𝐼𝑟𝑒𝑓
⋅ 𝐹𝑝𝑟𝑒,𝑖 ⋅ 𝐹mat ,𝑖, 𝑖, 𝑘 ∈ 𝑁

(10)

𝐸𝐶𝑖 = 𝐸𝐶𝑟𝑒𝑓 ,𝑖 ⋅
(

𝑆𝑖
)

(11)

𝑆𝑟𝑒𝑓 ,𝑖
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Fig. 5. Reactor network as defined with Cantera, for the analysis of explosion limits of ammonia–oxygen–nitrogen mixtures.
𝐹𝐶𝐼 =
𝑚
∑

𝑖=1

(

𝐸𝐶𝑖 ⋅

(

1 +
12
∑

𝑗=1
𝐹𝑖𝑛𝑑,𝑖,𝑗

))

(12)

𝑇𝐶𝐼 = 𝐹𝐶𝐼
0.89

(13)

Operational expenses (OpEx) are divided into two categories: Direct
OpEx and indirect OpEx (Eq. (14)). Direct operating costs are calcu-
lated based on the results of the process simulation and contain the
costs of materials (𝑚̇) and utilities (𝑃 and 𝑄). Indirect OpEx inlcude
e.g. maintenance, labor, supervision and administration costs. Estima-
tions therefore are based on empirical data, taken from the chemical
engineering design literature (Albrecht et al., 2017).

∑

𝑂𝑝𝐸𝑥direct

( €
year

)

=
𝑚
∑

𝑖=1
𝑚̇𝑖 ⋅ 𝑐mat 𝑖

+
𝑛
∑

𝑗=1
𝑃𝑗 ⋅ 𝑐power 𝑗

+
𝑝
∑

𝑘=1
Q𝑘 ⋅ 𝑐heat 𝑘

(14)

The Net Present Value (NPV) is the total amount of the present
worth of all cash flows minus the present worth of all capital invest-
ments. The Minimum Selling Price of Product (MSP) is defined as the
minimum product price that ensures a minimum investment target. It
must be solved by iterating until the product price satisfies the equality
constrain for NPV being zero for a given minimum acceptable rate of
return (Peters et al., 2003).

The expected lifetime of the plant is assumed to be 15 years with a
full load operating time of 8000 h per year. Depreciation is considered
for the whole plant life time. The plant is assumed to be located
in Spain, since Spain has the highest potential of solar energy in
Europe (Gamarra et al., 2023). The cost references for raw materials
and utilities are shown in Table 2. The economic analysis is performed
based on the minimum selling price of nitric acid which meets an
annual rate of return of 10%. The cash flow analysis is performed
assuming a three years construction period in which 15%, 35% and
50% of the FCI is invested in the first, second and third year of the con-
struction period respectively. The three years of the construction period
are denoted as negative years in the cash flow analysis. Regarding the
start-up cost, it is assumed a cost of 10% of FCI in the first year and
two-year ramp up to reach full capacity with 50% production in the
first year and 90% production in the second year. Spain has an income
tax rate of 25% for large companies (PwC-Spain, 2023).

Three different types of nitric acid plants are considered in the
economic evaluation. The reference plant is a conventional nitric acid
plant (CON-NA), operated with fossil-based ammonia and electricity.
The second nitric acid plant is fed with solar-based ammonia and
electricity (SOL-NA). Therefore, hydrogen consumed in ammonia pro-
duction comes from water electrolysis and the electric energy required
in the Ostwald process is assumed to be obtained from a concentrated
solar power plant. The last case is based on the optimized nitric acid
plant (OXY-SOL-NA). It integrates the byproduct oxygen from the
water electrolysis into the SOL-NA plant.
6

3. Results and discussion

3.1. Technical results

A special attention has been dedicated to simulate the complex
NO𝑥 absorption in aqueous solution (T-101). The columns stages are
numbered from top to bottom (tray 1: top plate and tray 35: bottom
plate). To obtain a nitric acid strength of 60 wt%, 236.5 t/d of process
water is fed counter-current to the NO𝑥 gases leaving the bleaching
column and the condenser. Each stage of the absorption column is
cooled with cooling water to maintain the temperature profile in favor
of gas absorption.

The profile of the nitric acid mass composition in the absorption
column is shown in Fig. 6(a). The strength of nitric acid increases in
parallel with the acid production along the absorption tower. At the
top of the column, the acid formation is almost negligible due to small
contact time between NO𝑥 gases and the process water. The closer
it gets to the bottom of the column, the higher the liquid holdup.
Therefore, the gas–liquid contact is superior leading to a higher acid
production. Stage 28 of the absorption column is the optimum feed
point for the acid stream from the cooler condenser (A9), since the
acid composition in stream A9 is 42 wt% which corresponds to the
concentration at this stage.

Controlling the NO𝑥 emissions of a nitric acid plant is important,
since NO𝑥 emissions are strongly regulated. According to the Industrial
Emissions Directive 2010/75/EU of the European Commission, NO𝑥
emissions levels of nitric acid plants shall not exceed a NO𝑥 concen-
tration of 150 ppmv (Kamphus, 2014). Fig. 6(b) shows the profile of
the nitric oxides gases along the absorption column. The concentration
is exponentially decreasing from bottom to top as the gas stream is
reacting and being absorbed by the liquid phase along the column.
The remaining gases are leaving the column at a NO𝑥 concentration of
623 ppmv. Further gas cleaning steps are required before exhaust gas
can be released into the atmosphere. However, a DeNOx unit was not
included in this study

The four different oxygen injection cases are compared based on
three metrics: the total acid production, the strength of the nitric acid
and the NO𝑥 concentration in the exhaust gas. Fig. 7(a) shows that
oxygen injection can boost the nitric acid production up to 0.31% or
2.2 t/d. Comparing the different scenarios, increasing the oxygen con-
tent in the main air pipeline (A2) leads to the highest nitric acid produc-
tion and strength (O2_Combustion). The second highest production is
obtained for the case O2_Cooler, if oxygen injection occurs downstream
the cooler condenser. Finally, O2_Bleacher and O2_Absorption show
less promising results in terms of boosting the nitric acid production.

The nitric acid strength increases slightly as oxygen is injected (see
Fig. 7(b)). Up to a maximum increase of 0.14 wt% can be obtained for
the O2_Combustion case. Analogue to Fig. 7(a), it can be seen that there
is a greater increase the earlier oxygen is injected into the process.
Injecting oxygen upstream the ammonia burner will maximize the
residence time of oxygen and will favor the conversion of NO to NO . A
2
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Table 2
Market prices for raw materials and utilities.

Market price (2021) Units Reference

Raw materials and utilities
Conventional ammonia 591.87 e/t Elkin (2021)
Renewable ammonia (from electrolysis) 844.43 e/t Campion et al. (2023)
Pt-Rh catalyst gauze 220.93 e/g Aesar (2022)
Electricity from grid 128.00 e/MWh Global petrol prices (2022)
Electricity CSP 136.67 e/MWh Dersch et al. (2020)
Cooling water 0.05 e/m3 Peters et al. (2003)
Process water 2.50 e/m3 Selectra (2022)
Fig. 6. Profiles along the absorption tower. (a) nitric acid strength (b) NO𝑥 concentration in CONV-NA case.
higher amount of NO2 will be available for the absorption with water,
resulting in a greater production of nitric acid. Additionally, primary
air and the bleaching air are compressed in the same compressor. In-
creasing oxygen content in the primary air stream (A2) reduces the load
on the compressor and hence the power required. The power required
for the compressors can be reduced by 7% by increasing the oxygen
content in the primary air to 25.7 mol%. Likewise, the cooling heat duty
during compression stages decreases as oxygen content is increased.
Nevertheless, there are other factors that play a crucial role such as
catalyst losses and the flammability of ammonia in air or oxygen en-
riched air, respectively. Increasing the residence time of oxygen in the
burner will result in a higher catalyst loss due to rhodium and platinum
react more frequently to form corresponding oxides (Echegarary et al.,
2000). For safety reasons, the ammonia concentration must be low to
avoid the lower explosion limit. The explosion limit also depends on the
oxygen concentration, temperature, pressure, the flow velocity and the
water content of the reaction mixture. The effect of increased oxygen
concentration on the lower explosion limit is described in Section 3.2
to identify the upper oxygen injection limit for the O2_Combustion
case.
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Fig. 8 shows, how increasing the oxygen content in the conventional
nitric acid plant will lead to a considerable decrease of the NO𝑥 con-
centration in the tail-gas. A reduction of 28.66%, 32.96%, 29.56% and
43.6% for the NO𝑥 concentration is achieved for the cases O2_Bleacher,
O2_Cooler, O2_Absorption and O2_Combustion, respectively. Table 3
shows the summary of the maximum percentage increase for the injec-
tion cases evaluated. With a reduction of NO𝑥 gas concentration of max.
44%, the exhaust gas cleaning unit could be drastically scaled down.
The simulation of this unit is beyond the scope of this work, which
explains why this reduction has not been addressed in economic and
environmental terms. It can be expected that in case of a dual pressure
plant, instead of a mono pressure plant as assumed for this work, the
NO𝑥 reduction could be further improved by oxygen injection. This is
due to the higher pressure in the absorption tower compared to a mono
pressure plant.

The trends in the results are in line with the patents discussed in Sec-
tion 2.1. It can be concluded that injecting oxygen into nitric acid plants
can boost the nitric acid production and the acid strength slightly, and
moreover, significantly reduce the final NO𝑥 gas concentration in the
tail-gas.
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Fig. 7. Effect of oxygen injection on: (a) Nitric acid production (b) Nitric acid strength.
Fig. 8. Effect of oxygen injection on the absolute (left axis) and relative change (right
axis) in NO𝑥 concentration at the top of the absorption tower.

Table 3
Summary of the maximum improvement in acid production, acid strength or NO𝑥
emissions for the four cases with 300 kmol/h oxygen injection.

Case Acid production (%) Acid strength (%) NO𝑥 concentration (%)

O2_Bleacher 0.17 0.14 −28.68
O2_Cooler 0.20 0.16 −32.96
O2_Absorption 0.17 0.15 −29.56
O2_Combustion 0.31 0.24 −43.60

3.2. Explosion limits

For safe operation of the nitric acid plant in the oxygen-injection
case O2_Combustion, one must examine the effect of an increased
oxygen concentration on the explosion limit of an ammonia–oxygen–
nitrogen mixture in the ammonia burner. Therefore, we calculated the
explosion limit for an oxygen-enriched atmosphere in the burner at
corresponding pressures (1 to 5.8 bar) and gas inlet temperatures (up
to 400 °C). An exemplary result for the time-dependant change of
temperature, pressure, and O2 and ammonia mole fraction of the OD
simulation is given in the appendix (see Fig. B.15). These plots demon-
strate the difference in the temperature and pressure change around the
lower explosion limit (LEL) at 20 °C and 1.013 bar in comparison to the
pure combustion of the ignition source. In this example, only ammonia
8

Fig. 9. Comparison of literature values (Bell, 1960; Ciccarelli et al., 2006; Groves,
2000; Hacker and Kordesch, 2003; Harris and MacDermott, 1977; Powell, 1975)
and own results for the lower explosion limit of ammonia-air mixtures at various
temperatures.

concentrations above 15.9% result in a combustion after the burning
of the ignition source.

The code was validated with experimental data from literature for
ammonia-air mixtures (see Fig. 9) up to 400 °C. The compression of
the air previous to the ammonia burner leads to max. 400 °C for 10 bar
operation, or 300 °C for a 7 bar operation (Haynes, 2019). A satisfactory
deviation between the experimental data from Ciccarelli et al. (2006)
and our results of maximum ± 4% was observed.

The effect of enriching or diluting ammonia-air mixtures on the
lower and upper explosion limit (UEL) at various temperatures is
displayed in Fig. 10(a). For diluted air–ammonia mixtures experimental
data from Harris and MacDermott (1977) is available and can be used
for comparison. Our simulation results yield a similar trend of an
increased explosion area at higher temperatures and a maximum devi-
ation from the experimental LEL values of nitrogen-enriched ammonia
mixtures of ± 14%. In general, the change in oxygen concentration
is drastically influencing the upper explosion limit, whereas it shows
only a minor impact on the lower explosion limit, i.e. from 21% to
30% oxygen the LEL decreases only from 16% to 15.9% ammonia at
20 °C. As expected, a higher gas inlet temperature decreases the LEL,
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Fig. 10. Comparison of literature values (Harris and MacDermott, 1977) and own results for the explosion limits of ammonia-O2-N2 mixtures at a) atmospheric pressure and 20 °C,
200 °C, 300 °C and 400 °C and b) atmospheric pressure or 4 bar.
Fig. 11. OpEX distribution of the OXY-SOL-NA plant in Me/a, excluding capital cost.

i.e. to 11.4% at 400 °C. The increase of pressure also reduces the lower
explosion limits (see Fig. 10(b), i.e. from 13.8% (21% O2, 200 °C,
1.013 bar) to 11.8% (21% O2, 200 °C, 4 bar).

The nitric acid plant under the O2_Combustion operation mode
uses an oxygen molar fraction of max. 25.7% in the oxygen–nitrogen
mixture and a total ammonia molar fraction of 9.9%. This is still below
the calculated LEL for gas inlet temperatures of 20 °C and atmospheric
pressure of 16%. However, operating the ammonia burner at elevated
pressures reduces the capital cost of the burner and can yield higher
NO concentrations (Haynes, 2019). Thus, in our study we assumed
gas inlet conditions of 200 °C and 5.8 bar, which results in a LEL
of 10.3% ammonia with oxygen-enriched air (26% molar fraction of
O in O /N -mixture) or a LEL of 10.8% in air. Therefore, the used
9
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Table 4
Economic results for the investigated nitric acid plants.

Type of plant CON-NA SOL-NA OXY-SOL-NA

FCI Me 85.06 85.06 84.61
WC Me 10.51 10.51 10.46

TCI Me 95.58 95.58 95.07

Direct OpEx Me/y 53.39 70.21 70.16
Indirect OpEx Me/y 11.92 13.81 13.78

Total OpEx Me/y 65.31 84.02 83.94

Plant capacity kt/y 388.9 388.9 390.1
MSEP e/t 220.0 268.4 267.1

molar ammonia fraction in the process simulation is also for the highest
oxygen injection case still below the LEL. The steam content in the
combustion gases of the process simulation would further increase the
LEL, as the LEL calculation only considered dry gases. Nevertheless,
these calculations should be only considered as an indication and could
be used to prepare explosion limits experiments for higher oxygen
concentrations.

3.3. Economic results

In Section 2.3 three different economic scenarios were defined
which are examined with regard to capital costs, operating costs and
minimum selling price of the product. The conventional nitric acid
plant CON-NA leads to the lowest MSP of 220 $/t for nitric acid with
a purity of 60% in water. The solar based plant SOL-NA powered with
electricity from a CSP plant and utilizing renewable ammonia has a
MSP of 268 $/t. For the technical optimized OXY-SOL-NA plant where
surplus oxygen is injected into the primary air (case O2_Combustion),
the solar nitric acid costs can be reduced to 267 $/t. According to
ChemAnalyst the nitric acid price varied from 2021 to 2023 between
196 $/t and 280 $/t (60%wt) in Europe or North America, which is in
line with the calculated results (ChemAnalyst, 2023). The comparison
of the economic results of the three different plants is presented in
Table 4. The full capital investment of the three plants is almost the
same, since the size and costs of the needed equipment differ only
slightly. A small variation in the OXY-SOL-NA plant can be explained
with the smaller compressor needed to compress the feed air stream
(see appendix Table D.11).

Nevertheless, the operational expenses of the CON-NA plant are
22% lower compared to SOL-NA and OXY-SOL-NA plants. This can
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Fig. 12. Sensitivity analysis of the main cost drivers for the OXY-SOL-NA plant.
mainly be explained by the ammonia price which is the main cost driver
of the operating costs of the nitric acid plants. In fact, the assumed
cost of solar ammonia is 43% higher than the conventional ammonia
(see Table 2). And the costs of ammonia constitute 60% of the total
OpEx of the CON-NA plant and 67% of the solar based plants (see
Fig. 11). However, cost assumptions for the ammonia market price are
critical to define, since the ammonia cost varied from 200 to 900 $/t
between 2008 and 2021 (Elkin, 2021). The same applies to the cost of
renewable ammonia, since it is not produced in high capacities yet and
data are based on techno-economic assessments which are associated
with uncertainties (Campion et al., 2023; Budinis et al., 2021; Lee et al.,
2022).

In addition to the above described scenarios, the effect of CO2-
certificate pricing onto the cost of conventional nitric acid production
and especially conventional ammonia is evaluated. Ammonia produc-
tion can be related to 2.5 tons of CO2 per ton of ammonia (Wernet et al.,
2016). Assuming that 57% of the emissions have to be auctioned in
phase 4 of the ETS (European Parliament and Council, 2023), the price
of the CO2-certificates has to increase by 173e/tCO2

to reach the break
even point where the conventional nitric acid has the same MSP as the
solar nitric acid for the optimized plant. In Q4 of 2021 the certificate
price was around 60e/tCO2

(Trading Economics, 2023) which would
lead to a total of 233e/tCO2

. Therefore, CO2 pricing policies could
make the implementation of green ammonia in the nitric acid plant
feasible in future.

The influence of the NO𝑥 concentration in the exhaust gas and the
gas cleaning on the final product cost has not been evaluated, but could
have an influence on the final product cost for the different scenarios.
Especially regarding the significant reduction of NO𝑥 emissions for the
OXY-SOL-NA case.

3.3.1. Sensitivity analysis
Based on the most dominant cost contributions to the operational

expenses shown in Fig. 11 a sensitivity analysis is performed to evaluate
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the influence of different assumptions on the final nitric acid price.
The sensitivity analysis has been performed for all three plant types.
However, as all plant types show the same effect the discussion focuses
on the OXY-SOL-NA plant as an example (see Fig. 12). In addition
to the most dominant OpEx contributions, FC and ROI is also varied.
FCI is predicted to be accurate from −30% to +30% (see Section 2.3),
resulting in an MSP between 246 and 288 $/tHNO3

or +/- 8%. The
purchase costs of ammonia and the catalyst is varied within a range
of −50% to +50% in order to observe the impact on the MSP of nitric
acid. Additionally, the full capital investment and the rate of return
have also been varied in between this range. It can be noticed that the
ammonia cost is the most sensitive parameter for the MSP of nitric acid.
The price of nitric acid could be reduced by up to 30% if the cost of
ammonia were reduced by 50%.

Currently, green ammonia is mainly dependent on the price of green
hydrogen production. CO2 pricing policies could make the implemen-
tation of green ammonia in the nitric acid production process feasible
in the near future.

4. Conclusion

In this study, we have evaluated the effect of injecting surplus
oxygen from ammonia production in the subsequent Ostwald process
with a techno-economic assessment for a mono-pressure plant with
a capacity of 700 t/d. In general, the injection of surplus oxygen
from the renewable ammonia production into the Ostwald process
leads to a better performance of the nitric acid production compared
to the conventional process in all investigated cases. Especially the
NO𝑥 reduction in the exhaust gas of the absorption column shows
the potential to run the fertilizer production more economical with a
downscaled DeNOx unit. The best efficiency of the process could be
achieved if oxygen is injected directly into the primary air upstream of
the ammonia combustion (O2_combustion). For this case, an increase
in nitric acid production of 0.31%, a higher acid strength of 0.24%,
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Fig. A.13. Heat-recovery unit: series of heat exchangers.
Table A.5
Reactive heat exchangers specifications.
Identification code E-104 E-105 E-106 E-107 E-108

Operating parameters Values

Reactor type RPlug (Reactor with counter-current thermal fluid)
Reaction set Model 2
Heat transfer coefficient (W/m2 K) 1280 204 189 233 1220
Thermal fluid outlet temperature (◦C) 404 44 200 35 32
Number of tubes – 643 1527 1527 1200
Length of tubes (m) 3.2 4.2 3.0 3.0 5.6
Diameter of tubes (m) 1.220 0.025 0.015 0.015 0.014
and a decrease in NO𝑥 concentration in the exhaust gas of 44% are
observed. In future, the effect of oxygen injection on N2O reaction and
its catalytic abatement should be considered as well.

Furthermore, the investigation of the explosion limits of an nitr-
ogen–oxygen–ammonia gas mixture was carried out via 0D-reactor
modeling. The simulated values largely correlate with experimental
values from the literature. The modeling leads to the conclusion that
under the given process conditions security issues may arise. For 200 °C
and 5.8 bar of the feed-gas before the ammonia burner, there is a low
safety margin to the lower explosion limit of 10.3% for dry mixtures.
Further simulative and experimental investigations of the lower ex-
plosion limit of the ammonia–air mixture must be carried out, also
considering a steam content in the gas mixture. A possible option to
adapt the process for a higher safety margin would be to inject surplus
oxygen directly into the ammonia burner, or to reduce the pressure
of the ammonia/oxygen/nitrogen mixture. Alternatively, injecting oxy-
gen in the cooler presents the second best improvement with a NO𝑥
concentration reduction of −33%.

Finally, the economic assessment shows that the final product price
of nitric acid strongly correlates with the purchased ammonia. There-
fore, the conventional process (CON-NA) has the lowest production cost
of 220 $/t of nitric acid (60 wt% in water) which is 22% lower than the
solar produced nitric acid (SOL-NA) of 268 $/t. The technical optimized
process which includes oxygen injections (OXY-SOL-NA), the nitric acid
price can be slightly reduced to 267 $/t. This can be explained by the
lower investment and energy demand for the feed-gas compressor and
also the increase in capacity. Taking into account CO2-certificates, a
break-even point of the CON-NA and the OXY-SOL-NA could be reached
for a certificate price of 233e/tCO2

. The benefits of a cleaner exhaust
gas with a lower NO𝑥 concentration for the OXY-SOL-NA plant is not
considered in the economic evaluation, but could push the balance in
the direction of the renewable process.
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Appendix A. Technical specifications

A.1. Oxidation of nitrogen oxides in reactive heat exchangers

The heat released from the multiple exothermic reactions (Eqs. (1)
to (4)) is recovered in a series of heat exchangers called heat-recovery
unit (Fig. A.13). A hierarchy block has been used to simulate the heat
recovery unit. This unit is composed of four reactive heat exchangers
modeled as plug flow reactors and two pipes modeled as adiabatic
reactors. Fig. A.13 shows, how the heat released from the catalytic
combustion of ammonia (A5 at 890 °C) is recovered by the heat-

exchanger train (A6 at 136 °C). The thermal energy of the tail-gas
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Fig. B.14. Applied algorithm to obtain explosion limits for ammonia–air–nitrogen mixtures.
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Table A.6
Absorption and bleacher column specifications.
Identification code T-101 T-102

Operating parameters Value Value

Column type RadFrac RadFrac
Reaction set Model 3 Model 3
Calculation type Equilibrium Equilibrium
Condenser Partial None
Reboiler None None
Convergence mode Strongly non-ideal liquid Strongly non-ideal liquid
Number of plates 35 (Sieve trays) 8 (Sieve trays)
Column diameter (m) 5.5 3.37
Holes diameter (m) 0.1 0.1
Pressure (bar) 5.8 5.8
Feed streams A9 (plate 28), A10 (plate 1) & A14+A15 (plate 35) A12 (plate 1) & A13 (plate 1)
Outlet streams A11 (plate 1) & A12 (plate 35) A14 (plate 1) & A15 (plate 8)
Bottom temperature (◦C) 55 Not defined
Top temperature (◦C) 22 Not defined
Fig. B.15. Change of temperature, pressure, NH3 mole fraction and O2 mole fraction for 5 different NH3-O2-N2 mixtures at 20 °C and 1.013 bar.
leaving the absorption column (A11) is used in the units E-104 and
E-106. On the other hand, cooling water is needed for the units E-
105, E-107 and E-108. The specifications of the heat exchangers are
summarized in Table A.5.

The oxidation of nitric oxide to nitrogen dioxide is a slow homo-
geneous reaction which is favorable at low temperatures and high
pressures. At temperatures below 150 °C and with sufficient residence
time, almost all of the nitric oxide is converted to nitrogen dioxide. The
reverse reaction of Eq. (5) gains importance at low temperatures. There-
fore, the forward and backward reaction rates need to be considered
(Rate (A.1) & (A.2)) (Bodenstein, 1922).

𝑟 =
𝑘3.2𝑓 𝑃 2 𝑃 ; 𝑙𝑜𝑔𝑘 = (−1.0366 + 652.1 ) atm−2 s−1 (A.1)
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3.2𝑓 𝑅𝑇 NO O2 3.2𝑓 𝑇
𝑟3.2𝑏 =
𝑘3.2𝑏
𝑅𝑇

𝑃 2
NO2

; 𝑘3.2𝑏 =
𝑘3.2𝑓
𝐾𝑒𝑞

; 𝑙𝑛𝐾𝑒𝑞 = (−17.9956 + 13870.9
𝑇

) atm−1

(A.2)

The second equilibrium reaction (Eq. (6)) corresponds to the dimer-
ization of nitrogen dioxide. This reaction reaches rapidly the equilib-
rium state. As Le Chatelier’s principle indicates, lower temperature
and high pressure shift the equilibrium towards the production of
dinitrogen tetroxide. Nevertheless, during the whole heat recovery unit
only a small fraction of nitrogen dioxide is converted into dinitrogen
tetroxide.

𝑟 =
𝑘3.3𝑓 𝑃 2 ; 𝑘 = 10 ⋅ 𝑘 atm−1 s−1 (A.3)
3.3𝑓 𝑅𝑇 NO 3.3𝑓 3.2𝑓
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Table C.7
Summary of industry-approved patents.

Injection location Upstream
combustion chamber

Upstream
cooler/Condenser

Upstream absorption
column

Upstream bleaching
column

US3927182Aa (Powell, 1975) NC NC NC NC
US4183906 (Watson and Balkey, 1980) NC NC C C
CA2200996A1 (Bhatia et al., 1997) NC NC C NC
US6165435A (Echegarary et al., 2000) C C C C
EP0808797A3 (Wagner and Plains, 2003) NC C NC C

a = only tail gas recovery considered
C = Considered
NC = Not considered
Table D.8
Direct and indirect cost factors of a fluid processing plant (Peters et al., 2003; Albrecht
et al., 2017).

Indirect cost items, F𝑖𝑛𝑑,𝑖,𝑗 j Basis Typical value

Total direct plant costs (D)
Equipment installation 1 EC 0.47
Instrumentation and control 2 EC 0.36
Electrical systems (installed) 3 EC 0.68
Piping (installed) 4 EC 0.11
Buildings (including services) 5 EC 0.18
Yard improvements 6 EC 0.1
Service facilities (installed) 7 EC 0.55

Total indirect plant costs (I)
Engineering and supervision 8 EC 0.33
Construction expenses 9 EC 0.41
Legal expenses 10 EC 0.04
Contractor’s fee 11 EC 0.2
Contingency 12 EC 0.4

Table D.9
$/e exchange rate and CEPCI from 2000 to 2021
(European Central Bank, 2023; Maxwell, 2023).
Year $/e CEPCI

2000 0.924 394.1
2001 0.896 394.3
2002 0.946 395.6
2003 1.131 402.0
2004 1.244 444.2
2005 1.244 468.2
2006 1.256 499.6
2007 1.371 525.4
2008 1.471 575.4
2009 1.395 521.9
2010 1.326 550.9
2011 1.392 585.7
2012 1.285 584.6
2013 1.328 567.6
2014 1.329 576.1
2015 1.110 557.0
2016 1.107 542.0
2017 1.130 567.5
2018 1.181 600.0
2019 1.120 607.5
2020 1.142 599.5
2021 1.183 708.8

𝑟3.3𝑏 =
𝑘3.2𝑏
𝑅𝑇

𝑃N2O4
; 𝑘3.3𝑏 =

10 ⋅ 𝑘3.2𝑓
𝐾𝑒𝑞

; 𝑙𝑛𝐾𝑒𝑞 = (−21.244 + 6891.6
𝑇

) atm−1

(A.4)

A rate constant of 10 times the NO oxidation reaction has been
sed for the forward reaction. This factor can be considered as an ad-
ustable parameter in controlling the reaction rate for nitrogen dioxide
imerization (Aspen Technnology, Inc., 2004).
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Table D.10
Indirect OpEx by Albrecht et al. (2017).

Investment item j Basis Typical factor

Operating supervision 1 Operating labor (OL) 0.15
Maintenance labor 2 FCI 0.01–0.03
Maintenance material 3 FCI 0.01–0.03
Operating supplies 4 Total maintenance costs 0.15
Laboratory charges 5 OL 0.2
Insurance and taxes 6 FCI 0.02
Plant overhead costs (PO) 7 Total labor costs 0.6
Administrative costs 8 PO 0.25
Distribution and selling costs 9 Net present cost 0.06
Research and development costs 10 Net present cost 0.04

Finally, the last reaction is the formation of nitric acid from water
and nitrogen dioxide (Eq. (8)). This reaction takes place really fast
in gas-phase until it reaches equilibrium. The equilibrium constant
used for this reaction comes from the Kuokolif and Marek investiga-
tion (Koukolik and Marek, 1968).

𝑟3.4𝑓 =
𝑘3.4𝑓
𝑅𝑇

𝑃 3
NO2

𝑃H2O; 𝑘3.4𝑓 = 8000 ⋅ 𝑘3.2𝑓 atm−3 s−1 (A.5)

𝑟3.4𝑏 =
𝑘3.4𝑏
𝑅𝑇

𝑃 2
HN03

𝑃NO; 𝑘3.3𝑏 =
𝑘3.4𝑓
𝐾𝑒𝑞

; 𝑙𝑛𝐾𝑒𝑞 = (−19.7292 + 4282.34
𝑇

) atm−1

(A.6)

The reaction rate constant for the forward reaction has been set to 8000
the basic NO oxidation rate constant. This factor is chosen to simulate
effectively the equilibrium model (Aspen Technnology, Inc., 2004).

A.2. Column specifications

The specifications of the absorption and the bleaching column are
summarized in Table A.6.

Appendix B. Explosion limits

The algorithm for the explosion limit determination is displayed in
Fig. B.14. The code for the explosion limits calculations can be found
in the supplementary data.

Appendix C. Patents regarding optimized nitric acid plants

In Table C.7 patents are summarized which include the oxygen
injection into the nitric acid production.

Appendix D. Economic parameters

See Table D.10.
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Table D.11
Equipment costs of the investigated nitric acid plant configurations.

Equipment Code S𝑟𝑒𝑓 1a Unit ECa ECb Source
Me2021 Me2021

Ammonia evaporator E-101 2.03 m2 (exchange area) 0.005 0.005 Peters et al. (2003)
Ammonia preheater E-102 3.38 m2 (exchange area) 0.005 0.006 Peters et al. (2003)
Ammonia–air preheater E-103 28.44 m2 (exchange area) 0.011 0.012 Peters et al. (2003)
Tail-gas preheater I E-104 12.07 m2 (exchange area) 0.007 0.008 Peters et al. (2003)
Economizer E-105 212.10 m2 (exchange area) 0.049 0.053 Peters et al. (2003)
Tail-gas preheater II E-106 215.87 m2 (exchange area) 0.049 0.053 Peters et al. (2003)
Feedwater preheater E-107 215.87 m2 (exchange area) 0.049 0.053 Peters et al. (2003)
Cooler-Condenser E-108 295.00 m2 (exchange area) 0.064 0.069 Peters et al. (2003)
Bleacher preheater E-109 17.49 m2 (exchange area) 0.009 0.009 Peters et al. (2003)
Air compressor C-101 10.23 MW (electric power) 9.967 9.862 Peters et al. (2003)
Combustion Chamber R-101 12.50 m3 (reactor volume) 0.139 0.139 Rehman et al. (2007)
Absorption Column T-101 1021.14 m3 (column volume) 5.400 5.398 Peters et al. (2003)
Bleaching Column T-102 178.48 m3 (column volume) 1.013 1.012 Peters et al. (2003)
Feedwater pump P-101 3.20 kW (electric power) 0.006 0.006 Peters et al. (2003)

Total: 16.77 16.68

a CON-NA & SOL-NA
b OXY-SOL-NA
ppendix E. Supplementary data

Supplementary material related to this article can be found online
t https://doi.org/10.1016/j.jclepro.2024.140740.
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