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summary

Nitrogen fixation constitutes a process of great importance as it converts atmospheric nitro-

gen and other elements into ammonia, nitrates, and other nitrogen compounds which, in 

turn, serve as nutrients for all living organisms. Apart from its biological importance, fixed 

nitrogen is also a fundamental component of the production of many chemicals. More 

precisely, ammonia, which is synthesized industrially upon the Haber Bosch process, is one 

of the most important commodity chemicals and is directly used as a fertilizer, but also as 

a basic raw material for other industries, such as automotive, plastics, textile, cosmetics, 

and etc. Additionally, nitric oxide, an equally important nitrogen fixation compound, is 

commercially utilized as an intermediate for the formation of nitric acid (HNO3). Its main 

application is in the fertilizer industry, where it is combined with ammonia for the further 

synthesis of ammonium nitrate, whereas other uses include the manufacture of explosives, 

synthetic fibers, dyes, plastics, etc. However, besides its industrial importance, the contem-

porary manufacture of nitrogen fixation is associated with high energy consumption, 36.9 

GJ/ton NH3, and high amount of emissions, 1.5−3.1 ton CO2/ton NH3 and 5-9 kg N2O/ton 

HNO3. Taking these facts into account, great sustainability challenges are likely to be posed 

by the increased fertilizer production expected as a result of the imminent population 

increase by 2050.

In Chapter 1, the performance of contemporary industrial nitrogen fixation from an energy 

and environmental perspective is discussed. In addition to that, considering the imperative 

need to develop a more sustainable technology for the ammonia and nitric oxide syntheses, 

insights into the plasma technology as an alternative “green” approach are provided. The 

synthesis of ammonia and nitric oxide has been realized at a laboratory level in different 

plasma reactor configurations and ambient operating conditions. However, despite the 

importance of the lab-scale experimental results, an industrial process design that will en-

able a preliminary environmental and economic appraisal of these novel processes has not 

been yet developed. This knowledge gap is addressed in this dissertation which proposes 

a small-scale industrial process design for the plasma-assisted ammonia and nitric acid 

production, based on which a comparative life cycle assessment and economic evaluation 

against the traditional production routes is conducted, with the view to determining areas 

of potential improvement that will facilitate the future commercialization of the plasma 

processes.

In Chapter 2, an ex-ante process design for the plasma-assisted ammonia synthesis at a 

small industrial scale is proposed. For the given design, different process scenarios related 

to the ammonia yield and power consumption of the plasma reactor have been selected 

and simulated in ASPEN Plus software, so as to generate the respective energy and mass 
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balances necessary for the environmental and economic assessment. In addition to the 

plasma-assisted process, process simulations are also carried out for the conventional am-

monia synthesis considering two different hydrogen production routes: 1) hydrogen gener-

ated from natural gas steam reforming (conventional process) and 2) hydrogen generated 

from water-electrolysis (renewable H2-based process). Based on the ASPEN simulations, 

the overall energy consumption of the plasma-assisted ammonia synthesis, considering 

1% NH3 yield and an energy efficiency of 1.9 g NH3/kWh, is estimated at 2,017 GJ/ton 

NH3, which is 55 and 32 times higher than that of conventional and renewable H2-based 

ammonia syntheses, respectively. However, improving the energy efficiency by a factor of 

3 results in a reduction of 65% in the total power consumption of the plasma process.

Chapter 3 explores the environmental performance of the plasma-assisted and conven-

tional ammonia production, for the process design scenarios presented in Chapter 2, 

by conducting a life cycle assessment (LCA).The LCA modeling has been carried out in 

Umberto NXT LCA software employing the mass/energy flows from ASPEN simulations 

and the Ecoinvent 3.0 dataset for extracting the necessary data for the background unit 

processes. The CML 2001 impact assessment method has been selected to estimate the 

environmental impacts generated by the examined processes. Based on the LCA results, 

the most contributory factor to the majority of the selected life cycle impact categories for 

the plasma-assisted process, considering an energy efficiency of 1.9 g NH3 / kWh, is the 

impact of the power consumption of the plasma reactor, with its share ranging from 15% 

to 73%.

In Chapter 4, the process design for a small scale nitric acid synthesis by means of plasma 

technology is presented. The specific process design has been simulated in ASPEN Plus 

software so as to generate the energy and mass balances required for its further environ-

mental and economic assessment. In addition to this step, conventional ammonia synthe-

sis, employing the Ostwald process, has been also simulated with the nitric oxide being 

synthesized by ammonia oxidation. The energy analysis based on the process simulations 

has revealed an overall energy consumption of 2,079 MJ/ton HNO3 for the conventional 

process and 17,880 MJ/ton HNO3 for the plasma process.

Chapter 5 evaluates the environmental footprint of the plasma-assisted nitric acid synthe-

sis, powered by renewable energy sources, against that of the conventional one. In order 

to facilitate the interpretation of the LCA results, a sensitivity analysis has been considered 

on the reaction yield, the plasma power consumption, the recycle of unreacted gas stream, 

and the energy recovery in the plasma reactor. LCA results exhibit for the plasma-assisted 

nitric acid, incorporating the recycle of the tail gas and solar energy, an improvement 
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in the GWP (Global Warming Potential) value of 19% as compared to the conventional 

production pathway.

Chapter 6 focuses on the preliminary economic assessment of the plasma-assisted ni-

trogen fixation based on the proposed process design and production rates, in order to 

obtain insights on their profitability. Benchmarking with conventional production routes 

has been implemented to set a baseline and comprehend the magnitude of improvement, 

possibly required, in the novel plasma processes. Based on the results of the economic 

evaluation, the conventional ammonia synthesis route exhibits a production cost of 247 €/

ton NH3, whereas the renewable H2-based and plasma-assisted processes yield a respective 

cost of 1,080 €/ton NH3 and 5,079 €/ton NH3. On the other hand, plasma process has 

demonstrated greater potential for the synthesis of nitric acid with a production cost of 

370 €/ton HNO3, 3 times higher than that of the conventional route.

Chapter 7 demonstrates the results of the eco-efficiency analysis which has been carried 

out as a sustainability performance indicator. The specific concept combines the Life Cycle 

Costs (LCC) and the LCA results of each examined ammonia and nitric acid synthesis route 

after being normalized and weighted against certain scientific and societal factors. The 

analysis has been established based on the BASF methodology and an eco-efficiency plot 

has been generated, with its axes being inverted so that the most eco-efficient scenario 

is located closer to the upper right corner of the plot. Results have exhibited a better 

eco-efficiency profile for the plasma-assisted HNO3 (6% NO yield) synthesis, powered by 

wind energy with and without the consideration of 20% energy recovery, as compared to 

the conventional chemical process. In the case of the ammonia synthesis, plasma process 

demonstrated promising potential for a power consumption lower than 17.2 g NH3/kWh 

and an energy recovery of 5%.

Chapter 8 presents the techno-economic feasibility study that has been conducted for 

a small-scale plasma-assisted nitric acid plant, located in Kenya and South Africa, with 

respect to the electricity provision by renewable energy sources. Standalone solar and wind 

power systems, as well as a hybrid system, have been assessed for two different electricity 

loads against certain economic criteria. The relevant simulations have been carried out in 

HOMER software and the optimized configurations of each examined renewable power 

system are presented in this study.

The outcomes of the research studies presented in the aforementioned chapters are sum-

marized in Chapter 9, with emphasis being given to the most important findings on the 

energy, environmental and economic performance of the plasma-assisted ammonia and 

nitric acid syntheses. An outlook on the areas that could be potentially considered for 
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future research is also provided in the same chapter. The proposed recommendations are 

likely to enhance the robustness of the proposed plasma process design and, in turn, its 

employment for industrial purposes.



“Educating the mind without educating the heart is no education at all.”

Aristotle





Chapter 1
Introduction

Fertilizer Production by wind energy in a modular plant (Evotrainer) designed by Evonik Industries1

This chapter is based on:

Hessel, V., Anastasopoulou, A., Wang, Q., Kolb, G. & Lang, J. Energy, 
catalyst and reactor considerations for (near)-industrial plasma processing 

and learning for nitrogen-fixation reactions. Catal. Today 211, 9–28 (2013).

Anastasopoulou, A., Wang, Q., Hessel, V. & Lang, J. Energy Considerations 
for Plasma-Assisted N-Fixation Reactions. Processes 2, 694–710 (2014).
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Introduction

1.1. niTrogen fixaTion

Nitrogen fixation is indisputably one of the most important chemical processes from both 

biological and industrial perspective. It is a reaction of vital significance as it converts the 

atmospheric nitrogen and other elements, which under ordinary conditions are unreactive, 

into ammonia, nitrates or other useful nitrogen compounds. The products of this reaction 

serve as nutrients which can be easily absorbed by the plants and other living organ-

isms. Nitrogen fixation plays also an integral role in the nitrogen cycle and, thereby, in the 

conservation of all ecosystems.

The nitrogen fixation is actually carried out under three different reaction conditions2: 1) 

atmospheric conditions, known as atmospheric fixation, where nitrogen and oxygen are 

converted into NOx (nitric oxides) by means of lighting 2) soil conditions at both terrestrial 

and marine ecosystem level, known as biological fixation, where the nitrogen fixation is 

assisted by certain enzymes and bacteria which are either free-living or symbiotic to plants 

and 3) anthropogenic conditions, where ammonia and nitric oxides are synthesized by 

human activities. These activities include mainly: i) the industrial synthesis of N-fertilizers 

for crop production ii) the combustion of fuels which generates NOX emissions by the 

partial oxidation of the N fuel content and iii) the crop and livestock production which 

generates its respective N flows to the ecosystem. It is worth mentioning that since 1850, 

when the essentiality of N in plants growth was scientifically established3, the contribution 

of the biological nitrogen fixation has remained relatively stable – approximately at 250 Tg 

N/year4 –, whereas the anthropogenic one has shown a radical increase from 32 Tg N/year 

(1850) to 220 Tg N/year (2010). Nevertheless, in view of the imminent changes in land 

use and global climatic conditions by 21005, the contribution of each nitrogen fixation 

process is going to change drastically (Figure 1.1), posing thus new challenges at both 

environmental and societal level.

Figure 1.1. Contribution of nitrogen fixation to natural ecosystems by different activities in 2010 and 
2100. With kind permission of Copernicus Publications5
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1.2. indusTrial niTrogen fixaTion- overview & 
Challenges

The first attempt towards the industrialization of nitrogen fixation had been made in 1903 

by Birkeland and Eyde. The developed process involved the production of nitrogen oxides, 

at a concentration of 1-2%, by atmospheric air passing and rapidly being quenched in 

an electric arc6. Due to the high demand in calcium nitrate during the 20th century, over 

120 furnace units utilizing arc discharge were constructed in Norway exploiting the avail-

able hydropower energy6. However, the high energy consumption of the given process 

hindered its further commercialization as application was limited to countries with very 

low electricity prices.

The cyanamide process constituted the second commercial effort to fix nitrogen and a 

full-scale plant was launched in Germany in 1905. The particular process entailed the 

conversion of gaseous nitrogen, which was obtained by the liquefaction and fractional 

distillation of atmospheric air, and calcium carbide (CaC2) to calcium cyanamide (CACN2) in 

a reactor vessel at 900°C-1000°C and a slightly elevated pressure7,8. Though the attained 

nitrogen conversion was relatively satisfactory, 19%-24%8, the high temperature of the 

operating system resulted in high energy costs and, in turn, the process became unfavor-

able as compared to the next industrial process, Haber-Bosch, which was developed at the 

same time period.

The successful industrial application of nitrogen fixation was realized in 1913 by employing 

the Haber-Bosch process, a lower energy consumption process, for the synthesis of ammo-

nia. The process was based on the conversion of nitrogen and hydrogen, derived from coal 

gasification, into ammonia under effect of an iron catalyst at a temperature of 750 K and a 

pressure of 10 MPa9. Apart from the coal gasification, contemporary hydrogen production 

for the ammonia synthesis is also carried out either by steam reforming or partial oxida-

tion of natural gas or other light hydrocarbons. The employed fuel type determines to a 

great extent the overall energy consumption of the ammonia process. In particular, natural 

gas-based ammonia productions exhibits an average energy consumption of 36.6 GJ/ton 

NH3
10, whereas for heavy fuel and coal-based ammonia units, the energy consumption can 

reach even up to 59.8 and 165.9 GJ/t NH3 respectively11. In terms of production capacity, 

a typical ammonia plant size is in the range of 1000–1500 t/d, while for new plants it can 

be more than 3000 t/d11. In overall, ammonia is considered nowadays the second larger 

commodity in the global chemicals industry and almost 80% of its production is utilized 

in the fertilizer manufacturing12. It is worth mentioning that in 2011 the world ammonia 

market overrode 120 million tones, whereas it is expected to reach up to 160 million tones 

by the end of 202013.
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A more energy efficient process for the synthesis of nitric oxide, an equally important nitro-

gen fixation compound, was proposed by Ostwald in 1902. The specific process comprises 

two main steps14: 1) the oxidation of ammonia in the presence of a catalyst to nitric oxide 

at a temperature around 600°C and pressure of 230-1100 kPa and 2) the conversion of 

nitric oxide to nitrogen dioxide by cooling and its subsequent absorption into water for the 

final production of a nitric acid solution. The latter product constitutes a fundamental com-

ponent of the synthesis of fertilizers with its annual production amounting to 55 million 

tons15. From an energy perspective, contemporary nitric acid plants demonstrate a high 

energy efficiency due to the heat recovery from the gas product stream and the exothermic 

character of the ammonia oxidation which is utilized for steam generation.

Although ammonia synthesis through the Haber-Bosch process has improved the overall 

energy efficiency of the industrial nitrogen fixation since the initial commercial efforts 

(Figure 1.2), it is still perceived as one of the most energy intensive chemical processes. This 

is primarily due to the high energy costs associated with the hydrogen production from 

hydrocarbons feedstock. In addition, ammonia synthesis is associated with a high amount 

of carbon dioxide (CO2) emissions reaching up to 1.5-3.1 ton CO2/ton NH3
16. These facts 

undermine also the environmental profile of the nitric acid synthesis which is dependent 

on ammonia as feedstock. However, despite the enhanced energy efficiency of the nitric 

acid production, the process generates its own distinct emissions, nitrous oxide (N2O), due 

to the partial oxidation of the ammonia occurring at high temperature. It is noteworthy 

to mention that the nitrous oxide emissions have a global warming potential factor of 

265–298 times that of the carbon dioxide and range between 5 and 9 kg N2O/ton HNO3
17 

for a typical nitric acid plant.

Figure 1.2. Historic development of industrial nitrogen fixation in terms of energy consumption. With 
kind permission of Copernicus Publications18
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Besides the energy and environmental concerns related to the industrial nitrogen fixation, 

there are also other important challenges that have to do with the availability of fertilizers 

in developing countries. More precisely, the nitrogen fertilizer use in African countries is 

reported to be the lowest among the rest countries, representing the 3.4% of the world’s 

total consumption for the time period of 2007-201119. This is mainly attributed to the 

high variability in the soil fertility conditions and the small fertilizer market size prevail-

ing in those countries which makes them dependent on fertilizers import. Moreover, the 

high import handling and transportation costs renders the final price of the imported 

fertilizers very high which considerably limits their extensive use in agriculture. Based on 

the aforementioned and considering the stringent environmental regulations imposed at 

both regional and global level20, as well as the, predicted increase in fertilizers, the need to 

develop a breakthrough technology that can ensure long-term sustainability becomes even 

more imperative nowadays.

1.3. Plasma TeChnology – an alTernaTive rouTe?

In physics and chemistry terms, plasma is defined as a fully or partially ionized gas compris-

ing fully charged particles, such as atoms, electrons, ions, free radicals. It is also known 

as the fourth state of matter as it exhibits properties different from those of the neutral 

gases and liquids21. Based on the temperature of its species, plasma is categorized into 

two types, the high temperature (HTP) and the low temperature plasmas (LTP). The HTP 

are characterized by their species being in a thermodynamic equilibrium and exhibiting 

the same temperature22, Te ≈ Ti ≈ Tg ≈ 106-108K, where Te=electron temperature, Ti= ion 

temperature; Tg=bulk gas temperature. The low temperature plasmas are subdivided into: 

a) thermal plasmas in which species are in a quasi equilibrium with same temperature22, 

Te ≈ Ti ≈ Tg ≈ 104K and b) non-thermal plasmas in which species are not in an equilibrium 

state and the temperature of electrons is much higher than that of the ions and bulk 

gas22,23, Te ≈ 105-106 K >> Ti ≈ Tg≈ 300-1000K.

Both high temperature and low temperature plasmas have received recently increasing 

attention as an alternative technology for established industrial chemical processes. To 

exemplify, waste treatment has been realized in different thermal plasma reactors and has 

demonstrated competitive advantages over conventional24. Other applications include the 

destruction of VOCs and NOx emissions, as well as surface modification for tuning material 

properties24. Besides the aforementioned process, nitrogen fixation has been also realized 

in plasma reactors, mainly employing non-thermal plasmas25–28.
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1.3.1. Plasma-assisted nh3 manufacture
A comprehensive review on the various non-thermal plasma technologies employed for 

the ammonia synthesis29 has provided important insights on the maximum conversion and 

power consumption attained on an experimental level so far. The highest reactant conver-

sion rate mentioned in literature is 77.4% in a glow discharge plasma reactor operating 

in a batch mode under room temperature and pressure of 6-13 mbar in the presence of 

MgO and CaO catalysts. The lowest conversion rate in a continuous flow mode is reported 

at 2.5E-2% for a microwave discharge plasma reactor at atmospheric pressure and tem-

perature of 790-98 1240 K. In terms of the energy efficiency of the plasma process for 

the given chemical reaction, the highest value of 3.3 g/kWh has been reported for the 

ammonia synthesis in a DBD discharge reactor at ambient conditions, whereas the lowest 

one is 0.078 g/kWh in a microwave plasma operating in a batch mode and operating at 6 

mbar29. A comprehensive review of the operating conditions and obtained product yield is 

presented in Table 1-1.

Table 1-1. Performance of different non-thermal plasma technologies for the synthesis of NH3
24

NTP Technology Operating Conditions Energy Efficiency Conversion

Glow discharge30 T=293-298 K; P=6-13 mbar N/A 77.4% for MgO & CaO catalyst

Microwave Plasma31 T=600-700 K; P=5 Torr 0.078 g/kWh N/A

DBD Discharge32 T=293-298 K; P=1 bar N/A 0.50%

DBD Discharge33 T=348-428 K; P=1 bar 1.83 g/kWh N/A

DBD Discharge34 T=293-298 K; P=1 bar 0.34 g/kWh 2.30%

DBD Discharge35 t=293- 473 K; P= 1 bar N/A 9.10%

Microwave Plasma36 T=790-1240 K; P=1 bar 0.78 g/kWh 2.50E-02%

DBD Plasma jet37 T=293-298 K; P=1 bar 1.16 g/kWh 1.76E-06%

DBD Discharge38 T=450-1750 K; P=1 bar N/A 4.20%

DBD Discharge39 T=323K; P=1 bar 0.9 g/kWh 2.70%

DBD Discharge40 T=293-298 K; P=1 bar 1 g/kWh N/A

DBD Discharge41 T=293-298 K; P=1 bar 3.3 g/kWh 3.50%

DBD Discharge42 T=333 K; P=1 bar 0.7 g/kWh 7%

DBD Discharge43 T=387K; P=1 bar 0.16 g/kWh 2.30%

DBD Discharge44 T=293-298 K; P=1 bar 0.68 g/kWh N/A

DBD Discharge45 T= 413 K; P=1 bar N/A 12%

DBD Discharge46 T=293-298 K; P=1 bar n/a n/a

DBD Discharge47 T=293-298 K; P=1 bar 1.7 g/kWh n/a

1.3.2. Plasma-assisted no production
Apart from the ammonia production, nitric oxide has been also considered under plasma 

treatment. Since 1990, a solid understanding on nitric oxide generation by lightning 

has been established, see e.g. Liaw et al.48 or Gallardo and Cooray49. Nna Mvondo et al. 
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expanded further the previously acquired knowledge, by examining nitric oxides (NOx) 

production under the effect of corona discharge and laser generated plasma in a simulated 

space environment50. A gas mixture of carbon dioxide and nitrogen with purity of 99.9% 

is introduced in two different reactors: a corona induced reactor at an applied pressure 

of 1 bar and a reactor with an electrically generated plasma at 20,000 K. Observations 

demonstrate that in the case of plasma NO formation occurs at a 80% CO2 feed content 

with an accompanied energy production of ~1.3 × 1016 molecule/J. In contrast, by corona 

discharge NO is produced at a 50% CO2 feed content with an energy yield of ~1.3 × 1014 

molecule/J. N2O production is only apparent under the effect of corona discharge at a 50% 

CO2 feed content with an associated energy production of ~1.2×1013molecule/J50.

Sun et al. investigated the NOx synthesis in an atmospheric pressure DBD plasma reactor 

utilizing Cu-ZSM-5 pellet catalysts51. A gas stream of He containing 2.0% NO, 0.5% N2 and 

O2 (5.4% in N2) is inserted in the plasma reactor which operates at a 50 Hz frequency, a 

temperature up to 450°C and a voltage range of 0–40 kV. Prior to initiation of the reaction, 

the catalyst is preheated in a He flow at 600°C. Based on the experimental results, nitric 

oxide production predominates to nitric dioxide in the NOx synthesis which demonstrates 

a clear temperature dependence. By increasing the temperature from room conditions to 

250°C, NOx production is increased significantly reaching approximately up to 1.3×1014 

molecules/J. However, further temperature rise, especially above 350°C when NO decom-

position is also initiated, enhances NOx formation up to 11.2×1014 molecules/J for the 

Cu(165)-ZSM-5 catalyst52.

Bian et al. analysed a different nitrogen fixation, the production of nitric acid under the 

effect of plasma technique53. A nitro-gen stream of nitrogen into a bubbling gas with a 

flow of 120 L/h is injected in electrical discharge. The reactor is operating in the voltage 

range of 0–50 kV and a frequency of 140 Hz53. Reaction products are distributed into 

two phases: the liquid phase which contains HNO2 and HNO3 and the gas phase which 

consisted of NO and NO2. Increasing voltage triggers a corresponding increase in the ef-

ficiency of nitrogen fixation with the highest value being achieved at an applied voltage of 

25 kV and a frequency of 140 Hz. An overview of the achieved NO yield under different 

non-thermal plasma technologies and operating conditions is presented in Table 1-2.
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Table 1-2. Performance of different non-thermal plasma technologies for the synthesis of NO54

Non-thermal Plasma Technology Energy
Efficiency

Conversion NO
concentration

Comments

Radio-Frequency55 10 kW N/A N/A

Radio-Frequency56 4%a and 2%b awith quench;
bwithout quench

Radio-Frequency57 17%

Dielectric Constant (DC) Plasma Jet58 15 kW

Dielectric Constant (DC) Plasma Jet59 5.2 7.00%

Dielectric Constant (DC) Plasma Jet60 30 GJ/ton N2 8%c & 12%d cat 0.1s; dat 1ms

Dielectric Constant (DC) Plasma Jet61 335 kJ/L of NO 9.50%

Inductive high frequency discharge62 19%

Microwave plasma63 E/P=5-15kV/atm E: energy Input
 P: Pressure

1.4. maPsyn ProjeCT

The MAPSYN project (standing for Microwave, Acoustic and Plasma SYNtheses) aims at 

nitrogen-fixation reactions intensified by plasma catalysis and selective hydrogenations 

intensified by microwaves, possibly assisted by ultrasound64. Energy efficiency is the 

key motif of the project and the call of the European Union behind (NMP.2012.3.0-1; 

highly efficient chemical syntheses using alternative energy forms). In terms of the nitrogen 

Figure 1.3. Fertilizer Production by wind energy in a modular plant (Evotrainer) designed by Evonik 
Industries1,66.
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fixation by means of plasma technology, the industrial application is oriented towards 

the decentralized production of ammonia and nitric oxide in a modular plant powered 

by renewable energy sources, as shown in Figure 1.3. This approach will provide new 

opportunities towards the synthesis of nitrogen fertilizer in areas where ‘‘green’’ energy is 

abundant and accessibility to non-renewable energy sources is restricted65–67. An additional 

project considering this aspect is the LEAP-Agri Project68 which investigates methods for 

sustainable fertilizer production in developing countries.

The given project entailed the following two major research tasks:

Laboratory synthesis of plasma-assisted NH3 and NO Synthesis which has been 

conducted by B. Patil. The particular research work involved the synthesis of ammonia and 

nitric oxide in a dielectric barrier discharge (DBD) reactor at ambient conditions and labora-

tory scale. The latter chemical reaction was also studied in a Gliding Arc reactor under the 

same operating conditions. The effect of catalyst and different process parameters, such as 

flow rate, power input on the product yield and energy efficiency of the studied reactions 

has been profoundly investigated and reported.

Ex-ante process design, environmental and economic evaluation of industrial NH3 

and NO Syntheses which has been conducted by A. Anastasopoulou. A detailed descrip-

tion of the specific research work is provided in the present thesis.

1.5. aim & ouTline of The Thesis

The aim of this research work is to provide a conceptual industrial process design of the 

novel plasma-assisted ammonia and nitric oxide syntheses for a small-scale production and 

evaluate the given processes from an energy, environmental and economic perspective. 

This approach will facilitate the appraisal of the novel plasma-mediated nitrogen fixation 

from a holistic viewpoint and the comparison with conventional chemical processes, in 

order to identify key areas of further improvement in the proposed design of the plasma 

processes that could lead to their successful commercialization.

The present thesis comprises the following seven main chapters:

Chapter 2 will provide the process design of the plasma-assisted and conventional am-

monia synthesis routes considered in this study. Based on the proposed designs, process 

simulations in ASPEN Plus software have been conducted in order to obtain the mass and 

energy balances required for the environmental and economic assessment.
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Chapter 3 will present the results of the life cycle assessment (LCA) of the different am-

monia synthesis routes, by means of plasma and conventional technologies, for different 

process design scenarios. A contribution analysis has been adopted for the interpretation 

of the LCA results so as to identify the most critical factors of the environmental perfor-

mance of the studied chemical processes.

Chapter 4 will demonstrate the process design considered for the plasma-assisted nitric 

acid synthesis at small industrial scale. Similar to the ammonia synthesis, energy and mass 

balances have been generated from process simulations for both plasma-assisted and 

conventional nitric acid syntheses.

Chapter 5 presents the outcomes of the LCA study conducted for the plasma-assisted 

and conventional nitric acid syntheses. The individual impact of the unit process involved 

in the examined chemical production routes has been evaluated against selected impact 

categories.

Chapter 6 explores the economic performance of the plasma-assisted nitrogen fixation for 

the proposed process design. A benchmarking with the conventional process, as presented 

in this research work, has been also implemented. The specific analysis includes the estima-

tion of the capital and operating expenditures, as well as the net present value and cash 

flow generated in a 10-year operating period.

Chapter 7 explores the sustainability of the examined plasma-assisted nitrogen fixation 

and conventional routes by employing the eco-efficiency concept. The results from the LCA 

and economic assessment studies have been combined in an integrated manner to enable 

a fair comparison among different production options.

Chapter 8 investigates the feasibility of different renewable energy systems for a small-

scale nitric acid plant in South Africa and Kenya from a techno-economic perspective. 

Optimized system configurations for stand-alone wind, solar and hybrid (solar- wind) 

electricity provision have been proposed based on the minimum net present cost.
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absTraCT

A process design for a small scale ammonia synthesis by means of plasma technology 

has been proposed. The design considers the hydrogen and nitrogen production from 

water electrolysis and an air separation unit, respectively. Ammonia synthesis is realized at 

atmospheric conditions and separated by the N2/H2 mixture by adsorption in an ionic liquid. 

The specific process design has been simulated in ASPEN Plus software so as to generate 

the energy and mass balances required for its environmental assessment. In addition to this 

step, conventional ammonia synthesis, employing the Haber-Bosch process, has been also 

simulated for hydrogen deriving from natural gas steam reforming and water electrolysis 

(renewable H2). The energy analysis based on the process simulations has revealed an 

overall energy consumption of 36.6 GJ/ton NH3 for the conventional process, 64 GJ/ton 

NH3 for renewable H2 and 2,108 GJ/ton NH3 for plasma process.
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2.1. inTroduCTion

In order to conduct a preliminary environmental and economic assessment of the plasma-

assisted ammonia synthesis, process data are required. Considering that similar industrial 

process has not been employed at an industrial scale, an ex-ante process design for the 

novel plasma technology is necessary. In this chapter a process design for a 1 TPD (ton per 

day) anhydrous ammonia is proposed and based on that process simulations are conducted 

in ASPEN Plus software to generate the mass and energy balances. Moreover, in order 

to ensure the same quality of data for the following environmental and economic as-

sessments, the conventional process employing the Haber-Bosch method has also been 

simulated. Two case studies for the hydrogen production taking place in the conventional 

process have been examined: a) from natural gas steam reforming and b) water electroly-

sis. A detailed description of the operating conditions and assumptions considered for the 

different ammonia synthesis routes is provided below.

2.2. ConvenTional ammonia synThesis

The process design of the conventional NH3 synthesis considered in this study refers to a 

large scale production of 1330 tons per day and comprises seven major process steps as 

shown in Figure 2.1: 1) desulfurization; 2) steam reforming; 3) water-gas shift reaction; 4) 

CO2 removal 5) methanation; 6) ammonia synthesis and 7) refrigeration. A brief description 

on the operating conditions of each process step, as well as the additional considerations 

incorporated into the process simulations, will be provided below. Prior to that, it is impor-

tant to be mentioned that the process simulations of the particular production route have 

been merely based on an existing model (Figure 2.5 in Appendix A) in ASPEN Plus software 

and, thus, a detailed provision of the exact equipment employed will be omitted.

The desulfurization process entails the removal of the sulphur content from the natural gas 

feedstock which enters the system at a temperature of 47°C and 38 bar. It undergoes firstly 

heating through a system of heat exchangers to the desired temperature of 344°C and 34 

bar and enters, thereafter, a stoichiometric reactor where the sulphur content reacts with 

the hydrogen to H2S. The H2S is removed from the remained gas stream in a flash column 

at 345°C and 51 bar. The preceded step involves the steam reforming where the gas 

stream of the previous step is mixed with process steam of the same conditions and heated 

up to 503°C. The given stream is directed to a system of four consecutive reactors where 

is converted into a mixture of hydrogen, nitrogen, carbon dioxide and carbon monoxide at 

an outlet temperature of 978°C and 29 bar.
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Upon the completion of the aforementioned steps, the water-gas shift reaction or CO 

conversion is taking place, where the gas stream firstly being cooled down to 380°C is 

introduced to a high-temperature and a low-temperature reactor and the conversion 

of the carbon monoxide and water to carbon dioxide and hydrogen is realized. The gas 

stream exits the given process at the final conditions of 233°C and 27 bar. Then, the CO2 

removal is followed by cooling the gas stream at 40°C and absorb it in a solution of H2O/

NH3. The top product of the absorption column, containing a very small amount of CO2, 

leaves at 30°C and the 27 bar. The bottom product is desorbed at 1 bar and 60°C and the 

initial solution is being recovered, assuming its recycling back to the absorption column. 

An additional step being considered in this process has been the liquefaction of the CO2, 

rather than its direct emission to air, as it constitutes a valuable input material for the 

synthesis of the urea.

The methanation step involves the heating of the gas stream exiting the CO2 removal 

process at 280°C and 27 bar and the hydrogenation of the remained carbon monoxide and 

Natural 
Gas

Process 
Steam

HX2 1st Reformer 2nd  ReformerDesulfulizer

Air

HX1Compressor-1

HX4 

H2O/NH3

HX5 

CO2 Absorber

Liquid 
NH3

H2O Fuel

Liquid H2

345 503 978 40

33

6

Compressor-2 HX6

500

280

39

47
38

3

51

35

2951

27

27

Absorber

HX7

HX8
Compressor-3

NH3  Reactor
Methanator

Membrane

Flash
 Column

344
34

233
27

380
29

HX3 H2O-Gas Shift 
Reactor

180
292

292

Recycled N2/H2

36
70
36

-253
36 oC

bar

Figure 2.1. Process flowsheet of large-scale conventional ammonia synthesis
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carbon dioxide to methane. After this step, the ammonia synthesis occurs at 180°C and 

292 bar in a four consecutive plug flow reactors with the subsequent cooling of the final 

product gas stream in a system of heat exchangers at 39°C. The refrigeration, as the next 

procedure, involves primarily the separation of the ammonia product from the unreacted 

N2/H2 mixture in a series of flash columns with the latter stream being compressed from 

275 bar to 292 bar and recycled back to the ammonia synthesis section. The final liquid 

ammonia product is removed from the last flash column at 20 bar and 33°C.

A part of the unreacted N2/H2 mixture is purged to avoid the accumulation of inert gases 

in the ammonia synthesis reactor. Although, the given purge gas stream is not further 

treated in the existing ASPEN model, in the industrial ammonia plants it is either recycled 

back in the process as a fuel for the furnace or treated through membrane separation for 

an enhanced recovery of hydrogen that can be deployed within the process. In the context 

of this LCA study, the treatment of the purge stream includes two major steps: 1) the 

NH3 removal from the gas stream and 2) the hydrogen recovery through membrane gas 

separation. To elaborate, the NH3 removal has been attained by its water scrubbing based 

on the operating conditions provided by a particular patent1. Based on this information, 

the presence of water content of 0.1 to 1.0 wt% in the anhydrous ammonia is preferred 

to prevent corrosion in the process equipment. Considering that the treated gas stream is 

proposed to be at 36 bar and 6°C, the purge gas stream in the process simulations of the 

conventional ammonia synthesis has been expanded to that pressure and subsequently 

cooled down. The generated power from the expander has been assumed to cover part of 

the compression costs in the ammonia synthesis part. A small amount of water has been 

employed at 36 bar and 10°C so that a complete removal of the NH3 in the top product is 

obtained and the water content of the final ammonia product, which is mixed also with the 

liquid product of the water scrubbing process, is in the proposed range mentioned above.

The outlet gas stream of the absorption process described above is undergoing heating 

to 70°C and directed to a flash column, resembling the membrane system, where 70% 

of hydrogen recovery is accomplished2. The particular operating conditions have been 

adopted from a specific industrial report. The hydrogen stream is liquefied at -253°C, 

whereas the remained gas stream has been assumed to serve as fuel for the furnace of the 

industrial process.

2.3. Plasma-assisTed ammonia synThesis

The proposed plasma process design (Figure 2.2) has been developed for a small-scale 

production capacity of 1 ton of liquid ammonia per day. The first step of the process 
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involves the provision of the nitrogen and hydrogen feed from alternative processes as 

compared to those of the conventional industrial ammonia synthesis. The nitrogen stream 

has been considered to be generated from a pressure swing adsorption (PSA) unit based 

on the operating conditions mentioned in a technical report3. The energy requirements for 

the given process include the compression and cooling of air from atmospheric conditions 

-1 bar and 25°C- to 7.5 bar and 25°C. The generated nitrogen stream has been assumed 

to be released from the PSA unit at 1 bar and 20°C. In terms of the hydrogen production, 

a steam electrolysis cell has been employed releasing hydrogen at 1 bar and 97°C4.The 

electricity costs associated with this operation has been estimated based on the afore-

mentioned literature to MJ. As a by-product of the latter process, oxygen is also generated 

at the same conditions as the hydrogen. However, in order to maintain the coherence 

between the type of products generated from the process simulations and those employed 

in the LCA study by the in-built unit processes, liquefaction of the oxygen stream has been 

considered at 1 bar and -183°C, as the hydrogen generated from the respective in-built 

unit process of ‘‘Hydrogen cracking, APME [RER]’’ comes in a liquid form.

The synthesis of ammonia from the N2/H2 feed, in a ratio 1:3, is realized in a non-thermal 

dielectric barrier discharge (DBD) plasma reactor at 1 bar and an outlet temperature 

of 100°C, based on preliminary experiments conducted at the Eindhoven University of 

Technology. Based on these results, a NH3 yield of 1% has been achieved at an energy 

efficiency of 1.9 g NH3/kWh. Nonetheless, considering the lack of such novel technology 

in contemporary process simulation software, the replacement of the plasma reactor by a 

simple stoichiometric reactor in ASPEN plus has been made with a N2 conversion of 1%. 

After this step, the separation of ammonia from the unreacted N2/H2 mixture precedes by 
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Figure 2.2. Process flowsheet of the plasma-assisted ammonia synthesis
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means of absorption in an ionic liquid. The 1-butyl-3-methylimidazolium tetrafluoborate 

([BMIM][BF4]) has been selected as preferred ionic liquid due to the high ammonia solubility 

exhibited at atmospheric pressure5. An additional reason supporting this selection has been 

the fact that conventional absorption mediums, such as H2O and EtOH, have been proven 

difficult to be separated after the absorption. On the other hand, thee ionic liquids have 

demonstrated the ability to be fully recovered. In order to facilitate the absorption of the 

NH3 in the given ionic liquid the product gas stream from the plasma reactor undergoes 

cooling at 25°C prior to its entry to the absorption column, which has been simulated by 

a rafdrac column. The top product of the absorption column contains of the unreacted N2/

H2 gas which is fully recycled back to the plasma reactor.

The complete recovery of the ionic liquid is accomplished by heating up the bottom product 

of the column at 245°C through a system of two heat exchangers and, thereafter, directing 

it to a flash column where ammonia is exerted at the top. The selection of the specific 

temperature has been dictated by the advantageous behaviour of the ionic liquid, being in 

the liquid state up to 288°C. The recovered ionic liquid bypasses the first heat exchanger, 

after the absorption column, covering 24% of the total heating requirements. The ionic 

liquid has been assumed to be fully recovered and recycled back to the absorption column 

at 25°C, though the realization of his step in ASPEN plus software has rendered the simula-

tions difficult to converge. The liquefaction of the ammonia product has been achieved in 

a multistage compressor with intercooler at 3 bar and -10°C.

As far as the physical property method considered in the specific process simulations is 

concerned, the NRTL model has been selected to best describe the Vapor-Liquid Equilib-

rium (VLE) involved mainly in the absorption process. As there was no entry for the selected 

ionic liquid, ([BMIM][BF4]), in the ASPEN component databank, data for the solubility of 

the NH3 in the ionic liquid has been adopted from literature5–10 and manually entered in the 

process simulations for the estimation of the Henry Law coefficient. The remained missing 

properties of the given system -NH3/[BMIM][BF4]-, have been determined based on the 

solubility data by linear regression. In addition to the selections made in the context of the 

process simulations of the plasma-assisted ammonia synthesis, the limitation of the specific 

software in properly simulating the ionic liquid behaviour has resulted in the decision of 

placing an additional separator after the flash column, shown in Figure 2.6 (Appendix), to 

obtain a complete NH3 separation.

Energy Considerations
The results of the process simulations, as presented below, have clearly indicated the 

impact of the power consumption of the reactor on the overall energy balance of the 

plasma process. For that reason, different design options have been also investigated with 
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the view to identifying the optimum operating conditions that could potentially render 

the process more energy and environmentally efficient as compared to the other available 

ammonia synthesis routes. Different NH3 yield scenarios, 3%, 5% and 15%, have been 

assessed with respect to their impact on the energy profile of the downstream activities for 

the base operating conditions described above. Following this consideration, the coupled 

effect of the NH3 yield and the power consumption of the plasma reactor on the overall 

energy consumption of the process has be investigated. Taking into account the relatively 

low energy efficiency of the plasma ammonia synthesis as compared to the conventional 

process, the additional scenario of recovering part of the provided energy to the plasma 

reactor in the form of steam has been incorporated. The latter consideration has been 

made on the basis of literature report referring to high amount of the provided electricity 

being allocated to the heating of the discharge barriers11–13. Based on that, the possibility of 

bypassing water through the walls of the plasma reactor, where heat could be potentially 

accumulated and energy could be, in turn, recovered, has been theoretically explored. At 

this stage it is important to be mentioned that this energy recovery scenario serves only as 

an informative case which will provide important views on the energy performance of the 

plasma process design.

2.4. renewable hydrogen-based ammonia synThesis

The basic process design of the renewable hydrogen based ammonia synthesis has been 

adopted from literature14. However, due to the lack of certain input data related mainly to 

the feed production certain modifications have been implemented. The process flowsheet 

shown in Figure 2.3 refers to an ammonia plant of daily production capacity of 10 ton 

liquid ammonia. A detailed ASPEN flowsheet is provided in Figure 2.7 in the Appendix 

A. The hydrogen and nitrogen feed requirements have been considered to derive from 

the same activities as those of the plasma-assisted ammonia synthesis -water elerctolysis 

and pressure swing adsorption- under the same operating conditions. The N2/H2 feed has 

been initially compressed to 212 bar and cooled down to 556°C. Thereafter, it has been 

directed to the synthesis reactor which has been simulated by a Gibbs reactor operat-

ing at a fixed outelt temperature of 556°C. Considering the exothermic character of the 

ammonia synthesis, cooling water has been externally provided to the reactor to remove 

excess heat and generate, in turn, a low pressure steam. The outelt gas stream has been 

cooled down to 20°c and separated in a flash column from the unreacted N2/H2 mxiture at 

203 bar. The bottom product has been further separated in another flush colum at a lower 

pressure of 12 bar. The top product of the latter column, containing also unereacted N2/

H2 feed, is mixed with the other top product of the first flash column and compressed to 

operating pressure of the reactor. However, since the outlet temperatture of the recycled 
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feed is lower, 458°C, than the operating temperature of the ammonia synthesis a system 

of two heat exchangers has been placed prior to the reactor. The first of these two heat 

exchangers is bypassed by the reactor outlet stream, covering part of the heating require-

ments. The last process step involves the treatment of the purge gas stream following the 

same procedure as to that presented in the conventional ammonia synthesis, with the only 

difference lying in the generation of pure N2 as a by-product instead of fuel. The final NH3 

product is formed at 12 bar and -13°C, whereas the N2 byproduct is liquified at -230°C 

and 36 bar.

2.5. ProCess simulaTions – resulTs

2.5.1. base Case scenario
The mass and energy balances generated from the ASPEN simulations of the conventional, 

renewable-H2 and plasma-assisted ammonia synthesis are presented in Tables 2-1, 2-2 
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Figure 2.3. Process flowsheet of renewable hydrogen based ammonia synthesis
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Table 2-1. Material and Energy Input Data for the LCA of the Conventional NH3 synthesis expressed per 
ton NH3

Material/Energy Value Unit

Desulfurization

Natural Gas 627 m³

Heat 416 MJ

Water (for steam) 4,088 kg

Steam (by-product) 4,088 kg

H2S 7E-03 kg

Steam Reforming

Air 1,227 kg

Heat 6,979 MJ

Steam 1,829 kg

Electricity 114 kWh

Cooling Energy 579 MJ

Water-Gas Shift Reaction

Cooling Energy 6,565 MJ

CO2 Removal

Heat 8,541 MJ

Cooling Energy 2,988 MJ

Electricity 7E-01 kWh

Steam (by-product) 3,228 kg

H2O (for steam) 3,228 kg

CO2 (by-product) 1E-01 kg

Methanation

Heat 959 MJ

Cooling Energy 156 MJ

NH3 Synthesis

Cooling Energy 3,512 MJ

Electricity 1,417 kWh

H2O (for steam) 932 kg

Steam (by-product) 932 kg

Refrigeration

Cooling Energy 381 MJ

Water 7 kg

Electricity 6 MJ

Heat 51 MJ

Fuel (by-product) 94 kg

H2 (by-product) 7 kg

NH3 (Product) 1,000 kg
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and 2-3. A detailed representation of the energy requirements expressed per sub-process 

of each chemical process is depicted in Figure 2.4. As it can be inferred from the graphs, 

the total energy consumption of the conventional ammonia process amounts to, ap-

proximately, 36.6 GJ/ton NH3, which is in agreement with the respective value reported in 

literature. Heating requirements dominate the overall energy profile of the given process 

with a share of 56%. This trend is attributed to the increased temperature, up to 1000°C, 

required for the steam reforming and CO2 removal sub-processes. As far as the cooling 

energy is concerned, although refrigeration might seem to contribute the most, the impact 

of the H2O shift gas reaction is the most significant factor with a contribution of 68%. This 

is mainly assigned to the rapid temperature increase involved in the specific sub-process.

In terms of the plasma-assisted ammonia synthesis, it is clear that the power consumption 

of the plasma reactor controls remarkably the energy performance of the process, out-

weighing the impact of the heat and cooling requirements. The total energy consumption 

accounts for 2,017 GJ/ton NH3, 55 times higher than that of the conventional one. The 

specific value is estimated for a plasma energy efficiency of 1.9 g NH3/kWh as tested ex-

perimentally in the MAPSYN project. However, in addition to this process design scenario, 

lower power consumption values of the plasma reactor have been theoretically assessed 

Table 2-2. Material and Energy Input Data for the LCA of the plasma-assisted NH3 synthesis expressed 
per ton NH3

Material/Energy Value Unit

H2O Electrolysis

Electricity 7,431 kWh

Water 1,495 kg

Cooling Energy 202 MJ

H2 183 kg

O2 (by-product) 425 kg

Air Separation

Air 2,971 kg

Electricity 573 kwh

Cooling Energy 759 MJ

N2 849 kg

NH3 Synthesis

Electricity 543,100 kWh

Refrigeration

Heat 3,953 MJ

Electricity 82 kWh

Cooling Energy 27,697 MJ

NH3 (Product) 1,000 kg
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in order to comprehend the impact of such consideration on the total energy efficiency of 

the process and set the operating window for future applications.

The renewable H2-based NH3 synthesis exhibits a total energy consumption of 64 GJ/ton 

NH3, higher by 77% than that of the conventional process. The impact of the electricity 

accounts for 72% of the total energy requirements, out of which 58% and 38% are 

allocated to the H2O electrolysis and compression involved in the NH3 synthesis, respec-

tively. Moreover, it is important to be mentioned that the cooling requirements related to 

the refrigeration- accounting for 11.3 GJ/ton NH3- have been mainly estimated to serve 

the aim of the life cycle assessment study presented in the next chapter. Typically, the 

recovered nitrogen and hydrogen from the purge gas treatment will be recycled back to 

the synthesis part rather than compressed and stored. However, due to the necessity of 

applying the same assumptions as those of the unit-processes employed in the LCA study, 

such consideration has been imperative.

Table 2-3. Material and Energy Input Data for the LCA of the Renewable H2-based NH3 synthesis ex-
pressed per ton NH3

Material/Energy Value Unit

H2O Electrolysis

Electricity 7,349 kWh

Water 1,479 kg

Cooling Energy 200 MJ

H2 181 kg

O2 (Credits) 421 kg

Air Separation

Air 2,946 kg

Electricity 514 kwh

Cooling Energy 753 MJ

N2 835 kg

NH3 Synthesis

Cooling Energy 5,444 MJ

Electricity 4,894 kWh

H2O (for steam) 1,078 kg

Steam (by-product) 2,965 MJ

Refrigeration

Heat 17 MJ

Cooling Energy 11,300 MJ

Water 7 kg

N2 (Credits) 18 kg

H2 (Credits) 5 kg

NH3 (Product) 1,000 kg
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Figure 2.4. Energy requirements of each examined ammonia synthesis route expressed per sub-process
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2.5.2. sensitivity analysis
The effect of the ammonia yield on the energy consumption of the plasma-assisted process 

has been also studied in the process simulations. Although, the plasma power consump-

tion dictates significantly the energy efficiency of the plasma-assisted ammonia synthesis, 

investigating the effect of different process parameters on the is likely to provide important 

insights As presented in Table 2-4, the increase of the ammonia yield reduces considerably 

the cooling requirements of the HX-1 (Figure 2.2). More precisely, in terms of the refrigera-

tion sub-process the 3% and 5% NH3 yield scenarios exhibit a reduction in cooling energy 

of 34% and 80%, respectively, as compared to that displayed by the 1% NH3.

Table 2-4. Effect of NH3 yield on cooling requirements of plasma-assisted NH3 synthesis

Plasma-assisted Process

1% NH3 3% NH3 5% NH3 15% NH3

Recycled feed (ton/ton NH3) 111.2 46.4 20.7 11.5

Cooling requirements (MJ/ton NH3) 27,607 18,262 5,405 6,550

The effect of the plasma power consumption on the cumulative energy consumption of the 

plasma ammonia synthesis is presented in Table 2-5. As it can be inferred, an improvement 

of the plasma energy efficiency by a factor of 3 yields a total energy reduction of 65% as 

to the initial operating conditions. A further decrease of the power consumption by 3 times 

results in an energy decrease of 86% as to the initial operating conditions.

Table 2-5. Effect of power consumption of plasma reactor on total energy requirements of plasma-
assisted NH3 synthesis

Plasma-assisted Process

Power Consumption 
A

Power Consumption 
B

Power Consumption 
C

Recycled feed (g NH3/kWh) 1.9 5.1 17.2

Energy requirements (GJ/ton NH3) 2,017 713.4 278

2.6. ConClusions

Based on the results of the aspen simulations which have been carried out for the three dif-

ferent ammonia synthesis routes, the conventional one demonstrated the highest energy 

efficiency with an overall energy consumption of 36.6 GJ/ton. The most energy intensive 

sub-processes are the CO2 removal, the NH3 synthesis and the steam reforming with a 

contribution of 31%, 24% and 22% to the total energy input. On the other hand, the 

plasma-assisted ammonia synthesis is merely dominated by the power consumption of 

the plasma reactor which renders the process the least energy efficient process for the 

selected operating conditions. Its total energy consumption amounts to 2,107 GJ/ton NH3. 
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Regarding the renewable H2-based process, its energy profile is controlled also by the 

electricity input, to a less extent as compared to the plasma process, with a share of 72%. 

The cooling and electricity costs associated with the H2O electrolysis renders the specific 

sub-process the most energy consuming.

Although energy efficiency is an important factor to be considered in the process design 

of a new chemical process, environmental performance has become nowadays also an 

equally critical factor towards the sustainability of a process/product. Environmental ap-

praisal, especially when it is conducted in the early stage of the process design, can provide 

important insights into the areas that can be further improved prior to industrialization. 

For that reason, a deterministic LCA modeling of the plasma ammonia synthesis has been 

carried out by employing the material and energy flows generated from the presented 

process simulations. A comparative environmental assessment against the conventional 

and renewable H2 based ammonia syntheses has been also considered in order to facilitate 

the identification of the key areas of further improvement in the proposed plasma process 

design.
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Chapter 3
Environmental Impact Assessment of Plasma-

Assisted and Conventional NH3 Synthesis Routes
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V. Environmental Assessment of Plasma-Assisted NH3 Synthesis and 
Comparison Against Conventional Production Routes. J. Ind. Ecol., 

submitted (2018).
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absTraCT

The importance of ammonia in the fertilizer industry has been widely acknowledged over 

the last decades. In view of the upcoming increase in world population and, in turn, food 

demand, its production rate is likely to increase exponentially. However, considering the 

high dependence on natural resources and the intensive emission profile of the contem-

porary ammonia synthesis route, as well as the rigid environmental laws being enforced 

at a global level, the need to develop a sustainable alternative production route becomes 

quite imperative. A novel approach towards the synthesis of ammonia has been realized 

by means of non-thermal plasma technology under ambient operating conditions. As the 

given technology is still under development, carrying out a life cycle assessment (LCA) is 

highly recommended as a mean of identifying areas of the chemical process that could be 

potentially improved for an enhanced environmental performance. For that purpose, in 

the given research study a process design for a small-scale plasma-assisted ammonia plant 

is being proposed and evaluated environmentally for specific design scenarios against the 

conventional ammonia synthesis employing steam reforming and water electrolysis for the 

hydrogen generation. Based on the LCA results, the most contributory factor to the major-

ity of the examined life cycle impact categories for the plasma-assisted process, considering 

an energy efficiency of 1.9 g NH3/kWh, is the impact of the power consumption of the 

plasma reactor with its share ranging from 15% to 73%. On a comparative basis, the 

plasma process powered by hydropower has demonstrated a better overall environmental 

profile over the two benchmark cases for the scenarios of a 5% and 15% NH3 yield and an 

energy recovery of 5% applicable to all examined power consumption values.
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3.1. inTroduCTion

Chemical process innovations have impact on societal development and issues, and, vice 

versa, the latter shall be taken as impetus to guide new, innovative chemical development 

in its suited business niches as reported here. Chemical industry manufactures fertilizers 

and will have to face and respond to the upcoming increase of world population by 20501. 

The food production will increase remarkably and, in turn, the fertilizer consumption which 

is expected to reach up to 230 million tonnes. According to the Food and Agricultural 

Organization of the United Nations, developing countries in Africa play a major role in this 

global trend with an expected share of 46%2. The increasing demand for food production 

and quality has raised concerns including the fact that the use of fertilisers in African 

countries is much hindered by high costs due to import/transport and taxes3. The food 

import bill was 35 billion dollars in 2015 and could grow to 110 billion by 20254. The 

average fertiliser usage in Africa is 23 kg/ha in 2015, and is expected to increase to 50 kg/

ha by 2025. Negligible fertilizer use is given by smallholder farmers5.

Considering that ammonia constitutes a fundamental component of N-fertilizers, this trend 

poses great concerns about the long-term sustainability of its contemporary synthesis prac-

tice since it is associated with high consumption of natural resources and high GHG (green-

house gas) emission factor. However, besides the inherent attributes of the conventional 

ammonia production, challenges are also triggered to the future availability of fertilizers 

which is already constrained in certain cases due to prevailing economic circumstances. 

Taking this aspect into account, along with the rigid environmental and energy targets 

being set at a worldwide level, efforts towards the development of more sustainable, at 

both economic and environmental level, technologies for the industrial synthesis

As far as the environmental appraisal of the conventional ammonia production is concerned, 

the available literature is relatively limited and addresses mainly the ammonia synthesis con-

sidering either the industrial approach, methane steam reforming, or different hydrogen 

production alternatives employing renewable electricity sources. To elaborate, Bicer and 

Dincer have conducted a comparative LCA study of the steam methane reforming based 

ammonia synthesis against five different hydrogen synthesis routes powered by nuclear 

energy6. The alternative hydrogen production options include three variations -based on 

the involved reaction steps- of the thermochemical water splitting using a copper-chlorine 

cycle and two variations-based on the operating temperature of the water electrolysis. The 

performance of the water electrolysis options has been proved to be better than that of the 

thermochemical cycle options for all selected impact categories. As far as the comparison 

against the conventional ammonia synthesis is concerned, the examined alternative pro-

duction routes have demonstrated a better profile for all impact categories, except for the 
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human toxicity potential. Makhlouf et al. have investigated the environmental footprint 

of an ammonia plant located in Algeria7. The LCA results have demonstrated a Global 

Warming Potential value of 1.444 ton CO2-eq/ton NH3, which falls within the range of the 

corresponding values reported in other research works. However, the energy consumption 

of the given plant has been identified as high compared to the respective literature values, 

mainly attributed to the multiple restarts of the plant and the low operating efficiency of 

the reformer in which the same catalyst was used for many years.

In terms of the plasma-assisted nitrogen fixation, there is only one comprehensive life cycle 

assessment study been conducted for an ex-ante process design of a small-scale plasma-

assisted nitric acid production8. Although the incorporation of renewable energy sources 

into the plasma-assisted ammonia synthesis has been discussed in certain research stud-

ies9,10, a complete industrial process design that will enable a preliminary environmental 

assessment, and at a later stage an economic appraisal, of this novel process has not been 

yet developed. Based on these facts, the present research study aims at addressing this 

knowledge gap by proposing a small-scale industrial process design of the plasma-assisted 

ammonia and conducting a comparative life cycle assessment against the traditional pro-

duction routes with the view to determining areas for potential improvement that will 

render an enhanced environmental performance of the plasma process. Different process 

design scenarios based on critical operating conditions, such as the NH3 yield, the power 

consumption of the plasma reactor and energy recovery, have been considered and evalu-

ated against the conventional and the renewable hydrogen-based ammonia syntheses.

3.2. meThodology-aPProaCh

3.2.1. aim & scope
The aim of this LCA study is the environmental appraisal of plasma-assisted ammonia syn-

thesis powered by renewable energy sources and its comparison against the conventional 

industrial process and the renewable hydrogen-based ammonia process. Different process 

design scenarios of the plasma-aided ammonia synthesis are investigated with the view to 

identifying areas for potential improvement that will enable an enhanced environmental 

performance. The functional unit has been defined in this LCA study as the production of 

1 ton of liquid ammonia.

3.2.2. system boundaries
In the given LCA study, the system boundaries of the different ammonia production routes 

have been defined based on a ‘’cradle-to-gate’’ approach, including the material and 

energy streams from the extraction of the raw materials until the production of the final 
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liquid ammonia stream. Prior to the description of the system boundaries of each ammonia 

synthesis route, there have been certain considerations commonly taken into account for 

all studied systems. More precisely, the storage and transportation of the final ammonia 

product, as well as, the manufacture and respective transportation of the process equip-

ment have been excluded from the LCA models. Moreover, the manufacture and use of 

catalysts in the ammonia synthesis have also been excluded from the system boundaries of 

all examined systems. Furthermore, considering the complexity of certain chemical process, 

such as the conventional large-scale ammonia synthesis, the system boundaries of the 

examined ammonia synthesis routes, presented below, depict the major process equipment 

categorized into larger sub-processes while indicating all the involved material and energy 

flows. A more detailed process description, including the different design scenarios and the 

operating conditions, of the three ammonia production routes is provided in the Chapter 2.

Conventional NH3 Synthesis
With respect to the sub-processes included in the system boundaries of each examined 

synthesis route, the conventional large-scale ammonia production involves seven main 

steps, as shown in Figure 3.1: 1) the desulphurization of the natural gas feed which entails 

the removal of the sulphur content; 2) the steam reforming where the natural gas feed is 

converted into a mixture of hydrogen, nitrogen, carbon dioxide and carbon monoxide; 3) 

the water-gas shift reaction where the carbon monoxide – generated from the previous 

step – reacts with water to form hydrogen and carbon dioxide; 4) the carbon dioxide 

removal which involves the absorption of the carbon dioxide in water and its separation 

from the remained gas stream. The CO2 has been considered to be liquefied for a potential 

use in other applications, such as supercritical solvent, refrigerant, raw material in urea syn-

thesis, etc. and thus it has been identified as a by-product. In addition to that, steam is also 

generated as by-product. 5) the methanation where traces of carbon monoxide and carbon 

dioxide present in the gas stream are converted into methane through hydrogenation 6) 

the ammonia synthesis which includes also the compression of the gas stream – from step 

5 – prior to the synthesis part 7) the refrigeration where the ammonia product is liquefied 

through cooling and separated from the unreacted N2/H2 mixture, part of which is recycled 

back to the ammonia synthesis part and the other one is purged. In the refrigeration step 

the treatment of the purge gas stream is also included and involves primarily its expansion 

and absorption in water for the removal of NH3 and the consecutive hydrogen recovery 

through membrane separation. Moreover, the bottom product of the absorption process is 

mixed with the liquefied ammonia and the remained gas from the membrane separation is 

handled as a valuable fuel product that can be potentially employed within the ammonia 

process. In addition to that, the power produced by the gas expansion has been assumed 

to cover part of the electricity requirements of the compressor included in the ammonia 

synthesis step.
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Renewable hydrogen based NH3 synthesis
In the case of the renewable hydrogen-based ammonia process, as depicted in Figure 

3.2, four main steps are involved: 1) the hydrogen production which is based on water 

electrolysis. The given process enables the production of oxygen as well, which in this LCA 

study has been considered as by-product 2) the nitrogen generation from a pressure swing 

adsorption (PSA) unit 3) the ammonia synthesis where the N2/H2 feed is compressed and 

brought to a given temperature-through cooling and heating up-that enables the ammonia 

synthesis in an isothermal reactor at a high efficiency. In this step, steam is also generated 

due to the exothermic character of the reaction 4) the refrigeration of the ammonia stream 

which is cooled down after exiting the reactor and directed to two flash columns where its 

separation from the unreacted N2/H2 mixture takes place. In the last step a purge stream 

is also produced and, thus, the same treatment approach as to the conventional process is 

being adopted. However, in the absence of natural gas feedstock, the membrane separa-

tion deployed in the given process enables the recovery of only nitrogen and hydrogen.

Figure 3.1. System boundaries of conventional ammonia synthesis
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Plasma-assisted NH3 Synthesis
In the case of the plasma process, the design involves, as shown in Figure 3.3, also four 

major steps with the first two being the same as the aforementioned production route: 

1) the hydrogen generation by deploying water electrolysis, with the simultaneous pro-

duction of pure oxygen -as by-product-. 2) nitrogen generation through pressure swing 

adsorption 3) the synthesis of ammonia in a non-thermal plasma reactor at ambient 

conditions-atmospheric pressure and room temperature- from the hydrogen and nitrogen 

feed 4) the refrigeration of the ammonia stream where the outlet NH3 gas stream from 

the plasma reactor is cooled down and absorbed by an ionic liquid for its separation from 

the mixture N2/H2, which is recycled back to the plasma reactor. The liquid product is, 

subsequently heated up and directed to a flash column for the separation of the ammonia 

and the complete recovery of the ionic liquid. The heating requirements involved in this 

step are partially covered by the recovered ionic liquid stream which is directed back to the 

absorption process described above. The ammonia stream is, thereafter, liquefied through 

cooling and compression.

Figure 3.2. System boundaries of renewable hydrogen-based ammonia synthesis
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3.2.3. inventory analysis
The LCA model of the plasma-assisted, conventional and renewable hydrogen-based am-

monia syntheses has been developed in the Umberto NXT LCA software employing the 

inventory dataset of the Ecoinvent 3.0 (v3.3)], as depicted in Table 3-1. Foreground data 

for the required material and energy flows of the examined chemical processes have been 

extracted from process simulations conducted in ASPEN Plus software and are presented 

in Tables 2-1, 2-2 and 2-3. The majority of the background data have been covered by 

datasets referring to the country of Germany, whereas in the case of no such availability, 

more generic data-at European or Global level- have been utilized.

As far as the electricity requirements of the studied processes is concerned, different power 

provision options have been considered in each individual case. More precisely, natural 

gas has been employed in the conventional large-scale ammonia process to meet its 

power needs, whereas the renewable hydrogen-based and the plasma-assisted processes, 

designed at a small-scale, have been evaluated against three different renewable energy 

sources, hydropower, wind and solar energy. Additionally, the fact that the examined 

chemical processes are multi-product systems, poses the challenge of allocating the gener-

ated environmental burdens to the specific products. The approach that has been adopted 

in this study, in order to eliminate this issue and reflect the credits associated with the 

generation of valuable by-products, is the concept of ‘’ avoided burden’’11. Based on this 

approach, the environmental burdens of the specific by-product are being displaced by the 

respective burdens of an alternative process generating the same product and deducted 

from the burdens of the initial system under consideration. In the context of this LCA study, 

Figure 3.3. System boundaries of plasma-assisted ammonia synthesis
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this specific approach has been applied to those systems where steam, fuel, hydrogen, 

oxygen and nitrogen are respectively generated as by-products.

3.2.4. impact assessment
The CML 2001 impact assessment method has been employed to evaluate the environmen-

tal performance of the three different ammonia synthesis routes. The impact categories 

selected from the given method are: acidification potential-average European (AP), climate 

change -100 years (GWP), eutrophication potential-average European (EP), human toxicity 

-100 years (HTP 100a), marine aquatic ecotoxicity -100 years (MAETP 100a), photochemi-

cal oxidant creation potential (POCP), abiotic resources depletion potential (ADP), ozone 

depleting potential -10 years (ODP 10a) and the cumulative energy demand (CED) for 

non-renewable energy use.

Table 3-1. Inventory Data from Ecoinvent v3.3

Material/Energy Input Inventory Data

Deionized water water production, deionised, from tap water, at user [Europe 
without Switzerland]

Natural Gas natural gas production [DE]

Cooling energy cooling energy, from natural gas, at cogen unit with absorption 
chiller 100kW [CH]

Heat heat production, natural gas, at industrial furnace low-NOx 
>100kW [Europe without Switzerland]

Steam steam production in chemical industry [RER]:in kg

Electricity (for different scenarios) •	 	electricity	production,	natural	gas,	at	conventional	power	plant	
[DE]

•	 	electricity	production,	wind,	1-3MW	turbine,	offshore	[DE]

•	 	electricity	production,	photovoltaic,	570kWp	open	ground	
installation, multi-Si [DE]

•	 	electricity	production,	hydro,	run-of-river	[DE]

CO2 (credits) Carbon dioxide production, liquid [RER]

H2 (Credits) Hydrogen cracking, APME [RER]

Fuel (Credits) natural gas production [DE]

Steam (Credits) steam production, in chemical industry [RER]:in kg

Steam (Credits-Renewable H2 based 
process)

steam production, as energy carrier, in chemical industry [RER]:in MJ

N2 Nitrogen[natural resource/in air]

O2 Oxygen[natural resource/in air]

O2 (credits) air separation, cryogenic [RER]

N2 (credits) air separation, cryogenic [RER]

NH3 Ammonia,liquid
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3.2.5. interpretation
The results of the impact assessment are provided in the section 3.3, with emphasis being 

given in the interpretation of the GWP value. However, in order to facilitate the compre-

hension of the LCA results, the individual contribution of the energy and material flows 

involved in the major process steps of the each examined ammonia synthesis route on the 

respective life cycle impact assessment (LCIA) profile is illustrated in the graphs presented in 

section 3. Moreover, in terms of the environmental credits associated with the by-products 

generated in each chemical process respectively, their contribution to each impact category 

has been grouped under the category of ‘‘by-product credits’’ and reflected with a negative 

value in the presented graphs.

The inventory analysis provided for the plasma-assisted process in section 2.3, has derived 

from process simulations incorporating a molar NH3 yield of 1% and an energy efficiency 

of 1.9 g NH3/kwh (power consumption A). The given operating conditions of the plasma 

process have constituted in this study the base case scenario for its environmental ap-

praisal. Based on the process simulations, the impact of the power consumption and 

ammonia yield on the mass and energy balance has been identified as important. For that 

reason, in the context of this LCA study additional design scenarios with respect to the 

NH3 yield and the power consumption of the plasma reactor have been considered. More 

precisely, in section 3.1 the effect of the 3%, 5% and 15% NH3 yield, while retaining the 

same power consumption of the plasma reactor, on the LCIA profile of the plasma process 

is analysed. In section 3.4, the respective effect of different electricity consumption values 

of the plasma ammonia synthesis - 5.7 g NH3/kwh (power consumption B) and 17.2 g 

NH3/kwh (power consumption C) is being explored for all NH3 yield scenarios with the 

simultaneous consideration of an energy recovery of 5% in the form of generated steam.

In addition to the aforementioned considerations, a sensitivity analysis has also been car-

ried out with the view to evaluating qualitatively the uncertainty inherent to the input data 

of the developed LCA models. More precisely, the effect of varying by ± 5% the material 

and energy flows of the examined processes on their respective LCIA profiles has been 

investigated and represented graphically in section 3.5. The applied variation has been 

considered only for the mass and energy flows involved in the system boundaries of the 

studied ammonia production routes, as presented in Figure 3.1-3.3.
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3.3. resulTs-disCussion

3.3.1. effect of nh3 yield
The individual contribution of the major process units involved in the different NH3 synthesis 

routes to the respective GWP value profile is presented in Figure 3.4. As it can be inferred, 

the base case scenario for the plasma process considering 1% NH3 yield is dominated 

mainly by the refrigeration section by a share of 58%. The second most contributory factor 

is the synthesis part, and more specifically the power consumption of the plasma reactor, 

contributing by 38% to the GWP value. On the other hand, the upstream activities, the PSA 

N2 and the water electrolysis units, seem to have a minor effect on the GWP value, only 2%, 

whereas the impact of the LCA credits associated with the O2 generation is limited to 4%.

Figure 3.4. GWP value profile of the plasma-assisted process powered by hydropower for different 
NH3 yield values and comparison against the conventional and renewable H2 based NH3 (powered by 

hydropower) syntheses

The increase of the NH3 yield is followed by a decrease in the impact of the refrigera-

tion on the GWP profile of the plasma process. To elaborate, the 3%, 5% and 15% NH3 

yield scenarios demonstrate a reduction in the impact of the refrigeration part of 29%, 

68% and 65% as compared to the respective one in the base case scenario. As it can be 

observed the upstream activities along with the plasma reactor have a fixed impact on the 

GWP value profiles of all selected yield scenarios as imposed by the process simulations 

been conducted. However, the impact of the different amount of N2/H2 gas handled in the 

reactor in each yield scenario is reflected in the footprint of the refrigeration process which 
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differentiates among the different NH3 yield scenarios, as shown in Figure 3.4, primarily 

due to the respective cooling requirements of the HX-2.

The renewable hydrogen based NH3 synthesis shows a relatively similar pattern, though 

with a lower impact value, to that of the plasma process base case scenario with respect 

to the distribution of the LCA burdens over its process units. More precisely, the share 

of the refrigeration and synthesis parts on the GWP value accounts for 51% and 26%, 

respectively. The environmental credits have an increased impact in the GWP value of the 

given synthesis route since apart from the O2 credits, benefits are also accounted for the 

steam, N2 and H2 production. The cumulative contribution of the LCA credits to the GWP 

value amounts to approximately 23%.

Contrary to the plasma-assisted and the renewable hydrogen based NH3 syntheses, the 

upstream activities of the conventional industrial production seem to dictate its GWP value 

profile by a share of 51%, with the impact of steam reforming accounting for 19%. The 

synthesis part is responsible for 11% of the overall impacts while no contribution of the 

refrigeration part to the given impact category is majorly observed. Although, the impact 

of the environmental burdens of the particular synthesis route is relatively the same as that 

of the plasma process considering 5% and 15% NH3 yield, the contribution of the steam 

credits outweighs this effect and improves the GWP value by 37%.

At a comparative level, the base case scenario for the plasma process depicts a higher over-

all GPW value than that of the conventional and renewable hydrogen based NH3 processes 

Figure 3.5. GWP value profile of all examined synthesis routes for different renewable energy sources 
(where applicable)
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by approximately 4 times. However, when NH3 yield is increased in the case of plasma 

process, a considerable decrease in the value of the selected impact category is observed. 

More specifically, the plasma-assisted 3%, 5% and 15% NH3 yield scenarios show a GWP 

value higher by 3.2, 2.3 and 2.4 times than that of the conventional process, whereas 

as compared to the renewable hydrogen-based process the corresponding value exhibits 

an increase of 230%, 131% and 139%. In addition to that, it is important to mention 

that based on the Table the conventional process seems to perform within the acceptable 

limits for CO2 emissions, up to 1.619 allowances/tonne12, whereas the other ammonia 

alternatives exceed the specific limit. However, as it will be further explained below in 

the section of LCA limitations, the majority of the CO2 emissions are generated from the 

electricity production by renewables and it is likely that their environmental performance 

will evaluated in a different context than that of the conventional ammonia synthesis.

3.3.2. effect of renewable energy sources
Apart from the hydropower as electricity source, the environmental impact of other renew-

able energy sources incorporated into the plasma-assisted and renewable hydrogen based 

NH3 syntheses has also been evaluated against the GWP impact category. In Figure 3.5, the 

footprint of the wind and solar powered plasma and renewable hydrogen-based processes is 

depicted based on the unit categorization described in the interpretation section. As it can be 

concluded from the graph, the effect of the electricity source on the GWP value of the plasma 

process is quite remarkable, indicating the critical impact of the power consumption of the 

plasma reactor. The plasma process incorporating wind and solar energy demonstrates an 

increase in its GWP value as compared to the hydropower based process by 108% and 10.2 

times, correspondingly. On the other hand, the renewable hydrogen-based process seems to 

be more resilient against the different alternative electricity sources, fact which is attributed 

to the less dependent on electricity processes involved in the particular synthesis route.

3.3.3. normalized lCia Profile
The normalized profile of all impact categories selected in the given LCA study is depicted 

in Figures 3.6 and 3.7 for the conventional, renewable based hydrogen and plasma-assisted 

1% and 5% NH3 yield processes. For the conventional production pathway, the impact of 

the stream credits dominates all impact categories with a share ranging from 30% to 66%. 

It is noteworthy that the effect of the other LCA credits considered in this case, such as 

CO2, natural gas and hydrogen, is relatively minor for almost all impact categories. The 

highest and lowest cumulative impact of the upstream activities over the LCA steam credits 

is observed in the ODP and land use impact categories, with a respective contribution 

of 59% and 30%. On the contrast, for the two aforementioned impact categories the 

synthesis part exhibits a reverse pattern with its lowest and highest contribution account-

ing for 3% and 14%, respectively.
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The renewable based hydrogen process exhibits a different pattern in terms of the indi-

vidual contribution of its sub-processes to the selected impact categories. To elaborate, the 

operation of water electrolysis and PSA N2 units seems to have the same minor impact on 

all categories as presented above for the GWP value, being in the range of 1%-6% and 

1%-4%, respectively. It is noteworthy that the contribution of the by-product LCA credits 

to the other impact categories fluctuates remarkably as compared to the GWP profile. 

More precisely, its highest share of 51% is observed in the land use category, whereas its 

lowest one of 2% in the ODP. For the synthesis and refrigeration processes, their relative 

effect is likely to follow the same trend for almost all impact categories, apart from the land 

use where the LCA credits constitutes the dominating factor.

Figure 3.6. Normalized (percentage) LCIA profiles of the conventional and renewable H2-based NH3 
syntheses

Figure 3.7. Normalized (percentage) LCIA profiles of the 1% and 5% NH3 yield plasma-assisted NH3 
syntheses
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As far as the plasma-assisted 1% NH3 yield process is concerned, the impact categories 

are dictated by the synthesis part and the refrigeration process with a contribution varying 

from 15% to 73% and 15% to 81%, respectively. Nevertheless, another point worth 

mentioning is the influence of the oxygen credits on the overall LCIA profile of the given 

plasma process. As it can be deduced from the graph, though the amount of oxygen 

generated from the water electrolysis is approximately the same as that produced in the 

renewable hydrogen-based process, its contribution is remarkably reduced to 1%- 15% 

due to the larger environmental impact of the plasma power consumption. In respect of 

the plasma 5% NH3 yield scenario, the steam credits seem to have the same contribution 

as to the aforementioned plasma process scenario. The sole difference lies in the impact 

contribution of the synthesis and refrigeration processes, with the latter being considerably 

decreased to 5%-60% for the examined impact categories. This is mainly attributed to the 

reduced amount of gas handled by the HX-2, resulting in reduced cooling requirements.

3.3.4. effect of Plasma Power Consumption & energy 
recovery
In the given section the effect of different power consumption values of the plasma reactor 

on the overall environmental performance of the plasma-assisted process is appraised. In 

Figure 3.8, the GWP values of the two additional power scenarios are presented for the 

1% NH3 yield plasma process and collated against the corresponding ones of the plasma-

assisted base case, conventional and renewable hydrogen-based processes. It is apparent 

that the reduction of the plasma power consumption triggers a major improvement on 

Figure 3.8. GWP profile of the 1% NH3 yield plasma-assisted process (hydropower) and comparison 
against the conventional and renewable H2-based NH3 (hydropower) syntheses
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the GWP value of the plasma process. In essence, the scenario B and C for the plasma 

power consumption results in a reduction of the GWP value of the plasma process by 27% 

and 36%, respectively. The incorporation of the latter power scenario renders actually 

the GWP value of the plasma process almost equal to that of the 5% NH3 yield scenario, 

presented above, and equal to the environmental burdens of the conventional process. 

Considering the impact of the electricity consumption of the plasma reactor on the other 

impact categories, enhancing its energy efficiency will also lower their respective nominal 

values. Based on these facts, a commensurable improvement is expected to be reflected 

in the LCIA profiles of the other NH3 yield scenarios considered for the plasma-assisted 

process. However, when compared with the conventional process, the GWP value of the 

plasma-assisted NH3 synthesis incorporating the scenario of power consumption B and C 

remains higher by 2.9 and 2.5 times, respectively.

As illustrated in the figures above, the environmental benefits of the energy recovery in the 

form of generated steam play an important role in reducing the emissions and enhancing 

considerably the overall environmental profile of both the conventional and renewable 

hydrogen-based NH3 synthesis pathways. Taking this aspect into account, an additional 

scenario is investigated with respect to the plasma process by considering a 5% recovery 

of its energy consumption with the form of steam. The impact of such consideration on the 

normalized LCIA profile- against the plasma-assisted base case scenario- of the different 

NH3 yield and power consumption scenarios is displayed in Figures 3.9 and 3.10 and com-

pared against that of the two other NH3 production alternatives. The absolute values of the 

impact categories for these two scenarios are presented in Tables 3-1, 3-2, 3-3 and 3-4 of 

the Appendix A. In order to facilitate the comprehension of this comparison, four different 

graphs are presented based on the employed power consumption and the implementation 

of the energy recovery scheme. More precisely, the base case involves the all the NH3 yield 

scenarios incorporating only the power consumption A. On the other hand, the case A, B 

and C consider all the NH3 yield scenarios incorporating the respective power consumption 

A, B and C with the addition of a 5% energy recovery.

Prior to discussing the effect of energy recovery on the overall environmental performance 

of the different plasma process design scenarios, it would be wise to evaluate the LCIA 

profiles of all studied NH3 production options on a quantitatively basis for the initial condi-

tions described in section 3.1. Based on Figure 3.9, it is apparent that relying only on the 

value of one impact category does not provide safe conclusions on the performance of the 

system against the rest impact categories. To exemplify, although the GWP value of the 

conventional is lower than that of the examined plasma process design scenarios, the ODP 

and CED impact categories seem not to follow the same pattern as the plasma-assisted 

scenarios, considering a 5% and 15% NH3 yield, demonstrate a lower value.
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In the case of the power scenario A incorporating a 5% energy recovery, a considerable 

decrease in the values of the majority of the impact categories is observed for all four 

plasma process design options. At a comparative level, the plasma process for all NH3 yield 

cases depicts a better performance than the conventional and renewable hydrogen-based 

processes for the impact categories of AP, GWP, EP, Land use, POCP, ADP, ODP and CED. 

However, as observed also in the percentage normalized LCIA profile of the conventional 

Figure 3.9. Comparison of normalized (against the 1% NH3 yield base case scenario) LCIA profiles of 
the different NH3 yield plasma-assisted scenarios against the conventional and renewable H2-based NH3 

syntheses routes

Figure 3.10. Comparison of normalized (against the 1% NH3 yield base case scenario) LCIA profiles of 
the different NH3 yield plasma-assisted scenarios against the conventional and renewable H2-based NH3 

syntheses routes for case A
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NH3 synthesis, the contribution of the steam credits fluctuates remarkably among the 

impact categories and this trend is also reflected in the case of the plasma process. With 

respect to the MAETP, HTP and TAETP impact categories, though the plasma process shows 

an improvement as compared to the initial conditions, it is still outperformed by the other 

process alternatives.

As shown in Figure 3.10 the decrease in the electricity consumption of the plasma reactor 

comes along with a decrease in the amount of steam generated. However, it appears 

that the specific effect does not to have the proportional impact on the environmental 

footprint, affecting, thus, considerably the entire LCIA profile of the examined plasma 

process design scenarios. More precisely, although the performance of all plasma scenarios 

in the case B and C, presented in Figures 3.12 and 3.13 (Appendix A), is improved as to the 

initial conditions, it proves to be inferior to that presented in the case A. This delineates 

the higher environmental impact of the generated steam over that of the plasma power 

consumption on the environmental profile of the given chemical process. At a comparative 

level, in the case B the 1% NH3 yield scenario seems to have the same LCIA profile, with 

the exception of the AP, MAETP, HTP and TAETP, as to the renewable H2-basedl process, 

whereas the 3%, 5% and 15% yield scenarios perform better for the majority of the 

impact categories than the other two ammonia synthesis routes.

Figure 3.11. Impact of data uncertainty of material and energy input on LCIA profiles of examined 
NH3 synthesis routes
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3.3.5. sensitivity analysis
The impact of varying by ±5% the material and energy input values on the LCIA profiles 

of the different NH3 synthesis routes is presented in Figure 3.11. As it can be inferred from 

the graphs, the environmental profile of the conventional process is highly influenced by 

the material input, considering that the applied variation of the input values has posed a 

deviation ± 35%, ±16% and ± 34% in the values of AP, EP and TAETP, respectively. For the 

other impact categories, the change in the absolute values is in the range of ±1% to ±8%. 

In the case of the renewable H2 based process, the impact category exhibiting the greatest 

fluctuation in its value is the AP whose deviation is estimated at ±17%. The values of the 

remained categories for the given process are also influenced in the range of ±1% to ±8%. 

On the other hand, the plasma process demonstrates a high resilience to the change of the 

material input. This trend can be attributed to the high energy dependence of the specific 

process which, as discussed above, dictates primarily the LCA results. Indicatively, the varia-

tion in the values of the impact categories for the plasma process has been observed in the 

range of ±0.1% to ±1.1%.

The effect of the overall energy consumption of the conventional process on its LCIA 

profile seems to follow the same pattern, with a relative increase in the absolute values, 

for the AP, EP and TAETP as in the case of the material input. More precisely, the values 

of the specific impact categories vary by ±40%, ±21% and ±39%, correspondingly. The 

environmental performance of the renewable H2-based ammonia synthesis under the given 

impact demonstrates also an increase in the deviation of the AP, which accounts for ±22%. 

The other impact categories exhibit a deviation ranging from ±4% to ±11%. However, in 

the case of the plasma process, as expected, the impact of the total energy consumption 

has altered its LCIA profile in the range of ±5% to ±6%.

3.4. limiTaTions

Although the specific LCA study has provided important views on the environmental 

potential of the novel plasma-assisted ammonia synthesis through its comparison against 

the conventional routes, there are certain limitations with respect to the representativeness 

of the generated LCA results. It is important to be mentioned that though the renewable 

energy sources are cleaner alternatives to the conventional electricity production routes 

- based on natural gas or coal -, their operation is still associated with a certain level of 

emissions13. However, the specific amount of emissions generated during the operation of 

each examined renewable source has not been solely reflected in the LCA results due to 

the use of specific background data from Ecoinvent 3.0. More precisely, the specific datas-

ets employed in this LCA study for the renewable electricity production include processes, 
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apart from the operation, related to the installation and maintenance of the renewable 

energy systems and, thus, the respective emissions are also incorporated into the LCA 

results.

As far as the cooling requirements of the examined processes are concerned, they are 

commonly covered at an industrial level by the use of cooling water and other refrigerants. 

Nonetheless, in the context of this LCA study the cooling process has been approached 

from an energy viewpoint- expressed in MJ- rather than a material base, which will in-

volve the specification of the type and amount of the cooling means. This approach has 

facilitated the environmental comparison of the studied ammonia synthesis routes on a 

distinctly defined mass and energy base. Although these considerations may constitute 

important limitations to the estimation of the real time emissions, given the same material 

and energy flows presented in this study and considering that the examined systems have 

been assessed based on the same methodology and assumptions their relative performance 

is expected to remain the same.

The LCA of emerging technologies has become recently a topic of intense discussion 

among LCA practitioners, as concerns have been raised about the meaningful interpreta-

tion of the environmental impacts, especially when compared with those of industrially 

established processes14–16 In essence, the maturity level and production scale of a novel 

technology are determinants of its material and energy flows and, in turn, of its environ-

mental footprint. The early-stage of technology development is usually associated with 

lack of complete, representative and reliable data, which poses challenges on the valid-

ity of the generated results. It is worth mentioning that process development and large 

scale production normally results in an improvement of the overall material and energy 

efficiency, and consequently in the reduction of the respective environmental impacts. 

Taking these facts into account, it is important in the case of a comparative assessment of 

a new technology with a mature one for the same functional unit, to establish a high level 

of clarity on the background information of the examined technologies/processes, so as to 

enable a meaningful interpretation of the LCA results.

In the context of this LCA study, the technological maturity of the examined plasma-

assisted ammonia synthesis route has been at a conceptual development stage15 and the 

comparison against the conventional synthesis ways has been primarily carried out to 

establish a baseline for identifying design improvements rather than providing a rigorous 

technological assessment. For that reason, though different scenarios have been assessed 

which may reflect a possible future performance of the plasma process, the validity of 

these outcomes is limited only to the particular assumptions of this study and any potential 

extrapolation is likely to be proved flawed. In case of a potential improvement in the 
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process design and performance of the plasma-assisted ammonia synthesis, it is advisable 

that the proposed LCA model is updated and the respective results are re-evaluated against 

the conventional technologies.

3.5. ConClusions

An environmental assessment has been conducted for the novel ammonia synthesis by 

means of non-thermal plasma technology for different operating conditions. Its environ-

mental footprint has been also assessed against the conventional industrial and the renew-

able hydrogen-based ammonia production routes to identify the optimum conditions that 

could potentially enable a better environmental performance of the novel process. Based 

on the LCA results, the major conclusions that can be drawn are summarized below:

(1) Among the available renewable energy sources, hydropower is preferred as an electricity 

provision source for the plasma-assisted NH3 yield.

(2) The most dominating factors to the LCIA profile of the plasma process are the impact 

of the plasma power consumption and the downstream activities of the process with a 

contribution of 15%-73% and 15%-81%, respectively.

(3) At a comparative level, the conventional NH3 synthesis outperforms the renewable H2 

based process due to the greater environmental contribution of the credits associated 

with its by-products, and more precisely of steam. As far as the plasma process is con-

cerned, the base case-energy efficiency of 1.9 g NH3 /kwh- does not demonstrate any 

outperformance of any examined NH3 yield scenarios. On the other hand, the case A – 

energy efficiency of 1.9 g NH3 /kWh and 5% energy recovery- has demonstrated a better 

performance for all NH3 yield scenarios against the majority of the impact categories. 

The case B-energy efficiency of 5.7 g NH3 /kwh and 5% energy recovery – has proven 

to favour more the 3%, 5% and 15% yield scenarios over the default benchmarking 

processes. The case C- energy efficiency of 5.7 g NH3 /kWh and 5% energy recovery- has 

exhibited a better LCIA profile for the 5% and 15% NH3 scenarios. This finding indicates 

the importance of improving the energy recovery in the case of a lower power consump-

tion for a better environmental profile.

The particular LCA study has provided important insights into the process design areas of 

the novel plasma-assisted NH3 synthesis that require further investigation and improve-

ment. This procedure has been primarily facilitated by the comparison against established 

production ways since they have served as baseline for a relative performance evaluation. 

However, it would be wise to be mentioned that the non-thermal plasma technology, 

specifically for the ammonia synthesis, still undergoes development and efforts towards its 
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large-scale industrialization are still required. Thus, its role is likely to be supplementary to 

the conventional process and immediate application is likely to be realized in cases where 

small-scale production rates are required, renewable energy sources are available and more 

importantly, the prevailing fertilizer market facilitates the penetration of such technology. 

To exemplify, developing countries, such as South Africa, could serve as a potential busi-

ness case for the plasma technology as challenges related to the access to fertilizers are 

recently being posed due to high import and transport taxes. Nevertheless, apart from the 

LCA study, an economic appraisal is also required for the holistic assessment of the avail-

able ammonia production routes and, in turn, the determination of suitable applications.
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aPPendix a

Table 3-2. Absolute values of impact factors for all examined processes for the base case scenario (per 
ton NH3) (Part A)

AP kg SO2 
-Eq

GWP
kg CO2 -Eq

EP kg NOx 
-Eq

HTP kg 
1,4-DCB-Eq

Land Use
m²a

Conventional NH3 3.97E-01 1.52E+03 7.02E-01 4.55E+02 -3.34E+01

Renewable- H2 based NH3 3.85E-01 1.50E+03 8.63E-01 6.56E+02 -1.96E+01

Plasma NH3 (1% yield) w/o ener. rec. 1.22E+01 5.98E+03 1.27E+01 4.60E+03 1.37E+02

Plasma NH3 (3% yield) w/o ener. rec. 9.71E+00 4.67E+03 1.12E+01 4.21E+03 9.77E+01

Plasma NH3 (5% yield) w/o ener. rec. 9.34E+00 3.45E+03 1.06E+01 3.76E+03 1.16E+02

Plasma NH3 (15% yield) w/o ener. rec. 9.49E+00 3.58E+03 1.07E+01 3.81E+03 1.17E+02

Table 3-3. Absolute values of impact categories for all examined processes for the base case scenario 
(per ton NH3) (Part B)

MAETP kg 
1,4-DCB-Eq

POCP kg 
ethylene-

Eq

ADP kg 
antimony-

Eq

ODP kg 
CFC-11-Eq

TAETP kg 
1,4-DCB-Eq

CED
MJ-Eq

Conventional NH3 5.41E+02 1.41E-01 2.36E+01 4.87E-04 3.43E-02 4.86E+04

Renewable- H2 based 
NH3

4.39E+02 1.57E-01 1.25E+01 4.10E-04 1.50E-01 2.53E+04

Plasma NH3 (1% yield) 
w/o ener. rec.

6.20E+03 9.43E-01 4.10E+01 1.02E-03 1.67E+00 8.17E+04

Plasma NH3 (3% yield) 
w/o ener. rec.

5.12E+03 7.70E-01 3.06E+01 7.67E-04 1.44E+00 6.13E+04

Plasma NH3 (5% yield) 
w/o ener. rec.

4.95E+03 6.47E-01 3.23E+01 4.39E-04 1.35E+00 3.99E+04

Plasma NH3 (15% yield) 
w/o ener. rec.

5.02E+03 6.62E-01 2.14E+01 4.68E-04 1.37E+00 4.20E+04

Table 3-4. Absolute values of impact categories for all examined processes for the case A (per ton NH3) 
(Part A)

AP
kg SO2 

-Eq

GWP
kg CO2 -Eq

EP
kg NOx 

-Eq

HTP
kg 1,4-DCB-

Eq

Land Use
m²a

Plasma NH3 (1% yield) 5% ener. rec. -1.34E+01 -3.95E+03 5.05E-02 3.15E+03 -1.56E+02

Plasma NH3 (3% yield) 5% ener. rec. -1.58E+01 -5.26E+03 -1.46E+00 2.76E+03 -1.95E+02

Plasma NH3 (5% yield) 5% ener. rec. -1.62E+01 -6.48E+03 -2.05E+00 2.31E+03 -1.77E+02

Plasma NH3 (15% yield) 5% ener. rec. -1.61E+01 -6.35E+03 -1.94E+00 2.36E+03 -1.75E+02
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Table 3-5. Absolute values of impact categories for all examined processes for the case A (per ton NH3) 
(Part B)

MAETP kg 
1,4-DCB-Eq

POCP kg 
ethylene-

Eq

ADP kg 
antimony-

Eq

ODP kg 
CFC-11-Eq

TAETP kg 
1,4-DCB-Eq

CED
MJ-Eq

Plasma NH3 (1% yield) 
5% ener. rec.

3.03E+03 -3.75E-01 -3.15E+01 -4.70E-04 3.18E-01 -6.19E+04

Plasma NH3 (3% yield) 
5% ener. rec.

1.95E+03 -5.47E-01 -4.20E+01 -7.21E-04 9.58E-02 -8.22E+04

Plasma NH3 (5% yield) 
5% ener. rec.

1.79E+03 -6.70E-01 -4.02E+01 -1.05E-03 1.87E-03 -1.04E+05

Plasma NH3 (15% yield) 
5% ener. rec.

1.86E+03 -6.55E-01 -5.12E+01 -1.02E-03 1.86E-02 -1.02E+05

Figure 3.12. Comparison of normalized (against the 1% NH3 yield base case scenario) LCIA profiles of 
the different NH3 yield plasma-assisted scenarios against the conventional and renewable H2-based NH3 

syntheses routes for case B
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Figure 3.13. Comparison of normalized (against the 1% NH3 yield base case scenario) LCIA profiles of 
the different NH3 yield plasma-assisted scenarios against the conventional and renewable H2-based NH3 

syntheses routes for case C



Chapter 4
Process Design of Conventional and Plasma-

assisted Nitric Acid Syntheses

This chapter is based on:

Anastasopoulou, A., Butala, S., Lang, J., Hessel, V. & Wang, Q. Life 
Cycle Assessment of the Nitrogen Fixation Process Assisted by Plasma 

Technology and Incorporating Renewable Energy. Ind. Eng. Chem. Res. 
55, 8141–8153 (2016).



Chapter 4

80

absTraCT

A process design for a small scale nitric acid synthesis generate by plasma technology has 

been proposed. The design employs air for the generation of nitric oxide with an additional 

oxygen stream produced from a pressure swing adsorption. Nitric oxide synthesis is realized 

at atmospheric conditions and absorbed in water at 6 bar for the production for a weak 

nitric acid solution (60% w.w.). The specific process design has been simulated in ASPEN 

Plus software so as to generate the energy and mass balances required for its further 

environmental assessment. In addition to this step, conventional ammonia synthesis, em-

ploying the Ostwald process, has been also simulated with the nitric oxide being synthesize 

by ammonia oxidation. The energy analysis based on the process simulations have revealed 

an overall energy consumption of 2,079 MJ/ton HNO3 for the conventional process and 

17,880 MJ/ton HNO3 for plasma process.
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4.1. ProCess simulaTions

A similar approach to the plasma-assisted ammonia synthesis has been also adopted for 

the case of nitric acid production. Taking into account that no comprehensive literature has 

been reported so far on the process design of plasma-assisted nitric acid synthesis, process 

simulations in ASPEN Plus have been conducted in this chapter for a 10 TPD nitric acid pro-

duction (60%w.w). Based on the proposed process design, material and energy balances 

have been generated, in order to obtain input data for the environmental and economic 

assessments that will be presented in the next chapters. The conventional process has also 

been simulated and incorporated in the aforementioned assessments. A detailed descrip-

tion of the operating conditions and assumption considered for both nitric acid synthesis 

routes is provided below.

4.1.1 Thermodynamic models and Physical Property methods
The integrated electrolyte NRTL and Redlich-Kwong model has been deployed from the 

ASPEN Plus Properties Package for the calculation of the activity coefficients of components 

in liquid phase and the vapor-liquid equilibria1,2. The components of N2, O2 NO, NO2, N2O4, 

HNO2 and HNO3 –as will be introduced below– have been defined as Henry components. 

The Henry Law constants required to calculate the gas solubility have been extracted from 

literature3. The only exception is the HNO3 component whose Henry Law constant has 

been estimated upon a regression analysis of experimental data embedded in the NIST 

databank embedded in ASPEN Plus software.

4.1.2. nox gas reaction set
The reaction modelling of NOx absorption by water constitutes a complex procedure due 

to the fact that it involves more than 40 reactions, occurring in both gas and liquid phases, 

with different kinetic expressions proposed by various researchers1–8. In order to facilitate 

the execution of the proposed ASPEN model a given number of reactions in both gas and 

liquid phases has been selected from literature, as shown in Tables 4-1 and 4-2, with their 

respective kinetics.

4.1.3. Conventional nitric acid Process
The conventional nitric acid process has been designed based on the operating conditions 

reported in literature with certain modifications due to the lack of coherent and verified 

reaction kinetics for the NOX absorption.10 The production capacity has been defined to 

280 TPD. In the process flowsheet depicted in Figure 4.1, moist atmospheric air – 78% N2, 

21% O2 and 1% H2O (v/v) – is compressed and split in two streams: a) a primary air stream 

which is directed to the reactor and b) a secondary air stream which is inserted to the 

bleaching column. The primary air is mixed with the superheated ammonia stream and the 
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feed is further inserted in the ammonia oxidation converter. The reactor has been modelled 

by a stoichiometric reactor operating at 11 bar and 645°C and employing the following 

reaction set with the corresponding ammonia conversion values:

4NH3 + 5O2 → 4NO + 6H2O  (R8) [95%]

2NH3 + 3O2 → 2N2 + 6H2O (R9) [4%]

4NH3 + 4O2 → 2N2O + 6H2O (R10) [1%]

The generated NO gas stream is cooled down through a system of five heat exchangers 

from 645°C to 65°C. The first three heat exchangers –HX2, HX3 and HX4– have been 

simulated by plug flow reactors employing the reaction and kinetics of R1 from Table 4-1. 

The design parameters of the plug flow reactors have been such selected that 5%, 18% 

and 32% (w.w.) oxidation of nitric oxide to nitric dioxide is achieved, respectively. The 

condenser of the system is simulated by a system of two plug flow and one CSTR reactors 

so as to facilitate both the nitric oxide oxidation and the nitric acid formation. The plug 

flow reactors have been such designed that 42% oxidation of NO to NO2 is obtained. The 

CSTR reactor employing the reactions R3, R5 and R6 of Table 4-1 and Table 4-2, serves 

as a condenser generating a 40% weak acid which is inserted on the 13th tray of the 

absorption column. Prior to the final heat exchanger of the cooling system, the reaction 

gas exiting the condenser is mixed in a reactor pressure vessel –oxidation unit– with the tail 

gas of the bleaching column where further NO oxidation occurs at temperature of 140°C. 

The reaction gas stream leaving the oxidation unit is cooled down through the HX5 and 

oxidized to nitric dioxide and dinitrogen tetroxide. The given heat exchanger has been 

simulated with a plug flow and a CSTR reactor, the first one accommodating the oxidation 

Table 4-1. Gas-Phase Reactions

Reaction Kinetic Expression Reference

R1.2NO + O2 → 2NO2 ln k1 = (530 / T) + 7.09 (L2 ⋅ mol− 2 ⋅ s− 1) 9

R2. 2NO2 ↔ N2O4 ln K2 = (6893 / T) − 25.865(kPa− 1) 1

R3. 3NO2 + H2O ↔ 2HNO3 + NO ln K3 = (2003.8 / T) − 10.763(kPa− 1) 1

R4. NO + NO2 + H2O ↔ 2HNO2 ln K4 = (2051.17 / T) − 8.7385(kPa− 1) 1

Table 4-2. Liquid-Phase Reaction

Reaction Kinetic Expression Reference

R5. 2NO2 + H2O → HNO2 + HNO3 log k5 = 4.67209(m2 ⋅ mol− 2 ⋅ s− 1) 1

R6. N2O4 + H2O → HNO2 + HNO3 log k6 =− (4139 / T) + 16.3415(s− 1) 7

R7. 3HNO2 → HNO3 + H2O + 2NO log k7 =− (6200 / T) + 20.1979(atm2 ⋅ m9 ⋅ kmol− 3 ⋅ s− 1) 7
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of NO and the latter one the N2O4 formation. Design specifications have been selected 

such that the mass percent composition of the nitrogen oxides in the final NOx gas stream 

is, approximately, 70% NO2, 27% N2O4 and 3% NO. The gas stream is directed thereafter 

to the bottom tray of the absorption column where further nitric acid is formed.

The absorption column has been simulated by an equilibrium RadFrac block in ASPEN. 

It has been modelled with 59 sieve trays of 0.5 m spacing and diameter of 1.8 m. The 

reactions R1– R7, as presented in Table 4-1 and 4-2, have been specified to take place at 

all stages with a liquid and gas residence time of 15 seconds. The operating pressure has 

been set to 10 bar. Deionized water stream is inserted on the top tray of the absorption 

column at 7°C, whereas the weak HNO3 and NOX gas stream (approximately 11% w.w. 

NOx) is fed on the 13th and 59th bottom tray, respectively. Due to the exothermic reactions 

occurring in the absorption column, there is a need of external cooling system that will 

enable the outlet temperature of the tail gas to be below 20°C. The cooling requirements 

of the column are covered by an external cooling water stream with the form of a pump-

around from the bottom to the top tray instead of external coolers allocated to each stage. 

The tail gas exits the top tray of the absorption column at 19°C. The formed weak HNO3 

solution of 60% w.w. is then leaving the bottom tray and is entering the bleaching column 

for further removal of NOx traces.

Figure 4.1. Process flow-sheet of conventional HNO3 synthesis
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The bleaching column is simulated by an equilibrium RadFrac model with 20 stages and an 

operating pressure of 10 bar. The weak HNO3 stream is inserted on the 1st tray, whereas a 

secondary air stream is directed to the 20th tray. By this process approximately 99% of the 

NOx gas dissolved in the initial HNO3 stream is practically removed. The outlet temperature 

is determined to 53°C and 67°C for the gas stream (tail gas-1) and the produced weak 

HNO3 solution, correspondingly. A detailed Aspen flowsheet of the conventional process is 

provided in Figure 4.4 in Appendix A.

4.1.4. Plasma-assisted nitric acid Process
In terms of the process modelling of the plasma-assisted nitric acid production, a base 

case scenario for a production capacity of 10TPD has been developed so as to facilitate 

the conceptual design of a modular mini plant. Dry atmospheric air –79% N2 and 21% O2 

(v/v)– and pure O2 stream (90% purity) with a volumetric flow ratio N2/O2 of 1.86:1 have 

been selected as a feed for the plasma reactor. PSA technology has been selected for the 

O2 generation. The air flow requirements for the PSA unit, and in turn O2 mass flow, has 

been determined by the selected NO molar yield of 6% –as it will be further explained in 

the section of the plasma reactor design– based on given technical reports12. The air stream 

is compressed to 7 bar and cooled down to 20°C prior to its entrance in the PSA-O2 unit. 

The air stream compressed for the PSA-O2 units is split to two streams, one primary for the 

pure O2 generation and a secondary for the bleaching column.

The plasma reactor employed for the NO synthesis is a Gliding Arc reactor operating at 

ambient conditions. Considering the complexity of the plasma process, as well as, the 

limitation of ASPEN Plus software in terms of complicated process simulations, the reactor 

Figure 4.2. Process flow-sheet of plasma-assisted HNO3 synthesis
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has been modelled by a stoichiometric reactor with an outlet gas temperature of 100°C, 

as shown in Figure 4.2. Regarding the yield of fixed nitrogen –including NO, NO2, N2O4 

etc.– reported in literature for a N2/O2 system, various values have been proposed for 

different plasma technologies ranging from 1 to 20%13. However, in the present case 

study the assumption of standalone NO synthesis and the selected molar yield of 6% for 

1.86:1 N2/O2 feed have been considered. The power consumption of the plasma reactor 

has been defined to 7.7 kWh/kg NO based on literature for the given NO yield14. Under 

these operating conditions, the generated NO gas stream is compressed to 6 bar so as to 

facilitate the NOX absorption occurring at a later stage.

After the compression step, the NO reaction gas is cooled down through a system of two 

heat exchangers at temperature of 60°C. As the NO gas runs through the piping and the 

heat exchanger is oxidized to NO2 which, in turn, is dimerized to N2O4. In order to simulate 

the particular reaction system in ASPEN, a plug flow reactor incorporating the NO oxidation 

reaction and a CSTR reactor for the NO2 dimerization reaction has been assumed in place 

of the heat exchangers being realized in the preliminary process design. The design specifi-

cations of the plug flow reactor have been selected for an operating pressure of 6 bar and 

a desired NO oxidative conversion of 90%, as proposed by literature for the conventional 

route7. The reaction gas stream from the plug flow reactor is, then, driven to the CSTR 

operating at the same pressure with a chosen reaction residence time of 6 seconds. After 

this step, the generated NOx gases are mixed with the tail gas from the bleaching column 

(tail gas-1) and the resulted stream (approximately 9% w.w. NOx) is directed to the bottom 

tray of the absorption column.

The simulation of the absorption and bleaching columns follow the same concept of the 

conventional process, as presented above, with few modifications. In this case, the absorp-

tion column operates at 6 bar and comprises 10 sieve trays of 0.25 m spacing. The liquid 

and gas residence time is specified to 20 seconds and the outlet tail gas temperature is 

defined to 20°C. Additionally, the bleaching column is simulated with 5 stages and the 

same pressure as the absorption tower. The temperature of the outlet NOx gas and weak 

HNO3 solution streams is determined to 50°C and 45°C, respectively. A detailed Aspen 

flowsheet of the plasma-assisted process is provided in Figure 4.5 in Appendix.

4.2. energy ConsideraTions

The conventional nitric acid synthesis is an energy efficient process since it covers the 

majority of its energy requirements by the recycle of the tail gas stream and part of the 

generated superheated steam. In specific, the tail gas of the absorption column passes 
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through the HX6, HX4 and the ammonia oxidation unit for an enhanced energy recovery, 

as shown in Figure 4.2. Due to the high outlet temperature, the tail gas is expanded in a 

turbine for power production driving partially the air compressor. Apart from the tail gas 

expansion, superheated steam is generated by the heat duty of the HX2 and HX3, part 

of which is utilized for covering the remaining power requirements of the air compressor. 

The energy requirements of the ammonia vaporizer and HX5 are covered by a warm water 

loop whereas the heating requirements of the ammonia superheater are also covered by 

the generated steam.10 Considering the aforementioned, the heat and power needs of the 

particular process equipment are not reflected as energy input in the system boundaries of 

the conventional nitric acid synthesis.

With respect to the process simulations of the plasma-assisted nitric acid synthesis, a 

parametric analysis has been conducted in order to evaluate the respective environmental 

footprint and, in turn, provide the preferable –from an ecological viewpoint– operating 

regime for the studied chemical process. More specifically, within the scope of this research 

study the effect of four critical operating parameters on the overall mass and energy profile 

of the plasma process has been assessed. The selected parameters are: a) the plasma-

assisted NO yield b) the power consumption of the plasma reactor c) the recycle of the 

tail gas stream and d) the energy recovery scheme in the case of thermal plasma reactor. 

Detailed design considerations and assumptions employed in each parametric scenario are 

provided below.

A) NO yield scenario

Taking into account the lack of reported literature data on the correlation between power 

consumption and NO yield in either thermal or non-thermal plasmas, for the particular 

scenario two arbitrary values of NO molar yield, 2% and 10%, have been selected and 

simulated for the same production capacity, power consumption of the plasma reactor and 

operating conditions presented for the base case scenario. This selection, though arbitrary, 

has been made based on the limitation of the plasma NO synthesis in achieving high 

product yield as compared to conventional process. However, contemporary technology 

advancements have yielded new insights in plasma chemistry and, thus, an improvement 

in the NO yield is also likely to be reported in the near future.

B) Plasma power consumption scenario

In terms of the plasma power consumption scenario, based on literature data the value of 

33.3 kWh/kg NO for 6% NO yield have been considered and evaluated along with the base 

case scenario14. Although this energy value refers to different plasma technologies from 

the Gliding arc reactor employed in the present research work, its use facilitates, alike the 

NO yield scenario, the sensitivity analysis deployed in the LCA.
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C) Tail gas recycle scenario

The particular scenario considers the recycle of the tail gas stream to the plasma reactor 

after the implementation of the energy recovery scheme presented in the Figure 4.2. The 

operating and design parameters are considered the same as for the base case scenario.

D) Energy Recovery Scenario

In the case of non-thermal plasma technology, which has been considered as an applied 

technique in the current research study, the energy efficiency is relatively low since the 

majority of the power input is utilized to dissociate electrons rather than heating the rest 

gas particles. This, in turn, results to low background gas temperatures and any energy 

recovery potential is basically hindered. However, on the other hand, thermal plasmas 

are characterized by high background gas temperatures reaching up to 104 Kelvin which 

enables enhanced heat recovery and overall energy efficiency.

In order to provide an insight on the environmental performance of the plasma-assisted 

nitric acid synthesis incorporating an energy recovery scheme, a certain process design 

scenario has been developed. Based on the same operating conditions given for the tail 

gas recycle scenario, the following assumptions have been also considered: a) heat losses 

from the plasma reactor are negligible and b) the input energy of the plasma reactor is 

merely utilized in the formation of the NO molecules – with ΔfH0 = 90.29 kJ/mol – and the 

increase of the gas temperature from 20 to 100°C. Upon these considerations, the remain-

ing energy is recovered in the form of generated steam. Although, this scenario may be 

perceived as optimal and further design considerations need to be incorporated, it serves, 

at this stage, the aim of the present LCA study for a preliminary assessment of different 

plasma process operating conditions and design alternatives towards the nitric oxide, and 

in turn to nitric acid, synthesis against the conventional production route.

4.3. ProCess simulaTions –resulTs

The results of the ASPEN simulations for the conventional and plasma-assisted nitric acid 

syntheses are presented in Tables 4-3, 4-4, 4-5 and 4-6. The contribution of the upstream, 

synthesis and downstream activities to the energy profile of each studied chemical process 

is presented per energy source in Figure 4.3. As it can be concluded from the graphs 

in Figure 4.3, the conventional process is merely dependent on cooling energy with the 

downstream activities being responsible for the 86% of the total energy requirements. The 

total energy input of the specific process is set to 2,079 MJ/ton HNO3, while the energy 

credits derived from the steam generation amount to 960 MJ/ton HNO3.
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Table 4-3. Material flow data for conventional nitric acid synthesis expressed in kg per ton HNO3 (60% 
w.w.)

Chemicals

Input Output

Stream
P1

Stream
P2

Stream
P9

Stream
P12

Stream
P13

Stream
P15

H2O - 56.8* 518.48 154.6 2.3 396.2

HNO3 - - - - 3.5E-03 603.1

N2 - 2,322.1* - - 2,327.6 5.1E-02

O2 - 714.1* - - 86.7 2.6E-02

NO - - - - 0.8** 3.2E-24

NO2 - - - - 6.3E-02** 7.6E-19

N2O4 - - - - 2.0E-04** 2.9E-30

HNO2 - - - - 1.4E-01 5.9E-01

NH3 172.3 - - - - -

N2O - - - - 2.22*** -

* Stream P2 has been expressed in the LCA study by a total compressed air flow (10 bar) of 520.2 m³.
** Total NOx gas emissions generated from ASPEN simulations. In this LCA study the overall value of 0.29 kg 
NO2 has been considered as total amount of NOx emissions based on BAT NOx limits.11

***Total N2O gas emissions generated from ASPEN simulations. In this LCA study the overall value of 0.37 kg 
N2O has been considered based on BAT NOx limits.11

Table 4-4. Energy flow data for conventional nitric acid synthesis expressed per ton HNO3 (60% w.w.)

Unit Air Compressor Steam Production Condenser Absorption Column

Heat/Cooling Energy (MJ) 425.7 960.0 1,370.8 282.4

Electricity (kWh) - - - -

Table 4-5. Material flow data for plasma-assisted nitric acid synthesis expressed in kg per ton HNO3 
(60% w.w.)

Chemicals

Input Output

Stream
R1

Stream
R6

Stream
R10

Stream
R11

Stream
R13

H2O - - 490.4 6.7 397.3

HNO3 - - - 2.3E-02 599.2

N2 7,896.1* 2,839 - 2,972.0 2.6E-02

O2 2,397.6 * 862 - 1,443.6 1.4E-02

NO - - - 2.2** 6.8E-17

NO2 - - - 3.2E-01** 4.3E-17

N2O4 - - - 1.7E-03** 7.7E-16

HNO2 - - - 5.4E-01 3.4E+00

* Stream R1 has been expressed in the LCA study by a total compressed air flow (8 bar) of 2149.3 m³.
** Total NOx gas emissions generated from ASPEN simulations. In this LCA study the overall value of 0.5 kg NO2 
has been considered as total amount of NOx emissions based on BAT NOx limits.11
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As far as the plasma-assisted nitric acid synthesis is concerned, the process is majorly 

dependent on electricity due to the high power consumption of the plasma reactor whose 

share reaches up to 56%. The rest power requirements are attributed to the air separation 

unit for the oxygen generation with the compression costs being responsible for 57%. 

Furthermore, the majority of the cooling requirements exhibited by the plasma process are 

assigned also to the oxygen generation system with a share of 76%. It worth mentioning 

that the operation of the upstream activity, PSA unit, yields the same energy consumption 

as that of the plasma reactor. This fact provides important insights into the sub-processes 

that could be potentially improved to increase the overall energy efficiency of the plasma 

nitric acid synthesis prior commercialization. The total energy consumption of the specific 

process design scenario is determined at 17,880 MJ/ton HNO3, 6.6 times higher than that 

of the conventional one.

Similar to the conventional process, an energy recovery approach has also been adopted 

for the plasma-assisted nitric acid synthesis. More precisely, based on the ASPEN simula-

tions, the feasibility of utilizing the tail gas as a cooling and power generation mean for the 

Table 4-6. Energy flow data for plasma-assisted nitric acid synthesis expressed per ton HNO3 (60% w.w.)

Air Com-
pressor

HX1 PSA O2

Unit
Plasma
Reactor

Compres-
sor-1

Heat Exchang-
er System

Absorption
Column

Heat/Cooling Energy (MJ) 2,643.4 - - - 602.8 231.8

Electricity (kWh) 912.3 707.5 2,255.6 125.0 - -

Figure 4.3. Energy requirements of conventional and plasma-assisted HNO3 synthesis for sub-process
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heat exchanger system and the compressor, respectively, has been tested through a pinch 

analysis study. Energy savings from the use of tail gas are presented in Table 4-7, for both 

the conventional and the different NO yield scenarios.

The percentage profile of the cooling and electricity savings for the studied NO yield sce-

narios depicted in Table 4-7 cannot be easily interpreted on the basis of a certain trend. The 

reason behind this lies in the fact that the energy recovery scheme-heat recovery by passing 

the tail gas through the HX system and electricity generation by the tail gas expansion- is 

affected by both cooling requirements of the HX system and the concentration of the tail 

gas. As long as these two parameters change in all the studied NO yield scenarios, the 

overall impact on the final cooling and electricity savings can either same or different, like 

the cases of 2% and 6% NO yield which present an equivalent percentage of electricity 

savings.

4.4. ConClusions

An ex-ante process design of the plasma-assisted nitric acid synthesis has been proposed 

and simulated in ASPEN Plus for a production rate of 10 TPD. In addition to the plasma 

process, the conventional nitric acid production has been also considered and the en-

ergy and mass balances required for the LCA study presented in Chapter 5, have been 

generated and expressed per ton of HNO3. The performed energy analysis has revealed 

critical aspects on the individual contribution of each sub-process on the overall process 

performance. At a comparative level, the conventional process proves to be more energy 

efficient as compared to the plasma process for the base case scenario. The energy profile 

of the latter process is dominated by the operation of both the PSA and plasma reactor. 

The downstream activities have minimal footprint on the total energy consumption of both 

studied chemical processes due to the heat recovery attained by the recycle of the tail gas 

products.

Table 4-7. Percentage of cooling and electricity savings from the tail gas heat recovery

Conventional Process Plasma-assisted Process

2% NO 6% NO 10% NO

Cooling Energy Savings 30% 34% 31% 26%

Electricity Savings 80% 24% 24% 22%
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aPPendix a

Figure 4.4. ASPEN flowsheet of the conventional HNO3 synthesis

Figure 4.5. ASPEN flowsheet of the plasma-assisted HNO3 synthesis
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absTraCT

The importance of nitrogen fixation is evident in every aspect of a human being’s life, from 

the synthesis of vital for all organisms nutrients and, in turn, the ecosystem conservation 

to the production of fertilizers, plastics, and many other daily usage products. However, 

increasing concerns about the environmental sustainability of contemporary chemical in-

dustry seem to impose, nowadays, great challenges to the industrial nitrogen fixation which 

is linked to immense energy consumption and burdened emissions profile. Upon these 

considerations, it becomes imperative to adopt a holistic approach toward the develop-

ment of novel “green” process technologies for the synthesis of fixed nitrogen. A consider-

able effort to that direction has been made by means of plasma technology mainly at the 

laboratory scale. Although research studies have shown promising results, little attention 

has been placed on conceptualizing plasma-assisted nitrogen fixation at an industrial scale 

and evaluating its environmental footprint. This issue is practically addressed in the present 

research work which focuses on the ex-ante process design of plasma-assisted nitric acid 

synthesis for a modular plant and the respective life cycle assessment (LCA) incorporating 

renewable energy sources. In order to facilitate the analysis of the LCA study, a sensitivity 

analysis has been considered on the reaction yield, the plasma power consumption, the 

recycle of unreacted gas stream, and the energy recovery in the plasma reactor. LCA results 

exhibit for the plasma-assisted nitric acid, incorporating the recycle of the tail gas and solar 

energy, an improvement in the value of the global warming potential impact category of 

19% as compared to the conventional production pathway.
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5.1. inTroduCTion

Nitrogen fixation is unquestionably a process of vital importance as it converts atmospheric 

nitrogen and other elements into ammonia, nitrates, and other nitrogen compounds which, 

in turn, serve as nutrients for all living organisms. Apart from its biological importance, 

fixed nitrogen is also a fundamental component of the production of many chemicals. 

More precisely, ammonia, which is synthesized industrially upon the Haber Bosch process, 

is one of the most important commodity chemicals and is directly used as a fertilizer but 

also as a basic raw material for other industries, such as automotive, plastics, textile, 

cosmetics, and etc. Besides its industrial importance, its manufacture is associated with 

high energy consumption of 36.9 GJ/ton NH3 on an average and a CO2 emission factor of 

1.5−3.1 Mton CO2/Mton NH3, a fact which poses great sustainability challenges1.

A promising technology contributing to that direction is the plasma technology which has 

received over the past few years immense attention as an alternative “green” approach 

to a variety of manufacturing processes, such as waste treatment, surface modification, 

material synthesis, hydrocarbon reforming, etc.2–10. Considerable efforts have also been 

made toward the synthesis of N2-fixation reactions and more specifically the synthesis of 

the nitric oxide (NO) molecule in non-thermal and thermal plasmas utilizing nitrogen and 

oxygen from atmospheric air11,12. Although research studies have demonstrated promising 

potential to that direction, the energy efficiency of the process remains a key bottleneck 

against its wider industrial acceptance13. An illustrative example is the Birkeland−Eyde 

process, which was developed in 1903 and was the first industrial attempt to the synthesis 

of nitric acid from plasma technology. In that case, the high energy consumption had 

dominated the economic evaluation of plasma technology from its first moment, limiting 

thereby its application only to countries with low electricity price14. Even after more than 

a century, contemporary scientific research and business analysis still focuses on providing 

new insights toward the improvement of the energy efficiency of the plasma technology. 

However, besides the energy-related cost limitations of the plasma-assisted nitrogen fixa-

tion, the recent large-scaled accessibility of green energy sources (wind, solar, etc.) and 

rigorous environmental laws have also imposed even higher environmental expectations on 

the novel industrial-scale processes. Thus, a holistic approach to conceptualizing and com-

mercializing the plasma-assisted nitrogen fixation, as well as assessing its environmental 

footprint, needs to be adopted. Central is to have from the beginning of the investigations 

a view and guidance through a full-scale process target. This is based on a vital business 

case and a supposed environmentally friendly profile. For such considerations, life cycle as-

sessment (LCA) is the appropriate tool that establishes a peerless systematic methodology 

to the appraisal of the environmental profile of a given process or product considering all 

stages of its life cycle15. It practically quantifies the mass and energy requirements associ-



Chapter 5

96

ated with each step of the product/process supply chain and interprets the inventory data 

to environmental impact categories.

As far as the environmental assessment of plasma processing is concerned, a very few LCA 

studies have been reported so far and logically first in its business cases such as plasma 

air cleaning, plasma deposition, and plasma gasification. However, these studies are far 

from any comprehensive picture, and consequently, no review paper on LCA for plasma 

processing is available to our best knowledge. Thus, the rare information focuses mainly 

on predicting the proof of feasibility to have an environmental process and to identify 

hot spots for further improvement. Specifically, certain process design options and their 

parametric optimization have been researched. Moreover, competitiveness to conventional 

technology is analyzed, generically or for certain specific business cases. Some enlighten-

ing research studies are presented below.

Lebouvier et al. conducted an energy evaluation for the eminent case of CO2 dissociation 

and utilization in the sense of an environmental proof of feasibility16. Results demonstrate 

that CO2 dissociation can be competitive from an environmental viewpoint, yet several 

challenges need to be considered with respect to the available current plasma technolo-

gies. Evangelisti et al. provided a LCA analysis of a future 20 MWe plant using an advanced 

two-stage gasification and plasma technology17. They reached the non-self-evident result 

that for the given case the plasma converter just has a minor role on the overall en-

vironmental impact of the process. In terms of providing a competitiveness analysis for 

future commercial use, Shie et al. carried out a comparative LCA study on three different 

thermal plasma technologies radiofrequency plasma, microwave plasma, and plasma torch 

against an established conventional technique18. LCA results demonstrated better energy 

performance for the first two plasma types as compared to the contemporary treatment 

method. In addition to these studies, the PlasTEP project has proposed in its LCA study a 

new business model for plasma technologies to further treat the process waste generated 

by many traditional end of pipe technologies for environmental protection19. Stasiulaitiene 

et al. compared two plasma-based technologies an electron beam flue gas treatment and 

dielectric barrier discharge against the conventional methods wet flue gas desulfurization 

with selective catalytic reduction, biofiltration, and adsorption20.

For the field of plasma chemistry as a chemical process technology and also specifically as a 

mean of triggering nitrogen fixation reactions, such environmental considerations are even 

more largely underdeveloped, yet have hardly been investigated. This is somehow expected 

as there are limited relevant business cases, giving very less information on the full process 

design14,21. This knowledge gap is likely to be covered by the present study which primarily 

aims to provide a very first LCA study for plasma chemistry, targeting at industrial bulk scale 



5

97

Environmental Impact Assessment of Plasma-assisted and Conventional HNO3 Syntheses

for N2 fixation, to show environmental proof of feasibility, analyze process design options 

incorporating green energy sources, and compare to the conventional technology with the 

view to opening a new “window of opportunity”22. Such comprehensive approach will 

provide generic insights on the plasma chemistry and its energy provision beyond detailed 

process option evaluation for the N2 fixation case.

5.2. meThodology-aPProaCh

5.2.1. goal & scope
The scope of this LCA study is to evaluate the environmental performance of the plasma-

assisted nitric acid synthesis against different process design scenarios and benchmark 

it with the corresponding profile of the conventionally established nitric acid production 

route. The effect of critical process design parameters and the incorporation of standalone 

renewable energy resources to the plasma-assisted process are examined and discussed. 

For conducting the LCA study the commercial software package Umberto NXT LCA from 

ifu Hamburg GmbH has been employed.

5.2.2. system boundaries
The present LCA study considers a “cradle to factory gate” analysis which means starting 

from raw materials and ending up with nitric acid production. The system boundaries of 

the conventional nitric acid process involve five main sub-processes as depicted in Figure 

5.1: (a) compression and cooling of atmospheric air (P2 stream), which is further split into 

two sub-stream one directed to the oxidation reactor (P4 stream) and another one inserted 

into the bleaching column (stream P5), (b) vaporization and super-heating of ammonia 

produced by natural gas steam reforming (stream P1), (c) ammonia oxidation to nitric oxide 

(NO) (stream P8), (d) cooling of the nitric oxide gas stream through a system of five heat 

exchangers (HX system) where simultaneous reaction to nitric dioxide (NO2) and dinitrogen 

tetroxide (N2O4) (stream P17) takes place, as well as the production of a weak nitric acid 

(HNO3) solution directed to the absorption column (stream P10), and (e) absorption of 

the nitrogen oxides (NOx) in water and subsequent bleaching for the production of weak 

nitric acid (stream P15). The tail gas (stream P10) exiting the absorption column is pass-

ing through certain heat exchangers of the system for energy recovery and, thereafter, 

expanded to fulfil part of the electricity requirements of the air compressor (Figure 5.1). In 

the process steam is also generated, part of which is used to cover the energy needs of the 

ammonia superheater and the remaining electricity of the air compressor, whereas the rest 

is exported. In the system boundaries of the conventional nitric acid process, as depicted in 

Figure 5.1, the exported steam is handled as a co-product. A detailed process description 

is provided in the Chapter 4.
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In terms of the unit operations employed in the LCA study, the in-built units (in the Umberto 

NXT LCA software) of ammonia produced by natural gas steam reforming, compressed air, 

and deionized water production have been used to reflect the emissions associated with the 

full-scale conventional ammonia manufacture, the air compressor, and the process water 

used for both the waste heat boiler as boiler feedwater for the steam generation and the 

absorption process. For the cooling energy required in the condenser and the absorption 

tower, an in-built chiller unit is included in the analysis. Furthermore, the catalyst usage in 

the ammonia oxidation and its inventory analysis are not included in the LCA study since 

platinum−rhodium catalyst is recycled and reprocessed. The storage and transportation of 

the final HNO3 product, as well as the use of the gas turbine for the tail gas expansion, 

have also not been considered in the LCA study.

Figure 5.1. System boundaries of conventional nitric acid synthesis

The system boundaries of the plasma process, shown in Figure 5.2, comprise five steps: 

(a) production of pure oxygen (stream R5), which includes the compression and cooling 

of atmospheric air (stream R1) split also into two sub-streams (stream R3 and R4) and 

the air separation by pressure swing adsorption (PSA), (b) NO synthesis (stream R7) in a 

plasma reactor by atmospheric air (stream R6) and an additional pure oxygen stream, (c) 

compression of the NO gas stream (stream R8), (d) cooling of the NO gas in a system of 

heat exchangers (HX System) with simultaneous reaction to NO2 and N2O4 (stream R9) and 

mixing with the tail gas of the absorption column (stream R14), and (e) NOX absorption in 

water and bleaching with air for the final weak HNO3 product. In the process the tail gas 

passes through the heat exchanger system, covering part of the needed cooling energy, 

and then is expanded in a gas turbine for the production of electricity which partly drives 

compressor-1. The detailed process design of the plasma-assisted nitric acid synthesis is 

also provided in Chapter 4.
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Similar to the conventional process, an in-built compressed air unit has been used in order to 

emulate the environmental behavior of the air compressor involved in the pure O2 genera-

tion system. In terms of raw material consumption, the process uses only dry atmospheric 

air and deionized water whose use has been reflected by the in-built block of deionized 

water production. As far as the utilities are concerned, cooling energy for the absorption 

column and the heat exchanger system has been considered by avoiding an in-built chiller 

unit. For the power requirements of the air compressor, the PSA unit, the plasma reactor, 

and the compressor-1 standalone electricity systems wind, solar, hydroelectric, lignite, and 

natural gas have been considered and deployed by their corresponding in-built blocks in 

Umberto software. Moreover, similar to the conventional process, use of gas turbine and 

storage and transportation of the nitric acid product have not been included in this LCA 

study.

Figure 5.2. System boundaries of plasma-assisted nitric acid synthesis

5.2.3. inventory analysis
The inventory analysis represents the quantification of the material and energy flows 

through the selected system boundaries. The functional unit of the LCA study has been 

defined to 1 ton HNO3 (60% w/w). The inventory data of the material and energy sources 

employed in this LCA study has been adopted from the Ecoinvent 3.0 (v3.1) database 

incorporated in Umberto NXT LCA software and is presented in Table 5-1. For both the 

conventional and the plasma-assisted nitric acid processes, the majority of the necessary 

material and energy flows are exported from the relevant ASPEN simulations which are 

presented in detail in the Chapter 4. Literature values have been utilized for the deionized 

water of the waste heat boiler in the conventional process as well as the air and electric-

ity requirements of the PSA O2 unit in the plasma-assisted process23,24. The amount of 

exported steam has been estimated based on the average energy export for European 

plants25. Moreover, considering the emissions limits specified in the European Commission 

report on the best available techniques (BAT) for the nitric acid manufacture, an additional 
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level of control has been considered for the N2O and NOX emissions of both conventional 

and plasma-assisted processes being set to 100 and 75 ppmv, correspondingly.6 For this 

purpose, specific air filters have been assumed to be used which are operatable under the 

given process conditions and do not involve any major reagent or consumable26,27. The 

production, infrastructure, and transportation associated with the employment of those 

filters have not been considered in the framework of this LCA study.

In terms of the implemented electricity scenarios for the plasma-assisted process, Germany 

has been considered as the country of electricity provision. However, the employment 

of the in-built compressed air unit in the Umberto software poses certain limitations to 

the application of the aforementioned electricity scenarios. To elaborate, the particular 

activity data set takes into account the environmental impact of both upstream activities 

and electricity consumption required for its operation. In order to overcome this limiting 

step and reflect the benefits associated with the incorporation of “green” energy to the 

air compressor, 20% of the total emissions generated by this activity dataset has been 

assumed to be allocated to the upstream and auxiliary activities and the rest of the 80% 

Table 5-1. Inventory data from the Ecoinvent 3.0 (v3.1) database implemented in the LCA study

Material/Energy Input Inventory Data

Ammonia ammonia production, steam reforming, liquid [RER]*

Deionized water water production, deionised, from tap water, at user [RoW]*

Air (conventional process–stream P2) compressed air production, 1000 kPa gauge, <30kW, average 
generation [RER]*

Air (plasma process–stream R1) compressed air production, 800 kPa gauge, >30kW, average 
generation [RER]*

Cooling energy cooling energy, from natural gas, at cogen unit with absorption 
chiller 100kW [CH]*

Exported steam steam production in chemical industry [RER]:in MJ

Electricity (for different scenarios) •	 	electricity	production,	natural	gas,	at	conventional	power	plant	
[DE]*

•	 	electricity	production,	lignite	[DE]*

•	 	electricity	production,	wind,	1-3MW	turbine,	offshore	[DE]*

•	 	electricity	production,	photovoltaic,	570kWp	open	ground	
installation, multi-Si [DE]*

•	 	electricity	production,	hydro,	run-of-river	[DE]*

H2O water,deionised,from tap water,at user

N2 Nitrogen[natural resource/in air]

O2 Oxygen[natural resource/in air]

NOX emissions (NO,NO2,N2O4) Nitrogen oxides[air/urban air close to ground]

N2O Dinitrogen monoxide[air/urban air close to ground]

HNO3 & HNO2 nitric acid, without water,in 50% solution state
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to the power consumption. On the basis of this assumption, only the 20% emission share 

has been considered in all impact categories for the air compression unit employed in both 

plasma and conventional processes.

The compiled material and energy flow data expressed per ton of produced HNO3 for the 

conventional process are provided in Tables 4-3 and 4-4, respectively. For the plasma-as-

sisted process, the same type of data are presented in Tables 4-5 and 4-6, correspondingly.

5.2.4. impact assessment
Life cycle impact assessment (LCIA) is a means of examining and interpreting the inven-

tory data from an environmental perspective. The impact categories considered here are 

based on the CML2001 method incorporated in Umberto NXL LCA. The impact categories 

considered from the CML2001 are acidification potential-average European (AP), climate 

change in 100 years (GWP), eutrophication potential-average European (EP), human 

toxicity in 100 years (HTP 100a), marine aquatic ecotoxicity in 100 years (MAETP 10a), 

photochemical oxidant creation potential (POCP), and ozone depleting potential in 10 

years (ODP 10a). Another parameter, cumulative energy demand (CED), is also included 

which aims to investigate the non-renewable energy use throughout the life cycle of a 

good or a service.

5.2.5. interpretation
In section 5.3 of the present paper, LCA results of the plasma-assisted HNO3 synthesis 

for the above-mentioned impact categories will be provided and benchmarked against 

the corresponding values of the conventional process. This will establish a quantitative 

environmental analysis of the two studied processes with the view to identifying process 

areas of further development for the novel plasma technology. In the results section a 

detailed discussion on the GWP value will be given.

As far as the representation of the LCA results is concerned, the environmental footprint 

of the steam production unit has been subtracted from the absolute values of the selected 

impact categories generated for the initial system of the conventional process, whereas 

it has been shown as a credit as a negative value in the GWP value graphs displayed 

below. Additionally, the cooling energy of the condenser has been expressed in the GWP 

value charts as cooling energy for the heat exchanger (HX) system, whereas the impact 

of the deionized water production for the waste heat boiler has been included in the 

environmental footprint of the exported steam. However, the impact of the deionized 

water production for the absorption column in both plasma and conventional processes 

has not been reflected in the generated graphs due to the remarkably low contribution.
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Regarding the interpretation and discussion of the LCA results, the feasibility of the dif-

ferent electricity production scenarios studied for the plasma-assisted process has been 

argued on the basis of their respective environmental footprint rather than the magnitude 

of the required electricity consumption. Moreover, the discussion on the individual con-

tribution of material and energy flows to the environmental profile of the conventional 

process has been made without the inclusion of the steam credit, as being difficult to be 

allocated among the defined exchanges flows. However, in the case of comparing the 

overall value of the GWP value and any other impact category of the plasma process and 

the conventional one, the effect of steam credit is considered in the latter.

5.2.6. sensitivity analysis
The inventory analysis presented above for the plasma-assisted nitric acid refers to a 6% 

molar NO yield and a plasma power consumption of 7.77 kwh/kg NO. These conditions 

have served as a base case scenario for the environmental assessment of the plasma-

assisted process. On the basis of the LCA results of the base case scenario, the energy 

requirements of the plasma reactor and the PSA O2 unit have demonstrated a high contri-

bution to the environmental footprint of the plasma process. Thus, a sensitivity analysis has 

been conducted for critical operating parameters, such as the electricity consumption of 

the plasma reactor, the NO yield, recycle of the tail gas stream, and the energy recovery in 

the plasma reactor. Both the base case and the sensitivity analysis scenarios are elaborated 

in the Chapter 4. A summary is provided in Table 5-2 with respect to the main operating 

conditions considered in those scenarios.

Table 5-2. Description of scenarios examined in the sensitivity analysis

LCA scenarios Operating Conditions

•	 	Base	case	scenario •	 	6%	molar	yield,7.77	kwh/kg	NO

•	 	NO	yield	scenario •	 	2%	molar	yield,	7.77	kwh/kg	NO

•	 	10%	molar	yield,	7.77	kwh/kg	NO

•	 	Plasma	power	consumption	scenario •	 	6%	molar	yield,	33.3	kwh/kg	NO

•	 	Tail	gas	recycle	scenario •	 	6%	molar	yield,	7.77	kwh/kg	NO

•	 	Energy	recovery	scenario •	 	6%	molar	yield,7.77	kwh/kg	NO,	tail	gas	recycle

5.3. resulTs and disCussion

The assessment of the aforementioned eight life cycle impact categories has been con-

ducted for both conventional and plasma-assisted nitric acid syntheses, and a comparative 

analysis in terms of their environmental performance is presented in this section. In order to 

promote the comprehension of this LCA study, the base case scenario comprises four levels 
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of analysis: (1) a detailed comparison of the GWP values based on individual elementary 

flows for solar and natural gas energy, (2) an overall comparison of the GWP values of all 

studied energy provision systems consolidated upon three defined process stages, (3) a 

cumulative table of the absolute values for all impact categories of all energy systems and 

(4) a normalized life cycle impact assessment (LCIA) profile for both the plasma-assisted 

process powered by solar energy and the conventional process. As far as the sensitivity 

case scenarios are concerned, only the first and last level of analysis described above will 

be presented and discussed.

5.3.1. base Case scenario
The base case scenario, as described above, is based on the assumption of 6% NO yield 

and a power consumption of 7.7 kWh/kg NO. For these conditions, the GWP value of the 

plasma-assisted nitric acid production incorporating solar and natural gas energy sources, 

as a mean of electricity provision to the equipment presented in Table 4-6, is depicted and 

compared against the corresponding profile of the conventional process in Figure 5.3. The 

graph demonstrates the individual contribution of material and energy flows linked to 

given process units involved in both plasma and conventional nitric acid syntheses.

Moreover, in order to aid the comprehension of the quantitative GWP results for all electric-

ity scenarios implemented in the LCA study of the plasma-assisted process, the elementary 

material and energy flows are grouped to three categories, feeding, reaction, and separa-

tion, as shown in Figure 5.3. The feed category includes the compressed air flow, cooling 

and electricity requirements of all components involved in the pure O2 generation system. 

The reaction scheme - applicable only to the plasma process - concerns only the power 

consumption of the plasma reactor, whereas the separation category entails the energy 

consumption, the deionized water, and the tail gas stream linked to the downstream activi-

ties.

As it can be deduced, the plasma-assisted nitric acid is an eminently energy-intensive 

process. For the natural gas energy form, the power consumption of the plasma reactor 

dominates the GWP value by a percentage of 47%. The next most contributory factors to 

the GWP value are the electricity and cooling energy consumption of the air compressor 

and HX1 involved in the pure O2 generation system, whose shares account for 19% and 

11%, respectively. These specific impacts are linked to the amount of the pure oxygen 

required for the plasma reactor which, in turn, determines the magnitude of the cor-

responding compression and cooling costs preceding the PSA unit operation. In terms of 

the material and energy flows of the unit operations comprising the separation part of the 

plasma-assisted process, their overall impact on the GWP value is limited to 6%, markedly 

lower than that of the feed and reaction sections.
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On the other hand, in the case of solar power, the cooling energy utilized in the feed 

section plays the major role in the GWP value of the plasma-assisted process contributing 

by 40%. Although the electricity consumption of both the air compressor and the PSA 

unit is the same as in the natural gas case, the CO2 emissions of the solar energy scenario 

are considerably lower than those of the natural gas, resulting in a respective emission 

reduction of 86%. The same concept is applied to the environmental impact of the elec-

tricity consumption of both plasma reactor and compressor-1, which demonstrate also a 

decrease of 86% as compared to the natural gas scenario. However, although it might be 

expected for solar energy to have zero CO2 emissions, it is important to mention that the 

in-built block of electricity production by solar energy, examined in the given LCA software 

environment, includes emissions from all upstream manufacturing and transport activities 

resulting in an overall non-zero emission profile.

Contrary to the plasma process, the feed section in the conventional nitric acid synthesis 

dictates the overall environmental profile with the ammonia production being responsible 

for 47% of the total CO2 emissions. In terms of the separation section, the impact of the 

tail gas emissions given off at the NOX absorption stage on the GWP value accounts for 

15% with only the N2O gas having a considerable effect on that impact category. This fact 

justifies the absence of the tail gas footprint in the corresponding GWP value profile of the 

plasma process. Moreover, as opposed to the contribution of the material flows, the total 

Figure 5.3. GWP value comparison of the plasma - assisted nitric acid process incorporating natural 
gas and solar energy against the conventional process for the base case scenario
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cooling energy consumption is considered to have less impact in the GWP value formation 

due to the steam generation covering the majority of the heating requirements of the 

conventional process.

Regarding the overall GWP value comparison of the three nitric acid synthesis options 

discussed above, the plasma process powered by natural gas depicts an increase by a 

factor of 5 as compared to the conventional one. On the other hand, the use of solar 

energy improves markedly the performance of the plasma process, and this is basically 

reflected by its GWP value, which exhibits a relatively moderate increase of 28% as to the 

benchmark value of the conventional process. Upon these facts, the plasma process seems 

to be a promising alternative to the nitric acid production provided that renewable energy 

is incorporated.

A comprehensive overview of the GWP value profile of all tested energy systems applied 

for the plasma-assisted nitric acid synthesis is provided in Figure 5.4. The GWP value 

distribution follows the process categorization described above. As it can be observed 

at a first stage, the impact of the feed and reaction sections prevails in the majority of 

the standalone electricity generation scenarios. In the case of lignite the corresponding 

contribution is formed to 44% and 52%, whereas for the natural gas system the share is 

47% for both categories. Considering the fact that the impact of both material flows and 

cooling energy involved in the plasma process is fixed, the electricity consumption is the 

only factor influencing the GWP profile of the tested electricity production scenarios. This 

fact justifies the reason why the feed, reaction, and separation, to a smaller magnitude, 

categories demonstrate lower GWP values for the renewable energy systems than for 

Figure 5.4. GWP value comparison of the plasma-assisted nitric acid process incorporating different 
energy sources against the conventional process for the base case scenario
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the fossil-fuel-based ones. However, it is noteworthy that among renewables, wind and 

hydroelectric energy exhibit very little impact with respect to the reaction category. This 

could probably be attributed to fewer activities included in their respective activity datasets 

in Ecoinvent 3.0. This also confirms the even less contribution of feed to the GWP value of 

the latter energy forms as compared to rest of the examined power generation systems.

On a comparative basis, it is clearly illustrated that the use of fossil fuels demonstrates 

remarkably higher CO2 emissions as to the rest electricity generation cases and the conven-

tional process. More precisely, the GWP value of the lignite electricity generation is 9 and 10 

times higher than the conventional and the wind-powered plasma processes, respectively. 

On the other hand, the incorporation of renewables seems to provide clear environmental 

benefits to the plasma process considering that the GWP value is improved in the range of 

68−91% with respect to the lignite energy form. With regard to the conventional produc-

tion technique, wind and hydroelectric energy manifest a reduction in the CO2 emissions 

of 15% and 23%, correspondingly. Upon these considerations, the electricity provision by 

conventional natural resources seems to turn the plasma-assisted nitric acid production to 

an environmentally unsustainable process.

Figures 5.5 and 5.6 depict the normalized LCIA profiles of the plasma process incorporat-

ing solar energy and the conventional process as a benchmark. It is apparent that the 

Figure 5.5. Normalized LCIA profiles of the plasma-assisted nitric acid synthesis incorporating solar 
energy for the base case scenario
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influence of the overall energy flow prevails in all impact categories of the solar energy 

scenario, ranging from 66% to 98%. A relatively increased share of the material exchanges 

is observed in the AP and EP profiles where the contribution of NOx emissions from tail 

gas stream is essentially reflected by a percentage of 7% and 29%, respectively. Unlikely, 

the profile of the studied environmental impact categories for the conventional process is 

dominated by the impact of the ammonia which ranges between 41% and 62%. Upon 

these considerations, although the plasma process demonstrates clear benefits in terms of 

material requirements over the conventional route, great focus should still be placed on 

identifying those process conditions and design which will result in the reduction of the 

energy demand and ensure long-term process sustainability.

5.3.2. sensitivity analysis
On the basis of the aforementioned considerations, a sensitivity analysis on critical process 

parameters affecting the overall energy profile of the plasma-assisted nitric acid synthesis 

is imperative. This type of analysis is likely to provide insights on the magnitude of the 

environmental impact linked to the selected process conditions and facilitate the decision-

making procedure on the best process design practices.

Plasma Power Consumption Scenario
In this sensitivity analysis scenario the effect of different power consumption values of 

the plasma reactor on the environmental impact categories for solar energy has been 

Figure 5.6. Normalized LCIA profiles of the conventional nitric acid synthesis
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investigated and is presented in Figure 5.7. As it can be derived, the increase in the power 

consumption of the plasma reactor results in markedly higher GWP value as compared to 

both base case scenario and conventional process. To elaborate, the individual contribution 

of the plasma reactor power consumption to the GWP value is established to 24% and 

57% for the examined energy values of 7.77 and 33.3 kWh/kg NO, respectively. This is 

actually interpreted in a corresponding increase of CO2 emissions by a factor of 1 and 2 

as compared to those emitted by the conventional process. This distinctly delineates not 

only the dominating character of the plasma reactor in terms of the required input energy 

but also the low resilience of solar energy against the increase of power consumption. 

The latter issue is basically determined by the non-zero emissions of the solar energy as 

mentioned above. On the basis of these facts, the use of solar energy for electricity produc-

tion seems to make the plasma process environmentally infeasible for power consumption 

values higher than 7.7 kWh/kg NO.

Figure 5.7. GWP value comparison of the all the examined sensitivity scenarios for the plasma-assisted 
nitric acid process incorporating solar energy against the conventional process



5

109

Environmental Impact Assessment of Plasma-assisted and Conventional HNO3 Syntheses

NO Yield Scenario
The environmental impact of different NO yield values for the plasma-assisted nitric acid 

synthesis has been examined for the solar energy scenario and compared with the conven-

tional process in Figure 5.7. For the 2% NO yield scenario the GWP value is considered to 

be higher than that of the base case scenario by a factor of 2. The impacts of the electric-

ity and cooling energy linked to the air compressor and HX1, respectively, are the ones 

dominating in that NO yield scenario by a percentage of 13% and 51%. The underlying 

reason for such profile is the increased pure O2 requirement and, in turn, the high cooling 

demand associated with the overall pure O2 generation. With respect to the GWP value 

of the conventional process, the 2% NO yield scenario is proven unrealistic considering its 

corresponding impact category value being 3 times higher.

On the other hand, the 10% NO yield scenario exhibits greater potential as compared to 

the conventional process with a GWP value lower by 2%. The most determinant factors 

influencing the GWP value profile of that scenario are the relatively low cooling and elec-

tricity costs of the PSA unit, as compared to the rest of the NO yield scenarios, due to the 

decreased requirements for pure O2 feed. Specifically, individual shares of the energy flows 

related to the air compressor and HX1 are formed to 8% and 32%, a fact which depicts 

an indicative improvement as to the 2% and 6% NO yield scenarios.

Figure 5.8. Normalized LCIA profiles of the plasma-assisted nitric acid process incorporating solar 
energy for the 10% NO yield scenario
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The LCIA profile of the 10% NO yield, as shown in Figure 5.8, is also energy dominant as 

the base case scenario. Nonetheless, the contribution of the total energy consumption of 

the pure O2 generation system on all environmental impact categories has been decreased 

in a range of 16−24% as compared to the base case. This indicates also an improvement in 

the absolute values of all impact categories and, in turn, in the overall environmental profile 

of the plasma process incorporating solar energy. Given that wind power demonstrates a 

better profile, as shown in Figure 5.4, over the solar energy, incorporating such electricity 

in the 10% NO yield scenario will trigger even greater environmental improvement for the 

plasma process.

Tail Gas Recycle Scenario
As it can be deduced from Figure 5.7, the recycle of the tail gas stream has a significant 

impact on the GWP value resulting in a value decrease of 37% and 19% as to correspond-

ing ones of the base case scenario and the conventional process. This improvement in the 

environmental performance observed in the “tail gas recycle’’ scenario can be primarily 

connected to the lower feed requirements and the associated energy costs, as the tail gas 

stream contains a high amount of unreacted nitrogen and oxygen. The total contribution 

related to exchange flows of the activities involved in the pure O2 generation system is 

estimated to 40% of the GWP value.

Figure 5.9. Normalized LCIA profiles of the plasma-assisted nitric acid synthesis incorporating solar 
energy for the tail gas recycle scenario
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In the LCIA analysis shown in Figure 5.9, the contribution of the material flows has been 

lowered as to the corresponding one of the base case scenario in the range of 35−88%. The 

same trend is also followed by the cooling and electricity energy exchanges linked to the 

pure O2 generation system whose effect on the impact categories is decreased by 23−46%.

Energy Recovery Scenario
The energy recovery scenario considers the energy recovery in the plasma reactor in the 

form of steam export as approached in the conventional process and CO2 credits have 

been depicted with a negative value in Figure 5.7. As it can be deduced, the particular 

energy consideration improves immensely the environmental footprint of the plasma reac-

tor as compared to the rest of the examined cases. The steam generation results not only 

in offsetting the emissions linked to the entire plasma process but also in making the 

process environmentally beneficial by having a negative GWP value and providing pure CO2 

credits. More precisely, the GWP value for the energy recovery scenario shows a decrease 

of 133% and 142% as compared to the base case scenario and the conventional process, 

correspondingly. This allows the plasma technology to become a very attractive alternative 

to the nitric acid synthesis. Such environmental profile can be also further enhanced when 

wind or hydroelectric energy is employed. However, although this scenario is not fully 

elaborated in terms of an ex-ante process design as compared to the rest ones presented 

previously, it still serves as an enlightening case study that poses new insights in the areas 

that novel plasma process needs to be improved and optimized.

5.3.3. overall lCia Comparison of examined Plasma Process 
scenarios
After the detailed LCA analysis of all examined scenarios for the plasma-assisted nitric 

acid synthesis, a normalized against the base case scenario LCIA comparison of them is 

presented in Figure 5.10 for solar power generation. Although it is difficult to draw a fair 

Figure 5.10. Normalized LCIA of conventional process and sensitivity analysis scenarios for plasma-
assisted nitric acid process incorporating solar energy against the base case scenario.
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conclusion on the overall environmental performance of certain process design scenarios 

for the plasma process based only on a given number of impact factors, for this LCA study 

the basis of comparison is considered to be established on the majority of impact factors 

exhibiting a lower value than those of the conventional process. As it can be directly 

inferred from the graph, the cases of 33.3 and the 2% NO yield scenarios are perceived 

as environmentally infeasible due to their remarkably higher profile for all impact factors. 

In addition to the aforementioned process design scenarios, the base case scenario is also 

proven to be uncompetitive to the conventional nitric acid production.

In spite of demonstrating lower GWP and CED values, both the 10% NO yield and the 

tail gas recycle scenarios, though remarkably improved as compared to the basic case 

study, still remain environmentally inferior as to the conventional process. In the case of 

wind or hydroelectric energy being employed, a considerable enhancement in the overall 

LCA profile will be manifested and competitiveness against the contemporary synthesis 

pathway will be, thereby, reinforced. On the other side, the consideration of energy re-

covery seems to outperform the formerly presented scenarios with respect to all impact 

factors. As shown in Figure 5.10, under such conditions the plasma process achieves a 

clear competitive advantage over the established conventional nitric acid synthesis.

5.4. ConClusions

On the basis of the conducted LCA analysis the most important findings are summarized 

below.

(4) Incorporation of conventional power generation is not an environmentally feasible ap-

proach to the plasma-assisted nitric acid production.

(5) Renewables are highly preferable due to their improved overall LCIA profile, especially for 

solar, wind, and hydroelectric energy under certain process design considerations.

(6) Among the examined scenarios for the plasma-assisted process incorporating solar 

energy, the 10% NO yield, the tail gas recycle, and the energy recovery scenarios exhibit 

better performance as to the conventional production pathway.

Although the analysis of the aforementioned case studies might have appeared to be 

quite rigid regarding the quantitative LCA results, the plasma process demonstrates strong 

capabilities in becoming a viable alternative to the nitric acid production, provided certain 

optimization steps are considered. The present LCA study yields critical insights on the 

direction toward which the plasma-assisted process needs to be oriented so as to achieve 

long-term sustainability. However, this requires the process to operate under the condi-
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tions indicated in the LCA scenarios, such as recycling of the tail gas, relatively low power 

consumption, energy recovery, and high nitric oxide yield. To elaborate, electricity and 

cooling requirements associated with the operation of the plasma reactor and the PSA 

O2 unit have a significant, if not the most, contributory role in the amount of overall 

emissions generated by the process. Therefore, focus should be placed on those critical 

process parameters from both environmental and economical viewpoints. Considering the 

fact that the particular LCA study is limited to only a given number of standalone design 

scenarios with respect to the novel plasma process, a combination of the well-performed 

scenarios needs to be also considered and further evaluated on a multicriteria basis. This is 

likely to generate an even more improved environmental performance that can outweigh 

the conventional production technique.
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absTraCT

A preliminary economic assessment of the plasma-assisted nitrogen fixation based on the 

proposed process design and production rates has been conducted in order to obtain 

insights on their profitability. Benchmarking with conventional production routes has been 

implemented to comprehend the magnitude of improvement possibly required in the novel 

plasma processes. Based on the results of the economic evaluation and for the case of 

ammonia synthesis. The conventional route exhibits a production cost of 247 €/ton NH3, 

whereas the renewable H2-based and plasma-assisted processes yields a respective cost of 

1080€/ton NH3 and 5,079 €/ton NH3. On the other hand, plasma process has demonstrated 

greater potential for the synthesis of nitric acid with a production cost of 370 €/ton HNO3, 

3 times higher than that of the conventional route.
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6.1. inTroduCTion

Considering the importance of incorporating process economics in the early stage of the 

process design of a developing manufacturing process, a preliminary economic appraisal 

of the industrial plasma-assisted nitrogen fixation and conventional production routes, 

as presented in this thesis, has been conducted with the view to getting insights into the 

profitability of the novel plasma processes. The plasma process scenarios considered for 

this study include: 1) the plasma-assisted ammonia synthesis considering the 5% NH3 yield, 

a power consumption of 17,2 g NH3/kWh and 5% energy recovery and 2) plasma-assisted 

nitric synthesis incorporating the recycle of tail gas, 6% NO yield and 20% energy recov-

ery. Electricity requirements have been assumed to be covered by hydropower and wind 

energy for the plasma ammonia and nitric acid syntheses, respectively. In addition to these 

scenarios, the corresponding conventional processes examined in the previous chapters are 

also assessed in the context of this economic evaluation.

6.2. meThodology

The economic assessment of the selected chemical processes includes the estimation of 

the Capital Expenditures (CAPEX) and Operating Expenditures (OPEX), so as to carry out a 

Discounted Cash Flow (DCF) analysis which will reflect the investment attractiveness of the 

given processes. Although, conventional ammonia and nitric acid syntheses have already 

demonstrated their profitability at an industrial scale, including them in this assessment 

facilitates the benchmarking of the novel plasma processes and, in turn, the identification 

of areas of further improvement.

The Capital expenditure (CAPEX) in chemical engineering projects refer to the costs associ-

ated with the complete construction of a chemical plant or process. It comprises of the 

direct and indirect costs, as well as an initial working capital. The direct costs involve the 

cost of equipment, installation, piping, electrical systems, instrumentation, civil work and 

utilities & off-sites. The indirect costs refer to costs incurred from basic & detail engineering 

and supervision, as well as the contingencies fees for any unforeseen circumstances and 

the contractor’s fees.

Another important component necessary for the economic evaluation of a chemical plant 

is the Operating expenditure (OPEX) which includes the direct production costs, the fixed 

charges and the general expenses. The first cost component includes the raw materials, 

utilities, labour, maintenance, laboratory costs involved in the chemical process, as well 

as, fees related to patents and royalties. The fixed charges refer to the expenses mainly 
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related to local taxes, rent, insurance and plant overheads, while the general expenses are 

costs related to administrative, product distribution, research and development and other 

financial matters. All these cost elements compose the so-called production cost, which is 

normally expressed per product unit.

The estimation of the CAPEX has been conducted based on a factorial approach1,2 

(Appendix A) according to which cost elements are calculated as a percentage of the 

purchased equipment costs. Though this method provides relatively good cost estimations, 

at a preliminary level, for the economic performance of established chemical processes, 

its choice has been imperative in the case of the novel plasma processes due to lack of 

pilot plant data and a similar estimation approach for modular or small-scale plants. In 

terms of the equipment cost, data on equipment size for the proposed process designs- 

described in Chapter 2 and 4- have been extracted from the respective ASPEN simulations 

and subsequently employed in specific cost functions, which have been developed on past 

available industrial data2,3. However, considering that these cost functions employ past cost 

indices –from the years of 2002 and 2010-, the generated cost value needs to be updated 

to the most recent price standards. For that purpose, the Chemical Engineering Plant Cost 

Index (CEPCI) is used to bring equipment cost from a past time to a most recent time 

based on a specific mathematical formula (Equation 2.7 of this source4). The most recent 

year, against which the equipment costs have been estimated, is the year of 2016 with a 

CEPCI of 541.75. The CEPCI for the year 2002 and 2010 has been estimated at 390.43 and 

532.96, respectively.

The only exception to the estimation of the equipment cost based on the above method 

are the plasma reactor, the PSA and H2O electrolysis units. For the latter two equipment 

prices have been extracted from relevant webpages (Appendices B & C). In terms of the 

plasma reactor, the cost estimation of the plasma reactor has been challenging as there is 

lack of coherent data reported in literature on the specific process. One of the methods 

is to estimate the power system required for the reactor and evaluate its cost. Most of 

the plasma technologies are used for air purification or NOx destruction and waste man-

agement. For example, a 10 TPD waste processing plasma reactor has been reported to 

cost 0.90 M.€, including the power system but the electrical characteristics of the power 

system are not mentioned7. Another report specifies a dielectric barrier discharge type of 

plasma reactor with an air purification capacity of 0.38 M.€, but it does not provide any 

information on the power system8. One more report on a 3-phase plasma torch reactor 

with a power system of 1 MW specifies the cost of 0.92 M.€ and 6.96 M.€ for a unit with 

10 MW power system9. Hence, based on this information a cost of 1 M.€ is considered for 

the plasma reactor requiring 1 MW power supply. For higher power requirements, the cost 

of the plasma reactor has been calculated proportionally.
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The appraisal of the OPEX has followed a similar approach to that of CAPEX1,2 (Appendix 

A), with the cost of utilities and raw materials involved in each chemical process being 

calculated based on the mass and energy balances from the respective process simulations 

(Chapter 2 and 4). The cost of catalyst has been included in the OPEX of the conventional 

processes. However, it has not been considered in the plasma processes, as the values 

–yield and power consumption- selected in this research study refer to different operating 

conditions and reactor configurations. Material costs have been estimated for unit prices 

reported either in literature or technical reports. Utility costs have been evaluated accord-

ing to the method provided by Ulrich et al.10, which correlates the price of different utilities 

with that of the conventional fuels. In this case the residual fuel oil has been selected with 

a price of 10.97 $/MMBtu11. Moreover, in terms of the generated steam the price of 3$/

klb12 has been considered for all studied chemical processes. In terms of the electricity 

costs, the price of hydropower has been assumed to be 0.05$/kWh13, whereas for wind 

power electricity prices has been selected at 0.033$/kWh14

The attractiveness of the investment in the examined chemical process has been evaluated 

against the profitability index (PI), which is the defined as the ratio of the present value 

of future cash flows over the initial investment. A PI≈1 has been set in this study as the 

threshold to determine the selling price that render each process profitable. The cash flow 

employs both CAPEX and OPEX elements and the methodology is provided in Appendices 

B and C for each studied chemical process. The CAPEX and OPEX elements of this analysis 

have been calculated based on factorial approach1 whereas the annual depreciation costs 

are estimated based on the MACRS depreciation method1.

6.3. eConomiC evaluaTion of differenT nh3 synThesis 
rouTes

6.3.1 CaPex & oPex
The cost of equipment, materials and utilities involved in the conventional NH3 synthesis 

are provided in Tables 6-5–6-15 of the Appendix B. The CAPEX and OPEX of the given pro-

cess have been evaluated based on the method presented in Tables 6-1–6-2 (Appendix A) 

and the distribution of expenses among the different cost elements is presented in Figure 

6.1. As it can be inferred from the respective graphs, the CAPEX is dictated by the direct 

costs with a cumulative share of 52% out of which 30% is allocated to the purchased 

cost equipment (PCE). The high pressure costs associated with the conventional process 

are reflected in both CAPEX and OPEX, with the share of compressor costs and electricity 

accounting for 12.6% and 17%, correspondingly. It is important to be mentioned that 

the incorporation of the steam and the other by-products credits has reduced remarkably 
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the operating expenditures and, in turn, the production cost by 32%. The total CAPEX 

and OPEX have been determined for the conventional process at 369 M.€ and 112 M.€, 

respectively. The production cost has been estimated at 247 €/ton (303 $/ton) which is in 

agreement with respective values reported in literature15,16.

As far as the renewable H2-based NH3 synthesis is concerned (Figure 6.2), its CAPEX profile 

is dictated remarkably by the PCE with a respective contribution of 47.8%. The acquisi-

tion cost of the compressor constitutes the major factor influencing the total capital costs 

with a respective share of 26.9%. The operating costs demonstrate a different profile as 

compared to the conventional process discussed above. The cooling and heat requirements 

Figure 6.1. CAPEX and OPEX of conventional NH3 synthesis (452,200 TPY)

Figure 6.2. CAPEX and OPEX for renewable H2-based NH3 Synthesis (3,400 TPY)
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are the primary contributory elements to the total production cost operating expenditures 

with a cumulative share of 52%. The values of both CAPEX and OPEX are set to around 

11.1 M.€ and 3.7 M.€, correspondingly, resulting in a production cost of 1,080 €/ton 

(1,237 $/ton), 4 times higher than that of the conventional. However, it is important to be 

mentioned that the majority of the electricity requirements, as shown in Chapter 2, are 

attributed to the water electrolysis and, in turn, an improvement in the efficiency of this 

process can reduce considerably the production cost.

Regarding the economic performance of the plasma-assisted NH3 synthesis, the best case 

scenario considering an energy efficiency of 17.2 g/ kWh, 5% NH3 yield and 5% energy 

recovery with the form of generated steam has been evaluated. The CAPEX and OPEX of 

the given process has been estimated with the same factorial approach as the renewable 

H2-based process (Tables 6-2 and 6-3 of Appendix A). As it can be inferred from the Figure 

6.3, the cost of the plasma reactor dominates the capital costs by 39%, whereas the 

second most contributory factor is the installation, which is responsible for 12% of the 

total capital expenditures. The purchase equipment cost (PCE) dominates the total CAPEX 

by 47.8%. In terms of the operating costs, the contribution of the electricity consumption, 

mainly related to the plasma reactor, accounts for 54%. The total CAPEX and OPEX have 

been determined for the given process design scenario of the plasma process yield to 7.7 

M.€ and 1.73 M.€, respectively. The production cost has been estimated to 5,079 €/ton 

NH3 (6,238 $/ton NH3), 21 and 5 times higher than that of the conventional and renewable 

H2-based processes, respectively.

Figure 6.3. CAPEX and OPEX for plasma-assisted NH3 Synthesis (340 TPY)
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6.3.2. Cash flow analysis
A cash flow analysis has been conducted for all examined ammonia synthesis routes on the 

basis of profitability by employing the CAPEX and OPEX presented above. In terms of the 

conventional process (Figure 6.4), profitability occurs for a selling price of 640 €/ton NH3 

which is in compliance with the market prices reported online and in technical papers17,18. 

Figure 6.4. Cumulative cash flow and NPV for conventional NH3 synthesis over a 10-year operating 
period (Profitability Index=1.0)

Figure 6.5. Cumulative cash flow and NPV for renewable H2-based NH3 synthesis over a 10-year oper-
ating period (Profitability Index=1.0)
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The specific process seems to start generating a positive cash flow in the 4th year of its 

operation, resulting in a cumulative cash amount of 822 M.€ at the end of the 10th year.

On the other hand, the renewable H2-based process demonstrates a profitability (Figure 

6.5) for a much higher selling price of 2,719 €/ton NH3. The NPV and cumulative cash flow 

for the given selling price amounts to 10 M.€ and 26 M.€, respectively. However, consider-

ing the current market price of anhydrous ammonia, it seems that the particular chemical 

process could not be industrially exploited at this stage unless reductions in the operating 

costs take place. This is closely related with energy efficiency of the hydrogen production 

by means of water electrolysis, as mentioned also above.

The plasma-assisted NH3 synthesis (Figure 6.6), under the specific design considerations, 

exhibits a profitability for the selling price of 16,284 €/ton NH3, with a NPV and cumulative 

cash flow of 7 M.€ and 18 M.€, respectively. Based on this selling value, which is 32 and 

6 times higher than that of the aforementioned ammonia processes, the plasma process 

is rendered an economically unfeasible option. For a lower energy efficiency, it can be 

inferred that both CAPEX and OPEX will be markedly higher than the ones presented here. 

Although, a lower electricity price, probably at 0.01 $/kWh will reduce the electricity costs 

and in turn the overall production cost, there is still need for improving the plasma power 

consumption given that downstream activities have minimal impact.

Figure 6.6. Cumulative cash flow and NPV for plasma-assisted NH3 synthesis over a 10-year operating 
period (Profitability Index=1.0)
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6.4. eConomiC evaluaTion of differenT hno3 
synThesis rouTes

6.4.1. CaPex & oPex
The CAPEX of the conventional HNO3 synthesis has been evaluated based on the approach 

presented in Tables 6-3 and 6-4 of Appendix A. In addition to the equipment depicted in 

its process design in Figure 4.1 (Chapter 4), an abatement technology for reducing the 

NOx emissions generated from the ammonia oxidation has been considered. As it can be 

deduced from the Figure 6.7, the PCE plays the most important role in the overall capital 

costs with a respective share of 38.3%. The impact of the relatively high operating pressure 

Figure 6.7. CAPEX and OPEX for conventional HNO3 (60% w.w.) synthesis (95,200 TPY)

Figure 6.8. CAPEX and OPEX for plasma-assisted HNO3 (60% w.w.) synthesis (3400 TPY)
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is reflected by the contribution of the cost of compressors which accounts for 31.7% 

of the CAPEX. However, due to the enhanced energy efficiency of the process, there is 

no electricity requirements and the cooling energy costs contribute only by 8.3% to the 

total OPEX. It is worth mentioning that the process is material intensive since the cost 

of ammonia dominates completely the raw material expenses by 99%. The NOx abate-

ment technology, though it constitutes an important consideration of the environmental 

performance of the conventional process, it seems to yield a low impact on the OPEX 

with a share of 0.3%. The total CAPEX and OPEX are estimated at 24 M.€. and 12. M.€, 

correspondingly. The production cost has been evaluated at 128 €/ton HNO3, value which 

seems to be reasonable considering the selling price reported online19.

As far as the plasma-assisted HNO3 synthesis is concerned, the CAPEX (Figure 6.8) is also 

dominated by the PCE with a contribution of 47.8%. Due to the low pressure costs, the 

purchased cost of compressors accounts for 17.4% of the CAPEX. As compared with the 

plasma-assisted ammonia synthesis, the energy efficiency of the plasma process is much 

more improved and this is clearly reflected. by the lower contribution of the plasma reac-

tors to the total capital and operating costs. Instead, the cooling requirements govern the 

operating expenses by 37.7% CAPEX and OPEX for the plasma-assisted ammonia synthesis 

have been appraised to 4.53 M.€ and 1.3 M.€., respectively. The production cost has been 

estimated to 370 €/ton HNO3.

6.4.2. Cash flow analysis
Similar to the different ammonia synthesis routes, a cash flow analysis has been also carried 

out for the two nitric acid production routes examined in this thesis (Figure 6.9). The selling 

price that turns the conventional nitric acid synthesis marginally profitable, based on the 

design consideration described in Chapter 4, is 252 €/ton HNO3. This values falls within 

the range of market prices reported in literature. The NPV and cumulative cash flow by the 

end of the 10th year of operation is set to approximately 22 M.€ and 55 M.€., respectively.

In the case of the plasma-assisted HNO3 synthesis (Figure 6.10), the process demonstrated 

an investment attractiveness for a market price of 1,034 €/ton HNO3, 4 times higher than 

that of the conventional route. The NPV and cumulative cash flow is estimated at 4 M.€ 

and 11 M.€, respectively. Though relatively high, the given selling price of the plasma nitric 

acid synthesis reflects a better economic performance as compared to the other nitrogen 

fixation reaction and provides promising perspectives on its commercialization. Efforts 

towards the successful industrial application of the plasma process, given the average 

market prices19,20, will require at least the reduction of either purchased equipment cost or 

utility costs, unless CAPEX and OPEX estimation method is changed.
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Figure 6.10. Cumulative cash flow and NPV for plasma-assisted HNO3 (60%w.w.) synthesis over a 10-
year operating period (Profitability Index=1.0)

Figure 6.9. Cumulative cash flow and NPV for conventional HNO3 (60%w.w.) synthesis over a 10-year 
operating period (Profitability Index=1.0)
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6.5. ConClusions

A preliminary economic assessment of the plasma-assisted nitrogen fixation based on the 

proposed process design and production rates has been conducted in order to obtain 

insights on their profitability. Benchmarking with conventional production routes has been 

implemented to comprehend the magnitude of improvement possibly required in the novel 

plasma processes. Based on the results of the economic evaluation, for the case of ammo-

nia synthesis conventional route exhibits a production cost of 247 €/ton NH3, whereas the 

renewable H2-based and plasma-assisted processes yielded a respective cost of 1,080 €/ton 

NH3 and 5,079 €/ton NH3. On the other hand, plasma process has demonstrated greater 

potential for the synthesis of nitric acid with a production cost of 370 €/ton, 3 times higher 

than that of the conventional route.
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aPPendix a: faCTorial meThod for CaPex and oPex 
esTimaTion

The term “Actuals” as presented in the following tables refers to the cost of the respective 

component whose value is provided in the tables of Appendices B and C.

Table 6-1. Capital cost factors for conventional NH3 synthesis (452,200 TPY)

Direct costs %

Total purchase cost (PCE) Actuals ($)

Purchase equipment installation 47% of PCE

Instrumentation controls installed 18% of PCE

Piping installed 66% of PCE

Electrical systems installed 11% of PCE

Buildings, process 18% of PCE

Site development 10% of PCE

Utilities / Services 70% of PCE

Total

Indirect costs

Engineering and supervision 33% of PCE

Construction expenses 41% of PCE

Contractor’s fee 21% of PCE

Contingency 42% of PCE

Fixed Capital Investment (FCI) Direct Costs + Indirect Costs

Working Capital Investment (WCI) 15% of TCI

Total Capital Investment (TCI) WCI + FCI
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Table 6-2. Operating cost factors for conventional NH3 synthesis (452,200 TPY)

Variable costs %

Raw materials Actuals ($)

Utilities Actuals ($)

Catalysts Actuals ($)

Fixed costs %

Maintenance 8% of direct costs

Operation labor Actuals ($)

Supervision 33% of operating labour

Plant overheads 5% of general expenses

Capital charges 15% of direct costs

Insurance 0.4% of direct costs

Local taxes 1% of direct costs

Royalties 1% of direct costs

Total Variable + Fixed costs

Sales expenses 10% of (Variable costs + Fixed costs)

Total operating costs Variable costs + Fixed costs + Sales expenses

Table 6-3. Capital cost factors for conventional HNO3 (95,200 TPY), plasma-assisted NH3 (340 TPY), 
renewable H2-based NH3 (3,400 TPY) and plasma-assisted NH3 syntheses

Direct costs %

Total purchase cost (PCE) Actuals ($)

Purchase equipment installation 25% of PCE

Instrumentation controls installed 6% of PCE

Piping installed 10% of PCE

Electrical systems installed 10% of PCE

Buildings, process 4% of PCE

Site development (-)% of PCE

Utilities / Services 6% of PCE

Total Direct costs

Indirect costs

Engineering and supervision 5% of Direct costs

Construction expenses 6% of Direct costs

Legal expenses (-)% of PCE

Contractor’s fee (-)% of PCE

Contingency 5% of FCI

Fixed Capital Investment (FCI) Direct Costs + Indirect Costs

Working Capital Investment (WCI) 15% of TCI

Total Capital Investment (TCI) WCI + FCI
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Table 6-4. Operating cost factors for conventional HNO3 (95,200 TPY), plasma-assisted NH3 (340 TPY), 
renewable H2-based NH3 (3,400 TPY) and plasma-assisted NH3 syntheses

Variable costs %

Raw materials Actuals ($)

Utilities Actuals ($)

Catalysts Actuals ($)

Fixed costs %

Maintenance 2% of FCI

Operation labour Actuals ($)

Supervision (-)% of operating labour

Plant overheads 50% of operating labour

Laboratory charges 10% of operating labour

Insurance 0.4% of FCI

Local taxes 1% of FCI

Royalties (-)% of direct costs

Total Variable + Fixed costs

Sales expenses 10% of (Variable costs + Fixed costs)

Total operating costs Variable costs + Fixed costs + Sales expenses

aPPendix b: eConomiC assessmenT of differenT nh3 
synThesis rouTes

The values in USD ($) have been converted into euros using an exchange rate of 0.814 €/$.

Table 6-5. Equipment cost for conventional NH3 synthesis (452,200 TPY)

Equipment Cost ($)

Heat exchangers 2,840,085

Columns & vessels 5,826,997

Reactors 3,248,814

Compressors & Expander 57,084,237

Membrane 207,384a

Total purchased equipment cost ($) 69,207,519

Total purchased equipment cost (€) 56,349,654.35

a membrane cost has been estimated for a flux rate21 of 61 m³/h/m² and a cost21 of 860 $/m²
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Table 6-6. Equipment cost for renewable H2-based NH3 synthesis (3,400 TPY)

Equipment Cost ($)

Heat Exchangers 60,764

Reactors 328,051

Compressor 4,785,836

PSA Unit 116,652a

H2O Electrolysis Unit 1,020,340b

Absorption Tower & Flash Columns 13,833

Expander 223,945

Total purchased equipment cost ($) 6,549,891

Total purchased equipment cost (€) 5,333,006

a price has been estimated based on the given equation1 C2=C1(V2/V1)0.6, where C2 is the equipment cost for 
a capacity V2 and C1 is the equipment cost for a capacity V1. C1 and V1 have been estimated at $60,00022 for 
3,000 Nm³/h22, respectively. V2 has been estimated based on Table 2-3.
b price has been estimated base don the above equation for C1 and V1 of $800,00023 and 600 Nm³/h23, respec-
tively. V2 has been estimated based on Table 2-3.

Table 6-7. Equipment cost for plasma-assisted NH3 synthesis (340 TPY)

Equipment Cost ($)

Heat exchangers 59,014

Columns & Vessels 39,733

Reactors 3,684,540

Compressors 427,556

PSA Unit 256,298a

H2O Electrolysis Unit 42,000b

Total purchased equipment cost ($) 4,509,140

Total purchased equipment cost (€) 3,671,400

a price has been estimated based on the given equation1 C2=C1(V2/V1)0.6, where C2 is the equipment cost for 
a capacity V2 and C1 is the equipment cost for a capacity V1. C1 and V1 have been estimated at $60,00022 for 
3,000 Nm³/h22, respectively. V2 has been estimated based on Table 2-2.
b price has been estimated based on the above equation for C1 and V1 of $800,00023 and 600 Nm³/h23, respec-
tively. V2 has been estimated based on Table 2-2.

Table 6-8. Annual material and utility costs of the conventional NH3 synthesis (452,200 TPY)

Raw Material

Amount (per year) Unit Price ($) Annual Cost ($)

Natural Gas (ton) 228,394 172.1a 39,304,234

Catalysts

Desulfurization - cobalt molybdenum (kg) 603b 1.024 630

Desulfurization – zinc oxide (kg) 8,867c 1.225 10,640

Primary Reformer – nickel (kg) 3,768d 5.026 18,842

Second. Reformer – nickel (kg) 3,015d 5.026 15,073
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Table 6-8. (continued)

HTS – chromium oxide (kg) 4,699e 4.127 19,267

LTS – copper oxide (kg) 14,009f 5.028 70,047

Methanation – nickel (kg) 1,507d 5.026 7,537

Synthesis – iron (kg) 23,940g 1.029 23,940

Process Water (m³) 3,759,214 0.09 338,684

Utility

Amount (per year) Unit Price ($) Annual Cost

Cooling Water (m³) 308,222,569 0.09 27,769,137

Electricity (kWh) 232,142,591 0.075h 17,387,480

Refrigeration (GJ) 16.94 13.21 224

Steam (ton) 832,655 41.8 34,806,740

Heat (GJ) 7,717,089 17.05 131,546

Credits

Amount Unit Price ($) Annual Cost

Steam (ton) 3,755,950 6.6 (24,789,270)

H2 (ton) 3,340 1,390i (4,642,356)

Natural Gas (ton) 42,857 172.1a (7,375,168)

Total Annual Cost ($) 81,215,286

Total Annual Cost (€) 66,126,534

a natural gas price for the year 201711; b for a bulk density of 0.68 kg/L; c for a bulk density of 2 kg/L; d for a 
bulk density 0.85 kg/L; e for a bulk density of 0.63 kg/L; f for a bulk density of 0.79 kg/L; g for a bulk density 
of 2.7 kg/l; h electricity price for advanced cc with ccs plant30; i hydrogen price of 1.39 $/kg31 based on steam 
reforming

Table 6-9. Annual material and utility costs of the renewable H2-based NH3 synthesis (3400TPY)

Raw Material

Amount Unit Price ($) Annual Cost ($)

Process Water (m³) 90,390 0.29 53,007

Catalysts

Synthesis – iron (kg) 180 1.0029 180

Utility

Amount Unit Price ($) Annual Cost ($)

Cooling Water (m³) 2,980,150 0.24 729,256

Electricity (kWh) 45,164,630 0.05 2,258,232

Heat (GJ) 60,902 3.69 224,846.15

Refrigeration –Absorption (GJ) 23,579 0.04 879

Credits

Amount Unit Price ($) Annual Cost ($)

Steam (ton) 3,919 6.6 (25,921)

O2 (ton) 1,483 12.03a (17,848)
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H2 (ton) 18 1,390b (24,890)

N2 (ton) 64 20.02c (1,291)

Total Annual Cost ($) 3,196,270

Total Annual Cost (€) 2,602,444

a oxygen price per unit estimated for a cylinder of 11.09m³ (£31.20)32 and oxygen density of 327.32 kg/m³ (at 
250 bar and 10°C); b hydrogen price of 1.39 $/kg31 based on steam reforming; c nitrogen price per unit esti-
mated for a cylinder 9.8 m³ (£35.45)33 and oxygen density of 251.09 kg/m³ (at 230 bar and 10°C)

Table 6-10. Annual material and utility costs of the plasma-assisted NH3 synthesis (340 TPY)

Raw Material

Amount (per year) Unit Price ($) Annual Cost ($)

Process Water (m³) 3,181 0.25 338,684

Utility

Amount (per year) Unit Price ($) Annual Cost

Cooling Water (m³) 139,452 1.04 144,843

Electricity (kWh) 23,166,690 0.05 1,158,334

Heat (GJ) 1,345 0.24 321

Credits

Amount Unit Price ($) Annual Cost

Steam (ton) 1,336 6.6 (8,838)

O2 (ton) 144.8 12.03a (1,742)

Total Annual Cost ($) 1,293,729.13

Total Annual Cost (€) 67,590,745

a oxygen price per unit estimated for a cylinder 11.09m³ (£31.20)32 and oxygen density of 327.32 kg/m³ (at 
250 bar and 10°C)

Table 6-11. ANNUAL labour COST

Process Number of Operators Annual Labor Cost ($)*

Conventional NH3 20 2,007,360

Renewable H2-based NH3 2 200,736

Plasma-assisted NH3 2 200,736

*for an hourly wage of $36.9, 8 hour workday for 340 days per year.
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aPPendix C: eConomiC assessmenT of differenT hno3 
synThesis rouTes

The values in USD ($) have been converted into euros using an exchange rate of 0.814 €/$.

Table 6-14. Equipment cost for conventional HNO3 synthesis (95,200 TPY)

Equipment Cost ($)

Heat Exchangers 350,310

Reactors 74,856

Absorption and Bleaching Columns 1,221,256

Compressors 9,247,620

NOx abatement 286,10634

Total purchased equipment cost ($) 11,180,148.27

Total purchased equipment cost (€) 9,103,020.95

Table 6-15. Equipment cost for plasma-assisted HNO3 synthesis (3,400 TPY)

Equipment Cost ($)

Heat exchangers 35,200

Columns & vessels 1,228,180

Reactors 233,760

Compressors & Expander 972,650

PSA Unit 200,000

Total purchased equipment cost ($) 2,669,789

Total purchased equipment cost (€) 2,173,777

Table 6-16. Annual material and utility costs of the conventional HNO3 synthesis (95,200 TPY)

Raw Material

Amount Unit Price ($) Annual Cost ($)

NH3 (ton) 16,403 50917 8,349,107

Process Water (m³) 47,951 0.16 7,756

Catalyst (kg) 19 27,942

Utility

Amount Unit Price ($) Annual Cost

Cooling Water (m³) 9,469,439 0.14 1,285,498

NOx removed (ton) 55 76034 41,472

Credits

Amount Unit Price ($) Annual Cost

Steam (ton) 33,233 6.6 (219,802)

Total Annual Cost ($) 9,996,050

Total Annual Cost (€) 8,138,913
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Table 6-17. Annual material and utility costs of the plasma-assisted HNO3 synthesis (3,400 TPY)

Raw Material

Amount Unit Price ($) Annual Cost ($)

Process Water (m³) 3,795 0.19 710

Utility

Amount Unit Price ($) Annual Cost

Cooling Water (m³) 347,146 1.71 593,485

Electricity (kWh) 11,391,890 0.03 341,757

Credits

Amount Unit Price ($) Annual Cost

Steam (ton) 2,082 6.6 13,769

Total Annual Cost ($) 922,183

Total Annual Cost (€) 750,854

Process Number of Operators Annual Labor Cost ($)*

Conventional NH3 5 501,097

Plasma-assisted HNO3 2 200,736

*for an hourly wage of $36.9, 8 hour workday for 340 days per year.
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Chapter 7
Eco-efficiency Analysis of Plasma-assisted and 

Conventional Nitrogen Fixation

This chapter is based on:

Anastasopoulou, A., Keijzer, R., Butala, S., Lang, J., van Rooij, G. & 
Hessel, V. Eco-efficiency analysis of plasma-assisted nitrogen fixation. 

Under Preparation (2018).
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absTraCT

An eco-efficiency analysis has been conducted, as a sustainability performance indica-

tor, by combining the LCC and the LCA results of each examined ammonia and nitric 

acid synthesis route p after being normalized and weighted against certain scientific 

and societal factors. The analysis has been established based on the BASF methodology 

and an eco-efficiency plot has been generated, with its axes being inverted so that the 

most eco-efficient scenario is located closer to the upper right corner of the plot. Results 

have exhibited a better eco-efficiency profile for the plasma-assisted HNO3 (6% NO yield) 

synthesis, powered by wind energy with and without the consideration of 20% energy 

recovery, as compared to the conventional chemical process. In the case of the ammonia 

synthesis, plasma process demonstrated promising potential for a power consumption 

lower than 17.2 g NH3/kWh HNO3 and energy recovery of 5%.
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7.1. inTroduCTion

Nowadays, with the ever increasing environmental concerns and the demand for greater 

consumer value, contemporary chemical processes seem to confront immense challenges 

with respect to the long-term ecological and economic profile of the final delivered prod-

ucts. Reduced use of natural resources and low overall environmental impact, along with 

high economic value, are the major forces driving sustainability in the chemical and other 

manufacturing industries. Upon these considerations, the need for the deployment of 

a multi-criteria assessment tool is imperative. A commonly used approach towards the 

sustainability assessment of a product or service is the concept of eco-efficiency1–4, which 

considers both its associated environmental impact and economic performance. More 

precisely, according to the World Business Council of Sustainable Development (WBCSD) 

the term of eco-efficiency is defined as below5:

Eco-efficiency =
value of product or service

total environmental influences

The concept of eco-efficiency is practically implemented through two main methodologies: 

a) the BASF methodology6 and b) the Eco-costs methodology developed by Delft University 

of Technology7. The primary difference between these two techniques lies in the way the 

environmental impact is calculated and expressed in the generated eco-efficiency portfolio 

graph. In the BASF technique, the environmental impact is estimated based on the ag-

gregation of certain LCA impact categories with the use of some weighting factors. On 

the other hand, the Eco-costs technique expresses the LCA impact categories as costs 

associated with the amount of the environmental burden of a product or service on the 

basis of prevention of that burden. Based on that, the overall environmental impact is 

calculated on the sum of the costs of all selected LCA impact categories.

For the cases of the conventional and plasma-assisted nitrogen fixation, an eco-efficiency 

analysis has been conducted for the process design proposed in this research work by em-

ploying the BASF methodology8. With respect to the plasma-assisted ammonia synthesis, 

the analysis has been conducted for the scenarios of the 1% and 5% NH3 yield for the 

power energy consumption of 1.9 g NH3/kWh (Power A) and 17.2 g NH3/kWh (Power C) 

with inclusion of the energy recovery scheme, 5% of the energy input. This consideration 

will provide information on the effect of yield and power consumption on both LCA and 

Life Cycle Costs (LCC), which will be described below. In addition to these scenarios, the 

5% NH3 yield has been also studied standalone for Power A and C without the inclusion of 

energy recovery. For the nitric acid synthesis, the 2% and 6% NO yield scenarios, including 

and excluding the recovery of 20% of the input energy, have been selected. Similar to 
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the economic assessment described in the Chapter 6, electricity has been assumed to be 

provided by hydropower and wind for the plasma-assisted NH3 and HNO3, respectively. A 

detailed description of the procedure followed in the BASF eco-efficiency methodology will 

be presented below.

7.2. basf eCo-effiCienCy meThodology

7.2.1. overview
The BASF eco-efficiency methodology comprises four main steps so as to ensure com-

parability among different products or services, and more precisely in our case, different 

alternatives for the nitric acid synthesis8. In particular, these steps are: a) the calculation of 

selected environmental impact categories from the relevant LCA study, b) the aggregation 

of selected impact categories through a weighting system of scientific and societal fac-

tors for the estimation of the overall environmental impact, c) the calculation of the life 

cycle costs incurring throughout the process steps involved within the system boundaries 

defined in the LCA study and d) the generation of the eco-efficiency portfolio matrix based 

on a given procedure2. A more detailed description of the first three steps followed in the 

eco-efficiency analysis of the conventional and plasma-assisted nitric acid production is 

provided below.

7.2.2. environmental impact Categories
The environmental impacts involved in the eco-efficiency analysis are the following:

Ø Primary energy consumption

Ø Resource depletion

Ø Land use

Ø Air, water and soil emissions

Ø Toxic potential

Ø Risk potential

Based on the conducted LCA study, certain impact categories from the CML 2001 method 

have been selected for the estimation of the above environmental impacts. In essence, 

the primary energy consumption has been calculated based on the Cumulative Energy 

Demand (CED), whereas the resource depletion based on the Depletion of Abiotic Re-

sources (ADP). For the land use the corresponding impact category has been deployed and 

for the toxic potential the Human Toxicity Potential (HTP) has been considered. Regarding 

the air emissions, the Global Warming Potential (GWP), Ozone Depletion Potential (ODP), 

Photochemical Ozone Creation Potential (POCP) and Acidification Potential (AP) have been 
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utilized. The water emissions and soil emissions (soil waste) have been calculated based 

on the Marine Ecotoxicity Potential (MAETP) and Terrestrial Ecotoxicity Potential (TAETP), 

respectively. In this eco-efficiency study, the risk potential refers to the amount of possible 

fatal accidents occurred per year and it has been assumed to be the same for all selected 

chemical processes. The values of the aforementioned environmental impact categories for 

the plasma-assisted NH3 synthesis, considering 1% and 5% yield, power A and 5% energy 

recovery are presented in Tables 3-4 and 3-5 in Chapter 3. The corresponding values for 

the same NH3 yield scenarios, but for the power scenario power C and 5% energy recovery 

are presented in Table 7-1. In Table 7-2, the respective values 2% and 6% NO yield plasma 

process are presented.

7.2.3. impact Categories aggregation
In order to aggregate the impact categories, as presented in Tables 7-1 and 7-2, under 

one single environmental score, a normalization is first implemented against a set of a 

given dataset dictated by the employed LCIA methodology. In this case, where CML 2001 

Table 7-1. Absolute values of environmental impact categories categories employed in the eco-efficiency 
analysis for the different NH3 synthesis routes (per ton NH3)

Environmental Impact/
LCA Impact Category

Conventional 
Process

Plasma Process 
(1% NH3 yield)a

Plasma Process 
(5% NH3 yield)b

Renewable 
H2-based

Air Emissions

GWP (kg CO2-eq) 1.52E+03 2.73E+03 2.09E+02 1.50E+03

AP (kg SO2-Eq) 3.97E-01 1.18E+00 -1.64E+00 3.85E-01

ODP (kg CFC-11-Eq) 4.87E-04 7.10E-04 1.32E-04 4.10E-04

POCP (kg ethylene-Eq) 1.41E-01 3.03E-01 7.62E-03 1.57E-01

Water Emissions

MAETP (kg 1,4-DCB-Eq) 5.41E+02 1.48E+03 2.38E+02 4.39E+02

Soil Waste

TAETP (kg 1,4-DCB-Eq) 3.43E-02 3.71E-01 5.53E-02 1.50E-01

Primary Energy Consumption

CED (MJ-Eq) 4.86E+04 4.68E+04 5.10E+03 2.53E+04

Resource Depletion

ADP (kg -antimony-Eq) 2.36E+01 2.27E+01 2.07E+00 1.25E+01

Toxicity Potential

HTP (kg 1,4-DCB-Eq) 4.55E+02 1.41E+03 5.76E+02 6.56E+02

Land Use

Land Use (km²a) -3.34E-05 -1.58E-05 -3.65E-05 -1.96E-05

Risk Potential

Number of Accidents 5 5 5 5

a plasma-assisted NH3 (1% NH3; Power C; 5% energy recovery); b plasma-assisted NH3 (1% NH3; Power C; 5% 
energy recovery);
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is used, the impact categories are normalized based on the normalization scores for the 

Netherlands (1997/1998)9. For the risk potential, normalization data has been used from 

a different literature source for the work accidents reported in Netherlands for the same 

reference year (1998)10.

Upon the completion of this step, the normalized impact categories are further weighted 

against certain societal factors which reflect the social opinion at a given region on the 

importance of the given environmental impact categories. For the purpose of this eco-

Table 7-2. Absolute values of environmental impact categories employed in the eco-efficiency analysis 
for the different HNO3 synthesis routes (per ton HNO3)

Environmental Impact/
LCA Impact Category

Conventional 
Process

Plasma 
Process-1a

Plasma 
Process-2b

Plasma 
Process-3c

Plasma 
Process-4d

Air Emissions

GWP
(kg CO2-eq)

6.21E+02 3.87E+02 3.15E+02 2.07E+02 1.34E+02

AP
(kg SO2-Eq)

1.51E+00 1.05E+00 8.59E-01 5.01E-01 3.09E-01

ODP
(kg CFC-11-Eq)

1.34E-04 7.27E-05 5.90E-05 4.23E-05 2.86E-05

POCP
(kg ethylene-Eq)

8.69E-02 7.28E-02 5.95E-02 4.37E-02 3.04E-02

Water Emissions

MAETP
(kg 1,4-DCB-Eq)

6.22E+02 9.95E+02 8.29E+02 9.35E+02 7.69E+02

Soil Waste

TAETP
(kg 1,4-DCB-Eq)

2.70E-01 9.95E-02 8.17E-02 8.17E-02 6.39E-02

Primary Energy Consumption

CED (MJ-Eq) 9.70E+03 5.81E+03 4.72E+03 3.13E+03 2.04E+03

Resource Depletion

ADP
(kg -antimony-Eq)

4.74E+00 2.97E+00 2.41E+00 1.59E+00 1.03E+00

Toxicity Potential

HTP (kg 1,4-DCB-Eq) 2.98E+02 3.21E+02 2.67E+02 2.96E+02 2.42E+02

Land Use

Land Use
(km²a)

8.49E-06 8.59E-06 6.98E-06 6.87E-06 5.26E-06

Risk Potential

Number of Accidents 5 5 5 5 5

a plasma-assisted HNO3 (2% NO; 7.77 kWh/kg NO; w/o energy recovery); b plasma-assisted HNO3 (6% NO; 7.77 
kWh/kg NO; w/o energy recovery); c plasma-assisted HNO3 (2% NO; 7.77kWh/kg NO; 20% energy recovery); 
d plasma-assisted HNO3 (6% NO; 7.77kWh/kg NO; 20% energy recovery)
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efficiency analysis, the societal factors have been extracted from literature11, since no 

adequate data could be found for the country of Netherlands, and are presented for all 

impact categories in Figure 7.1.

7.2.4. life Cycle Costs
A Life Cycle Cost (LCC) analysis constitutes a method for assessing the overall costs incur-

ring during the entire life cycle of a system or a component. More precisely, it considers 

the costs related to the construction and procurement, the operation and maintenance, as 

well as, the decommissioning or disposal of a product, system or service. Upon estimation, 

these costs are further discounted back to present value and summed up for the calcula-

tion of the total life cycle cost.

In the context of the particular eco-efficiency analysis, the LCC analysis has been limited 

only to the costs incurred within the system boundaries – “cradle to gate” – defined 

in the conducted LCA study. The estimation of the LCC follows a similar approach as 

the cash flow presented in Chapter 7. A detailed LCC analysis of the 2% NO yield, 1% 

NH3 (for power A & C; with 5% energy recovery) and 5% NH3 (for power A and C; with 

and without energy recovery) is provided in Tables 7-3 to 7-11 (Appendix A), so as to 

demonstrate the methodology employed and also the economic performance of these 

process design scenarios which have not been presented in Chapter 6. The life cycle costs 

are further normalized against the gross domestic product (GDP) of the same region that 

has been considered for the normalization of the environmental impact categories. In this 

Figure 7.1. Societal factors employed in the eco-efficiency analysis11
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case, the life cycle costs are normalized against the GDP of Netherlands as reported for the 

reference year of 1997/19989. In the context of this eco-efficiency analysis, the life cycle 

costs have been divided by the total annual production of each chemical process, in order 

to obtain the LLC per unit of product (per ton NH3 and HNO3) and combined it with the 

aforementioned environmental impacts.

7.3. eCo-effiCienCy resulTs

7.3.1. nh3 synthesis
A normalization procedure for all the environmental impact categories presented in Table 

7-1 and 7-2, except the emissions which have undergone an additional step of weighting 

in order to be aggregated, has been conducted and the calculated values are plotted in the 

graph of Figure 7.2. The specific graph depicts the relative performance of the examined 

scenarios against the least favourable one, which is denoted by the value of 1, for all the 

selected impact categories. In order to facilitate the readability of the ecological footprint 

graph, the 5% NH3 yield scenario has been depicted for the different power consump-

tions and the inclusion of energy recovery. Their performance has been evaluated against 

Figure 7.2. Ecological footprint of the different plasma-assisted NH3 synthesis routes
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that of the conventional and renewable H2-based processes. The impact of the energy 

recovery in the case of the higher energy consumption for the plasma process is remarkably 

high in terms of reducing the emission and, especially, the resources impact categories. In 

overall, as it can be inferred from the given graph, from an ecological viewpoint the plasma 

process for high power consumption, as power A scenario, is proved to be inferior of the 

conventional routes. However, achieving an improved energy efficiency by lowering power 

consumption and recovering heat, seems to provide promising potential for an enhanced 

environmental performance of the plasma process.

Combining the normalized and weighted impact categories with the life cycle costs based 

on the methodology described by Kicherer et al.8, the eco-efficiency portfolio can be cre-

ated as shown in Figure 7.3 for the different ammonia synthesis routes. The axes of the plot 

are inverted so that the scenario that has the lowest sum of environmental and economic 

performance is located closer to the upper right corner and thus, be described as the most 

eco-efficient one5. As shown from the graph, all the process design scenario considered 

for a power consumption of 1.9 g NH3/kWh are placed in the left section of the portfolio. 

This implies that the specific designs are the least eco-efficient option for the synthesis of 

ammonia as compared to the other presented on the right section. Although as shown 

above the higher power consumption along with the incorporation of steam from energy 

recovery improves markedly the environmental performance of the plasma process, the 

high cost of the power supply outweighs these benefits. In terms of the options presented 

on the right part of the eco-portfolio, almost all processes demonstrate the same environ-

Figure 7.3. Eco-efficiency portfolio for the different NH3 synthesis routes
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mental impact, with a marginal superiority of the plasma process considering the power 

C scenario and 5% energy recovery. However, their eco-efficiency seems to be decided 

on the basis of life cycle costs. According to this, the conventional ammonia synthesis is 

proved to be the most eco-efficient option at this stage over the other examined processes.

7.3.1. hno3 synthesis
The ecological footprint of the different nitric acid syntheses is presented in Figure 7.4. 

Based on this graph, all the considered plasma scenarios exhibit a better performance 

over the conventional for the primary energy consumption and resource depletion impact 

categories. More precisely, the plasma process for the 2% NO yield scenario demonstrates 

values for the “Resources Depletion” and “Primary Energy Consumption” indicators lower 

by 37% and 40%, respectively, as compared to the conventional one. The same trend 

is also observed for the 6% NO yield scenario, whose values are 49% and 51% lower 

than the conventional process. On the other hand, even with the incorporation of energy 

recovery, the plasma process for all considered scenarios is outperformed in terms of the 

emissions from the conventional process.

As shown already in the Table 7-4, the higher life cycle costs and the more burdened 

environmental profile turn the 2% NO yield scenario to be the least eco-efficient alterna-

tive as compared to the rest scenarios. The effect of product yield is significant in improving 

Figure 7.4. Ecological footprint of the different plasma-assisted HNO3 synthesis routes
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the eco-efficiency of the plasma process. As it can be observed from the graph (Figure 

7.5), the increase of NO yield expands considerably the distance between the footprints 

of the plasma yield scenarios, rendering the 6% NO yield process more eco-efficient. At a 

comparative level with the conventional process, the plasm process with the consideration 

of 20% energy recovery demonstrates an improvement in both LCA and LCC profiles.

7.4. ConClusions

Considering the results generated from the eco-efficiency analysis for both conventional 

and plasma-assisted nitrogen fixation, the plasma-assisted ammonia synthesis exhibits some 

relatively promising potential for a power consumption lower than 17.2 g NH3/kWh HNO3 

and energy recovery of 5%. It is likely that a higher energy recovery with the form of steam 

generation will reflect improvement in both LCA and LCC terms. However, at this stage the 

conventional ammonia synthesis is considered to be more eco-efficient production option.

In terms of the nitric acid synthesis, the effect of the NO yield on both environmental and 

economic performance of the plasma process is identified as critical. Though the 2% NO 

yield scenario has exhibited a better overall ecological footprint than the conventional one, 

Figure 7.5. Eco-efficiency portfolio for the different HNO3 synthesis routes
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the high life cycle costs attributed to the higher energy costs, turn to be determinant factor 

of its inferior eco-efficiency profile against the conventional production route.

Nevertheless, the 6% NO yield scenario has reflected a competitive performance as to 

the conventional one. When energy recovery is incorporated, the specific plasma process 

design exhibits the highest eco-efficiency among the other options. Under these consid-

erations, a distinct focus is placed on the increase of the energy efficiency and product 

yield of the plasma process as both ecological and economic benefits associated with its 

implementation in the nitric acid synthesis can be foreseen.
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aPPendix a

Table 7-3. Life cycle cost analysis for plasma-assisted HNO3 (2% NO & 20% energy recovery) for 3,400 
TPY expressed in 103€

Year 1 2 3 4 5 6 7 8 9 10

Total Capital 
Investment

4,544 4,544 4,544 4,544 4,544 4,544 4,544 4,544 4,544 4,544

Annual Operating 
Costs (OC w/o depr.)

1,408 1,408 1,408 1,408 1,408 1,408 1,408 1,408 1,408

Annual Depreciation 818 1,309 785 471 471 236

Total Annual Operating 
Costs (OC)

2,226 2,717 2,193 1,879 1,879 1,644 1,408 1,408 1,408

Present Value Factor 
(12%)

0.89 0.80 0.71 0.64 0.57 0.51 0.45 0.40 0.36 0.32

Present Value of 
Annual OC

1,774 1,934 1,394 1,066 952 743 569 508 453

Total Net Present Value 
of Annual OC

1,774 3,708 5,102 6,168 7,120 7,864 8,432 8,940 9,393

LCC 4,544 6,318 8,252 9,645 10,712 11,664 12,407 12,976 13,484 13,937

Table 7-4. Life cycle cost analysis for plasma-assisted HNO3 (2% NO; w/o energy recovery) for 3,400 TPY 
expressed in 103€

Year 1 2 3 4 5 6 7 8 9 10

Total Capital 
Investment

4,544 4,544 4,544 4,544 4,544 4,544 4,544 4,544 4,544 4,544

Annual Operating 
Costs (OC w/o depr.)

1,421 1,421 1,421 1,421 1,421 1,421 1,421 1,421 1,421

Annual Depreciation 818 1,309 785 471 471 236

Total Annual 
Operating Costs (OC)

2,239 2,729 2,206 1,892 1,892 1,656 1,421 1,421 1,421

Present Value Factor 
(12%)

0.89 0.80 0.71 0.64 0.57 0.51 0.45 0.40 0.36 0.32

Present Value of 
Annual OC

1,785 1,943 1,402 1,074 959 749 574 512 458

Total Net Present Value 
of Annual OC

1,785 3,728 5,130 6,203 7,162 7,911 8,485 8,997 9,455

LCC 4,544 6,328 8,271 9,673 10,747 11,705 12,455 13,028 13,541 13,998
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Table 7-5. Life cycle cost analysis for plasma-assisted HNO3 (6% NO; w/o energy recovery) for 3,400 TPY 
expressed in 103€

Year 1 2 3 4 5 6 7 8 9 10

Total Capital 
Investment

4,544 4,544 4,544 4,544 4,544 4,544 4,544 4,544 4,544 4,544

Annual Operating 
Costs (OC w/o depr.)

1,271 1,271 1,271 1,271 1,271 1,271 1,271 1,271 1,271

Annual Depreciation 818 1,309 785 471 471 236

Total Annual Operating 
Costs (OC)

2,089 2,579 2,056 1,742 1,742 1,506 1,271 1,271 1,271

Present Value Factor 
(12%)

0.89 0.80 0.71 0.64 0.57 0.51 0.45 0.40 0.36 0.32

Present Value of 
Annual OC

1,665 1,836 1,307 988 883 681 513 458 409

Total Net Present Value 
of Annual OC

1,665 3,501 4,808 5,796 6,679 7,360 7,874 8,332 8,741

LCC 4,544 6,209 8,045 9,351 10,340 11,222 11,904 12,417 12,876 13,285

Table 7-6. Life cycle cost analysis for plasma-assisted NH3 (1% NH3; Power C; 5% energy recovery) for 
340 TPY expressed in 103€

Year 1 2 3 4 5 6 7 8 9 10

Total Capital 
Investment

7,674 7,674 7,674 7,674 7,674 7,674 7,674 7,674 7,674 7,674

Annual Operating 
Costs (OC w/o 
depr.)

2,232 2,232 2,232 2,232 2,232 2,232 2,232 2,232 2,232

Annual 
Depreciation

1,381 2,210 1,326 796 796 398

Total Annual 
Operating Costs 
(OC)

3,613 4,442 3,558 3,027 3,027 2,630 2,232 2,232 2,232

Present Value 
Factor (12%)

0.89 0.80 0.71 0.64 0.57 0.51 0.45 0.40 0.36 0.32

Present Value of 
Annual OC

2,880 3,162 2,261 1,718 1,534 1,190 901 805 719

Total Net Present 
Value of Annual 
OC

2,880 6,042 8,303 10,021 11,555 12,744 13,646 14,450 15,169

LCC 7,674 10,554 13,716 15,977 17,695 19,229 20,418 21,320 22,124 22,843
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Table 7-7. Life cycle cost analysis for plasma-assisted NH3 (1% NH3; Power A; 5% energy recovery) for 
340 TPY expressed in 103€

Year 1 2 3 4 5 6 7 8 9 10

Total Capital 
Investment

49,477 49,477 49,477 49,477 49,477 49,477 49,477 49,477 49,477 49,477

Annual Operating 
Costs (OC w/o 
depr.)

11,711 11,711 11,711 11,711 11,711 11,711 11,711 11,711 11,711

Annual 
Depreciation

8,906 14,249 8,550 5,130 5,130 2,565

Total Annual 
Operating Costs 
(OC)

20,617 25,961 20,261 16,841 16,841 14,276 11,711 11,711 11,711

Present Value 
Factor (12%)

0.89 0.80 0.71 0.64 0.57 0.51 0.45 0.40 0.36 0.32

Present Value of 
Annual OC

16,436 18,478 12,876 9,556 8,532 6,458 4,730 4,223 3,771

Total Net Present 
Value of Annual 
OC

16,436 34,914 47,790 57,346 65,878 72,336 77,066 81,289 85,060

LCC 49,477 65,913 84,391 97,267 106,823 115,356 121,813 126,543 130,766 134,537

Table 7-8. Life cycle cost analysis for plasma-assisted NH3 (5% NH3; Power A; w/o energy recovery) for 
340 TPY expressed in 103€

Year 1 2 3 4 5 6 7 8 9 10

Total Capital 
Investment

49,477 49,477 49,477 49,477 49,477 49,477 49,477 49,477 49,477 49,477

Annual Operating 
Costs (OC w/o 
depr.)

11,641 11,641 11,641 11,641 11,641 11,641 11,641 11,641 11,641

Annual 
Depreciation

8,906 14,249 8,550 5,130 5,130 2,565

Total Annual 
Operating Costs 
(OC)

20,547 25,891 20,191 16,771 16,771 14,206 11,641 11,641 11,641

Present Value Factor 
(12%)

0.89 0.80 0.71 0.64 0.57 0.51 0.45 0.40 0.36 0.32

Present Value of 
Annual OC

16,380 18,429 12,832 9,516 8,497 6,426 4,702 4,198 3,748

Total Net Present 
Value of Annual OC

16,380 34,809 47,641 57,157 65,654 72,080 76,782 80,980 84,728

LCC 49,477 65,858 84,286 97,118 106,634 115,131 121,557 126,259 130,457 134,205
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Table 7-9. Life cycle cost analysis for plasma-assisted NH3 (5% NH3; Power A; 5% energy recovery) for 
340 TPY expressed in 103€

Year 1 2 3 4 5 6 7 8 9 10

Total Capital 
Investment

49,477 49,477 49,477 49,477 49,477 49,477 49,477 49,477 49,477 49,477

Annual Operating 
Costs (OC w/o 
depr.)

11,565 11,565 11,565 11,565 11,565 11,565 11,565 11,565 11,565

Annual Depreciation 8,906 14,249 8,550 5,130 5,130 2,565

Total Annual 
Operating Costs 
(OC)

20,471 25,814 20,114 16,695 16,695 14,130 11,565 11,565 11,565

Present Value Factor 
(12%)

0.89 0.80 0.71 0.64 0.57 0.51 0.45 0.40 0.36 0.32

Present Value of 
Annual OC

16,319 18,374 12,783 9,473 8,458 6,392 4,671 4,170 3,724

Total Net Present 
Value of Annual OC

16,319 34,693 47,476 56,949 65,407 71,799 76,469 80,640 84,363

LCC 49,477 65,796 84,170 96,954 106,427 114,884 121,276 125,947 130,117 133,841

Table 7-10. Life cycle cost analysis for plasma-assisted NH3 (5% NH3; Power C; w/o energy recovery) for 
340 TPY expressed in 103€

Year 1 2 3 4 5 6 7 8 9 10

Total Capital 
Investment

7,674 7,674 7,674 7,674 7,674 7,674 7,674 7,674 7,674 7,674

Annual Operating 
Costs (OC w/o 
depr.)

1,735 1,735 1,735 1,735 1,735 1,735 1,735 1,735 1,735

Annual 
Depreciation

1,381 2,210 1,326 796 796 398

Total Annual 
Operating Costs 
(OC)

3,116 3,945 3,061 2,531 2,531 2,133 1,735 1,735 1,735

Present Value 
Factor (12%)

0.89 0.80 0.71 0.64 0.57 0.51 0.45 0.40 0.36 0.32

Present Value of 
Annual OC

2,484 2,808 1,945 1,436 1,282 965 701 626 559

Total Net Present 
Value of Annual 
OC

2,484 5,293 7,238 8,674 9,956 10,921 11,622 12,248 12,806

LCC 7,674 10,158 12,966 14,912 16,348 17,630 18,595 19,296 19,922 20,480
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Table 7-11. Life cycle cost analysis for plasma-assisted NH3 (5% NH3; Power C; 5% energy recovery) for 
340 TPY expressed in 103€

Year 1 2 3 4 5 6 7 8 9 10

Total Capital 
Investment

7,674 7,674 7,674 7,674 7,674 7,674 7,674 7,674 7,674 7,674

Annual Operating 
Costs (OC w/o 
depr.)

1,727 1,727 1,727 1,727 1,727 1,727 1,727 1,727 1,727

Annual 
Depreciation

1,381 2,210 1,326 796 796 398

Total Annual 
Operating Costs 
(OC)

3,108 3,937 3,053 2,522 2,522 2,125 1,727 1,727 1,727

Present Value 
Factor (12%)

0.89 0.80 0.71 0.64 0.57 0.51 0.45 0.40 0.36 0.32

Present Value of 
Annual OC

2,478 2,802 1,940 1,431 1,278 961 697 623 556

Total Net Present 
Value of Annual 
OC

2,478 5,280 7,220 8,651 9,929 10,890 11,587 12,210 12,766

LCC 7,674 10,152 12,954 14,894 16,325 17,603 18,564 19,261 19,884 20,440

Figure 7.6. Magnified image of the right section of the eco-efficiency portfolio presented in Figure 7.3



Chapter 8
Techno-Economic Feasibility Study of Renewable 
Power Systems for a Small-Scale Plasma-Assisted 

Nitric Acid Plant in Africa

(a) (b)

(c)

AC DC

Grid Electric Load

EnerSection® FB200-1600

33,504 kWh/d
1616.5 kW peak

PV

AC DC

Grid

G1500

Electric Load

EnerSection®

FB200-1600

33,504 kWh/d
1616.5 kW peak

AC DC

Grid

G1500

Electric Load

EnerSection® FB200-1600

33,504 kWh/d
1616.5 kW peak

PV

This chapter is based on:

Anastasopoulou, A., Butala, S., Patil, B., Suberu, J., Fregene, M., Lang, J., 
Wang, Q. & Hessel, V. Techno-Economic Feasibility Study of Renewable 
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absTraCT

The expected world population growth by 2050 is likely to pose great challenges in the 

global food demand and, in turn, in the fertilizer consumption. The Food and Agricultural 

Organization of the United Nations has forecasted that 46% of this projected growth will 

be attributed to Africa. This, in turn, raises further concerns about the sustainability of 

Africa’s contemporary fertilizer production, considering also its high dependence on fertil-

izer imports. Based on these facts, a novel “green” route for the synthesis of fertilizers has 

been considered in the context of the African agriculture by means of plasma technology. 

More precisely, a techno-economic feasibility study has been conducted for a small-scale 

plasma-assisted nitric acid plant located in Kenya and South Africa with respect to the 

electricity provision by renewable energy sources. In this study, standalone solar and wind 

power systems, as well as a hybrid system, have been assessed for two different electricity 

loads against certain economic criteria. The relevant simulations have been carried out in 

HOMER software and the optimized configurations of each examined renewable power 

system are presented in this study.



8

165

Techno-Economic Feasibility Study of Renewable Power Systems for a Small-Scale Nitric Acid Plant

8.1. inTroduCTion

As the world population is increasing rapidly and is expected to reach up to 9.1 billion 

people by the end of 20501, there are even greater concerns about the future global food 

demand and the sustainable agricultural practices that should be widely implemented. 

The latter issue has been actually raised by the ineffective use of land resources and the 

burdened environmental profile of current fertilizer production. More precisely, the carbon 

dioxide emissions generated from the ammonia production accounts for approximately 

42%2 of the total industrial process emissions, whereas, due to its high energy require-

ments, it has been classified as one of the most energy intensive chemical processes3. As 

ammonia is also used as a raw material for the synthesis of nitric acid, this encumbers 

practically the ecological profile of all nitrogen fertilizers. Based on these facts, it is clear 

that the existing fertilizer production techniques need to incorporate breakthrough tech-

nologies that will have a positive environmental and societal footprint.

According to the Food and Agricultural Organization of the United Nations (FAO), the 

greatest contribution to this aforementioned population growth will be mainly attributed 

to the developing countries. Africa, specifically, will be one of the major role players in 

this trend with an expected share of 46%4. In addition, the country is also immensely 

dependent on fertilizer imports due to the high variability in the soil fertility conditions 

and the high domestic fertilizer prices5. Given these facts, there is an imperative need for 

adopting and implementing an intensified fertilizer production practice that will ensure a 

sustainable fulfillment of the majority of the African countries’ domestic needs.

New routes towards the production of “green” fertilizers have been opened by the appli-

cation of plasma technology and the utilization of atmospheric air. Experimental research 

studies have demonstrated promising results in the synthesis of nitric oxide, which, in 

turn, can be converted to nitric acid from air or pure N2/O2 mixture by means of non-

thermal plasma in different reactor configurations6–8. Efforts towards the decentralized 

commercialization of the plasma technology for synthesizing nitric acid have been recently 

initiated. A first approach to the conceptualization of the plasma-assisted nitrogen fixation 

at a small industrial scale has been made by Anastasopoulou et al., where important energy 

considerations—the integration of renewable energy sources, the power supply system of 

the plasma reactors and the energy efficiency of the downstream activities—have been 

presented as a part of the methodology followed in the MAPSYN (Microwave, Ultrasonic 

and Plasma assisted Syntheses) project9. Ingels and Graves have proposed a system, em-

ploying a non-thermal air plasma reactor and powered by renewable electricity, for the 

synthesis of nitric acid10. The given process has been suggested for agricultural applications 

and, more precisely, for the enhancement of the nitrogen content in organic fertilizers. 
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Additionally, Evonik Industries (Essen, Germany) have promoted the idea of utilizing wind 

energy for powering a modular plasma-assisted plant for producing nitrogen dioxide (NO2) 

that could readily be converted to fertilizer11. VIVEX Engineering Ltd. (Gateshead, UK), a 

supplier of cold plasma technology, and Rishabh Metals & Chemicals Pvt. Ltd. (Mumbai, In-

dia), a company with a diversified production portfolio, have designed a portable fertilizer 

plant based on the plasma-assisted nitric acid synthesis, which claims to achieve a HNO3 

concentration of 25% to 60% and consume 20% less energy as the other processes12. 

Although the latter references exhibit a strong industrial potentiality of the non-thermal 

plasma technique for the production of nitric acid, they lack in providing a detailed process 

design that can facilitate the respective environmental and economic assessment of the 

plasma-assisted nitric acid process against the conventional production route.

Considering the aforementioned knowledge gap, a comprehensive process design for 

a small-scale plasma-assisted nitric acid plant of 10 Tons Per Day (TPD) incorporating 

renewable energy sources has been proposed and environmentally assessed against the 

conventional production pathway13. The outcomes of the given study have revealed a 

better environmental profile for the plasma-aided process under certain process design 

considerations, such as the recycling of the tail gas stream and 6% nitric oxide yield. More 

specifically, under these operating conditions, it has been shown that the plasma process 

can achieve a Global Warming Potential value 19% lower than the conventional nitric acid 

synthesis. Taking into account such an improved environmental footprint, as well as the 

inherent flexibility of small-scale plants with respect to the required product specifications, 

deploying this novel technology in the context of a decentralized fertilizer production to 

African countries is likely to tackle the contemporary challenges of their agriculture in 

a sustainable manner. In addition to that, the capitalization potential of Africa’s renew-

able energy resources will also facilitate remarkably the effort towards the use of “green” 

energy.

In this research work, a feasibility assessment of renewable electricity supply for the pro-

posed small-scale plasma-assisted nitric acid plant in the countries of Kenya and South 

Africa has been conducted and evaluated on both technical and economic bases. The 

reason behind the selection of the particular locations lies in the fact that South Africa and 

Kenya constitute the fifth and seventh biggest countries in population in Africa with high 

fertilizer consumption—approximately 58 and 30 kg per ha of arable14,15, respectively—

and high potential in renewable energy utilization. Considering countries of such profiles 

is likely to provide important insights in the application of the studied chemical process to 

other countries of Africa as well. In this study, two process design scenarios are examined 

against three different renewable power systems for the cases of Kenya and South Africa. 

The selected power systems have been modeled in HOMER software (HOMER Pro, National 
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Renewable Energy Laboratory, Boulder, CO, USA) and optimized configurations have been 

proposed based on cost-effectiveness criteria.

8.2. meThodology–aPProaCh

In the following sections, the steps followed in the simulations carried out in HOMER soft-

ware are provided along with the input data and assumptions that have been employed.

8.2.1. Case study description
Based on the proposed process design for the plasma-assisted nitric acid production of 

10 TPD13, two scenarios have been considered with respect to the operating conditions: 

scenario A, which refers to the well-performing case of 6% NO yield and 7.77 kWh/kg NO 

power consumption, and scenario B, which refers to the updated experimental results of 

1% NO yield and power consumption of 23 kWh/kg NO. In both scenarios, the operating 

temperature of the stoichiometric reactor resembling the plasma reactor has been set to 

(a) (b)

(c)

AC DC

Grid Electric Load

EnerSection® FB200-1600

33,504 kWh/d
1616.5 kW peak

PV

AC DC

Grid

G1500

Electric Load

EnerSection®

FB200-1600

33,504 kWh/d
1616.5 kW peak

AC DC

Grid

G1500

Electric Load

EnerSection® FB200-1600

33,504 kWh/d
1616.5 kW peak

PV

Figure 8.1. Schematic diagram of the power systems simulated in HOMER software: (a) solar; (b) wind; 
and (c) hybrid (wind/solar) power systems.
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130°C so as to facilitate the recycling of the expanded tail gas stream from 350°C and 6 

bar to atmospheric pressure back to the reactor.

The renewable energy feasibility study for the selected industrial process has been con-

ducted in the HOMER software, which enables the simulation and optimization of different 

microgrid systems comprising renewables and/or conventional power sources based on 

economic criteria. The particular software has been used in many similar research studies 

and has provided great insights in the techno-economic performance of the proposed 

electricity generation systems16–19. In this case, three different renewable power systems, as 

shown in Figure 8.1, have been examined and simulated for both process design scenarios: 

(a) standalone solar; (b) standalone wind; and (c) hybrid wind/solar power systems. The 

selected systems have also been considered to be connected to the grid only for price\

back the excess electricity that cannot be utilized by the system under the given operating 

conditions. Any additional cost related to the grid extension has not been included in this 

study.

8.2.2. load information
The required input data for the industrial electrical load of both process design scenarios 

has been obtained from process simulations in ASPEN Plus software (ASPEN Plus V8.6, As-

pen Technology, Bedford, MA, USA) and is presented in Table 8-1 based on the equipment 

classification that has been made in the previous research work13. In the HOMER software, 

an additional day-to-day random variability of 5% has been considered.

The solar and wind resource data required for the estimation of the photovoltaic (PV) 

panel and wind turbine power output has been obtained for the selected location of 

Kenya (latitude: 0°1.4′S; longitude: 37°54.4′E) and South Africa (latitude: 30°33.6′S; 

longitude: 22°56.3′E) from the “NASA Surface meteorology and Solar Energy” dataset, 

which is embedded in HOMER software. The annual average solar irradiance has been 

determined for the case of Kenya and South Africa to 5.48 kWh/m²/day and 5.85 kWh/m²/

day, respectively, whereas the corresponding average wind speed is 4.42 m/s and 5.66 m/s. 

Table 8-1. Daily AC Electrical Load of a 10 Tons Per Day (TPD) Plasma-assisted HNO3 Plant.

Load Usage
Power Consumption (kW)

Scenario A Scenario B

O2 PSA* Unit 310 148

Plasma Reactor 974 2912

Compressor-1 112 607

Total 1396 3667

* PSA—Pressure Swing Adsorption.
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In Figures 8.2 to 8.5, the corresponding monthly average solar global horizontal irradiance 

and wind speed profiles for both countries are presented.

Figure 8.2. Monthly average solar global horizontal irradiance (GHI) in Kenya.

Figure 8.3. Monthly average wind speed in Kenya.
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Figure 8.4. Monthly average solar GHI in South Africa.

Figure 8.5. Monthly average wind speed in South Africa.

8.2.3. system Components
For the renewable power generation systems considered in this study, four main electrical 

components have to be modeled in the HOMER software. These are the PV array panels, 

the wind turbine, the battery and the converter. For each component, an in-built unit in the 

HOMER software has been employed and its specifications, as well as the size range that 

has been considered for the optimization procedure, are provided below.

8.2.4. Pv array
For modeling the solar power system, a flat plate PV panel has been selected with a derat-

ing factor of 80% and a lifetime of 25 years. The size of the PV configuration has been set 

for scenario A to 1000–16,000 kW and for scenario B from 1000 to 40,000 kW.
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8.2.5. wind Turbine
The generic wind turbine of 1.5 MW capacity has been utilized in the simulations with 

a hub height of 80 m. The lifetime of the turbine has been defined to 20 years and its 

characteristic power curve is provided in Figure 8.6. The number of turbines has been 

defined for scenario A in the range of 2 to 25, and for scenario B from 5 to 50.

Figure 8.6. Power curve of 1.5 MW wind turbine.

8.2.6. battery
As wind and solar power generation systems are associated with high fluctuations in their 

electricity output, a system of batteries is required to ensure a constant power provision. 

For that purpose, a high capacity in-built battery model, the CELLCUBE FB 200-1600 (GILD-

EMEISTER energy solutions GmbH, Würzburg, Germany), has been selected in the given 

study with a firs voltage of 700 V and capacity of 2308 kWh. The roundtrip efficiency and 

the lifetime of the battery are 65% and 20 years, respectively. The size range of the battery 

system has been specified for both scenarios from 20 to 200 units.

8.2.7. Converter
An EnerSection converter (EnSync Energy Systems, Menomonee Falls, WI, USA) has been 

selected for converting the direct current (DC) power output of the solar panel and battery 

systems to alternating current (AC) load with a lifetime of 20 years. The given converter 

operates in both inverter and rectifier modes with corresponding efficiencies of 95% and 

90%. Its size range has been delineated for both scenarios from 1000 to 30,000 kW.

8.3. eConomiC ConsideraTions and ConsTrainTs

The estimation of the Net Present Cost (NPC), against which the proposed electrical sys-

tems in HOMER software are evaluated and optimized, requires the input data of the 

capital, replacement, maintenance and operating costs of the involved components. In 
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this case, the relevant costs of the PV panel and wind turbine, as shown in Table 8-2, have 

been extracted from research studies conducted for the country of Kenya and South Africa. 

However, due to the unavailability of similarly reliable and coherent data for the cost of 

the converter and battery system, generic values have been used in both cases from other 

relevant literature, and operating costs have been assumed to be 2% of the capital cost20.

In addition to the aforementioned economic parameters, the project lifetime of each 

proposed renewable power system has been set to 25 years. In the case of Kenya, the 

discount and the inflation rates have been set to 10% and 6.5%, correspondingly, reflect-

ing the most up-to-date investment environment21. The feed-in tariff for solar and wind 

generated electricity has been selected to be 0.12 $/kWh and 0.11 $/kWh, respectively22. 

For the hybrid system, the tariff has been assumed to be the average value of the two main 

systems—0.115 $/kWh. In the case of South Africa, discount and inflation rates have been 

determined to be 9% and 6%, correspondingly23. The feed-in tariff for solar and wind 

electricity is 0.066 $/kWh and 0.052 $/kWh24, whereas, for the hybrid system, it has been 

assumed to be 0.059 $/kWh.

In order to ensure the safe operation of the small-scale chemical plant regardless of the 

load fluctuations, the operating reserve has been determined as 10% of the hourly electri-

cal load, 25% of the solar and 50% of the wind power output. Additionally, the capacity 

shortage has been fixed to 0%.

Table 8-2. Input data of each component used in HOMER software.

Component Capacity/
Quantity

Capital Cost ($) Replacement
Cost ($)

O&M Cost
($/Year)

PV * Panel
(Case-Kenya)

1 kW 215021 2150 ** 21.521

PV Panel
(Case-South Africa)

1 kW 177025 1770 ** 1026

Wind Turbine
(Case-Kenya)

1 3,808,20021 3,808,200 ** 123,76721

Wind Turbine
(Case-South Africa)

1 2,580,00025 2,580,000 ** 51,60020 ***

Battery 1 2,021,18827**** 2,021,188 ** 40,424

Converter 1 kW 27028 270 ** 5.4

* PV—Photovoltaic; ** Replacement cost has been assumed to be the same as the capital cost; *** The annual 
operating and maintenance (O&M) cost has been assumed to be 2% of the capital cost; **** Exchange rate 
used in this study: 1 EUR = 1.123 USD.
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8.4. resulTs

Manifold simulations have been conducted for each renewable power system examined in 

both process design scenarios for the two selected countries, and the optimized configura-

tions with respect to the minimum net present cost (NPC) have been determined. Tables 

8-3a and 8-4a present the number and the capacity of the components comprising each 

optimized power system configuration for each scenario, whereas Tables 8-3b and 8-4b 

show the respective economic factors that have been calculated: initial investment; annual 

operating and maintenance costs; cost of electricity (COE); net present cost and the annual 

amount of excess electricity being sold to the grid. The simulation results for the two 

selected locations will be presented below per electrical load scenario.

Table 8-3. (a) Optimized configurations of the examined renewable power systems for scenario A; (b) 
Economic results of optimized configurations of the examined renewable power systems for scenario A.

(a)

Scenario A Number/Capacity of Components

PV Panel (kW) Wind Turbine Converter (kW) Battery

Case-Kenya

Solar 16,000 - 14,222 42

Wind - 21 15,824 67

Hybrid 15,990 5 10,814 20

Case-South Africa

Solar 15,511 - 10,162 24

Wind - 15 3658 49

Hybrid 6633 3 4049 20

* COE—Cost of Energy, ** NPC—Net Present Cost.
(b)

Scenario A Initial
Investment ($)

O&M Cost
($/year)

COE * ($) NPC ** ($) Electricity Sold
(kWh/year)

Case-Kenya

Solar 123,000,000 899,922 0.411 155,000,000 10,155,706

Wind 220,000,000 3,000,000 0.545 312,000,000 21,720,846

Hybrid 96,800,000 −295,601 0.200 104,000,000 18,479,066

Case-South Africa

Solar 78,700,000 233,084 0.197 93,000,000 14,349,695

Wind 139,000,000 914,091 0.214 183,000,000 35,777,702

Hybrid 61,000,000 616,626 0.235 81,700,000 7,370,336

* COE—Cost of Energy, ** NPC—Net Present Cost.
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8.4.1. scenario a
For scenario A and the case of Kenya, as it can be deduced from Table 8-3b, the best 

performing power system with respect to the lowest NPC and the COE is the hybrid system, 

in which PV panels and wind turbines contribute overall by 74% and 26%, respectively, 

to the total electricity production. As compared to the configuration of the standalone 

solar power system, the lower NPC can be mainly attributed, according to Figure 8.7, to 

the reduction of the number of batteries. To elaborate, the incorporation of the five wind 

turbines provides basically greater power provision and reliability to the existing solar power 

system due to the variability of the natural resources, and this, in turn, connotes less energy 

storage and, thus, lower battery capacity required. As it can be verified from Figures 8.2 

and 8.8, in the months of June and July, when the solar radiation is relatively not so high, 

wind power is capable of supplying approximately 30% of the required electricity. However, 

as the cost of batteries primarily dominates the NPC—44%, 59% and 74% of the NPC 

(without the contribution of the grid sales) of hybrid, wind and solar power systems, cor-

respondingly—the penetration of the wind power is therefore highly dictated by this factor

Regarding the standalone wind power system considered in the case of Kenya, the lower 

energy potential of the wind resource as to the solar one, as well as the relatively large 

operating reserve required for the given power system, result in both a high amount of 

wind turbines and required batteries, and, thus, the system turns into an unfavorable 

economic option. Nevertheless, the grid-connection has led to a significantly lower cost 

of energy when compared without grid-connection for all studied electricity generation 

systems since there is great amount of excess electricity that cannot be utilized by the 

Figure 8.7. Cost summary of the optimized renewable power systems examined in scenario A: (a) 
Case-Kenya and (b) Case-South Africa.
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system and, hence, operating costs are reduced remarkably. In essence, for the hybrid 

system, this consideration has resulted in negative operating and maintenance costs as 

shown in Table 8-3(b), practically denoting earnings rather than expenses, which can result 

in a faster payback period as compared to the other two examined power systems.

In the case of South Africa, the optimum power system based on the NPC is also the hybrid 

system with a value lower by 12% and 55% than the standalone solar and wind power 

systems, respectively. The penetration of the PV panels and wind turbines to the overall 

electricity production of the given system, as shown in Figure 8.8, accounts for 55% and 

45%, correspondingly. The large contribution of the wind resource is justified, in this case, 

by the higher wind speed prevailing in the selected country along with the comparable 

cost of the wind turbine to that of the solar panels. Nonetheless, in terms of the COE, the 

solar power system seems to outperform the hybrid one by 17% and the wind one by 8%. 

The latter fact actually connotes cost-competitiveness among the two standalone energy 

resources, which obscures the allocation of a clear economic advantage to one of them.

On a comparative basis, due to the improved solar and wind resource profiles, as well as 

the lower cost of the solar panels and wind turbines, the case of South Africa provides a 

better investment environment than that of Kenya for the renewable electricity generation 

systems examined in this study. For the latter location, the capital expenditures are higher 

by 37% for all power systems, whereas the COE shows an increase only for the solar and 

wind power systems by 52% and 61%, respectively. As far as the hybrid system examined 

in the case of Kenya is concerned, the lower COE can be attributed to the greater electricity 

production, which is reflected by the amount of the excess electricity, and the higher 

feed-in tariff.

Figure 8.8. Contribution of renewable energy sources to the monthly average electricity production of 
the hybrid power system for scenario A: (a) Case-Kenya and (b) Case-South Africa.
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8.4.2. scenario b
A similar profile to scenario A is also exhibited in scenario B for the case of Kenya with an 

increased number of components and higher capital investment, as practically expected 

due to the higher electrical load. In this case, it is remarkable that, in comparison with 

scenario A, solar and wind power systems demonstrate an increase in the cost of energy 

in the range of 4%–7%, whereas the hybrid one shows a decrease of 19%. This trend 

could be associated with the amount of excess electricity generated by the hybrid power 

system and the earnings with respect to the system operation and maintenance, which are 

approximately three times and six times higher, respectively, as to the corresponding power 

system in scenario A. Hence, lower costs that incur over the project lifetime are divided by 

a greater energy output, and, consecutively, lower cost of energy is yielded.

From Figure 8.9, it can be inferred that the electricity produced from the hybrid system is 

allocated mainly to the solar panels by an overall percentage of 63%, and less to the wind 

turbines by 37%. The optimized configuration of the given power system is likely to have 

Table 8-4. (a) Optimized configurations of the examined renewable power systems for scenario B; (b) 
Economic results of optimized configurations of the examined renewable power systems for scenario B.
(a)

Scenario B Number/Capacity of Components

PV Panel (kW) Wind Turbine Converter (kW) Battery

Case-Kenya

Solar 40,000 - 26,928 115

Wind - 50 26,397 189

Hybrid 40,000 21 27,136 39

Case-South Africa

Solar 39,964 - 26,393 64

Wind - 47 13,917 122

Hybrid 25,031 23 16,006 34

(b)

Scenario B Initial
Investment ($)

O&M Cost
($/year)

COE ($) NPC ($) Electricity Sold
(kWh/year)

Case-Kenya

Solar 326,000,000 2,920,000 0.454 420,000,000 22,782,496

Wind 580,000,000 8,730,000 0.622 837,000,000 47,689,340

Hybrid 252,000,000 −1,760,000 0.163 254,000,000 60,397,525

Case-South Africa

Solar 207,000,000 735,555 0.204 247,000,000 36,268,887

Wind 372,000,000 1,200,000 0.173 467,000,000 119,814,126

Hybrid 177,000,000 −2,130,000 0.079 165,000,000 85,286,814
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been determined principally by the total cost of the battery system, as its impact remains 

determinant on the NPC even in scenario B as can be concluded by Figure 8.10, ranging 

from 32% to 70% for the examined power systems.

Figure 8.9. Contribution of renewable energy sources to the monthly average electricity production of 
the hybrid power system for scenario B: (a) Case-Kenya and (b) Case-South Africa.

With respect to the case of South Africa, the best performing electricity generation system is 

the hybrid one with a penetration of 38% and 62% for the solar and wind energy sources, 

correspondingly. As compared to the standalone solar and wind power systems, the hybrid 

one demonstrates a NPC lower by 33% and 65%, respectively. Considering the similar cost 

of the major system components, the cost of the battery system is primarily responsible for 

determining the optimized configuration and the associated economic factors, as it can 

also be confirmed from Figure 8.10. However, it is noteworthy that, among the standalone 

renewable power systems, the wind power system yields the lowest cost of energy, a fact 

that supports the aforementioned assertion regarding the cost-competitiveness of these 

two power systems.

Similar to scenario A, the case of South Africa outperforms the case of Kenya in terms of 

both NPC and COE of the examined power systems in the particular scenario. Based on 

previous discussion, the different potential and variability of the energy resources of each 

studied country, as well as the cost of the major system components, is the most dominant 

factor influencing the optimization procedure of each simulated renewable power system.
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8.5. ConClusions

A primary feasibility study of an optimized renewable energy-based electricity system has 

been carried out for the small-scale plasma-assisted nitric acid plant as elaborated in a 

previous research work. Standalone solar, wind and hybrid (wind/solar) power systems 

have been considered for two electrical load scenarios. The modeling and optimization of 

the examined power systems have been implemented in the HOMER software based on 

the minimization of the NPC. The simulation results have shown for scenario A and the 

case of Kenya that the hybrid system is likely to be the best economical solution with a 

proposed configuration of 5 wind turbines of 1.5 MW capacity, 15,990 kW solar panels 

and 20 batteries. In the case of South Africa, the optimum with respect to the NPC power 

system is also the hybrid one, comprising 6633 kW solar panels, 3 wind turbines and 20 

batteries. Similarly, for scenario B, the optimum economic system configuration for both 

studied locations is also the hybrid electricity system consisting, in the case of Kenya, of 

40,000 kW solar panels, 21 wind turbines and 39 batteries, whereas, in the case of South 

Africa of 25,031 kW solar panels, 23 turbines and 34 batteries.

It is worth mentioning that, apart from the NPC, which is the main parameter against 

which the simulated power systems are optimized, the COE can also be a basis of decision-

making for future investments. The selection of the best indicator depends merely on 

the investor’s particular investment criteria and goals. To exemplify, in the given study it 

Figure 8.10. Cost summary of the optimized renewable power systems examined in scenario B: 
(a) Case-Kenya and (b) Case-South Africa.
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has been observed that the COE does not necessarily follow the same trend as that of 

the NPC. In the case of South Africa, the standalone wind power system demonstrates 

lower COE value than that of the hybrid one for scenario A, a fact which also promotes 

the implementation of standalone wind power generation and emphasizes the idea of 

“Fertilizer Production by Wind”11.

In general, all optimized configurations of the studied renewable power systems may 

require a relatively high initial capital investment. However, there are certain parameters 

that serve as prime counterweights, such as the long-term environmental sustainability 

linked to the operation of such power systems, as well as the financial benefits associated 

with the reduction of atmospheric emissions, which have not been considered in this study. 

Perhaps, a stronger economic incentive can be the capitalization of existing or upcoming 

renewable energy parks in Kenya and South Africa21, which have demonstrated a proactive 

approach towards the establishment of “green” energy as the main electricity source.

In conclusion, the particular study gives primary insights on the size and economics of 

“green” power provision for the synthesis of nitric acid by plasma technology in a decen-

tralized production mode. Since the given chemical process is of high importance in the 

context of Kenya’s and South Africa’s agriculture, the profitability of such investment on 

renewable energy sources should be thoroughly considered along with the possible long-

term financial and societal benefits of the proposed small-scale plant. Last but not least, it 

is also very important to mention that, apart from the plasma-assisted nitric oxide, and, in 

turn, nitric acid production that has been presented so far from this research group, am-

monia synthesis by means of non-thermal plasma and packed-bed catalysts (DBD reactor) 

is thoroughly investigated. However, as experiments are in progress, a comparative assess-

ment of both plasma-assisted processes from an environmental and economic perspective 

will be provided at a later stage.
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9.1. ConClusions

Industrial nitrogen fixation constitutes indisputably the most important chemical reaction 

from both societal and commercial aspect. In view of the imminent population growth, 

climate changes and stringent environmental regulations, a novel process technology has 

been developed and employed for the synthesis of ammonia and nitric oxide with the 

view to providing an alternative industrial production route independent of non-renewable 

natural resources. Though the successful conduction of these two chemical reactions has 

been accomplished at a laboratory scale, a comprehensive process design reflecting their 

industrial potential has not been proposed yet. Considering this knowledge gap, the pres-

ent thesis aims at providing an ex-ante process design of both ammonia and nitric oxide 

syntheses so as to evaluate their performance holistically prior to commercialization. This 

approach will unveil the potential bottlenecks towards the industrial application of the 

plasma nitrogen fixation and provide the basis for further discussion on the necessary 

mitigation measures.

In overall, ammonia synthesis by plasma technology benefits from the absence of natural 

gas as feedstock and the ambient operating conditions. However, the power consumption 

of the plasma reactor renders the plasma process, at this moment, the least energy ef-

ficient as compared to the conventional and renewable H2-based ammonia syntheses. This 

is also reflected in its environmental and economic performance when evaluated against 

the conventional production routes.

The synthesis of nitric oxide, and in turn nitric acid, by means of plasma technology ben-

efits from the use of atmospheric air and ambient operating conditions as compared with 

the conventional one which employs ammonia as feedstock and relatively high pressure 

and temperature. The proposed process design with the incorporation of the tail gas re-

cycle seems to be an efficient approach from both energy and environmental perspective. 

The given chemical process demonstrates higher potential towards commercialization as 

compared to the plasma-assisted ammonia synthesis.

Highlights of overall assessment of plasma-assisted nitrogen fixation

NH3 Synthesis

•	 Energy	costs	for	the	industrial	plasma-assisted	NH3 production considering 1% yield has 

been estimated at approximately 2,017 GJ per ton NH3.

•	 The	effect	of	the	NH3 yield on the energy consumption of the downstream activities of 

the plasma-assisted ammonia synthesis
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•	 Among	the	available	renewable	energy	sources,	hydropower	is	preferred	as	an	electricity	

provision source for the plasma-assisted NH3 yield.

•	 The	most	dominating	factors	to	the	LCIA	profile	of	the	plasma	process	are	the	impact	

of the plasma power consumption and the downstream activities of the process with a 

contribution of 15%-73% and 15%-81%, respectively.

•	 The	 total	 CAPEX	 and	 OPEX	 have	 been	 determined	 for	 the	 plasma-assisted	 process,	

powered by hydropower and incorporating 5% NH3 yield at 7.7 M.€ and 1.73 M.€, 

respectively. The production cost has been estimated to 5,079 €/ton NH3

HNO3 Synthesis

•	 Energy	costs	for	the	plasma-assisted	HNO3 production considering a 2% and 6% NO yield 

have been estimated at approximately 17.9 GJ and 13.5 GJ per ton HNO3, respectively.

•	 Incorporation	of	conventional	power	generation	is	not	an	environmentally	feasible	ap-

proach to the plasma-assisted nitric acid production.

•	 Renewables	are	highly	preferable	due	to	their	improved	overall	LCIA	profile,	especially	for	

solar, wind, and hydroelectric energy under certain process design considerations.

•	 Among	 the	 examined	 scenarios	 for	 the	 plasma-assisted	 process	 incorporating	 solar	

energy, the 10% NO yield, the tail gas recycle, and the energy recovery scenarios exhibit 

better performance as to the conventional production pathway.

•	 The	total	CAPEX	and	OPEX	of	the	plasma-assisted	process,	powered	by	wind	and	incor-

porating 6% NO yield, have been appraised to 4.53 M.€. and 1.3 M.€., respectively. The 

production cost has been estimated to 370 €/ton HNO3

As far as the industrial feasibility of the plasma-assisted nitrogen fixation is concerned, 

it is important to mention that the ex-ante environmental and economic assessment of 

the plasma-assisted ammonia and nitric acid syntheses, as presented in this thesis, has 

employed generic data and assumptions which may not be representative of all possible 

application contexts. The profitability and environmental performance of the proposed 

process design should be re-assessed in the context of a specific country or region, taking 

into account the prevailing environmental and economic regulatory regimes.

Considering the novelty of the research conducted in the MAPSYN Project and the poten-

tial for further development of the specific technology, it would be wise to evaluate its 

outcomes in the context of the Innovation Fund, which is launched by European Commis-

sion to sponsor technologies being at a technological readiness level of 6 to 9 (TRL 6-9) 

for the period of 2020-20301. Based on the main selection criteria, the performance of 

the plasma technology for the nitrogen fixation system is briefly assessed in the Table 9-1.
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Table 9-1. Performance benchmark of MAPSYN project against the funding criteria of the Innovation 
Fund (Part 1)

Selection Criteria MAPSYN Project-Performance

1.  IF is encouraged to promote cooperation across 
sectors and support partnerships with technology 
service providers that have the potential to cross-
fertilize different industries with key low-carbon 
technologies1.

•	 	The	MAPSYN	Project	has	provided	strong	evidence	
of a successful and efficient collaboration among 
academic and industrial organizations towards 
the development of sustainable technologies at 
an end-user level. Through a multidisciplinary 
approach the design of the proposed industrial 
processes has been optimized from both energy 
and environmental perspectives. Based on this 
expertise, building a “collaborative consortia” 
seems assured.

2.  In terms of the Process, Product or System 
Innovation of chemicals and bio-based1:

I.  Significantly increased resource and energy 
efficiency of process technologies

•	 	The	experimental	results	generated	in	the	given	
project have considered optimized operating 
conditions related to material and energy 
consumption.

II.  Utilization of renewable electricity, alternative 
energy sources, production of Hydrogen with low 
carbon footprint

•	 	The	employment	of	renewable	energy	has	been	
incorporated in the proposed process design of 
the plasma-assisted nitrogen fixation, presented 
in this thesis, and has been a primary prerequisite 
of the MAPSYN project for the industrialization of 
the specific chemical process.

III.  Better utilization of alternative sources of carbon: 
biomass, waste & recycled materials (CO2 from 
industrial flue gases – chemical valorization of 
CO2)

•	 	The	particular	consideration	has	been	employed	
at a conceptual design level, by recycling the 
unreacted N2/H2 (plasma-assisted NH3 synthesis) 
and tail gas stream (plasma-assisted HNO3 
synthesis) back to the plasma reactor. However, 
the industrial feasibility of this design aspect 
needs to be examined.
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Table 9-2. Performance Benchmark of MAPSYN Project against the funding criteria of the Innovation 
Fund (Part 2)

Selection Criteria MAPSYN Project-Performance

IV.  Materials “breakthroughs” including better eco-
design of materials, development of advanced 
sustainable recycling process, high performance 
functional materials for low-carbon energy, mobility 
and housing1.

•	 	This	aspect	of	advanced	process	modeling	has	
been addressed to a great extent by the research 
presented in this thesis. However, the design of a 
robust control system needs still to be addressed.

V.  Integration of advanced process modelling, control 
technologies and digitization

•	 	This	aspect	has	not	been	considered	so	far.

VI.  Industrial symbiosis •	 	The	innovation	delivered	by	the	MAPSYN	Project	
had transformative character. The distributed 
“Plant on Wheels” is a breach of style with 
classical chemical plant engineering. Yet, the 
breach is even larger: probably that new window 
of opportunity will not be used primarily for 
chemical manufacturing purposes as such, 
but as a ‘mediator’ for other industries, which 
need chemicals. One of these is the food-agro 
industry, where fertilizers can now be made 
at the spot of consumption, which e.g. is an 
agricultural land or a greenhouse.

3.  Transparent and Clear Project Selection Criteria1:

I.  Technology Readiness Levels 6-9 •	 	The	pilot	plant	experiments	conducted	in	the	
MAPSYN Project (TRL 4) will be continued in the 
new projects PlasmaPonics and LEAP-Agri of 
TU/e at a TRL 5 level.

II.  Funding Requests Considered between Euro 5 to 
200 million

•	 	Based	on	the	preliminary	economic	evaluation	
of the plasma-assisted HNO3 synthesis for 
a production rate of 3,400 TPY, the capital 
expenditures have been estimated at around 
4.5 M.€.. This amount seems to fulfil the lower 
bound of the available funding.

III.  Innovativeness and performance, project viability 
and robustness of business model;

•	 	The	first	two	criteria	are	fulfilled.	However,	
a detailed business model has not yet been 
developed.

9.2. reCommendaTions

The specific research has yielded important views on the overall energy, environmental and 

economic performance of the novel plasma-assisted nitrogen fixation at a small industrial 

scale. However, further considerations on the three aforementioned aspects are likely to 

enhance the robustness of the proposed plasma process design and in turn its employment 

for industrial purposes. The proposed recommendations, which could serve as areas of 

future research, are provided below:
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Integration of plasma modelling and ASPEN process simulations
Contemporary process simulation software have provided clear advantages in the ex-ante 

process design and economic appraisal of chemical ventures. However, their reliability 

in terms of the generated results is mainly restricted to established chemical processes 

which employ conventional equipment. To exemplify, the ASPEN Plus software used in this 

research work contains only the basic reactor configurations and thus plasma reactor has 

been simulated with a stoichiometric one based on experimental and literature data for 

product yield. Considering this limitation, coupling the capabilities of such software with 

those of programming languages in terms of process modelling will provide important 

views on the impact of the reactor operation on the overall process efficiency. Develop-

ing a mathematical model of the chemical reactions kinetics in the plasma reactor in a 

programming language, which could be incorporated into the selected process simulation 

software, could be an important step towards mapping the critical operating parameters 

affecting energy consumption in the context of an industrial scale process.

Energy recovery in plasma reactor
The importance of the energy efficiency of the plasma reactor has been clearly reflected in 

both environmental and economic assessments. Considering the complexity of the plasma 

physics along with the involved chemical reactions, optimization of a plasma-mediated 

process is definitely a challenging task. However, reducing the power consumption of the 

plasma reactor will considerably improve the overall energy requirements of the entire 

industrial process. Heat recovery in the form of steam generation has been examined in 

this research work and demonstrated great effect on improving the environmental per-

formance of both plasma ammonia and nitric acid syntheses. Although its impact on the 

economic profile of the plasma processes may have been minimal as compared to the 

other cost elements, considering a higher steam price is likely to reduce remarkably the 

production costs. Thus, efforts to develop methods of improving energy efficiency either 

by reducing plasma power consumption or enhancing energy recovery in the reactor needs 

to be made.

Cost estimation method for modular plants
One of the limitations of this research work involves the estimation of the capital and 

operating expenditures of the novel plasma-assisted processes. Even though the predict-

ability of the employed cost estimation method has proved to be good for the conventional 

production routes, its performance in the case of the plasma-assisted processes needs to be 

validated when benchmarking data from similar processes will be available. The utility and 

equipment costs have been estimated with a relative high confidence, yet the calculation 

of the rest cost components, piping, maintenance and etc., needs to be further evaluated.
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Economic and environmental implications of renewable energy 
deployment
The deployment of renewable energy sources is perceived as cornerstone to the decarboni-

sation of the industrial sectors. In the context of the low-carbon economy goals set by the 

European Union by the end of 2050 and given the existing high penetration of renewable 

energy sources in EU energy mix2, efforts are directed towards the development of a policy 

that will ensure the effective distribution of large shares of variable renewable electricity 

to different sectors without compromising the stability of the electricity markets. However, 

there are major challenges related to2: a) the potential curtailment of renewables due to 

electricity excess that cannot be absorbed by the EU electricity markets b) the effect of 

power exchange among different Member states on the interconnection capacity c) the 

impact of the wholesale market price of variable renewable electricity -which demonstrates 

a decreasing trend- on the viability of conventional energy sources, which are necessary for 

the security of the power supply.

Moreover, considering the environmental benefits associated with the application of 

renewable energy, especially in reducing carbon footprint, the forthcoming extensive use 

of renewables is likely to affect the carbon allowance price as regulated by the European 

Union Emissions Trading System (ETS). Similar to the electricity market, the ETS is also char-

acterised by a relatively high price volatility induced by the dynamics of carbon emissions 

supply and demand. Based on these facts, further research on the potential economic and 

environmental implications of employing renewable electricity in the extensive deployment 

of the plasma-assisted nitrogen fixation process at a specific country level or a broader 

application context will be beneficial for shaping the future of “green” fertilizer manufac-

turing.
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