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Ammonia (NH3) is the second highest produced chemical commodity worldwide, which commonly used
in manufacturing of fertilisers, refrigerants, dyes and other chemicals. Haber Bosch process is the most
established process to produce NH3 from hydrogen (H2) and nitrogen (N2). However, this process releases
large amount of greenhouse gases (GHG) annually as this process consumes H2 which produces from
steam methane reforming process that utilises methane (CH4) from natural gas. In addition, such process
also consumes large quantity of energy to support the production of NH3. In order to enhance the sustain-
ability of NH3 production, renewable energy (RE) such as solar can be used to replace the traditional
energy system that consumes fossil fuels. Besides, production of H2 and N2 via water electrolysis and
air separation technology which powered by RE can further enhance the sustainability of NH3 production.
Such process is known as green NH3 production. One of the challenges of utilising RE is to have a stable
supply of power. Therefore, concentrated solar power (CSP) is a good option to overcome this challenge,
because it has capability of providing stable power supply. Based on literature review and market survey,
a superstructure which consists of all possible and available technologies for production of green NH3

using CSP as an energy supply is presented. Next, the advantages and disadvantages of each alternative
are evaluated and summarised in a comparison table. Ranking matrices are developed to evaluate and
rank the alternatives quantitatively to determine the optimum pathway for green NH3 production.
Based on the analysis, a conceptual integrated green NH3 production which involves a CSP tower plant
with a two-tank molten salt thermal energy storage (TES) system is determined as the optimum pathway.
Such process fulfils the electricity demand of a pressure swing adsorption (PSA) air separator, polymer
electrolyte membrane (PEM) and NH3 synthesis plant. The results of this work are useful for feasibility
studies on the commercialisation of green NH3 production.
Copyright � 2022 Elsevier Ltd. All rights reserved.
Selection and peer-review under responsibility of the scientific committee of the 1st International Con-
ference on Energy Materials. This is anopenaccess article under the CCBY license (http://creativecommons.
org/licenses/by/4.0/).
1. Introduction

Ammonia (NH3) is one of the key chemicals in the manufactur-
ing of ammonium nitrate which is the main chemical for agricul-
tural fertiliser. NH3 is also one of the largest volume synthetic
chemicals produced in the world. NH3 market is accounted for
USD 7.1 million in year 2019 and is expected to reach a significant
level of USD 212.13 million by the year 2027, with a compound
annual growth rate (CAGR) of 52.9% [1]. Moreover, due to its high
gravimetric hydrogen (H2) density (around 17.7 5 wt%), NH3 is
deemed to be a clean energy carrier for chemical energy storage
purpose [2].

Haber Bosch process is the most established process for synthe-
sis of NH3from hydrogen (H2) and nitrogen (N2). In this process, N2

reacts with H2 in the presence of a catalyst at pressure of 150 –
250 atm and temperature of 400 – 500 �C to produce NH3 [2]. A
process flow diagram of the Haber Bosch process is presented in
Fig. 1 [2].

Note that the formation of NH3 is a reversible reaction and the
forward reaction of NH3 production is exothermic in nature, releas-
ing 92 kJ/mol of energy. Therefore, in order to keep the reaction at
the optimum temperature, large amount of cooling utilities is
needed.

N2ðgÞ þ 3H2ðgÞ $ 2NH3ðgÞDH ¼ �92kJ=mol
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Fig. 1. Process block diagram of haber bosch process.
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According to Haber Bosch process, N2 and H2 gases passes
through beds of catalyst in the reactor at the reaction pressure
and temperature of 150–250 atm and 400–500 �C. As such reaction
is a reversible reaction, a single pass conversion can only achieve
up to 15%. Thus, the unreacted gases are recycled multiple times
into the reactor to increase and achieve an overall conversion of
97%. The produced NH3 gas is pressurised and then passed through
a cooler to liquefy the gas for ease of storage purpose. The remain-
ing N2 and H2 in gaseous form can then be further recycled for fur-
ther reaction [3].

In order to meet the demand of H2 for production of NH3, steam
methane reformer is commonly used. Such process belches out
>450 million tonnes of carbon dioxide (CO2) annually, which con-
tributes to 1% of all human emissions [4]. This is due to the utilisa-
tion of methane (CH4) from natural gas as source of H2 through
steam methane reforming and water–gas shift reactions. Such
CO2 and CH4 emissions have caused significant greenhouse effect
to the environment. In addition, this process also consumes large
amount energy which accounts for 1–2% of global non-renewable
energy consumption. With both of these factors in mind, the Haber
Bosch process consumes 3–5% of all the ever-depleting natural gas
(fossil fuel) produced [5].

In order to enhance the sustainability of NH3 production,
various initiatives have been presented which include replace-
ment of fossil fuel with renewable energy sources, utilise H2

and N2 from non-fossil based sources, etc. As there are number
of process alternatives that can be deployed to replace Haber
Bosch process for NH3 production, it is a need to systematically
analyse and evaluate the available process alternatives to
determine the optimum process pathway. In this work, a sys-
tematic decision-making framework is developed to guide the
design engineers to evaluate process alternatives and deter-
mine the optimum pathway based on the proposed selection
matrix.
7

2. Development of systematic decision-making framework

As mentioned previously, there are number of process alterna-
tives can be used to enhance the sustainability of NH3 production.
To evaluate all the possible process alternatives systemically, a
superstructure of the integrated system is first developed. In the
superstructure, the integrated system can be divided into different
categories where alternative technologies/process alternatives
which have the similar process performance can be included into
the same category. For example, to generate H2 from non-fossil
based sources, different type of water electrolysis (e.g., anion
exchange membrane (AEM) water electrolysis, polymer electrolyte
membrane electrolysis, solid oxide water electrolysis, etc.) can be
used. All these process alternatives can then be group as a
category.

Such superstructure is built based on collected information
from literature review and market survey on the available process
alternatives. Once all the available information is collected, ranking
matrix is then developed based on sustainable indices, such as pro-
cess performance, environmental impact, etc. to evaluate each pro-
cess alternatives.

Based on the ranking matrix, all process alternatives for each
category will be ranked. To determine the overall performance of
the integrated system, process simulation tools such as ASPEN
Plus, ASPEN hysys, PRO II, etc. can be used. Mass and energy bal-
ances for the integrated system can then be determined. With such
information, the sustainability performance (e.g., economic, envi-
ronmental impact, etc.) of the integrated system can also be com-
puted. The decision framework is summarised in Fig. 2.

2.1. Literature review and market survey

Following the step in the developed framework (Fig. 2), all the
possible process alternatives are reviewed from literature andmar-



Fig. 2. Systematic decision-making framework.
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ket survey. In order to produce NH3 sustainably, non-fossil based
resources are first identified and reduce the overall energy
consumptions.

Based on the literature review, NH3 production via electro-
chemical is identified as one of the feasible solutions that offers
many advantages, i.e., higher efficiency, energy saving, lower
purification performance and process temperatures as well as
pressures are required. Such process reduces the overall capital
expenditure (CAPEX) cost of the entire process, and it is suitable
for small to medium scale [6,7]. Viewing such benefits, electro-
chemical is used as the basis to develop an integrated NH3 produc-
tion process.

To further enhance the energy performance, such process can
be integrated with concentrated solar power (CSP) as a source of
electricity. This is because CSP is a known as an alternative for
power generation in countries in the sunbelt region, with long day-
light hours ranging from 7 to 12 h and direct normal irradiance
(DNI) [8].

In the following sub-sections, alternative processes, systems
and technologies which can be used to form an integrated NH3 pro-
duction is reviewed.
2.1.1. Concentrated solar power (CSP)
A CSP plant generally consists of three major sections: solar

energy collection, thermal energy storage and a thermal power
generation system [9]. CSP runs on thermal energy which supply
from sunlight to generate electricity steadily and store thermal
energy when the sun is not shining [10]. Such system able to over-
come the limitation of solar photovoltaic which provides electricity
intermittently.

In the solar energy collection section, it is important to reduce
the footprint of the system by concentrating a large area of sun-
light and solar thermal energy into a small area of mirror or lens
configurations, known as receivers. Based on the information col-
lected, there are four types of CSP receiver systems, which are
8

parabolic trough collector (PTC), parabolic dish engine (PDE), solar
power tower with heliostat field (SPT) and compact linear Fresnel
reflector (CLFR) (see Fig. 3). A PTC system (Fig. 3a) consists of a col-
lection of U-shaped mirrors lined up end-to-end. The heat transfer
fluid (HTF) runs through the receiver tubes which locate in the
middle of the system. The mirrored troughs focus sunlight inten-
sely and direct it into the receiver tubes, causing the HTF to heat
up [11]. Meanwhile, PDE system (Fig. 3b) consists of groups of
large parabolic dishes that track the sun along its path. Each dish
is lined with mirrors that direct sunlight to a large central receiver
unit. The receiver unit is filled with HTF (typically hydrogen or
helium) that drives an electricity-generating machine directly,
commonly a Stirling Engine [12]. SPT system (Fig. 3c) uses large
numbers of flat mirrors at ground level, known as heliostats, to
track the sunlight and direct it towards a single receiver filled with
HTF and mounted on a tall tower situated in the middle of the
heliostat field [13]. CLFR system (Fig. 3d) acts similarly to the para-
bolic trough collector system but uses arrays of flat mirrors
instead. However, the receiver tubes in this system are filled with
water, which acts as both HTF and source of steam for thermal
energy storage [12].
2.1.2. Thermal energy storage
As sunlight is not constantly available, integration of thermal

energy storage (TES) systems with CSP technologies prolongs the
operation hours beyond daytime and mitigates the relationship
between CSP technologies and non-favourable climatic conditions,
such as clouds or low solar irradiation. Fig. 4 shows the different
types of TES systems that can be integrated with CSP system. As
shown, there are five types of TES systems, namely (a) Steam accu-
mulator; (b) Two tank molten salt storage (direct/ indirect); (c)
Solid particle, (d) Solid media and thermocline with embedded
heat exchanger and (e) Packed bed.

Steam accumulators (Fig. 4a) store energy in the form of pres-
surised water and release the heat via saturated steam. Such sys-



Fig. 3. CSP Receiver System (a): Parabolic Trough Collectors (PTC); (b): Parabolic Dish Engine (PDE); (c): Solar Power Tower (SPT); (d): Compact Linear Fresnel Reflector
(CLFR).

Fig. 4. CSP Thermal Energy Storage System (a): Steam Accumulator; (b): Two Tank Molten Salt Storage (Direct/ Indirect); (c): Solid Particle, (d): Solid Media and Thermocline
with Embedded Heat Exchanger; (e): Packed Bed.
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tem is charged by feeding steam into the liquid storage, thus
increase the temperature of the liquid storage through condensa-
tion of steam into water [14]. Then, the energy is discharged via
reducing pressure of liquid storage by producing saturated steam.

In a two-tank storage system (Fig. 4b), a liquid medium is
cycled between a hot and cold tank. The direct two tank concept
uses molten salt as both HTF and storage medium. In an indirect
storage system, the molten salt is used as storage medium only;
while different medium is used as HTF. In such system, the sepa-
rate loops are connected with a heat exchanger [14].

On the other hand, direct absorption of solar radiation in non-
pressurised solid particles (Fig. 4c) at high temperatures is also
considered an attractive option for TES systems [14]. For pres-
surised HTFs, a parallel castable ceramic tube is usually integrated
into the storage volume to create a solid media storage. [15] In a
thermocline storage system (Fig. 4d), hot thermal oil is charged
into the system by feeding it into the top of the tank and separated
from the cold fluid at the bottom by buoyant forces. During the dis-
charge process, hot thermal oil is taken from the top of the tank,
pumped through a heat exchanger and returned to the bottom of
tank [14]. For packed bed thermal energy storage system
(Fig. 4e), particles of storage material are packed into a container,
9

with the HTF passing through the particles, thus achieving direct
contact [14].

Note that regardless of the choice of alternatives, the integrated
plant design follows a similar process flow. A solar receiver system
receives the solar irradiation energy to heat up the HTF. A portion
of the hot HTF is stored in the thermal energy storage (TES) system,
while the remaining HTF passes through a steam generator to heat
up the water storage and generates steam. Once HTF’s temperature
decreases, it will be recycled back to the TES system for cold stor-
age and the receiver system to be heated up again [8]. The pro-
duced steams are used to drive turbine to generate electricity to
support the operation of the process such as air separation, water
electrolysis and ammonia synthesis loop section.

2.1.3. Nitrogen production
Air is a readily available source for N2, as it contains 78% by vol-

ume of N2. There are number of widely used methods to extract N2

from air, which includes cryogenic distillation, pressure swing
adsorption (PSA) and membrane N2 generator.

The cryogenic distillation technique produces ultra-pure N2,
however it is considered to be one of the more complicated meth-
ods to extract N2 from air. It involves compressing and transferring
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the ambient air into the distillation column via multi-stage com-
pressors with intercoolers. The compressed air is then cooled prior
to passing through a series of filters to eliminate moisture, oil,
water vapor and other contaminants. Once the air has been
cleaned, it is channeled through a heat exchanger which allows
the compressed gas to expand and create cryogenic temperature
(below its condensation point, �198.5 �C, at atmospheric pres-
sure). [16] This has caused the air to be liquefied and a high purity
fraction of N2 is distilled out from the column and stored as liquid.
[17].

Production of N2 from air using PSA technology is based on the
adsorption and desorption of O2 and other contaminants by a
molecular carbon sieve (CMS), which is installed between
adsorptive-desorptive towers. The CMS preferentially adsorbs O2,
moisture and other contaminants, allowing the remaining N2 gas
to pass through as product gas at a specified pressure. While one
of the towers is in the adsorption phase, the other tower regener-
ates the CMS by de-pressurising itself and allowing the CMS to
release the adsorbed gases into the atmosphere. The cycle then
repeats, allowing for constant flow of controlled N2 purity and pro-
duction. [18].

In a membrane N2 generator, compressed air channels through
a filter to remove water vapour and other particulate impurities.
The dried air is then exposed to an activated carbon scrubber that
removes the remaining gaseous contaminants. After selective per-
meation through hollow-fibre membranes, a N2-rich gas stream
can then be collected. [17,19].

2.1.4. Hydrogen production
Other than production of N2, to synthesize NH3, sustainable

production of H2 is important. In this sub-section, the established
H2 processes are reviewed.

Water electrolysis process is one of the most common H2 pro-
duction system which uses non fossil-based feedstock. Water is
dissociated into its constituents, H2 and O2 under the influence of
electricity. Amongst many H2 production system, water electroly-
sis is deemed to be a promising technique due to its eco-friendly
nature and high purity of H2 produced [20]. Water electrolysis
can be classified into four types, which are polymer electrolyte
membrane (PEM) water electrolysis, solid oxide electrolysis, alka-
line water electrolysis and anion exchange membrane (AEM) water
electrolysis as shown in Fig. 5.

A PEM water electrolyser utilises an ionically conductive poly-
meric membrane as electrolyte. When a voltage is applied between
the electrodes, the O2� in the water molecules give up their elec-
trons at the anode to produce protons (H+ ions), electrons and O2

gas at the anode. The H+ ions then travel through the membrane
towards the cathode where they receive an electron and become
neutral hydrogen atoms, which further combine to produce H2

gas at the cathode [20].
Solid oxide electrolyser utilises water in the form of steam and a

solid ceramic material that selectively conducts O2-ions, which are
Fig. 5. Water Electrolysis Technologies, (a) PE
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mostly made from nickel/yttrium stabilised zirconia [20]. Water at
the cathode combines with electrons from the external circuit to
form H2 gas and O2-ions. The O2� ions then pass through the solid
ceramic membrane and react at the anode to produce oxygen gas
and generate electrons for the external circuit [21].

At the cathode side of an alkaline electrolyser, two molecules of
the alkaline electrolyte solution (KOH/NaOH) are reduced to one
molecule of H2 and two hydroxyl ions (OH�). [16] The H2 mole-
cules recombine in a gaseous form and the hydroxyl ions transfer
under the influence of electricity through the porous diaphragm
to the anode, where half the oxygen molecule (½ O2) and one
molecule of water is formed. [20].

In an AEM electrolyser, water is circulated through the cathode
side where it gets reduced to form H2 and OH� by accepting elec-
trons. OH� then diffuse through the membrane to the anode side
where they recombine as water and O2 by losing electrons. [22].
2.1.5. Integrated plant design
Based on the above detailed literature review, a superstructure

that consists of all processes and technologies is developed as
shown in Fig. 6. Note that the overall NH3 production plant is
divided into five sections. Firstly, a solar receiver system receives
the solar irradiation energy to heat up the HTF. Secondly, portion
of the hot HTF is stored in the TES system. Thirdly, the remaining
HTF passes through a steam generator to heat up the water and
generates steam. The HTF’s temperature decreases and gets recy-
cled back to the TES system for cold storage and the receiver sys-
tem to get heated up again. The steam produced then drives a
turbine to generate electricity for the air separation, water electrol-
ysis and ammonia synthesis loop section. Fourthly, N2 and H2 pro-
duction from air separation technologies and water electrolysis
respectively provides the reactants needed for the ammonia syn-
thesis loop section. Lastly, the NH3 synthesis loop that includes
refrigeration and storage of the produced NH3.
2.2. Development of ranking matrix

To quantitatively assess for the most suitable CSP receiver sys-
tem, a ranking matrix is first developed based on the collected
information from literature. Table 1 shows the criteria rating
description for each criterion.

A similar ranking matrix is developed to assess quantitatively
for the most suitable air separation technology. Table 2 shows
the criteria rating description for each criterion that the air separa-
tion technologies are assessed on.

Following the same approach, another matrix is developed to
assess quantitatively for the most suitable water electrolysis tech-
nology. Table 3 shows the criteria rating description for each crite-
rion that the water electrolysis technologies are assessed on.
M, (b) Solid Oxide, (c) Alkaline, (d) AEM.



Fig. 6. Superstructure for Production of Sustainable NH3.
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3. Results and analysis

In this section, results and analysis for CSP, air separation, and
water electrolysis are presented based on the best available tech-
nology (BAT) using the matrices that were presented in the previ-
ous section.
3.1. Concentrated solar power (CSP)

Based on the literature review, the advantages and disadvan-
tages for each CSP receiver system are summarised in Table 4 to
assess each option qualitatively [13,15,13,17].

Table 5 illustrates the ranking matrix developed for the CSP
receiver system. Through quantitative assessment, the solar power
tower prevails among the available options and it is ranked as the
best option, followed by PTC, then PDE, while CLFR is considered
the least ranked option.

The advantages and disadvantages for each TES system are
summarised in Table 6 to enable the ranking of the alternative
available systems. [17,18].

Referring to Table 6, two-tank direct/indirect molten salt TES
system is identified as the most advantageous CSP TES system. It
discharges heat energy isothermally, which keeps the heat loss
minimal. Meanwhile, the storage medium, molten salt, can also
be used as the heat transfer fluid in the solar field, thus minimising
the operational costs. Its high storage capacity allows continuous
of the overall CSP plant, with peak storage hours of up to 16 h. Note
also that it is a very well-established storage option as compared to
any other TES systems as mentioned in Table 6. Some of its disad-
vantages are addressable as well, such as the risk of irreversible
freezing, causing the heat transfer fluid or storage medium (molten
salt) to be immobile. This can be minimised by draining the recei-
ver tubes constantly during scheduled shutdowns. Competency
and operation training can also be provided for the operators to
familiarise them with the initial filling procedure.
11
3.2. Air separation technology

The advantages and disadvantages for each air separation tech-
nology are summarised in Table 7 to assess each option qualita-
tively [3,5,6].

Table 8 illustrates the ranking matrix developed for the air sep-
aration technology. Through quantitative assessment, PSA technol-
ogy is ranked as the most suitable air separation technology,
followed by membrane technology and then cryogenic separation.

3.3. Water electrolysis

The advantages and disadvantages for each water electrolysis
technology are summarised in Table 9 to assess each option qual-
itatively [10,12,16].

Table 10 illustrates the ranking matrix developed for the water
electrolysis technology. Through quantitative assessment, PEM
water electrolysis is ranked as the most suitable water electrolysis
technology, followed by alkaline water electrolysis, while AEM and
solid oxide electrolysis were ranked third and fourth respectively.

4. Process simulation for ammonia synthesis

N2ðgÞ þ 3H2ðgÞ $ 2NH3ðgÞ
According to the balanced chemical equation above, it can be

observed that the stoichiometric coefficient of H2 reactant is three
times to that of the N2 reactant (i.e. for every mole of N2 molecule,
three moles of H2 molecules are required for the reaction). With
PEM water electrolysis and PSA selected as the technology for pro-
duction of feedstock H2 and N2 respectively, real time suppliers
and manufacturers of the technologies are contacted to obtain
specifications for their products. Firstly, the water electrolyser with
the highest H2 production rate is selected from the range of prod-



Table 1
Criteria rating description of CSP receiver system.

Criteria Rating

1 2 3

Power Capacity Poor capacity of power generation and
electricity supply; Below MW range

Good capacity of power generation and
electricity supply; Above MW range but below
500 MW

Large Capacity of power
generation and electricity
supply; Range Above 500 MW

Technology Status Low commercial experience with minimal
established/pilot project plants

Moderate commercial experience with pilot
project plants

Commercially matured and
proven with well-established
industrial experience

Annual Solar-to-Electricity
Efficiency

Maximum efficiency 15% and below Maximum efficiency 15% and above Maximum efficiency 20% and
above

Operating Temperature Maximum operating temperature range below
400 �C; Low operating temperature range
leads to low thermodynamic efficiency

Moderate operating temperature range
(>400 �C); Moderate operating temperature
range leads to moderate thermodynamic
efficiency

High operating temperature
range (Max. operating
temperature
>1000 �C); High operating
temperature leads to high
thermodynamic efficiency

Possibility of Thermal
Energy Storage (TES)
System

Limited choice of TES systems for backup
power generation during cloudy/rainy days

Moderate range of choice of TES systems for
backup power generation during cloudy/rainy
days

Wide range of choice of TES
systems for backup power
generation during cloudy/rainy
days

Sunlight Concentration
Ratio

Low sunlight concentration ratio (<500); Low
radiant power density at collector system

Moderate sunlight concentration ratio (<1000);
Moderate radiant power density at collector
system

High sunlight concentration ratio
(>1000); High radiant power
density at collector system

Potential of Brayton-
Rankine Combined Cycle

Low possibility of implementing electricity
generation through both steam and gas
turbine

Possible implementation of electricity
generation through both steam and gas turbine

Highly possible of implementing
electricity generation through
both steam and gas turbine

Table 2
Criteria rating description of air separation technology.

Criteria Rating

1 2 3

Nitrogen Purity Produced nitrogen purity below 95% Produced nitrogen purity above 95% Produced nitrogen purity above 99%; Impurities
level at ppm level

Nitrogen Production Rate Low production rate of nitrogen Moderate production rate of nitrogen High production rate of nitrogen
Energy Consumption Very high consumption of electrical

energy
High consumption of electrical energy Moderate consumption of electrical energy

Mobility Low ability of relocation of technology
due to intensive moving parts

Moderate ability of relocation of
technology

High mobility of relocation of technology due to
less moving parts

Capital Investment Very high initial capital investment Moderate amount of initial capital
investment

Low initial capital investment

Footprint Large land area required to establish
technology

Moderate land area required to establish
technology

Low land area required to establish technology

Technology Status Low industrial application
experiences with limited technology
suppliers

Matured industrial application
experiences with sufficient technology
suppliers

Well established industrial application
experiences with wide range of technology
suppliers

Start-Up Time Takes hours to days to get technology
started up for running

Takes hours to get technology started up
for running

Takes minutes to hours to get technology
started up for running

Table 3
Criteria rating description of water electrolysis technology.

Criteria Rating

1 2 3

Hydrogen Purity Low purity hydrogen produced (less
than 95%)

High purity hydrogen produced (higher than
95%)

Very high purity hydrogen produced
(impurities at ppm level)

Faraday Efficiency Charge transfer/ current efficiency lower
than 50%

Charge transfer/ current efficiency higher
than 50%

Charge transfer/ current efficiency higher
than 80%

Cost of Assembly High cost of assembly components Moderate cost of assembly components Low cost of assembly components
Durability Brittle components Moderate durability components High durability components with long

operating lifetime
Current Density Low rate of electrons transfer

(maximum current density 500 mA/cm2

or lower)

Moderate rate of electrons transfer
(maximum current density of 1000 mA/cm2

or lower)

High rate of electrons transfer (maximum
current density of 1000 mA/cm2 or higher)

Process Dynamics Low dynamics; difficult/ impossible to
interchange components

Moderately dynamic technology design Highly dynamic process operation

Technology Status Little industrial experience of
commercial implementation

Matured industrial application experiences
with rooms of improvement

Well established technology with proven
industrial experience

Kok Seang Chong, Mohamed Ali Hamid and Denny K.S. Ng Materials Today: Proceedings 64 (2022) A6–A17
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Table 4
Advantages and disadvantages of different CSP receiver systems.

CSP Technology Advantages Disadvantages

Parabolic Trough Collector
(PTC)

� Relatively low installation costs
� Long term proven reliability
� Rich in commercialisation experience
� Thermal energy storage system options
widely available

� Large footprint and land area required
� Low thermodynamic efficiency due to low and limited operating temperature
range

� Not possible for combined gas turbine cycle electricity generation
� Complex structure; non-modular units; limited improvements

Parabolic Dish Engine (PDE) � High efficiency of power cycle
� Technology development highly potential
due to modular components

� No commercialisation experience with only demonstration projects available
� No options available for thermal energy storage system
� Low capacity of power generation
� Relatively high installation costs

Solar Power Tower (SPT) � High thermodynamic efficiency due to
high and wide operating temperature
range

� Thermal energy storage system options
widely available

� Option available for combined gas turbine
cycle electricity generation

� Commercially matured technology
� High solar power concentration ratio
� Tolerance for non-flat site installations
� Technology development highly potential
due to modular components

� Relatively high installation and maintenance costs
� Large footprint and land area required

Compact Linear Fresnel
Reflector (CLFR)

� Relatively low installation cost
� Simple structure and ease of installation
� Tolerance for slight-sloping sites
� Option available for combined gas turbine
cycle electricity generation

� Technology development highly potential
due to modular components

� Limited options available for thermal energy storage system; typical storage sys-
tem, steam accumulator, can only store energy for up to 50 min operation

� Low thermodynamic efficiency due to low and limited operating temperature
range

� Low commercialisation experience with only pilot plants constructed

Table 5
Ranking matrix of CSP receiver system.

Criteria PTC PDE SPT CLFR

Power Capacity 3 1 3 2
50–600 MW 5–25 kW 10–600 MW 5–250 MW

Technology Status 3 0 3 2
Commercially Proven No Commercial Experience; Demonstration

Projects
Commercially Matured Pilot

Projects
Annual Solar-to-Electricity Efficiency 2 3 3 1

12–16% 12–25% 16–20% 13%
Operating Temperature 2 3 3 1

400 �C 750–1000 �C 300–1500 �C 150–400 �C
Possibility of Thermal Energy Storage (TES)

System
3 0 3 1
Yes, Wide Range of
Choice

None Yes, Wide Range of
Choice

Limited

Sunlight Concentration Ratio 1 3 2 1
50–90 1000–3000 600–1000 35–170

Potential of Brayton-Rankine Combined Cycle 0 1 3 2
Not Possible Yes Yes, Highly Possible Yes

Total 14 11 20 10
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ucts available for offer. The PSA N2 generator with a N2 molar pro-
duction rate that is approximately-one-third of that of the pro-
duced H2 molar rate is then selected from the range of products
available for offer. The necessary specifications of the PEM water
electrolyser and PSA N2 generator required for the simulation of
NH3 synthesis are listed in Tables 11 and 12.

Once the N2 and H0
2s material flow and conditions have been

defined (as shown in Tables 11 and 12), simulation of the NH3 syn-
thesis loop is then carried out using ASPEN PLUS. Fig. 7 shows the
process flowsheet and the heat and material balance table of the
simulated NH3 synthesis loop. Below are the basis and assump-
tions to perform the process simulation:

� Plant’s annual operating hours are assumed as 7500 h, with the
remaining hours designated for equipment maintenance or
parts replacement.
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� During the simulation of NH3 synthesis using ASPEN PLUS soft-
ware, fluid package ‘‘Redlich-Kwong-Soave Cubic Equation of
State with Boston-Mathias Alpha Function” is selected due to
its compatibility with gas processing and refinery applications.
Example applications will include gas plants, which is perfectly
applicable to the ammonia synthesis process.

As shown in Fig. 7, H2 (Stream 1) from the PEM water electrol-
yser and N2 (Stream 4) from the PSA N2 generator are compressed
prior to being cooled individually to the reactor pressure (50 bara)
and temperature (50 �C) respectively. Both streams are then mixed
and sent to the reactor (RGIBBS) to begin production of NH3. The
product stream (Stream 8) then goes through a condenser (CON-
DENS) for cooling to room temperature (25 �C) to enable a two-
phase flash separation for purification of NH3 product. The top
vapour product (Stream 10), containing mainly N2 and H2 with



Table 6
Advantages and disadvantages of different TES systems.

Thermal Energy Storage
System

Advantages Disadvantages

Two-tank (Molten salt)
(Direct/Indirect)

� Heat energy discharge at constant temperature; mini-
mal heat loss

� Good performance at partial charge
� Storage medium can be used as heat transfer fluid in the
solar field

� High storage capacity (up to 16 h)
� Allows continuous operation of CSP plant
� Well established energy storage system with rich com-
mercialisation experience

� Risk of irreversible freezing i.e., operating temperature below freez-
ing point of molten salt

� Complex initial filling procedure
� Large tank volume required for storage
� Low potential for further costs reduction

Thermocline (Molten Salt &
Solid Filler)

� Energy production costs reduction available with par-
tial substitution of filler material

� Single tank configuration

� Risk of irreversible freezing
� Complex initial filling procedure
� Filler material must be compatible with molten salt due to direct
contact

� Energy production cost reduction at the expense of discharge effi-
ciency and specific energy production

� About 30% of storage volume cannot be used due to thermal energy
boundary layer

Solid Media with Embedded
Heat Exchanger

� Low material and maintenance costs
� No risk of freezing
� Pressurised working fluid can be used directly without
intermediate heat exchanger

� Temperature decrement during discharge due to low thermal con-
ductivities of solid storage material

� Repair and maintenance of embedded heat exchanger difficult
� Solid storage medium may impose mechanical stress on embedded
heat exchanger

� Large investment costs imposed by the integrated heat exchanger
Steam Accumulator � Water usually used as both heat transfer fluid and stor-

age medium
� High volume-specific power
� Rich operating experiences in process industries
� Quick discharge due to low response time

� Low storage capacity (provides only up to 50 mins backup
operation)

� Temperature varies during discharge due to pressure difference
� Cost attractive only for small pressure operation
� Large pressurized vessels required for storage

Packed Bed with Air as Heat
Transfer Fluid

� No heat exchanger necessary
� Suitable for high temperature
� Rich operating experiences in process industries

� Pressure loss is critical in packed bed configuration
� Storage material and heat transfer fluid must have the same pres-
sure and compatible

� Distance between solar receiver and storage must be limited to
minimise pressure loss

Falling Particle � Direct absorption of solar radiation � Only lab-scale experience available
� Precise knowledge of solar chemistry at high temperatures
required

� Parasitic load needed for transportation of large mass may be
critical

� Mechanical stress imposed on piping system for transport of solid
particles

� Complex heat transfer from solid particles to working fluid of
power cycle

Table 7
Advantages and disadvantages of different air separation technology.

Air Separation Technology Advantages Disadvantages

Cryogenic Separation � Produces relatively large quantity of nitrogen gas
� Ultra-high purity nitrogen product (impurities at ppm
level)

� Large footprint due to large site area required for equipment
installation

� Energy intensive process due to cryogenic conditions
� Produced nitrogen in liquid form i.e., extra heat exchanger
required for conversion to gas

� Requires compressors and turbines, leading to high capital invest-
ment and maintenance costs

� No mobile possibility
� Complex process

Pressure Swing Adsorption
(PSA)

� Advance in PSA technology allows large quantity of nitro-
gen gas produced

� Development of Carbon Molecular Sieve produces nitrogen
of purity up to 99.995%

� High mobile possibility (small footprint)
� Only one stream of high purity nitrogen gas produced

� Complex process
� High initial capital investment

Membrane Technology � Low system complexity
� High mobile possibility
� Only one stream of high purity nitrogen gas produced
� Low capital investment and service intensity due to no
moving parts

� Fast start-up
� Small footprint

� Relatively smaller nitrogen production rate
� Relatively lower purity of nitrogen gas produced
� Limited membrane manufacturing companies for this purpose
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Table 8
Ranking matrix of air separation technology.

Criteria Cryogenic
Separation

PSA Membrane
Technology

Nitrogen Purity 3 3 2
Nitrogen Production

Rate
3 3 1

Energy Consumption 1 3 2
Mobility 0 2 3
Capital Investment 1 2 3
Footprint 1 3 3
Technology Status 3 3 1
Start-Up Time 1 3 3
Total 13 22 18

Table 11
Specifications of PEM water electrolyser for H2 production.

Model Cummins HyLYZER�-300–30

Discharge Pressure 31 bara
Discharge Temperature 20 �C
Nominal Hydrogen Production Rate 300 Nm3/hr
Molar Flowrate of Produced Hydrogen 13.38 kmol/hr
Produced Hydrogen Purity 99.998%

Table 12
Specifications of PSA for N2 production.

Model Generon Nitrogen Twin
Tower PSA NS-48–74

Discharge Pressure 11 bara
Discharge Temperature 20 �C
Nominal Nitrogen Production Rate 114.4 Nm3/hr
Molar Flowrate of Produced Nitrogen 5.11 kmol/hr
Produced Nitrogen Purity 99.999%
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only a trace amount of NH3 is split into two streams, where one is
compressed and fed back into the reactor for reaction again and the
other being purged out to prevent build-up of gases within the sys-
tem. The bottom liquid product (Stream 11) is produced at a rate of
148.5 kg/hr, containing 99.4 mol% of NH3. The pressurised NH3
Table 9
Advantages and disadvantages of different water electrolysis technology.

Water
Electrolysis

Advantages Disadvantages

Alkaline � Mature technology with established industrial experience
� Utilises non-platinum-group-metal (PGM)/noble
catalysts

� Relatively low cost
� Megawatt range

� Relatively lower purity hydrogen produced (99.3–99.9%)
� Low current density
� Corrosive liquid electrolytes; requires further separation equipment
� Low dynamics due to extra equipment involved
� Low partial load range
� Isobaric operation

Solid Oxide � High electrochemical efficiency of up to 100%
� Utilises non-platinum-group-metal (PGM)/noble
catalysts

� Chemically stable
� Superior ionic conductivity

� Laboratory stage development
� Bulky system design
� Low durability due to brittle ceramics
� No dependable cost information

AEM � Utilises non-platinum-group-metal (PGM)/noble
catalysts

� Non-corrosive electrolyte
� Compact system design
� Relatively low cost

� Laboratory stage development
� Low current densities
� Low durability due to membrane degradation
� Excessive catalyst loading

PEM � Mature technology with established industrial experience
� High current densities and performance
� High voltage efficiencies due to shorter proton transfer
route

� High partial load range
� Rapid system response
� Compact system design
� High dynamics operation due to less equipment involved
� Relatively higher purity hydrogen produced (impurities
at ppm level)

� High cost of components due to utilisation of stable platinum-group-metal
(PGM)/noble catalysts

� Acidic and corrosive electrolyte
� Relatively lower durability due to thin and solid electrolyte
� Stacks are below MW range

Table 10
Ranking matrix of water electrolysis technology.

Criteria Alkaline Solid Oxide AEM PEM

Hydrogen Purity 3 3 3 3
99.3–99.999% >99% 99.99% 99.9999%

Faraday
Efficiency

2 3 1 2
50–70.8% 100% 39.7% 48.5–65.5%

Cost of Assembly 3 0 0 2
According to Manufacturer
Specifications

No Dependable Cost
Information

No Dependable Cost
Information

According to Manufacturer
Specifications

Durability 3 1 1 2
100 000 h Brittle Brittle 100 000 h

Current Density 1 1 1 3
200–500 mA/cm2 300 mA/cm2 200–500 mA/cm2 800–2500 mA/cm2

Process
Dynamics

1 1 2 3

Technology
Status

3 1 1 3

Total 16 10 9 18
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Fig. 7. Process Flowsheet of the Simulated Ammonia Synthesis Loop via ASPEN PLUS.

Fig. 8. Optimum Integrated Plant Design for NH3.
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product is then expanded in a liquid turbine prior to reducing its
pressure for storage condition, with the liquid turbine attached
to a generator for electricity generation. 0.135 kW of electricity is
generated by the turbine, which aids in relieving the total electric-
ity consumption of the overall process.

The reactor type and operating condition selection plays an
essential role in yielding maximum NH3 production. ASPEN PLUS
provides a few reactor types. Equilibrium based reactor (RGibbs)
is selected over the other reactor types (RStoic, RYield, RCSTR
etc.) due to its flexibility and insufficiency of kinetic data to exe-
cute a simulation with the other reactor models mentioned. An
16
RGibbs reactor model does not require specification of conversion,
yield, reaction stoichiometry or any other reaction kinetics param-
eters. Instead, it predicts the results via Gibbs free energy minimi-
sation. Commercial ammonia synthesis contains impurities, such
as argon and methane which are heavily influential towards the
reaction kinetics. The amount of conversion achieved commer-
cially are only between 20% and 30% per pass due to the presence
of these impurities. In contrary, due to the high purity H2 and N2

reactants supplied, the compositions of any impurities are negligi-
ble during the simulation. RGibbs reactor model is selected to sim-
ulate the reaction for maximum conversion and yield achievable.
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Following the selection of the most suitable technology in the
previous section for CSP, energy storage, N2 and H2 productions,
and completion of the simulation for the NH3 synthesis process,
an integrated plant design for NH3 production is showed Fig. 8.
The figure shows that SPT is the proper option for the CSP receiver,
while two tanks molten salt is used as the energy storage system.
The N2 is produced by separation of air using membrane technol-
ogy and the H2 is generated by using PEM water electrolysis.
5. Conclusion

In this work, a systematic framework is presented for evalua-
tion of process alternatives for sustainable NH3 production. Based
on the proposed framework, qualitative ranking matrix were
developed to evaluate alternative processes. Process simulation
via commercial simulation software (ASPEN PLUS) was performed
to determine the overall process performance, mass and energy
balances for the integrated process. Based on the detailed analysis,
the findings are summarised as below:

� Producing NH3 can be made environmentally sustainable by
substituting its steam methane reformation process with PEM
water electrolysis for production of H2. On the other hand, N2

can be produced via PSA air separation to complete the feed-
stock requirements for NH3 synthesis. Both of these substituted
processes have the added benefits of producing reactants at
very high purity and utilising abundant resources, water and
air respectively.

� Amongst the alternative for CSP receiver systems, the solar
power tower prevails among the available options and it is
ranked as the best option, followed by PTC, then PDE, while
CLFR is considered the least ranked option. While the two-
tank molten salt TES system showed great capabilities for
backup of electricity generation.

� Through quantitative assessment, PSA technology is ranked as
the most suitable air separation technology, followed by mem-
brane technology and then cryogenic separation.

� For the water electrolysis technology, PEM water electrolysis is
ranked as the most suitable water electrolysis technology, fol-
lowed by alkaline water electrolysis.

� Despite being an innovative integrated plant design idea, the
feasibility of this project requires further research and develop-
ment for commercial experiences.
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