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Ammonia has been proposed as a replacement for fossil fuels. Like hydrogen, emissions
from the combustion of ammonia are carbon-free. Unlike hydrogen, ammonia is more
energy dense, less explosive, and there exists extensive experience in its distribution.
However, ammonia has a low flame speed and combustion emits nitrogen oxides.
Ammonia is produced via the Haber-Bosch process which consumes large amounts
of fossil fuels and requires high temperatures and pressures. A life cycle assessment
to determine potential environmental advantages and disadvantages of using ammonia
is necessary. In this work, emissions data from experiments with generating heat
from tangential swirl burners using ammonia cofired with methane employing currently
available technologies were utilized to estimate the environmental impacts that may be
expected. Seven ammonia sources were combined with two methane sources to create
14 scenarios. The impacts from these 14 scenarios were compared to those expected
from using pure methane. The results show that using ammonia from present-day
commercial production methods will result in worse global warming potentials than using
methane to generate the same amount of heat. Only two scenarios, methane from
biogas combined with ammonia from hydrogen from electricity and nuclear power via
electrolysis and subsequent ammonia synthesis using nitrogen from the air, showed
reductions in global warming potential. Subsequent analysis of other environmental
impacts for these two scenarios showed potentially lower impacts for respiratory
organics, terrestrial acidification-nutrification and aquatic acidification depending on how
the burner is operated. The other eight environmental impacts were worse than the
methane scenario because of activities intrinsic to the generation of electricity via wind
power and nuclear fission. The results show that generating heat from a tangential
swirl burner using ammonia currently available technologies will not necessarily result
in improved environmental benefits in all categories. Improvements in renewable energy
technologies could change these results positively. Other means of producing ammonia
and improved means of converting ammonia to energy must continue to be explored.

Keywords: ammonia fuel, life cycle assessment, ammonia-to-power, power-to-ammonia, Haber-Bosch, renewable
energy, nuclear power, wind power
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INTRODUCTION

The search for alternative fuels has led to numerous proposals
including biodiesel (Knothe and Razon, 2017), bioethanol
(Ferreira et al., 2018), methanol (Verhelst et al., 2019), and
hydrogen (Acar and Dincer, 2019). Hydrogen has received a
considerable amount of attention because of the prospect for
zero tailpipe-carbon emissions. However, hydrogen is difficult
to distribute because it is explosive, and it has a low energy
density (Zamfirescu and Dincer, 2008). Instead, ammonia has
been proposed as an alternative. Ammonia also has zero tailpipe
carbon emissions but is more energy dense, may be stored at
lower temperatures and is not explosive (Zamfirescu and Dincer,
2008). Ammonia has also been used extensively as a fertilizer
and a refrigerant so there is extensive experience with its use.
It has also been proposed for many other applications related
to climate change mitigation and alternative fuel production
(Razon, 2018). The use of ammonia as a fuel is not exactly new,
with a patent having been filed as early as 1937 (Valera-Medina
et al., 2018). Fuel ammonia has been tested in reciprocating
internal combustion engines as a gasoline or diesel substitute
(Reiter and Kong, 2011); direct ammonia fuel cells (Afif et al.,
2016) and as a coal substitute (Zhao et al.,, 2017). Its use for
power applications has been comprehensively reviewed recently
(Valera-Medina et al., 2018).

The use of ammonia presents many challenges which require
further research and understanding. Some of these challenges
fall within the use of materials, health and safety aspects, and
public perception, leaving enough room for continuous efforts
on the investigation of these parameters for progression in the
technology (Kobayashi et al., 2019).

As for the use of materials, it is still not well-understood
how ammonia will influence the integrity of high temperature
resistant materials. Currently, it is well-known that ammonia is
detrimental to copper-based materials. This is also the case with
certain plastics, Viton and natural rubber (Valera-Medina et al.,
2018). While ammonia does not degrade steels and aluminum
under most handling conditions, stress corrosion cracking (SCC)
can happen in carbon steels when liquid ammonia and oxygen
are present (EFMA, 2007).

In terms of health and safety, handling of ammonia is
well-understood, and practices are well-established worldwide.
Ammonia is the second most commercialized chemical
in the world and thus the industry possesses a mature
infrastructure for production, handling and distribution.
However, this is not the case for the use of ammonia as an
energy carrier. The use of the chemical in applications such
as marine engines, gas turbines and engines still requires
more research and understanding, especially when it comes
to release, training, and emissions mitigation. While the
marine industry seems to be very interested in adopting
ammonia as a fueling vector, it is clear that the International
Maritime Organization (IMO) still requires more inputs
and data before an international legislation is in place for
the manufacturing, storage and injection of ammonia in
engines that are currently being designed for that purpose
(Jacobsen, 2020). Similarly, there are still unknown parameters

regarding fueling stations, personnel requirements, and overall,
public acceptance.

Public acceptance is another point of interest that has been
barely documented. In a recent study around the perception
of ammonia as an energy vector in a developed (UK) and
developing (Mexico) economies. The results showed that
perspectives change depending on the level of rigor of regulations
and standards, with British people concerned about the smell of
the chemical, whilst Mexicans were more concerned about being
poisoned by a sudden release (Guati-Rojo et al., 2021).

Part of the equation in public acceptance is the overall
perception of less effects on the environment when compared
to fossil fuels. The widely adopted present-day commercial
production of ammonia proceeds via two primary pathways
which differ in how hydrogen is provided for the synthesis
reaction with nitrogen gas from the air. These are via steam
reforming of natural gas and partial oxidation of heavy oils
and coal. Both processes consume large amounts of fossil fuels
and intrinsically release considerable amounts of greenhouse
gases. Thus, several other processes have been proposed. The
replacement of fossil fuels with biomass feedstock has been
studied (Tund et al, 2014). In addition, the cultivation of
nitrogen-fixing microorganisms for producing reactive nitrogen
(Razon, 2012) and subsequent conversion to ammonia (Razon,
2014) has also been proposed. Other proposals call for the direct
electrolysis of water via the use of renewable electricity for the
generation of hydrogen (Bicer et al., 2017). While there are some
large installations of these systems that may come online soon
(Brown, 2020), they have not yet been widely adopted and thus
we consider these future technologies in this paper.

In theory, combustion of ammonia should result in the
emission of only nitrogen and water. Imperfect combustion,
however, results in the emission of nitrogen oxides (NOy)
(Okafor et al, 2020). The possibility of influencing NOy
emissions by controlling the equivalence ratio (Sun et al., 2021)
and by the addition of water (Ariemma et al., 2020) has been
explored. Ammonia has a low flame speed and, therefore, for
sustained combustion, ammonia has had to be fed with other
fuels like coal (Yamamoto et al., 2018) or natural gas (Khateeb
et al., 2021) have had to be fed with the ammonia. These factors
offset some of the advantages of using ammonia as a fuel.

The possible trade-offs from the use of ammonia as a
fuel and the availability of many alternatives for the supply
of ammonia indicate that a comparative life cycle assessment
of environmental impacts is imperative. Prior to commercial
adoption, these analyses would naturally have to be coupled
with many other considerations like profitability and social
acceptability. To address this need, a few life cycle assessment
and life cycle optimization studies have been done to address
possible trade-offs in the use of ammonia as a fuel. Angeles et al.
(2017) computed and compared nitrogen and carbon footprints
of either fuel cell or internal combustion engine vehicles fed
with ammonia or ammonia-diesel/gasoline combinations. It was
found that a fuel cell vehicle fed with ammonia from the
cyanobacteria-based process proposed in Razon (2014) gave both
the lowest nitrogen footprint and the lowest carbon footprint.
In a separate study, it was found that internal combustion
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engine vehicles fed with ammonia from biomass-based sources
had lower carbon footprints than equivalent petroleum diesel
or gasoline engines (Angeles et al., 2018). However, all of the
ammonia vehicles had worse nitrogen footprints than the diesel
or gasoline engines. Bicer and Dincer (2018a) performed life
cycle assessments of city transport and power generation systems
fueled by ammonia produced using an electrolytic process
with electricity from nuclear power plants. They found that
such systems would have considerably lower global warming
potentials than equivalent petroleum-based engines. However,
their results also show that there may be trade-offs resulting
from higher acidification potentials primarily from the NOx
emissions. Similarly, they also found that vehicles using ammonia
for a nuclear-powered electrolysis process had lower global
warming potentials than a wide variety of vehicles (Bicer and
Dincer, 2018b). These vehicles also showed higher environmental
impacts in other categories, however. The results from these
studies of Bicer and Dincer are consistent with the results in
Angeles et al. (2018)—lower global warming potential from
lower greenhouse gas emissions if the ammonia is taken from
low-carbon processes but with a trade-off from environmental
impacts resulting from other emissions. Bicer and Khalid
(2018) also obtained similar results upon comparing ammonia-,
hydrogen-, natural gas-, and methanol-powered fuel cells for
power generation.

In this paper, we aim to compare and analyze the
environmental impacts of 14 scenarios for producing and
combusting methane and ammonia to produce heat. The
system boundaries are set to include the materials, energy and
infrastructure to produce and burn the methane and ammonia.
To create the 14 scenarios, we combine published life-cycle
inventories of seven different sources of ammonia and two
different sources of methane. For the combustion step, we use
data obtained from experiments on the combustion of methane,
ammonia and air mixtures in a tangential swirl burner to obtain
a comparison of life cycle assessments for 11 environmental
impacts if the ammonia and methane are taken from a variety
of sources. To our knowledge, this is the first time a life cycle
assessment has been done using data from gas-turbine based
experiments for ammonia combustion. While economic and
social evaluations will eventually be necessary for the complete
assessment of the desirability of using ammonia as a fuel, these
evaluations are beyond the scope of the present study.

METHODS

Methods Overview

This study makes use of life cycle assessment (LCA), which is a
technique for accounting for and evaluating the overall impact
of every part of a process from “cradle-to-grave;” i.e., from
production from the most basic raw materials to disposal of the
finished product or from “cradle-to-gate;” i.e., from raw materials
to delivery of the product.

A life cycle assessment is commonly prescribed to have four
stages: (1) Goal and scope definition; (2) Inventory analysis; (3)
Impact assessment and (4) Interpretation (Lee and Inaba, 2004).
The goal and scope was defined in section Introduction.

We discuss the inventory analysis in section Methane and
Ammonia Source Inventory. During the inventory analysis, all
of the material, energy and environmental flows associated with
each step of the process is identified and accounted for. It
is therefore important that the system boundary be properly
identified such that quantifications of environmental impacts and
any comparisons made between systems are fair. The decision
on whether to include the effects of new infrastructure is also an
important one at this stage.

We discuss the life-cycle impact assessment (LCIA) in section
Combustion of Ammonia-Methane Mixture. In a life-cycle
impact assessment, the material flows are classified according to
the impacts they may have on the environment. For example,
the flows of CO;, methane and N,O all have impacts on global
warming but at different intensities and durations. In an LCIA
method, these factors are all accounted for in the impacts desired
to be analyzed.

We consider the last stage (Interpretation) in the Results and
Discussion and the Conclusions.

Methane and Ammonia Source Inventory
For this study, we considered 7 possible sources of ammonia
combined with two different sources of methane. These are
illustrated in Figure 1. The first source (Source A1) is ammonia
that would be commonly obtained from a regional warehouse
in Europe at present. The data for this ammonia source is taken
directly from the ecoinvent process, “ammonia, liquid, at regional
storehouse/RER U,” which is the representative composition of
ammonia produced in Europe (Althaus et al., 2007). In this
process, the ammonia is assumed to consist of 85% of ammonia
produced by the steam-reforming method and 15% produced
by partial oxidation. Source A2 is similar to the first except
that a retrofit monoethanol amine (MEA)-based CO, capture
process is assumed to capture 99.5% of the CO, emissions from
both. The process inputs from the ecoinvent process “carbon
dioxide liquid, at plant/RER U” (Althaus et al., 2007) are used to
simulate the addition of a CO, capture process to the ammonia
production process.

Sources A3-A6 are four variants of a process consisting of
water electrolysis, cryogenic air separation followed by the Haber
synthesis reaction differing only in the electric power sources.
Inputs for the process are taken from on an electrolysis-based
synthesis process (Bicer et al., 2017), which produced gaseous
ammonia as its product. To ensure comparability between
systems, a liquefaction process similar to that used in Razon
(2014) was added to the process in Bicer et al. (2017). The four
variants differ only in the source of electricity: the European
electricity mix (“UCTE mix,” Source A3); 100% wind (Source
A4); 100% solar photovoltaic (Source A5) and 100% nuclear
(Source A6). The data for these electricity sources are taken
directly from the ecoinvent database (Dones et al., 2007).

The 7th source of ammonia (A7) is a stand-alone process
proposed in Razon (2014) wherein a cyanobacteria, Anabaena
ATCC33047, is cultured, harvested, and fed into a biogas reactor.
From the biogas digestate, ammonium sulfate is recovered and
decomposed into ammonia.

Frontiers in Chemical Engineering | www.frontiersin.org

April 2021 | Volume 3 | Article 631397


https://www.frontiersin.org/journals/chemical-engineering
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemical-engineering#articles

Razon and Valera-Medina

LCA of NHg/CH4 Fuels

Biogas co,
Digestate _
S0y Anastri Biogas Digester Microalgal
CaCO; +— nastrip - 8 g Culture
l Residue
@ @ @ @ Ammonium
Sulfate
European Solar
ici Wind Power . Nuclear l
Elearmty Photovoltaic
ix T T 7 Ammonium
Sulfate
Electric Decomposition
Power ! NH, gas
Compression/
— Electrolysis > O, Liquefaction Air Emissions
|1, 1 I
NH3 NH; Compression/ Liquid )
] " i < Combustion p—>
Synthesis | 8as Liquefaction NH3 1 MJ Heat
[n.
- Methane,
— Air i 0, Heavy Oil Heavy Oil €O,
Separation l l N,
Alr co, Partial Partial | |
Oxidation [ | Oxidation
f 1 Natural Gas Biogas
+O @+ @ O
Co, Steam Steam
. > .
Reforming Reforming
co, I I
Capture Natural Gas Natural Gas
| Storage |
FIGURE 1 | Simplified diagrams of all systems considered. A1-A7 denote ammonia source options. M1 and M2 are the methane source options.

Two possible sources of methane are considered: natural gas
(Source M1) and biogas as would be commonly sourced in
Europe (Source M2). For Source M1, the natural gas is assumed
to come from the ecoinvent data set “natural gas, production
GB, at long-distance pipeline/RER U” (Faist Emmenegger et al.,
2007). At distribution, it contains 85% mass% methane. 5.2%
mass% CyHg, 4.4 mass% Cs hydrocarbons, 0.75 mass% CO,
and the balance is nitrogen gas. For this study, the non-methane
hydrocarbons in natural gas were assumed to be methane.
Under Source M2, the ecoinvent biogas dataset used is the
one designated as “methane, 96 vol%, from biogas, at service
station/CH U” (Jungbluth et al., 2007). It consists of 96 mol%
methane, 2 mol% CO,, and 2 mol% N,.

The systems modeled are kept to the simplest possible system
that may provide the prescribed power. Thus, there are no

transport steps for any of the materials and there is likewise
no transport assumed for the CO, capture process. Because
the system had been stripped down to the essentials, any other
processes that may be added would serve to increase emissions.

Combustion of Ammonia-Methane Mixture
The data from the experiments at Cardiff University and
quantities derived from these are summarized in Tables 1, 2. The
combustion of each ammonia-methane mixture is presumed to
take place under conditions similar to those from experiments
at the Cardiff University Gas Turbine Research Centre, where
ammonia, methane and air were fed premixed into a tangential
swirl burner, shown in Figure 2, at chosen fuel-air equivalence
ratios into a high pressure optical chamber (HPOC). The
equivalence ratio, ¢, of a particular blend is defined as the
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TABLE 1 | Data and calculated values from combustion of ammonia-methane mixtures (33 kW, 1 bar).

Equivalence Exhaust emissions Feed mass flow (g/s) Base Exhaust emissions mass flow Calculated Calculated values
ratio composition POWER (calculated from pure methane values (methane (methane from
(kW) runs, g/s) from biogas)’ natural gas)*
THC* NO, CO CO, O NH3; CH; O, Air THC NOy Cco CO2 CO, CO,
(ppm) (ppm) (ppm) (%) (%) (as CHa)
0.841 187 2540 30 6.05 433 058 034 256 11.73 3175 2.385x 9.289 x 6.680 x 2.117 x 0.04060 0.02385
107° 1074 1076 102
1.035 400 3000 900 7.08 0.1 058 0.34 2.10 948 31.84 4.321 x 9.295 x 1.698 x 2.098 x 0.04042 0.02367
107° 104 104 102
1.259 323 119 900 536 O 058 0.34 1.73 7.84 31.86 4.596 x 4.857 x 2.236 x 2.093 x 0.04036 0.02362
107° 107° 104 1072
1.3 600 7 900 5.08 O 0.58 0.34 166 7.54 31.70 8.985 x 3.006 x 2.353 x 2.087 x 0.04031 0.02356
107° 1076 104 1072
1.38 1400 3 900 4.61 0 058 0.34 156 7.06 31.79 2292 x 1.409 x 2,573 x 2.071 x 0.04015 0.02340
104 106 104 102
1.46 2222 4 900 425 O 058 0.34 149 6.75 31.71 3912 x 2.020 x 2.767 x 2.053 x 0.03996 0.02322
104 106 104 102
0.65* 0 9 0 7.7 0.00 0.45 100.00 25.00 0 3.420 x 0 2.799 x 0.05366 0.03154
10°° 107
*unburned hydrocarbons.
**pure methane control.
T methane from biogas assumed to be 2% COs.
* methane from natural gas assumed to be 0.7% COo.
TABLE 2 | Data and calculated values from combustion of ammonia-methane mixtures (44 kW, 1 bar).
Equivalence Exhaust emissions composition Feed mass flow (g/s) Base Pure methane exhaust mass flow Calculated Calculated values
ratio POWER (calculated, g/s) values (methane (methane from
(kW) from biogas)’ natural gas)*
THC* NO, CO CO, O NH; CH; O Air THC NOy Cco CO; CO, CO,
(ppm) (ppm) (ppm) (%) (%) (as CHa)
0.814 27 3092 20 54 478 0.80 0.47 3.68 16.66 43.85 5.338 x 1.753 x 6.904 x 2.929 x 0.05615 0.03301
1076 1078 1076 102
1.023 19 3080 400 6.78 0.33 0.82 047 293 1325 4430 2.981 x 1.386 x 1.096 x 2.919 x 0.05605 0.03291
106 1078 104 1072
1.1417 16 1800 900 5.62 0.2 0.82 047 262 11.88 4430 3.009 x 9.711 x 2.956 x 2.900 x 0.05587 0.03272
106 10~ 10~ 102
1.248 60 250 900 5.083 0.08 0.82 0.47 240 10.86 44.30 1.259 x 1.505 x 3.298 x 2.896 x 0.05582 0.03268
10-° 1074 1074 102
1.3766 780 4 900 4.32 0.01 0.80 047 218 9.85 4385 1.891 x 2.781 x 3.810 x 2.873 x 0.05560 0.03245
1074 106 104 1072
0.65™ 0 9 0 7.7 0.00 0.45 100.00 25.00 0 3.420 x 0 2.799 x 0.05366 0.03154
106 102

*unburned hydrocarbons.

**pure methane control.

* methane from biogas assumed to be 2% CO».

* methane from natural gas assumed to be 0.7% COo.

ratio of the current fuel-to-oxidizer ratio to the stoichiometric
(i.e., complete combustion) fuel-to-oxidizer ratio. The “base
power” in Tables 1, 2 represents the thermal power, which is the
amount of energy that could be freed fully using the amount
of fuel fed into the burner. A tangential swirl burner (Figure 2)
was experimentally evaluated to determine emissions from the
burning process of ammonia and methane. The burner was

designed to handle up to five different gases simultaneously at
pressures up to 9 bar. The hot burner gases were discharged to
the atmosphere. In an ideal situation, those gases could be used
for a combined cycle or for heating distribution. However, since
this is a comparative LCA, the situation would be the same for
all scenarios analyzed and, therefore, would not affect the results.
Experiments were conducted using a swirler with a geometrical
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FIGURE 2 | Experimental rig for combustion tests (a) instrumentation and pilot injection lance, (b) inlet plenum, (c) HPOC casing plate, (d) premixed chamber, (e)
radial-tangential swirler, (f) burner exit nozzle. A quartz window and quartz burner confinement tube were employed for the experimental trials (not shown).

swirl number of 1.05. Coriolis mass flow meters were used to
achieve precise measurement of flowrates with an accuracy of
£0.5% RD plus +0.1% FS. Ammonia-methane ratios were kept
at 61% NH;3-39% CH,4 mole fraction because lower amounts of
methane were either impossible to ignite or exhibited unsteady
behavior. Exhaust emissions were measured in terms of CO,,
CO, and NOy composition. The equivalence ratio was varied to
determine the effects on the emissions profile. For example, for
the case of interest in this paper, a greater fuel-to-oxygen ratio
than the required for stoichiometric values leads to equivalence
ratios >1.0, regimes known as fuel rich conditions. Having an
equivalence ratio of 1.2 means that there is an excess of fuel
in the blend, which has been previously recognized as the ideal
condition to enable mitigation of NOy emissions and stable
flames using ammonia. Further experimental details may be
found in Valera-Medina et al. (2017). Via simple mass balances,

the exhaust emission data were converted to mass flow rates
which serve as the output flow rates for the combustion process
in the life cycle assessment.

Life Cycle Impact Assessment

Impact 2002+ as implemented in Simapro® Faculty version 8.5.2
was used for the life-cycle impact assessment. Simapro® is a
software tool published by Pre Sustainability®for performing
Life Cycle Analyses (Simapro). Impact 2002+ is one of the
most commonly used impact assessment methods. It works
by characterizing the inventory of environmental flows and
classifying them into mid-point categories or indicators (Jolliet
et al., 2003). Using Impact 2002+, the following environmental
impacts were computed: (1) global warming potential, (2) aquatic
ecotoxicity, (3) aquatic eutrophication, (4) human toxicity, (5)
ionizing radiation, (6) land occupation, (7) mineral extraction,
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(8) non-renewable energy, (9) respiratory organics, (10) ozone
layer depletion, (11) terrestrial acidification/nutrification, (12)
terrestrial ecotoxicity, and (13) aquatic acidification.

The functional unit for the LCA was 1 M] of heat energy.
Allocations were done according to mass flow rates.

The LCA was done as a cradle-gate assessment, the end point
being the energy produced. The system boundary was defined
such that the following were included in the LCA: (1) all material
and energy inputs necessary for construction of infrastructure,
(2) fuel and materials for energy generation and emissions to the
air and water, and (3) materials and energy for the manufacture
of ammonia.

The LCA of the ammonia-methane combinations were then
compared to the LCA of the combustion of methane using
the same experimental apparatus in Cardiff University which
then serves as the control. Because fuel ammonia is primarily
intended to address the problem of greenhouse gas emissions,
the global warming potential was used as the primary screening
criterion. If an ammonia-methane combination was found
to have a higher global warming potential than the pure
methane control case, then it was eliminated from further
consideration. The environmental impacts for those ammonia-
methane combinations with lower global warming potentials
were then evaluated for possible trade-offs.

TABLE 3 | Global warming potential if methane from natural gas (M1) is used.

Ammonia Source

Nominal base power

Global Warming Potential (kg CO, eq) % difference from

for a functional unit of 1 MJ of heat control
A1. European ammonia without carbon capture 32 kW 0.0380 2065%
44 KW 0.0378 2052%
A2. European ammonia with carbon capture 32 kW 0.0252 1338%
44 kKW 0.0251 1328%
A3. Ammonia by electrolysis and Haber-Bosch reaction, UCTE mix 32 kW 0.115 6470%
44 KW 0.115 6430%
A4. Ammonia by electrolysis and Haber-Bosch reaction, Wind 32 kW 0.00349 99%
44 KW 0.00348 98%
A5. Ammonia by electrolysis and Haber-Bosch reaction, Photovoltaic 32 kW 0.0205 1069%
44 KW 0.0204 1063%
AB. Ammonia by Electrolysis and Haber-Bosch reaction, Nuclear 32 kW 0.00271 54%
44 KW 0.00270 54%
A7. Ammonia from Anabaena process 32 kW 0.0103 486%
44 kKW 0.0102 483%
Pure methane control 0.00175

TABLE 4 | Global warming potential if methane from biogas (M2) is used.

Ammonia Source

Nominal base power

Global Warming Potential (kg CO, % difference from control

eq) for a functional unit of 1 MJ of

heat
A1. European ammonia without carbon capture 32 kKW 0.0480 158%
44 KW 0.0483 159%
A2. European ammonia with carbon capture 32 KW 0.0353 89%
44 KW 0.0354 90%
A3. Ammonia by electrolysis and Haber-Bosch reaction, UCTE mix 32 kW 0.125 573%
44 KW 0.126 578%
A4. Ammonia by electrolysis and Haber-Bosch reaction, Wind 32 kW 0.0135 —27%
44 kKW 0.0135 —28%
A5. Ammonia by electrolysis and Haber-Bosch reaction, Photovoltaic 32 kW 0.0306 64%
44 KW 0.0306 65%
AB. Ammonia by Electrolysis and Haber-Bosch reaction, Nuclear 32 kKW 0.0127 —32%
44 KW 0.0127 —-32%
A7. Ammonia from Anabaena process 32 KW 0.0203 9%
44 KW 0.0203 9%
Pure methane control 0.0186
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RESULTS AND DISCUSSION

The results of the LCA for global warming potential are shown in
Tables 3, 4. Virtually no differences in global warming potential
arise from varying the fuel equivalence ratio and the nominal base
power and thus the numbers shown in Tables 3, 4 are the averages
from all of the fuel equivalence ratios. It can also be seen in
Tables 3, 4 that there is very little difference in the global warming
potential as the nominal base power is varied. The “nominal base
power” in Tables 3, 4 corresponds to the “base power” numbers
in Tables 1, 2. These results sense as more power means more fuel
is consumed.

Table 3 shows that using natural gas as a co-fuel would result
in global warming potentials significantly higher than the pure
methane baseline control. This result is largely because of the
intrinsic generation of greenhouse gases from the production of
natural gas. These offset any savings from obtaining electricity

TABLE 5 | Environmental impacts relative to the control case of pure methane
combustion.

Wind Nuclear
Impact category Average % Average %
value difference value difference
from from
control control

Group 1: Environmental impact is less than control for both wind and
nuclear power

Respiratory organics ~ 2.534 x 1076 —10.7% 2.568 x 10°®  —9.6%

(kg C2H4 eq)
Group 2: Environmental impact is less than control for wind power;
greater than control for nuclear power

lonizing radiation 1.149 —38.0% 25.806 1291.5%
(Ba C-14 eq)

Ozone layer depletion  1.232 x 107°  —31.6% 5.439 x 107°  202.0%
(kg CFC-11 eq)

Aquatic ecotoxicity 1.1225 —2.6% 9.123 691.9%
(kg TEG water)

Non-renewable energy 0.274 —30.9% 3.090 678.5%
(MJ primary)

Group 3: Environmental impact is greater than control for wind power;
less than control for nuclear power

Land occupation 0.000240 60.2% 0.000110 —26.8%
(m?org.arable)
Aquatic eutrophication 2.073 x 106 3.3% 1.438 x 1076 —28.4%

(kg PO4 P-lim)
Group 4: Environmental impact is greater than control for both wind
and nuclear power

Mineral extraction 0.00177 246.6% 0.000586 14.5%
(MJ surplus)
Terrestrial ecotoxicity 0.307 5.7% 0.857 195.1%
(kg TEG soil)
Human toxicity 0.000397 36.5% 0.000571 96.2%

(kg C2H3Cl eq)

Methane from biogas combined with ammonia by electrolysis using the indicated power
source and the Haber Bosch reaction. The functional unit for each of these impacts is 1
MJ of heat.

from renewable sources for electrolysis. The differences vs. the
methane control range from about 65 times more GWP for the
A4 scenario (Ammonia by electrolysis and Haber-Bosch reaction,
UCTE mix) to about 1.5 times more GWP for the A6 scenario
(Ammonia by Electrolysis and Haber-Bosch reaction, Nuclear).
These individual differences will be discussed further in the
discussion of the GWP from using biogas as a methane source.

It is interesting to note that none of the present commercial
processes, steam reforming (Al), and partial oxidation (A2),
for producing ammonia would result in higher global warming
potentials than using methane, regardless of the methane source.
The computed GWP are more than that for the pure methane
control because, for sources Al and A2, the synthesis gas process
still uses heavy oil and natural gas for its hydrogen source.

It is worthwhile to discuss the higher GWP obtained from
two ammonia sources that use electricity for electrolysis. Source
A3 uses electricity taken from the European grid (UCTE) for
electrolysis. The energy necessary for electrolysis is high and
some of the UCTE grid is still taken from fossil sources, and
thus the additional global warming potential. The result for
source A5, which uses solar photovoltaic electricity, seems to be
counterintuitive as photovoltaic electricity is widely regarded to
be environment friendly. The primary source of the high GWP
for solar photovoltaic electricity is the high amount of electricity
required for manufacturing the silicon wafers. In the ecoinvent
database (Dones et al., 2007), this electricity is assumed to come
from the existing power grid, which still contains fossil fuel.

Source A7, a proposed process for producing ammonium
sulfate and ammonia from algal biomass (Razon, 2012, 2014),
is computed to have a higher GWP than the methane control,
although by a relatively smaller amount. While there may be a
reduction in the GWP from this source, the larger amount of
the ammonia-methane mixture necessary to generate an equal
amount of power offsets these savings.

Indeed, of the 14 possible combinations of ammonia and
methane sources, only two combinations result in global
warming potentials that are lower than the 100% methane
scenario. Both scenarios result from the use of biogas
(Source M2). The first is the one where the ammonia is
obtained via an electrolysis-based process using electricity
from wind power (Source A4) and the second one is the
same process but using electricity from a nuclear power
plant (Source A6). The expected reductions in the global
warming potential from these two scenarios are in the
range of about 27-32%, with minor variations expected
from the change in output power. Because the use of
ammonia as a fuel is primarily intended as a means for
the reduction of greenhouse gas emissions, further assessment
of other environmental impacts was thus limited to these
two scenarios.

Sources A4 and A6 combined with biogas were assessed for
the other environmental impacts available from Impact 2002+:
(1) respiratory organics; (2) ionizing radiation; (3) ozone layer
depletion; (4) aquatic ecotoxicity; (5) non-renewable energy;
(6) land occupation; (7) aquatic eutrophication; (8) mineral
extraction; (9) terrestrial ecotoxicity; (10) human toxicity;
(11) aquatic acidification; and (12) terrestrial acidification and
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nutrification. The results from first 10 of these 12 impact
assessments are summarized in Table 3. The last two are dealt
with separately.

The results from these 10 impact assessments are summarized
in Table 5 and shown in Figure 3. They are grouped according
to their impacts relative to the pure methane scenario. The first
group consists of those with lower environmental impacts than
the pure methane scenario. Both the wind and nuclear scenarios
result in lower respiratory organics impact. A comparison of the
impacts from using either wind power or nuclear power for the
ammonia production shows almost no difference between the
two. The lower impact of respiratory organics for both cases
reflects the lower emissions of unburned hydrocarbons because
of the replacement of methane with ammonia.

The second group of environmental impacts is that for which
the wind-biogas combination has a lower environmental impact
than the control scenario whereas the nuclear power-biogas
combination has a higher environmental impact. These impacts
are ionizing radiation, ozone layer depletion, aquatic ecotoxicity,
and non-renewable energy. The larger amounts of ionizing
radiation and non-renewable energy usage are expected because
these are inherent to the generation of nuclear power. As seen
in Table 5 and Figure 3, the differences in the impacts between
nuclear-generated ammonia and the control are extremely large,
on the order of 14 times more in the case of ionizing radiation. By
using the network diagrams provided in Simapro, the increased

amount of ozone layer depletion and aquatic ecotoxicity may be
traced back to the mining and purification operations for the
uranium fuel elements.

The third group of environmental impacts is that for which the
nuclear power-biogas option has a lower environmental impact
than the control scenario while the wind-biogas combination
had a higher environmental impact. These impacts are land
occupation and aquatic eutrophication. The higher amount of
land occupation (60% more) may be expected as windmills
occupy a higher amount of land on a per amount of energy
generated. The aquatic eutrophication from the use of wind
power is traced back to the copper mining operations for the
windmill dynamos. The difference between the wind power case
and the control is small, only 3%.

The fourth group of environmental impacts is the one wherein
both the nuclear and wind options have worse environmental
impacts than the methane combustion control. These are the
impacts on mineral extraction, terrestrial ecotoxicity and human
toxicity. All these environmental impacts can be traced back
to the mining and purifications operations necessary for the
generation of both types of electricity. In the case of nuclear
power, these are for the uranium fuel rods while in the case of the
wind power, these operations are for the building of windmills
and associated equipment.

Finally, the two environmental impacts linked to the
emission of nitrogen oxides, aquatic acidification and terrestrial
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difference) at equivalence ratio of about 1.2. (A) Wind power (B) nuclear power. The functional unit for this impact is 1 MJ of heat.

acidification/nutrification decrease as the fuel equivalence ratio  lower environmental impact. A similar observation is made for
increases (Figure 4). As the fuel equivalence ratio increases, the  terrestrial acidification/nutrification except the crossover point
amount of emitted nitrogen oxides decreases (see Table 1) and  is at an equivalence ratio of about 1.25 (Figure 5). These results
thus aquatic acidification decreases. At a fuel equivalence ratio of  indicate that merely selecting the correct operating conditions of
about 1.2, the aquatic acidification becomes equal and at greater  the burner can have a significant impact on the nitrogen footprint
values of equivalence ratio, the ammonia fuel options have a  of the operation.
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CONCLUSIONS

In sum, of the 14 scenarios resulting from combining seven
ammonia and two methane sources, only two resulted in a
lower global warming potential than the pure methane control.
Both used biogas the methane source. One used wind power to

generate electricity for a water-electrolysis ammonia production
process while the other one used nuclear power. Both also had
lower respiratory organics impact than the methane control. The
higher GWP calculated from the scenarios that utilized natural
gas and most of the biogas systems show the importance of
the co-fuel that have had to be fed with ammonia in direct
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combustion systems. New burner systems may have to be
designed to minimize the use of these co-fuels.

It is an encouraging result that operation at appropriate fuel
equivalence ratios would result in lower environmental impact
than the methane control. This is especially true if coupled with
the finding of the influence of higher pressure (Khateeb et al.,
2021) and the presence of water in the feed (Ariemma et al., 2020)
on NOy emissions. One of the significant findings in previous
studies (Angeles et al., 2018; Bicer and Dincer, 2018a) is that
the nitrogen footprint is increased if ammonia is used. Thus,
changing the combustion operating conditions could reverse
this observation.

It is important to note that the burner that was analyzed
did not have any NOy emission control systems. It would
be interesting to analyze larger-scale burner systems that have
associated NOy and carbon capture systems in future studies.
While these may reduce the emissions impacts, there may again
be trade-offs from building, operating and eventually disposing
of the added NOy and carbon capture systems.

For the remaining eight environmental impacts, either
wind power, nuclear power or both had worse environmental
impacts than the methane control. The reason for these worse
environmental impacts is inherent to the nature of wind and
nuclear power. In the case of wind power, a considerable amount
of resources needs to be used for building windmills. On the other
hand, the ionizing radiation risk is inherent to nuclear power and
considerable amounts of environmental impact are generated
from the production of uranium fuel rods.

The choice between the use of nuclear and wind energy
to produce ammonia may come down to the availability of
large-scale wind resources and the socio-political acceptability
of nuclear power. Many countries do not have access to wind
power while other countries have adopted a nuclear-free policy.
Ultimately, decision-makers will need to make the appropriate
value judgements to distinguish which of these paths to follow.
Social and economic considerations will eventually have to
considered to determine the appropriate alternative. Evaluation
of these alternatives is beyond the scope of this paper.

It is important to note that while the extant results are
applicable to the specific burner system analyzed, it is fairly
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