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Abstract 11 

This study assesses the life cycle greenhouse gas (GHG) and economic feasibility of applying thermal 12 

decomposition of methane (TDM) technology for ammonia production compared to the conventional steam 13 

methane reforming (SMR) technology. A detailed process model for each ammonia-based technology was 14 

developed to get data to perform energy, life cycle GHG emissions, and economic analyses. The results 15 

showed that the SMR plant consumes 30.3% more fuel than the TDM. The life cycle GHG emissions of 16 

TDM and SMR are 1.42 and 2.51 t CO2e/t NH3, respectively. The combustion and process emissions 17 

released to the environment and electricity emissions take a large share in the life cycle emissions of SMR 18 

and TDM, respectively. The production cost of ammonia from SMR is lower than TDM by $69/t NH3. 19 

TDM requires a higher investment because of high capital costs and the huge amount of natural gas needed 20 

as feedstock. For TDM, the sale of the oxygen product does not provide sufficient revenue to outperform 21 
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SMR. Integrating a carbon capture unit into TDM improves its economic performance, and it does not 22 

require revenue from the sales of an oxygen product to outperform SMR with a carbon capture unit. The 23 

results also showed that SMR (without carbon capture and storage) is more economically attractive when 24 

the carbon price benchmark is below $99/t CO2. Above this carbon price, integrating a carbon capture unit 25 

into TDM is economically preferable. 26 

 27 
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1. Introduction 37 

Ammonia is one of the most valuable chemicals in the world. It is produced through the combination of 38 

hydrogen and nitrogen under high temperature and pressure. A large portion of the ammonia produced is 39 

used for manufacturing fertilizers. The remaining is used for pharmaceuticals, water purification, 40 

refrigeration, explosives, cleaning products, etc. The global production capacity was estimated to be over 41 

175 million tonnes in 2016 [1] and is expected to increase by 23% from 2019 to 2030 [2]. Though the use 42 

of ammonia is essential, a significant amount of greenhouse gas (GHG) emissions comes from the currently 43 

used methods for manufacturing ammonia. The annual fossil fuel use is about 2% of global consumption, 44 

which corresponds to CO2 emissions of over 420 million tonnes per year [3, 4]. To meet the growing 45 

demand for ammonia, GHG emissions associated with its production will increase by the same order of 46 

magnitude. Thus, developing alternative environmentally friendly production pathways will help to move 47 

towards sustainable ammonia plant operations. 48 

Over the years, the development of ammonia production plants has received significant attention. The first 49 

large-scale production, a 30-metric tonne per day capacity Haber-Bosch process plant, was commercialized 50 

in 1913 [5]. This technology has undergone many modifications, which enabled an increase in efficiency 51 

and larger production capacities (up to 3,300 metric tonnes per day). Today, the Haber-Bosch process is 52 

popular, well established, and with a technology readiness level (TRL) of 9 [6]. Most of the currently used 53 

ammonia technology follows a similar design scheme. The hydrogen needed for ammonia synthesis is 54 

produced either by the steam reforming of hydrocarbons or gasification of carbon-based components, such 55 

as coal. Depending on the method of hydrogen production, nitrogen is either produced from a secondary 56 

reformer by introducing air (or oxygen-enriched air) or from an air separation unit. The hydrocarbon-based 57 

processes are widespread, especially the steam reforming of natural gas (about 72%). These processes 58 

accounted for 78%, while coal gasification accounts for 22% [7, 8]. Steam reforming of natural gas is 59 

popular in North America and most parts of the world except China. It is currently the least energy-intensive 60 

method [7]. Its energy consumption ranges from 28 to 33.8 gigajoules of natural gas per tonne of ammonia, 61 

and about 1.6 tonnes of CO2 per tonne of ammonia are released directly into the environment [7, 9]. The 62 
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life cycle greenhouse gas emission is about 2.6 tonnes of CO2 per tonne of ammonia [10]. For comparison, 63 

the life cycle GHG emissions of the coal gasification process range from 5.1-7.8 tonne of CO2 per tonne of 64 

ammonia [10, 11], while the energy consumption ranges from 51.3-77 gigajoules per tonne of ammonia 65 

[11, 12]. Because of the growing interest in low energy consumption and strict environmental regulations, 66 

many plant operators have begun to consider a cleaner pathway. Many of the proposed alternative 67 

technologies for GHG emissions reduction are available in the public domain. Most of these technologies 68 

produce hydrogen through nuclear, hydropower, municipal waste, biomass, solar, and wind energy. While 69 

these technologies are promising, they often come with difficult challenges. Some are costly to implement. 70 

Zhang et al. [13] assessed the economic potential of green ammonia production processes using green 71 

hydrogen. They studied biomass gasification and water electrolysis for a large-scale ammonia process. 72 

Their results showed that while the electrolysis-based process is not economically feasible, the biomass 73 

gasification-based process will require a long payback period compared to the conventional steam-methane 74 

reforming. Some of these technologies are more complex than the steam-methane reforming process, thus, 75 

they increase the uncertainty of plant operations. A nuclear CuCl cycle for ammonia production is a typical 76 

example, it involves a multiple-step thermochemical cycle to produce hydrogen [14]. The availability and 77 

pre-processing of feedstock, such as biomass and municipal waste, present a potential challenge. Biomass 78 

yield depends on adequate economic and environmental conditions [15]. Undesirable environmental 79 

conditions could negatively impact biomass yield throughout the year [16]. The wide variability in the 80 

composition of feedstocks also presents another challenge. Municipal waste and biomass combustion often 81 

result in the release of harmful air pollutants such as carbon monoxide, nitrogen oxides, and volatile organic 82 

compounds [17, 18]. 83 

Thermal decomposition of methane (TDM) is considered a potentially viable process for the efficient 84 

production of hydrogen, currently at TRL 4–5. In this novel process, methane decomposes into its 85 

components, carbon and hydrogen, at a high temperature. Because the process is endothermic, methane is 86 

passed over a catalyst to lower the reactor temperature and energy consumption. Unlike biomass and 87 
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municipal waste combustion, the TDM technology produces less harmful pollutants. The process provides 88 

the opportunity to lower GHG emissions and reduces the energy intensity of the carbon capture process. It 89 

could serve as a solution to a sustainable hydrogen economy [19]. There are several works done on the 90 

TDM technology. Abanades investigated the deployment of a TDM technology into a hydrogen economy 91 

in the power and mobility sector [20]. Abanades proposes a scheme to deliver hydrogen in a hydrogen-92 

based station into vehicles and a combined power plant. His results showed that the TDM technology lowers 93 

greenhouse gas emissions and is economically feasible for both sectors. Keipi et al. [21] evaluated the 94 

economic and CO2 reduction performance of four methane decomposition pathways. The best pathway 95 

produces 17% less carbon emission when compared to the reference case (direct methane combustion). 96 

They also found that selling carbon has a significant impact on the economy of methane decomposition 97 

processes. In another study by Keipi et al. [22], they compared the economic viability of the hydrogen 98 

produced from methane decomposition to water electrolysis and steam methane reforming. The results 99 

suggest that the thermal decomposition of methane produces fewer emissions and could be economically 100 

viable on a small or medium industrial scale. Some studies applied the TDM technology to produce steam 101 

for oil sands extraction and hydrotreating intermediates in bitumen upgraders [23, 24].  102 

Producing ammonia through the TDM technology will require a nitrogen production unit and a 103 

conventional ammonia synthesis reactor. Ultimately, the use of TDM to lower GHG emissions will come 104 

at a price. Although earlier works provided insights into the TDM technology, there are currently no studies 105 

on carbon footprint and the economic impact of the TDM technology on ammonia production. Furthermore, 106 

to the best of our knowledge, this is the first study assessing the integration of TDM technology into 107 

ammonia production. In this study, to produce ammonia, we developed TDM and ASU processes and 108 

integrated them into an ammonia synthesis reactor. This work aims to assess the carbon footprint and 109 

economic viability of applying TDM technology to ammonia production.  110 

The objectives of this study are to: 111 

• Develop process models for ammonia production through thermal decomposition of methane and 112 

steam methane reforming technologies. 113 
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• Evaluate the life cycle greenhouse gas emissions and the production cost of ammonia from these 114 

technologies. 115 

• Compare the thermal decomposition of methane and steam methane reforming technologies. 116 

2. Method 117 

This study aims to determine whether there are environmental and economic benefits of producing 118 

ammonia hydrogen using the TDM technology in Alberta, Canada. Ammonia production requires both 119 

hydrogen and nitrogen. The TDM technology produces the needed hydrogen by decomposing natural gas 120 

in three reactors in series over an iron oxide catalyst. An air separation unit (ASU) is included to produce 121 

the nitrogen needed to synthesize hydrogen for ammonia production. The ammonia-steam reforming 122 

process was developed following a typical ammonia industrial plant provided in ref. [25, 26].  MEA was 123 

chosen as the solvent for CO2 capture because of its high absorption rate, relatively low regeneration heat, 124 

and low cost [27, 28]. The recovery of CO2 from flue gas power plants, furnaces, and boilers has been 125 

proven to be feasible using the MEA technology [29]. Besides, MEA is still considered the benchmark 126 

solvent for carbon capture, particularly in post-combustion processes [30]. This study used the MEA to 127 

capture CO2, leaving the reactors and the furnaces (flue gases). The production capacity of each technology 128 

is 2,215 tonnes of ammonia per day. 129 

2.1 Process description 130 

2.1.1 Ammonia production from the steam methane reforming pathway 131 

Fig. 1 presents the schematic diagram of the steam methane reforming (SMR) pathway for ammonia 132 

production. Natural gas and steam, at a steam-to-carbon ratio of 3:1, are fed to the primary reformer. The 133 

mixture enters the primary reformer at 530oC. The reactions in the reformer take place in its tubes. Because 134 

the reactions occurring in the primary reformer are endothermic, fuel (natural gas) is required to raise the 135 

operating temperature depending on the steam-to-carbon ratio. Fuel consumption is often optimized by 136 

increasing the steam-to-carbon ratio to lower operating temperature [31]. The heat from hot flue gas leaving 137 
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the reformer is recovered using the reformer’s feed streams (steam and natural gas). The product stream, 138 

which is the reformed gas, exits the primary reformer at 830oC. The volume of methane in the exiting stream 139 

is regulated to ensure no oxidants leave the secondary reformer. The reformed gas and preheated air enter 140 

the secondary reformer as reactants. These reactants burn to produce heat for the endothermic reaction 141 

occurring in the secondary reformer. The gas exiting the secondary reformer is at a high temperature. The 142 

gas temperature is lowered by heat recovery before being fed into the high and low temperature water-gas-143 

shift (WGS) reactors. In the WGS reactors, the carbon monoxide produced in the primary and secondary 144 

reformer reacts with steam over a catalyst to produce hydrogen. The reactions in the WGS reactors are 145 

exothermic. The gas stream leaving the WGS flows to the purification unit, where it is cooled to remove 146 

water and carbon dioxide. The purification unit comprises separators, monoethanolamine (MEA) scrubbers, 147 

a regenerator, and a methanation unit. While water is removed from the gases using the separators, carbon 148 

dioxide is scrubbed with MEA solution in an absorber. The carbon dioxide-rich MEA solution from the 149 

absorber flows to a regenerator, where the MEA solution is recovered by stripping with steam. The 150 

hydrogen-nitrogen-rich gas exiting the absorber is sent to the methanation, where traces of carbon oxides 151 

are converted to methane over nickel alumina catalyst. The produced gas is compressed and sent to a 3-bed 152 

quench reactor for ammonia production. The product gas contains unconverted feed streams that must be 153 

recycled. For this reason, it is cooled in a refrigeration system to liquefy the ammonia. The unconverted 154 

gaseous feed is separated and recycled through a high-pressure separator. The liquid product, rich in 155 

ammonia, is flashed in a medium pressure separator to remove purge gas. 156 

  157 
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Fig. 1: Schematic diagram of ammonia production through the SMR pathway 159 
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2.1.2 Ammonia production from the natural gas thermal decomposition pathway 161 

Fig. 2 presents the TDM pathway to ammonia production. The process has four sections, the 162 

decarbonization unit, pressure swing adsorption (PSA) unit, ASU, and ammonia synthesis unit. Hydrogen, 163 

nitrogen, and ammonia are produced in the decarbonization unit, ASU, and ammonia synthesis unit, 164 

respectively. The ammonia synthesis unit has been described in section 2.1 therefore, it is not repeated here.  165 

Thermal decomposition of methane (TDM) and pressure swing adsorption (PSA) units 166 

The TDM reactors comprise three fluidized bed reactors operating at varying pressures to maximize natural 167 

gas conversion to hydrogen and carbon. The reactors are in series, a high-pressure reactor (HPR), a medium-168 

pressure reactor (MPR), and a low-pressure reactor (LPR). These reactors are loaded with low-grade iron 169 

oxide catalysts and heated to a high temperature (above 850oC). The feedstock, natural gas, is preheated 170 

using the LPR output stream and flue gases at the radiant zone of the reactors’ furnaces. The preheated 171 

natural gas flows to the HPR reactor, where the reaction starts. The product stream from each reactor (except 172 

LPR) is fed to the next to improve natural gas conversion. The conversion ends in LPR. The product leaving 173 

each reactor contains mixtures of solid carbon and gases. The mixture of carbon and iron catalyst is 174 

separated using cyclones and filters and sequestered. The recovery of carbon or iron is not considered in 175 

this study. Their recovery will require an additional separation process. The rich-hydrogen gas product is 176 

fed to the PSA to remove any remaining oxides of carbon, water vapor, methane, and traces of 177 

hydrocarbons. 90% of the hydrogen is assumed to be recovered at a PSA operating pressure of 2,010 kPa. 178 

The recovered hydrogen gas is sent to the ammonia synthesis unit. Flue gasses leaving the furnace radiant 179 

zones of the reactors preheat boiler feed water to generate super-heated steam in a waste heat boiler. The 180 

super-heated steam drives some compressors to reduce electrical loads. 181 

Air separation unit  182 

A multi-stage compressor with intercooling is used to compress air at a pressure of 6.35 bar. A mechanical 183 

filter cleans the compressed air placed at the inlet of the compressors. The cooled air is split in two. One of 184 

the split streams is re-compressed in a multi-stage compressor, cooled, liquified using product streams in a 185 

heat exchanger, and expanded. It then enters a high-pressure column (HPC), where nitrogen is removed as 186 
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a top product. A side stream is withdrawn from the HPC. The stream is partially liquefied using product 187 

streams in a sub-cooler. It is then depressurized before entering a separator where its bottom stream enters 188 

the LPC and the top as waste. HPC operates at a pressure of 6.0 bar. The other split stream is partially 189 

liquefied using the product streams in a sub-cooler. The partially liquified stream is also split into two. One 190 

of the split streams enters the HPC, while the other enters the low-pressure column (LPC). LPC operates at 191 

1.2 bar. HPC bottom product (rich in oxygen) enters the LPC after being cooled by the product streams in 192 

a sub-cooler and then depressurized. Nitrogen and oxygen leave LPC as top and bottom products, 193 

respectively.  A side product from LPC leaves as waste. 194 

  195 
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Fig. 2: Schematic diagram of ammonia production through the TDM pathway 198 
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2.2 Process simulation 200 

Using Aspen HYSYS simulation software, a detailed process model was developed for each process to 201 

obtain the material and energy balances. The resulting energy and material balance were used to determine 202 

the equipment size and process economics. The Peng-Robinson equation and ASME steam table 203 

correlations for thermodynamic properties are used for the predictions of the components in the processes. 204 

Following Fig. 1 and Fig. 2, the chemical reactions occurring in each reactor were modeled using the 205 

Equilibrium Reactors in Aspen HYSYS. Details of the chemical reaction and their kinetics are provided in 206 

Appendix A1. 207 

2.3 Energy consumption and GHG emissions evaluation 208 

Fig. 3 presents the system boundary of the ammonia production processes. The performance of each process 209 

was determined by evaluating energy use and GHG emissions. The energy inputs for electrical devices are 210 

obtained from the simulation models using the appropriate efficiencies.  211 

GHG emission was evaluated using the LCA framework according to the International Organization for 212 

Standardization (ISO) recommendations [32, 33]. One tonne of the produced ammonia is considered the 213 

functional unit to which the GHG footprint as kilograms of CO2-equivalent gas emitted (kgCO2e) is 214 

normalized. Table 1 presents the emission factors for natural gas and electricity. For natural gas, both 215 

combustion and upstream emissions were considered.  The electricity emission factor for the base case 216 

scenario was based on the Alberta grid emission intensity for 2020. A combined heat and power (CHP) 217 

plant provides lower emission intensity than the Alberta electricity grid. For this reason, the impact of a 218 

CHP plant was considered on the life cycle GHG emissions. 219 

For the base case scenario, we assume a global warming potential of 100 years (GWP-100) time horizon, 220 

which is recommended by IPCC. In recent times, some scientists have promoted the use of a global warming 221 

potential of 20 years (GWP-20) time horizon. The latest IPCC AR6, using methane as an example, it was 222 

discussed the use of a range of emission metrics, including GWP-20 and GWP-100, and how they perform 223 

[34]. IPPC AR6 provides an insight into how cumulative CO2 equivalent emissions for methane vary under 224 
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different emission metric choices and how the global surface air temperature (GSAT) compares with the 225 

actual temperature response. They argue that a drop in methane emissions could cause global warming to 226 

decline. The trend in global surface air temperature (GSAT) estimated with cumulative CO2 equivalent 227 

emissions computed with GWP-20 matches the warming trend for a few decades but quickly overestimates 228 

the response. Cumulative emissions using GWP-100 perform well when emissions are increasing, but not 229 

when they are stable or decreasing. For these reasons, we also considered the impact of global warming 230 

using the GWP-20-time horizon. Table 2 presents the GWP-100 and GWP-20 for the greenhouse gases 231 

considered in this study.  232 

It is important to mention that for emissions associated with natural gas, we considered both combustion 233 

and upstream emissions. The 5-year average of Alberta natural gas recovery, processing, transmission, and 234 

distribution emissions is 8.88 kg-CO2eq/ GJ of natural gas produced [35, 36].  235 
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Fig. 3: System boundary for the ammonia production pathways 238 

 239 

 240 

2.4 Economic analysis 241 

The production cost of ammonia was calculated using discounted cash flow (DCF) analysis. The basic 242 

assumptions for the DCF analysis are shown in Table 3. Capital investment and cost of manufacturing 243 

(COM) were evaluated. The costs of pumps, compressors, expanders, heat exchangers, fans, and coolers 244 
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were estimated using the Aspen plus economizer. Using a conservative scale factor of 0.6, the cost of SMR 245 

reactors, ammonia synthesis reactors, TDM reactors, and pressure swing absorption were calculated from 246 

previous analysis by Salkuyeh et al. [37], Bartels [38], Spath and Lane [39], and Larson et al. [40] and 247 

Kreutz et al. [41], respectively. Table 4 summarizes the general assumptions for capital cost estimation. 248 

The manufacturing cost includes direct manufacturing cost, fixed manufacturing cost, and general expenses. 249 

Details of each manufacturing are provided by Turton [42]. The cost of manufacturing (COM) is evaluated 250 

using Equation (1) [42]. 251 

𝐶𝑂𝑀 = 0.18 𝐹𝐶𝐼 + 2.73(𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝑙𝑎𝑏𝑜𝑟) + 1.23(𝑈𝑡𝑖𝑙𝑖𝑡𝑖𝑒𝑠 + 𝐶𝑜𝑠𝑡 𝑜𝑓 𝑟𝑎𝑤 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙) (1) 252 

where FCI is fixed capital investment. 253 

 254 

 255 

Table 1: Model assumptions for the analysis 

Parameters Value 

Reboiler efficiency, % 90.0 

Compressor efficiency, % 87.0 

Natural gas expander efficiency, % 75.0 

Turbine efficiency, % 87.0 

Pump efficiency, % 87.0 

Fan efficiency, % 65.0 

Pressure difference for pumping cooling water, kPa [42] 266.0 

Upstream emissions of natural gas, kg CO2eq/GJ [35, 36, 43] 8.9 

Emission factor of natural gas, kgCO2eq/GJ [43] 55.8 

Emission factor of the biomass-fired power plant, kgCO2e/MWh [44] 80.0 

Emission factor of Alberta grid electricity (2020 mix), kg CO2eq/MWh[45]  544.4 

Emission factor of electricity from CHP, kg CO2eq/MWh [46] 367.0 
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  257 

Table 2: IPCC Sixth Assessment Report Global Warming Potentials (AR6 2021) [34] 

Greenhouse gas 100-year period 20-year period 

CO2 1 1 

CH4 fossil origin 29.8 82.5 

CH4 non-fossil origin 27.2 80.5 

N2O 273 273 

   
 258 

 259 

 260 

Table 3: Assumptions for the economic model 261 

Parameter Values 

Base year  2020  

Capacity utilization 90% 

Internal rate of return (IRR) 10% 

Plant lifetime 25 years 

Decommissioning cost  2.3% FCI 

Construction payment years  3 

 262 

  263 
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 264 

Table 4: Assumptions for the estimation of capital cost and COM 265 

Economic data Value Reference 

Capital investment  [47] 

Total Purchase Equipment Cost (TPEC) 100% TPEC  

Total Installed Cost (TIC) 203% TPEC  

Indirect Cost (IC) 89% TPEC  

Total Indirect Cost (TDIC) TIC + IC  

Contingency 20% TDIC  

Fixed Capital Investment (FCI) TDIC + Contingency  

Location factor (LF) 10% FCI  

Total Capital Cost FCI + LF  

Operating cost    

Process water 0.067$/tonne [42] 

Natural gas 1.96$/GJ  

Electricity 0.06$/kWh [42] 

Catalyst (primary reformer) 10$/kg [13] 

Catalyst (secondary reformer) 15$/kg [13, 48] 

Catalyst (Methanation) 17.7 $/kg [13] 

Catalyst (iron ore) 169$/tonne [49] 

MEA 1250 $/tonne [50] 

Oxygen price 40 $/tonne [51] 

Ammonia price 593.94$/t NH3 [52] 

 266 

  267 
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3. Results 268 

This section provides insight into using SMR and TDM pathways for ammonia production. Each pathway 269 

produces 2,215 tonnes of ammonia per day. The pathways are assessed based on process parameters 270 

(operating variables and material use), energy consumption, and greenhouse gas emissions. Fig. 4 and Fig. 271 

4 present model results of the SMR and TDM pathways, respectively. Model accuracy relies on the 272 

appropriate reaction kinetics, plant configuration, and operating conditions. These factors were considered 273 

in the model development for an accurate representation of each process. For completeness, the compared 274 

our model results were compared with process data in the literature. The results show good agreement with 275 

typical plant data.  276 

3.1 SMR pathway 277 

3.1.1 Model analysis 278 

Important process variables are steam-to-carbon ratio, methane slip, nitrogen-to-hydrogen ratio, and 279 

oxidant slip. Ensuring tight control of these variables results in optimal fuel use, economic benefits, and 280 

improved efficiency. For the feed stream to the primary reformer, a steam-to-carbon ratio of 3.0 was 281 

maintained to control methane slippage at the reformer outlet, maximize yield, and reduce steam production 282 

costs. As earlier mentioned, a lower steam-to-carbon ratio leads to increase in heating demand. The steam-283 

to-carbon ratio may vary depending on the process configuration. For example, the Kellogg ammonia 284 

technology, KRES, operates with a steam-to-carbon ratio in the range of 3.0-4.0 [26]. In the KRES 285 

configuration, a higher steam-to-carbon ratio is implemented by feeding some of the feed streams directly 286 

into the secondary reformer. Thus, increasing the volume of methane in the secondary reformer above a 287 

typical plant level. In the configuration studied, the primary reformer inlet and outlet stream temperatures 288 

were regulated to maintain a methane volume of 10.2% (13.6% dry basis), in line with what a typical 289 

industrial plant operation maintains of 10.0% (13.0% dry basis) [26, 53]. This volume of methane 290 

contributes to the supply of heat needed in the secondary reformer. The reminder exits as an effluent. The 291 

reformer’s effluent heat is integrated using heat exchangers to generate the steam needed within the plant. 292 
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The air supplied to the secondary reformer provides the oxygen to burn a certain quantity of the reformed 293 

gas and natural gas. Compared to the standard combustion process, the oxidant (oxygen) is less than the 294 

fuel. Thus, leaving no traces of oxygen in the exiting stream and unreformed methane (slippage) reduced 295 

to about 0.1%. The air supplied also gave a 3:1 ratio of hydrogen-to-nitrogen needed for ammonia synthesis. 296 

Using the WGS reactors, the hydrogen to nitrogen ratio increases to 3.0, which is sufficient to meet the 297 

hydrogen demand for ammonia production. Thus, reducing the carbon monoxide content in high and low 298 

temperature WGS reactors to 2.4% and 0.2%, respectively. These values are in close agreement with that 299 

reported by McVickar et al. [53]. Furthermore, the low temperature WGS’s (LT-WGS) gas composition 300 

from these simulation results fairly agrees with typical plant data [53]. The compositions of the converted 301 

gas by the LT-WGS presented by McVickar et al. are (percent by volume, dry basis): CO2 17.6; CO 0.2; 302 

H2 61.5; N2 20.5; and CH4 0.2, and in this work CO2 27.8; CO 0.3; H2 51.1; N2 20.1; and CH4 0.1. The 303 

percentage mole composition of the gases leaving the LT-WGS is presented in 304 
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 305 
Table 5. The MEA scrubber and methanation are the final purification steps, where carbon dioxide and 306 

carbon monoxide are removed and converted to methane, respectively. The oxides of carbon in the gas flow 307 

to the ammonia synthesis unit are less than 10 ppm. In the ammonia synthesis unit, the percentage 308 

conversion of reactants to ammonia is 28%. The molar flow ratio of the recycled gas to the fresh syngas is 309 

3.0, and the purity of ammonia produced is 99.2%. The simulation results for gas composition from the 310 

WGS reactors, methanation, amine scrubbers, and ammonia synthesis agree with typical plant data (see 311 

Table 5) 312 
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 313 

Table 5: Comparing the results obtained in this study with gas components (mol%, dry basis) leaving various units of the ammonia plant 314 

 

Primary 

reformer Secondary reformer HT-WGS LT-WGS Methanation Ammonia tank 

Reference A B A B A B A B A B A B 

CH4 14.13 8.67 0.6 0.2 0.53 0.1 - 0.10 1.16 0.31 0.12 0.24 

CO2 10.11 9.44 7.38 6.4 18.14 15.73 - 18.10 - - - - 

CO 9.91 11.51 13.53 14.65 0.33 3.23 - 0.29 - - - - 

H2 65.52 69.82 54.57 55.74 59.85 60.15 - 61.31 73.54 74.68 0.03 0.14 

N2 0.33 0.32 23.64 22.93 20.9 20.65 - 20.01 24.93 24.67 0.02 0.02 

NH3 - - - - - - - - - - 99.82 99.18 

Others 0.00 0.26 0.28 0.08 0.25 0.15 - 0.19 0.37 0.34 0.01 0.42 

A: KRES [26] B: This study 

315 
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3.1.2 Energy consumption 316 

Table 6 presents the energy consumption pattern of the SMR pathway. The total natural gas consumed by 317 

the process is 31.9 GJ/t NH3. This value is in close agreement with studies by Appl [25, 26] (28-29.3 GJ/t 318 

NH3), Smith et al. [54] (27.4-31.8 GJ/t NH3), and Natural Resources Canada [55] (33.8-38.6 GJ/t NH3) for 319 

the Haber-Bosch process plant. The energy input to the process includes natural gas fuel, electricity, and 320 

heat gained from the process through exothermic reactions. The total energy supplied to the pathway was 321 

estimated to be 23.2 GJ/t NH3. Electrical devices such as pumps and compressors consume 18.4% (3.8 GJ/t 322 

NH3). The fuel energy supplied for process heating was estimated to be 15.7 GJ/t NH3. Part of the natural 323 

gas feedstock contributes to the process heating in the secondary reformer. For this reason, it was included 324 

in the process efficiency calculation. The total energy gained because of exothermic reactions occurring in 325 

methanation reactor, WGS reactors, and synthesis reactor is 3.9 GJ/t NH3. Using these heat of reactions 326 

raises the process energy efficiency to 68.7%. This efficiency is comparable to 64.6% reported by Appl 327 

[56]. About 74.9% of the energy loss in the process occurs in the WGS and methanation units. Most of 328 

these losses are low-grade heat cooled off. The primary reformer accounts for 83.4% of the fuel energy 329 

supplied, making it the most energy-intensive unit. Its efficiency reaches 90% because it is well-integrated 330 

to use heat efficiently. The fuel gas leaving the reformer generates 1.85 GJ/t NH3 to preheat natural gas and 331 

air and produce steam. The combustion of natural gas in the secondary reformer generates 6.0 GJ/t NH3. 332 

The endothermic reactions occurring in the secondary reformer account for 59.1% (3.6 GJ/t NH3) of the 333 

energy produced through natural gas combustion. Part of the remainder, released as effluent, generates 334 

steam needed in the primary reformer and MEA regenerator. The use of this heat, about 9.7 GJ/t NH3, for 335 

producing steam is a major contribution to the process efficiency.  336 

 337 

 338 

 339 

 340 
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Table 6: Energy analysis of the SMR pathway (GJ/t NH3) 

Parameter Energy inputs Losses 

Primary reformer fuel 9.71 0.68 

Secondary reformer 6.03 0.00 

Ammonia synthesis 3.09 1.94 

High WGS 0.29 0.00 

Low WGS 0.27 2.70 

Methanation 0.02 0.55 

MEA unit 0.00 1.34 

Electricity 3.74 0.48 

Total  23.55 7.70 

 341 

 342 

3.1.3 GHG emissions 343 

The life cycle GHG emissions are 2.51 tCO2e/t NH3. The largest share of the GHG emissions is onsite, and 344 

it accounted for 66.2%. The onsite GHG emissions are from two sources, flue gases from the reformer and 345 

the separated CO2 gases leaving through the regenerator. The CO2 emissions leaving through the (or process 346 

emissions) regenerator represent 67.4% of the onsite CO2 emissions, which show the potential to 347 

significantly lower overall emissions if captured and sequestered. The emission from electricity is also 348 

significant, and it accounts for 22.5% of the life cycle GHG emissions. The upstream of natural gas is a 349 

small part (11.3%). Upstream emission is due to the recovery, processing, and transportation of natural gas 350 

to the plant site. 351 

3.1.4 Economic assessment 352 

The production cost of ammonia from the SMR pathway was estimated to be $500/t NH3. The capital cost 353 

and manufacturing cost (COM) were estimated to be $807 M and $340 M/year, respectively. For capital 354 
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investment, the major cost components are from the reformers and WGS units. These components (reactors, 355 

compressors, pumps, heat exchangers, and coolers) account for 54.6% of the capital investment. The 356 

ammonia synthesis unit (synloop and storage) and purification unit (amine scrubbers and regenerator) 357 

account for 33.2% and 19.2%, respectively. For COM, the direct cost, which includes raw material, utilities, 358 

labor, and so on, plays a significant role. They account for 58.8% of COM. These results are comparable 359 

to the production cost of ammonia reported by Appl [26] and Rutkowski [38, 57] of $495/t NH3 and $521/t 360 

NH3, respectively, in 2007. If their values are adjusted for inflation to the year 2020, the cost of ammonia 361 

will be $505/t NH3 for Appl and $531/t NH3 for Rutkowski. The differences in results might be due to input 362 

assumptions and operating cost like natural gas price. Furthermore, according to Bartels [38], the cost of 363 

ammonia from a coal-based plant is usually low, from 147-432 $/t, while a natural gas-based plant ranges 364 

395-688 $/t. When carbon capture and storage (CCS) is installed into the two sources of CO2 emissions, 365 

the production cost of ammonia increased by 28.6% ($143/t NH3). Sequestering only the separated CO2 366 

gases leaving the amine regenerator leads to an increase in ammonia cost by 11.1% ($65/t NH3). For a 367 

capacity of 2,004 tonnes of ammonia per day, a percentage increase of 7.7% ($40/t NH3) for sequestering 368 

CO2 gases was estimated from Rutkowski [38, 57]. This value is close to the value reported in this study. 369 

Lastly, a government implemented carbon pricing benchmark of $99/t CO2 is equivalent to integrating a 370 

CCS into an ammonia plant. Thus, economically, the CCS is worth implementing with a carbon price above 371 

this value. 372 

 373 

 374 

  375 
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Fig. 4: Simulation results of the SMR pathway for ammonia production 377 
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3.2 TDM pathway  379 

3.2.1 Model analysis 380 

Fig. 5 presents a material balance of the TDM pathway. The reactor temperature and pressure play a key 381 

role in natural gas conversion. A what-if analysis was performed to determine a suitable operating condition 382 

of the TDM reactors (HPR, MPR, and LPR). The reactors’ pressure and temperature were varied between 383 

3500 - 110 kPa and 900oC-850oC, respectively. Accordingly, the optimum pressure for HPR, MPR, and 384 

LPR is 2,100 kPa, 450 kPa, and 110 kPa, respectively. With the reactor temperature at 850oC, overall natural 385 

gas conversion at these pressures is 94.7%. The percentage conversion of natural gas in HPR, MPR, and 386 

LPR is 54.0%, 59.1%, and 71.8%, respectively. The rate of conversion increased in MPR and LPR because 387 

pressure drop across the reactors favors hydrogen yield. Low pressure favors the shift of reaction 388 

equilibrium towards hydrogen product. The product stream contains 95.3% hydrogen by mole filtering off 389 

the solid carbon. Keipi et al. [21] reported a methane conversion of 40% and hydrogen concentration of 390 

57.1 wt.% for a single fluidized bed reactor. In an experimental study by Suelves et al. [58], they reported 391 

hydrogen concentration of 80% (mol.) at 700oC using a Ni-based catalyst in a single reactor. Methane 392 

conversion was 67%. These findings compared reasonably with 61.1 wt% hydrogen concentration in the 393 

HPR (present study). Steinberg also reported 90% (mol.) for thermal decomposition of natural gas in a 394 

molten metal reactor [59]. The thermal conversion of natural gas to hydrogen depends on many factors, 395 

such as the number of reactors, operating conditions, and the type of catalyst used. The variation in these 396 

results is due to these factors. 397 

The unreacted components in the gas stream leaving the reactor are separated and used as fuel. These 398 

components make about 44.0% of the fuel used to provide heat to the reactors. Hydrogen volume flow in 399 

the unconverted stream is 51.7%. This value reduces to 28.5% when combined with natural gas fuel 400 

supplied to heat the reactors. The carbon produced per tonne of ammonia is 0.53 and with a purity of 94%. 401 

The purity was determined based on the amount of the iron oxide catalyst in carbon. Deactivated catalysts 402 

are not reused or regenerated but replaced with new ones. The carbon product can be an additional 403 

marketable product. However, the current global demand for carbon is low [60]. The ASU produces 404 
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nitrogen to meet a nitrogen-to-hydrogen ratio of 3.0. The by-product, oxygen, is valuable, and it is likely to 405 

find a market that can accommodate production. The purity of nitrogen and oxygen product in the ASU is 406 

98.0%. The ASU waste stream is a less valuable product, and it was used as an oxidant for fuel combustion. 407 

In the ammonia synthesis reactors, the percentage conversion of reactants to ammonia is 28%. The molar 408 

flow ratio of the recycled gas to the fresh syngas is 3.0, and the purity of ammonia produced is 99.5%. 409 

3.2.2 Energy consumption  410 

Table 7 presents the specific energy of the process units in the production of ammonia using the TDM 411 

technology. The total natural gas used as feedstock and fuel is 49.3 GJ/t NH3. A reduction in this value can 412 

only be realized by lowering the fuel requirement because the actual feedstock needed for ammonia 413 

production is by stoichiometry. One way to reduce the natural gas demand is by lowering the operating 414 

temperature of the reactors. However, reducing the reactor temperature will require a more active catalyst 415 

that would increase the reaction rate by lowering the reaction activation energy. Many studies have shown 416 

that methane decomposition can occur at a low temperature between 550-650oC using Ni catalyst [61], 417 

Ni/SiO2 catalyst [62], or Fe–Mo/Al2O3 catalyst [63]. A more radical step is to use carbon products as fuel, 418 

but it would increase carbon emissions. Nonetheless, the total fuel required for heating the reactors is 9.12 419 

GJ/t NH3 (a mixture of natural gas and recycled hydrogen and heavy hydrocarbons). Electricity for pumps, 420 

fans, and compressors makes 4.10 GJ/t NH3. The total energy loss in the process is 6.15 GJ/t NH3. Most of 421 

the losses occurred in the synthesis unit and decarbonization unit. In the synthesis unit, the reaction heat of 422 

ammonia synthesis is 6.13 GJ/t NH3. About 54.2% preheats the feed streams to the synthesis reactor. The 423 

remaining 2.81 GJ/t NH3, is wasted through cooling. This heat can provide low-pressure steam, but it is of 424 

no use in the current design of the TDM pathway. The decarbonization unit is another important part of the 425 

process and the most energy intensive unit. Its reactors consume 51.3% of the fuel (natural gas) supplied to 426 

provide heat for thermal decomposition of natural gas. The remaining part of the energy is embedded in the 427 

flue gas, which leaves the reactor at 960oC. To avoid huge losses and improve energy efficiency, the flue 428 

gas is used to preheat combustion air, natural gas, and generates steam to drive a turbine. The energy gained 429 

by these streams lowers the heating and electrical loads by 0.57 and 0.46 GJ/t NH3, respectively. By 430 
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adopting this approach, the efficiency of the reactor's furnace reaches 77.8% from 51.3%. The resulting 431 

flue gas leaves the furnace stack with an energy loss of 2.02 GJ/t NH3. The calculated initial efficiency 432 

value is comparable to 58% reported for the thermal decomposition of methane [59]. Overall, the energy 433 

efficiency of the TDM pathway is 68.2%.  434 

 435 

Table 7: Energy analysis of the TDM pathway (GJ/t NH3) 

Parameter Energy inputs Losses 

Natural gas fuel to reactors 6.56 2.82 

H2 in fuel mixture to reactors 2.56 - 

Ammonia synthesis 6.13 2.81 

Electricity 4.07 0.53 

Total  19.32 6.15 

   
 436 

3.2.3 GHG emissions 437 

The life cycle GHG emissions are 1.42 tCO2e/t NH3. GHG emission from electricity takes the largest share, 438 

42.8% of the overall emissions. These emissions are due to the compression of gases, especially in the 439 

ammonia synthesis and ASU units. Onsite (GHG emissions because of fuel combustion) and natural gas 440 

upstream emissions account for 30.8% and 25.8%, respectively. The inefficiencies associated with the 441 

recovery of heat from the furnace stack impact onsite emissions. Upgrading the furnace efficiency from 442 

77.8% to a typical value of 90% could lower onsite emissions by 5.0%. TDM produces carbon to avoid 443 

producing CO2 emissions in its reactors, thus, reduce the overall emissions associated with the production 444 

of ammonia. The CO2 emissions potential of the produced carbon (9,091 tonnes) is 15.0 tCO2e/t NH3. Some 445 

studies suggest using the carbon product as fuel or gasification agent [21, 22]. However, using carbon as 446 

fuel in the TDM reactors will increase onsite CO2 emission by 0.37 tCO2e/t NH3. The increase in 447 



28 
 

combustion emissions is twice the base case value. With a carbon lower heating value of 32.8 MJ/kg, we 448 

estimated the amount of carbon required for combustion to be 1,624 tonnes per day. 449 

3.2.4 Economic assessment 450 

The production cost of ammonia from the TDM pathway was estimated to be $569/t NH3 without 451 

considering product oxygen. Integrating CCS leads to an increase in the production cost of ammonia by 452 

13.4% ($76/tNH3). The capital investment and COM of the process (without CCS) is $946 M and 382 453 

$M/year, respectively. For capital investment, the major cost components are from the hydrogen production 454 

units. The components in these units (reactors, compressors, pumps, heat exchangers, and coolers) account 455 

for 48.1% of the capital investment. The ammonia synthesis unit, the air separation unit, purification unit 456 

account for 25.0%, 15.7%, and 11.2%, respectively. For the operating cost, the consumption of natural gas, 457 

electricity, and maintenance cost play a significant role. Other cost parameters such as cooling water, labor, 458 

etc., have less influence. A breakdown of the TDM and SMR costs is presented in appendix A2. 459 

Product oxygen is valuable. Its market value represents additional revenue to the TDM pathway, thus 460 

lowering the cost of ammonia products. So, we analyzed the effect of product oxygen as well. Based on an 461 

oxygen selling price of $40/t O2, the cost of ammonia is $560/t NH3, a reduction in the base case by 1.6%. 462 

The sale of an oxygen product does not significantly reduce the cost of ammonia. Lastly, a government 463 

implemented carbon pricing benchmark of $57/t CO2 is equivalent to integrating a CCS into an TDM 464 

ammonia plant. So, economically, the CCS is worth implementing with a carbon price above this value. It 465 

is worth mentioning that the economic impact of carbon and the regeneration of the iron catalyst is not 466 

considered in this study. The mixture (carbon and iron) requires a recovery process. Regenerating the iron 467 

catalyst through combustion is a popular approach, however, these would release CO2 emissions. Capturing 468 

these CO2 emissions would add to the overall cost of ammonia. It is therefore unclear whether these 469 

byproducts will add economic value to the TDM process. It would be interesting to consider the addition 470 

of these processes in future work. 471 

 472 

 473 
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Fig. 5: Simulation results of the TDM pathway for ammonia production 476 
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3.3 Sensitivity and uncertainty analyses 477 

3.3.1 Economic analysis 478 

Using point estimates to examine the output of a model can sometimes mislead when the uncertainties in 479 

the inputs have significant effects. To understand how the uncertainties in the assumptions used in this 480 

study affect the economic output of both technologies, sensitivity and uncertainty analyses were conducted. 481 

The relative uncertainty used for all the economic inputs was 30%. This value is commonly used to analyze 482 

the variability in economic inputs. The Morris global sensitivity method was used to determine inputs that 483 

have a strong impact on the cost of ammonia in each case. Fig. 6 (a and b) shows how the uncertainties in 484 

the input assumptions impact the production cost of ammonia. Sensitive inputs have a high Morris mean, 485 

moderately sensitive have a relatively low Morris mean, while inputs at zero (or close to zero) are not 486 

sensitive. In both cases, SMR and TDM, the capital cost is the most sensitive input, contributing 76.1% and 487 

72.6% to the output uncertainty, respectively. IRR, contingency, natural gas, and electricity are moderately 488 

sensitive, while the remaining inputs are not sensitive (many of which are not shown in the figures for 489 

brevity). Only sensitive inputs are considered for uncertainty analysis. Fig. 7 shows the box plot 490 

representation of the uncertainty results for each case. The plot depicts how the uncertainty in inputs affects 491 

the cost of ammonia in the TDM and SMR technologies. The overlap (in Fig. 7) in the cost of ammonia 492 

makes it difficult to determine which case is more economically favorable. Further analysis is required to 493 

determine the most suitable technology. Henriksson et al. [64] recommended a four-step method for 494 

comparison, which are quantifying and characterizing input parameters (step 1), quantifying output 495 

uncertainties using propagation methods like Monte Carlo (step 2), statistical testing (step 3), and 496 

communicating results (step 4). This method allows for an accurate comparison between technologies 497 

because data considered for analysis is dependent, so each technology uses the same sampled inputs. Using 498 

Henriksson et al.’s four-step method, we ran a Monte Carlo simulation with sampled inputs. Here, we 499 

evaluated the differences in each Monte Carlo simulation by subtracting the economic output of both 500 

technologies to determine the most preferable. Fig. 8 shows the differences in the economic output of both 501 

technologies. Each point on the curve represents the differences between the probable outcomes of the two 502 
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technologies. Because we subtracted the cost of SMR-based ammonia from TDM ($/tNH3 TDM - $/tNH3 SMR 503 

= Δ $/tNH3), a negative output favors the TDM while a positive favors SMR. Fig. 8 shows that it is more 504 

likely that the ammonia produced from the SMR technology will be economically preferable to the TDM. 505 

The likelihood of TDM being a preferable choice is less than 20%. The TDM achieves this favorability at 506 

its lowest capital cost and the highest capital cost of SMR. The curve is driven by the capital cost of TDM 507 

and SMR. The capital cost of SMR and TDM account for 63.8% and 28.9% of the distribution, respectively. 508 

 509 

    510 

Fig. 6: Morris’s sensitivity result for the SMR (a) and TDM (b) 511 
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 513 

Fig. 7: Comparison the cost of ammonia production from SMR and TDM, legend: top error bar: P95; top 514 
box side: P75; middle line: mean; bottom box side: P25; bottom error bar: P5 515 

 516 

 517 

Fig. 8: Differences in the cost of ammonia produced from TDM ($/tNH3) and SMR ($/tNH3), Δ $/tNH3 518 
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 520 

3.3.2 GHG emissions 521 

Fig. 9 compares the uncertainties in both pathways (without CCS). Clearly, the figure shows that 522 

irrespective of the uncertainty in the inputs, the GHG emission of the TDM is lower than the SMR. The 523 

relative GHG emissions uncertainties were estimated to be 34.5% (±0.49) and 14.5% (±0.36) for the TDM 524 

and SMR, respectively. In the TDM and SMR pathways, the output GHG emissions are mostly driven by 525 

the uncertainty in upstream natural gas emissions, contributing 79.7% and 60.5%, respectively. Upstream 526 

natural gas emissions can vary widely from site to site. As earlier mentioned in section 2.4, the base case 527 

value (8.88 kgCO2e/GJ) was a five-year average reported by Canada Energy regulator [35] and 528 

Environment and Climate Change Canada [36]. MacKay et al. reported that Canada’s upstream natural gas 529 

emissions value may be underestimated because most measurement studies in Canada comprise relatively 530 

region-specific sample populations, which may not be extensible to regions with varying extractive 531 

techniques, geology, and geochemical properties [65]. To account for these variations, we used an 532 

uncertainty value of 100% (±8.88 kgCO2e/GJ). This value (17.76 kgCO2e/GJ) is close to the upper bound 533 

reported in some studies [65, 66]. Their (TDM and SMR) corresponding electricity emission contributes 534 

16.8% and 25.7% to the output while natural gas combustion contributes 3.5% and 13.8%, respectively.  535 

The relative uncertainty used for electricity emissions and natural gas combustion is 33% and 25% [67], 536 

respectively.  537 
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 538 

Fig. 9: Comparing the GHG emission uncertainty of the TDM and SMR technologies, legend: top error bar: 539 
P95; top box side: P75; middle line: mean; bottom box side: P25; bottom error bar: P5 540 

 541 

3.4 The effect of using the 100-year or 20-year time-horizon global warming potential 542 

GWP-100 and GWP-20 estimates were used to describe the impact of the different greenhouse gases 543 

released into the air by the processes (TDM and SMR). Most important GHGs for this study are CO2, CH4, 544 

and N2O and their environmental effects in 100-year and 20-year time horizons. Fig. 10 (a and b) compares 545 

the GWP-100 and GWP-20. For both processes, the GWP-20 has a higher global warming effect, mainly 546 

because of the natural gas (methane) upstream emissions, which account for about 98% of the total increase 547 

in each case. The application of GWP-20 to TDM and SMR increases their global warming potential by 548 

7.0% and 2.6%, respectively, when compared with GWP-100. The upstream emissions associated with 549 

natural gas (methane) use dominate the overall increase in the global warming potential. However, like the 550 

GWP-100, the GWP-20 estimates also suggest that TDM is a favorable technological choice. TDM has a 551 



35 
 

lower global warming potential than the SMR even with its relatively high natural gas consumption. These 552 

results also show that our discussion on uncertainty analysis using GWP-100 holds for GWP-20. 553 

Global warming impact can also occur through hydrogen leakage, venting, and purging from these 554 

ammonia technologies. Hydrogen is an indirect greenhouse gas with a global warming potential of 11 ±5 555 

over a 100-year time horizon [68]. A study by Derwent at al., in 2006, which has been frequently cited ever 556 

since, put the GWP of hydrogen at 5.8.[69]. Leakage can be more prominent in an ammonia plant, however, 557 

venting/purging to the environment is not common because they combust these gases to generate heat. 558 

Although we did not consider the impact of hydrogen leakage in this study because very little is known 559 

about how much hydrogen leaks into the environment from large-scale hydrogen-based plants. However, 560 

it is important to comment on the risk of hydrogen leakage to global warming. Hydrogen can contribute to 561 

climate change by increasing the lifetime of greenhouse gases such as methane, ozone, and water vapor, 562 

resulting in indirect warming. It reacts with tropospheric hydroxyl radicals to perturb the distribution of 563 

these greenhouse gases. These tropospheric hydroxyl radicals help to clean up methane emissions. Since 564 

methane causes more warming than an equivalent weight of CO2 over a 20-year period, hydrogen leaks 565 

could extend the lifetime of methane in the atmosphere [70]. Therefore, adequate measures must be taken 566 

to minimize hydrogen leaks from the synthesis, transportation, and storage to attain a full climate benefit 567 

in ammonia production. 568 
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Fig. 10: Global warming potential estimates for SMR (a) and TDM (b) using 100-year and 20-year time-570 
horizon  571 

 572 

 573 

4. Discussion 574 

In this section, the potential of the TDM pathway was compared with the SMR pathway. To establish a 575 

baseline of understanding, both pathways in terms of their configuration, utilities and raw materials, energy 576 

efficiency, greenhouse gas emissions, and economic benefits are discussed. 577 

The SMR and TDM pathways comprise different production units to produce ammonia (Fig. 1 and Fig. 2). 578 

Only the ammonia synthesis is common to both processes in terms of operation and configuration. The 579 

reactor beds and heat exchanger network are practically the same for both pathways. In both pathways, the 580 

configuration of each unit minimizes energy use while producing intermediates and final products. The 581 

production and treatment of intermediate products (nitrogen and hydrogen) are different for each pathway. 582 

SMR needs four reacting stages to achieve the desired hydrogen conversion, whereas TDM needs three. 583 

The TDM reactors are more compacted and easily controlled than the SMR reactors. Although both 584 

pathways must remove impurities, which are detrimental to the catalyst in the synthesis reactors, steps 585 

involved in the SMR pathway are more complex and energy intensive. The SMR pathway requires three 586 

purification steps (water separators, CO2 removal, and methanation). The TDM only needs two (carbon 587 

filters and PSA). An air separation unit is inevitable to produce nitrogen in the TDM pathway. In this study, 588 

a widely used method of air separation, cryogenic air separation, was adopted. For large-scale production, 589 

cryogenic air separation is relatively cheap, and it can produce gases of almost 99.99% purity. The SMR 590 

pathway, on the other hand, offers a simplified way to produce nitrogen alongside hydrogen without the 591 

use of an ASU.  592 

Table 8 presents the utilities and raw materials required to produce 1.0 kg of ammonia for both processes. 593 

Other than natural gas feedstock and electricity, the SMR pathway consumes more utilities than the TDM 594 

pathway. An example is the heating utility, which is 30.3% higher in SMR. Natural gas consumed as 595 
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feedstock in the TDM pathway is 91.7% higher than in the SMR pathway, raising the TDM upstream 596 

emissions. Unlike the SMR pathway, the only source of hydrogen for the TDM pathway is natural gas. The 597 

SMR pathway consumes lesser natural gas because hydrogen yield stems from both methane and steam. 598 

The reaction between methane gas and steam produces hydrogen and carbon monoxide. The carbon 599 

monoxide is then shifted with steam to produce CO2 and more hydrogen in the WGS reactors. One 600 

disadvantage of these reaction steps is that it leads to the production of CO2 emissions. The thermal 601 

decomposition of natural gas, however, eliminates CO2 emissions by producing carbon. Moreover, the 602 

carbon product is easy to handle, transport, and cheaper to sequester when compared to CO2 gas. Increased 603 

electricity in the TDM pathway is due to compressions of air in ASU and hydrogen leaving the reactors at 604 

a relatively low pressure.  605 

The efficiency of the pathways was evaluated based on the fraction of heat that becomes useful or lost. 606 

Because efficiencies of the pathways are in a close range, process performance was assessed using the 607 

magnitude of energy losses. The energy loss in the SMR pathway is 1.76 GJ/t NH3 (22%) higher than in 608 

TDM. The energy losses in the pathways are unavoidable because it is necessary to cool streams transiting 609 

into another unit.  610 

Regarding the reactors, a substantial part of the overall losses (32.4%) in the TDM pathway is due to 611 

unrecovered heat in the stack. Energy loss in the primary reformer is 10% of the overall. The primary 612 

reformer appears more energy efficient because it reduces heat load such that flue gas exits the stack with 613 

a low energy loss (0.80 GJ/t NH3). The SMR pathway uses a secondary reformer to reduce the heat load on 614 

the primary reformer. Part of the reactions in the primary reformer is shifted to the secondary reformer. The 615 

secondary reformer does not require furnace heating. As earlier described, introducing air into the 616 

secondary reformer aids the reaction that began in the primary reformer. 617 

The production of nitrogen and purification of intermediate products are important steps for both processes. 618 

Compared to air compressions to the SMR reactors, which require 0.48 GJ/t NH3; in the TDM, producing 619 

and compressing nitrogen to the ammonia synthesis reactors require 0.68 GJ/t NH3. Nitrogen production 620 

accounts for 0.32 GJ/t NH3, which corresponds to 0.375 kWh/kg-O2. A typical ASU consumes between 621 
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0.247 and 0.507 kWh/kg-O2 [71, 72]. For the purification of intermediate products, the SMR pathway is 622 

more energy intensive than the TDM pathway, where a PSA unit is employed. 623 

Fig. 11 compares the sources of GHG emissions in the SMR and TDM (without CCS). Fuel consumed and 624 

process-based emissions make the GHG emissions higher in the SMR. The fuel required to generate heat 625 

plays a significant role. The natural gas required for external heating in the primary reformer is about 3.62% 626 

higher than in the TDM reactors. When natural gas combustion in the secondary reformer is considered, 627 

the percentage increase rises to 48.9%. These increases account for the high GHG emissions in the SMR 628 

pathway. The SMR life cycle GHG emission is about 38.8% higher than the TDM pathway. The onsite 629 

emissions to the environment take a large share of the life cycle emissions. As earlier mentioned, onsite 630 

emissions are an important objective to address. CCS provides a pathway to significantly lower onsite 631 

emissions, but it often raises electricity and fossil fuel demand and is expensive. Therefore, it is worth 632 

investigating the impact of CCS on both processes. CCS was implemented successfully into the processes, 633 

and their performances were evaluated, in section 3 and appendix 2. For the SMR, the process requires two 634 

capture points: the purification unit and the primary reformer. Since the process already has MEA scrubber 635 

and regenerator, CO2 emissions are captured by installing compressors, coolers, separators, and storage 636 

tanks. To capture emissions from the primary reformer, another MEA scrubber and regenerator to its stack 637 

were installed. An additional heat load is needed to meet the regenerator steam demand. This heat load can 638 

be provided using a gas-fired heater or the primary reformer. Either way, the additional fuel requirement 639 

creates a limitation for a high a high percentage of CO2 capture in the SMR pathway. However, capturing 640 

CO2 emissions from both points reduces GHG emissions to 1.38 tCO2e/t NH3. The results obtained showed 641 

that electricity accounted for 64.5%, upstream 15.9%, combustion emissions 10.8%, and fugitive 8.7%. On 642 

the other hand, the TDM pathway requires one capture point, the TDM’s furnace. Unlike the SMR, the 643 

TDM favors a high percentage of CO2 capture. Low-pressure steam is generated from the ammonia 644 

synthesis unit, thus avoiding the use of a gas-fired heater. Installing the carbon capture unit decreases the 645 

base case life cycle GHG emissions to 1.19 tCO2e/t NH3. The electricity, natural gas upstream emissions, 646 

combustion emissions, and fugitive emissions account for 60.9%, 32.6%, 4.1% and 2.4%, respectively. 647 
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With CCS, the GHG emissions associated with the TDM pathway are lower than the SMR pathway by 648 

14.0%. Although the natural gas upstream emission is high in the TDM, about 75.6% higher than in the 649 

SMR, low emissions from combustion, electricity, and fugitives lower the TDM’s GHG emissions. It is 650 

worth mentioning that fugitive emissions considered for each pathway were assumed to be 7.0% of the 651 

transported CO2 to geological storage. There is limited information on fugitive emissions associated with 652 

the transportation and storage of CO2. About 3-14% of the stored CO2 escapes based on the limited available 653 

literature [73-76]. If we consider this range, the TDM and SMR (with CCS) overall GHG emissions will 654 

be 1.17-1.22 tCO2e/t NH3 and 1.31-1.50 tCO2e/t NH3, respectively. The low volume of CO2 required for 655 

transportation using the TDM technology provides an opportunity to lower the overall GHG emissions 656 

compared to the SMR technology. Emissions from electricity consumption are also important to be 657 

minimized. In both processes, GHG emissions from electricity are high but higher by 8.85% in the TDM 658 

pathway. For the base case, the Alberta grid emission factor for 2020 was used, which is a high value 659 

because of the high emission intensities of the power sector. Alberta’s power sector is currently 660 

transitioning from high carbon-based fuels like coal into lesser ones like natural gas and renewables. By 661 

2050, the grid emission factor is likely to reduce by 47.2% by introducing cleaner fuels into the power 662 

sector. This reduction can lower the life cycle emissions significantly, but it is a long-term goal. However, 663 

running a CHP and biomass-fired power plant is another alternative to lower GHG emissions associated 664 

with electricity. For the case without CCS, the use of an energy-efficient natural gas CHP plant with an 665 

emission factor of 367 gCO2e/kWh will lower life cycle GHG emissions by 14.1% (0.20 tCO2e/t NH3) and 666 

8.9% (0.22 tCO2e/t NH3) for TDM and SMR, respectively. By combining a carbon capture unit and a CHP 667 

plant, the life cycle GHG emissions are lowered by 32.7% (0.46 tCO2e/t NH3) for TDM and 56.5% (1.42 668 

tCO2e/t NH3) for SMR when compared to the base cases. The application of CCS and CHP positively 669 

impacts emissions reduction. Using renewable energy from biomass also offers a reduction in GHG 670 

emissions. A biomass-based power plant with an emission factor of 80 gCO2e/kWh reduces GHG emissions 671 

by 37.0% (0.55 tCO2e/t NH3) and 19.2% (0.48 tCO2e/t NH3) for TDM and SMR (cases without CCS), 672 
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respectively. Although biomass offers a huge environmental benefit to both technologies, its sustainability 673 

in terms of costs (capital and operating cost) and availability must be ascertained. 674 

Considering the base case scenario, the production cost of ammonia from SMR is lower than TDM by $69/t 675 

NH3. Without CCS, TDM requires higher investment, and the sale of the oxygen product does not provide 676 

sufficient revenue to outperform SMR. TDM (without CCS) needs an oxygen selling price of $297/t O2 to 677 

compete with the SMR pathway. However, when CCS is integrated into TDM, its economic performance 678 

is better. TDM CCS needs an oxygen selling price of $10/t O2 to make it competitive with SMR CCS. 679 

Based on an oxygen selling price of $40/t O2, the cost of ammonia from TDM CCS is $636/t NH3, a 680 

reduction of 1.1% compared to SMR CCS ($643/t NH3). From an economic perspective, the SMR pathway 681 

offers a benefit worth spending effort in deployment for ammonia production without integrating a CCS. 682 

The decision to implement CCS depends on carbon pricing. The carbon pricing benchmark provides a 683 

practical guide for integrating CCS into these processes. CCS is worth implementing when the carbon price 684 

is above the production cost because of CCS. Our estimate revealed that SMR (without CCS) is attractive 685 

compared to TDM (without CCS) when the carbon pricing benchmark is below $99/t CO2. However, at a 686 

carbon price above $99/t CO2, integrating a CCS into TDM is economically preferable. 687 

 688 

 Table 8: Raw material and utility consumption per kg of ammonia 

Material/utility unit SMR TDM 

Natural gas feedstock kg 0.48 0.92 

Heating (Fuel) kg 0.21 0.15 

Steam kg 2.39 0.74 

Cooling water kg 133.92 75.95 

Electricity kWh 1.03 1.13 

  

 

  

 689 
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 690 

Fig. 11: Comparing the sources of GHG emissions in the TDM and SMR technologies 691 

 692 

5. Conclusion 693 

This study assessed the life cycle greenhouse gas (GHG) and the economic feasibility of applying natural 694 

gas decarbonization (TDM) technology for ammonia production compared to the conventional steam 695 

methane reforming (SMR) technology. A detailed process model for each ammonia-based technology was 696 

developed to obtain data to perform energy, life cycle GHG emissions, and economic analyses. Especially 697 

with SMR, where data are available, the results of this work align with values available in the literature. 698 

Based on the results of the material and energy analyses, other than natural gas feedstock and electricity, 699 

SMR consumes more utilities than TDM. Natural gas consumed as feedstock in TDM is 92.7% higher than 700 

in SMR, raising TDM upstream emissions and operating costs. The results also show that the SMR 701 

consumes 30.3% more fuel than the TDM. Because efficiencies of the pathways are in a close range, process 702 

performance was assessed using the magnitude of energy losses. The magnitude of energy loss in SMR is 703 
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22% higher than in TDM. The energy losses in both technologies are unavoidable because it is necessary 704 

to cool streams transiting into another unit. 705 

The life cycle GHG emissions of TDM and SMR are 1.42 and 2.51 t CO2e/t NH3, respectively. The direct 706 

emissions (combustions and process emissions) to the environment and electricity emissions take a large 707 

share in the life cycle emissions of SMR and TDM, respectively. The natural gas required to generate heat 708 

plays a significant role in the direct emissions. The natural gas required for external heating in the primary 709 

reformer (SMR reactor) is about 3.62% higher than in the TDM reactors. When natural gas combustion in 710 

the secondary reformer is considered, the percentage increase rises to 48.9%. These increases account for 711 

the high GHG emissions in SMR. 712 

Integrating CCS lowers direct emissions significantly but raises electricity, fuel demand, and production 713 

cost. Integrating a carbon capture unit and a CHP plant, the life cycle GHG emissions of TDM and SMR 714 

were reduced by 35.1% and 69.8%, respectively, compared to using a coal-natural gas mixed electricity 715 

grid. The production cost of ammonia from SMR is lower than TDM by $69/t NH3. Without CCS, TDM 716 

requires higher investment, and the sale of the oxygen product does not provide sufficient revenue to 717 

outperform the SMR. However, integrating CCS into TDM improves its economic performance, and it may 718 

not require revenue from the sales of an oxygen product.  719 

Regarding the carbon pricing benchmark, CCS is worth implementing when the carbon price is above the 720 

production cost because of CCS. Our estimate revealed that SMR (without CCS) is more economically 721 

attractive when the carbon price benchmark is below $99/t CO2. At a carbon price above $99/t CO2, 722 

integrating a CCS into TDM is economically preferable.  723 

Lastly, the air separation unit contributes significantly to the production cost of ammonia in TDM. There 724 

might be great potential for an alternative that replaces the air separation unit with a lower impact on the 725 

production cost of ammonia. Future work will investigate the potential of reducing the investment in TDM 726 

by replacing the air separation unit with an economical alternative. Providing nitrogen through an 727 

autothermal reactor (secondary reformer) and/or from a gas power plant (exhaust flue gas) instead of using 728 

ASU is ongoing work.  729 
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6. Appendix  730 

Appendix A1 [77, 78] 731 

Ammonia synthesis process 732 

N2 + 3H2 ↔ 2NH3 ΔH298K = -92.44 kJ/mol       (1) 733 

k1 = 1.79 × 104e-87,090/RT          (2) 734 

k2 = 2.75 × 1016e-198,464/RT         (3) 735 

Steam methane reforming reactions in the primary reactor  736 

CH4 + H2O ↔ CO + 3H2  ΔH298K = 205.8 kJ/mol      (4) 737 

k1023K = 47.67, k1073K = 164.1, and k1123K =507.59   738 

CH4 +2H2O ↔ CO2 + 4H2  ΔH298K = 164.65 kJ/mol      (5) 739 

K1023K = 63.41, k1073K = 181.1, and k1123K = 473.37 740 

Authothemal reforming reactions in the secondary reactor 741 

CH4 + 0.5O2 = CO + 2H2 ΔH298K = -36 kJ/mol      (6) 742 

K1023K = 2.8 × 1011, k1073K = 2.5 × 1011, and k1123K = 2.2 × 1011 743 

CH4 +2H2O ↔ CO2 + 4H2  ΔH298K = 164.65 kJ/mol      (7) 744 

K1023K = 63.41, k1073K = 181.1, and k1123K = 473.37 745 

CH4 +O2 ↔ CO2 + 2H2  ΔH298K = -318.99 kJ/mol     (8) 746 

K1023K = 2.2 × 1021, k1073K = 4.1 × 1021, and k1123K = 8.9 × 1019 747 

CH4 = C + 2H2   ΔH298K = 74.52 kJ/mol       (9) 748 

k1023K = 13.12, k1073K = 21.42, and k1123K =33.54 749 
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C + O2 = CO2  ΔH298K = -393.51 kJ/mol      (10) 750 

K1023K = 1.6 × 1020, k1073K = 1.9 × 1019, and k1123K = 6.6 × 109 751 

Water gas shift reaction 752 

CO + H2O ↔ CO2 + H2  ΔH298K = -41.17 kJ/mol      (8) 753 

k1023K = 1.33, k1073K = 1.1, and k1123K =0.93 754 

Methane decomposition reaction 755 

CH4 = C + 2H2   ΔH298K = 74.52 kJ/mol       (9) 756 

k1023K = 13.12, k1073K = 21.42, and k1123K =33.54 757 

 758 

Appendix A2 759 

Table A1: Economic breakdown of ammonia production cost with and without CCS 

  SMR TDM 

  

Without 

CCS With CCS 

Without 

CCS With CCS 

Production cost ($/tonne) 500 643 569 645 

CAPEX ($M) 807 944 946 1,029 

COM ($M/year) 400 451 382 440 

  

 760 

  761 
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