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Due to the important role of ammonia as a fertilizer in the agricultural industry and its promising prospects as an energy carrier, many studies have recently attempted to find the most environmentally benign, energy efficient, and economically viable production process for ammonia synthesis. The most commonly utilized ammonia production method is the Haber-Bosch process. The downside to this technology is the high greenhouse gas emissions, surpassing 2.16 kgCO2-eq/kg NH3 and high amounts of energy usage of over 30 GJ/tonne NH3 mainly due to the strict operational conditions at high temperature and pressure. The most widely adopted technology for sustainable hydrogen production used for ammonia synthesis is water electrolysis coupled with renewable technologies such as wind and solar. In general, a water electrolyzer requires a continuous supply of pretreated water with high purity levels for its operation. Moreover, for production of 1 tonne of hydrogen, 9 tonnes of water is required. Based on this data, for the production of the same amount of ammonia through water electrolysis, 233.6 million tonnes/yr of water is required. In this paper, a critical review of different sustainable hydrogen production processes and emerging technologies for sustainable ammonia synthesis along with a comparative life cycle assessment of various ammonia production methods has been carried out. We find that through the review of each of the studied technologies, either large amounts of GHG emissions are produced or high volumes of pretreated water is required or a combination of both these factors occur.
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INTRODUCTION
According to the United Nations (UN), the world’s population will increase to more than 9 billion in the next 35 years (FAO, 2009). This population growth puts a burden on the earth’s natural resources, such as the depletion of water supplies. This growth will at the same time result in higher waste production. According to the US Environmental Protection Agency (EPA), in the United States, 30% of the methane (CH4) produced comes from livestock manure which contributes as much methane emission as the oil and gas industry. Uncontrolled decomposition of waste in landfills, if left untreated, leads to the discharge of methane which is a Greenhouse Gas (GHG) emissions and is approximately 30 times more potent than carbon dioxide (CO2) for trapping heat throughout the first 10 years from when it is discharged. Methane accounts for 20% of the global warming that is currently being experienced (IPCC, 2013; MIT News, 2017). The Food and Agriculture Organization (FAO) of the UN also states that global food production will need to increase by 70% to keep up with the increasing demand due to population growth (UN, 2015). About 40–60% of global food production is tied to the usage of commercial fertilizers (Roberts, 2009). Fossil fuels are the main feedstock for the fertilizer manufacturing processes.
According to the statistics, ammonia (NH3) had a worldwide production of 235 million tonnes in 2019, making it the second highest produced chemical commodity after sulfuric acid (H2SO4) (Soloveichik, 2017a). Ammonia has an important role in the agricultural industry for production of fertilizers. Other industrial applications of ammonia include its use as an energy carrier for energy storage and transportation, it can also be utilized in the production of polyimides, nitric acid, nylon, pharmaceuticals, explosive materials, refrigerants, dyes, cleaning solutions, and other industrial chemicals. (CICE, 2016).
Ammonia consists of 17.6 wt% hydrogen, showing that ammonia is an indirect hydrogen storage compound (Michael et al., 2015). Ammonia’s energy density is 4.32 kWh/liter, which is similar to methanol (CH3OH), and approximately double that of liquid hydrogen (Soloveichik, 2017b). Philiber (2018) points out that liquefying hydrogen is more difficult when compared to ammonia, since ammonia liquefies at −33.4°C and at atmospheric pressure: Hydrogen has to be liquefied by chilling to temperatures lower than −253°C. One of the main challenges of utilizing hydrogen as an energy carrier is the difficulty of transporting and storing it without dissipating, and therefore being unavailable for its intended end use. Another challenge related to this dissipation is its safety during transportation and storage. Yet another challenge associated with hydrogen, used as an energy carrier, is its low energy density and difficulty in handling (Nordvang, 2017). This is due to the volumetric hydrogen energy density in liquid anhydrous ammonia (10.1 MJ/L) which is approximately 1.5 times higher than of liquid hydrogen as shown in Table 1. From a safety point of view, ammonia gas is almost the same as air, so in case of leakage ammonia rapidly dissipates into the atmosphere. However, unlike hydrogen, ammonia is not typically explosive. It is a hazardous chemical and it must be handled with care, due to its causticity and toxicity (Brown, 2016). Due to the above-mentioned factors, ammonia is seen as a practical energy vector for hydrogen. In a world with greater and greater amounts of deployed lower-carbon renewable generation able to provide the primary electricity for hydrogen electrolysis, this ammonia could be described as green ammonia.
TABLE 1 | Energy content of various fuels in liquid state (Giddey et al., 2013).
[image: Table 1]According to Soloveitchik (2017a), ammonia is not only considered a fertilizer but also an energy carrier. In addition, with the global transition from fossil fuels to variable renewable energy sources, such as solar and wind, there is an increasing requirement for energy storage solutions that can cover various timeframes for storing the energy. Of particular interest is the capability to store energy economically for long periods of time without a significant reduction in energy, to transport the stored energy over long distances (also without significant reduction in energy), and to be able to store the energy at terawatt-hours (TWh) scales economically, perhaps only needing to charge and discharge a small number of times over a year (Wilson and Styring, 2017). These are the general characteristics of fossil fuels and help to explain why these fuels are so ubiquitous. It seems evident that fuels (gaseous, liquid or solid) are particularly useful to satisfy these characteristics and will therefore still be necessary in future energy systems due to the continued need to provide interseasonal storage (Wilson and Styring, 2017) and traded energy across global supply chains. In future low-carbon energy systems, these should therefore be regarded as low-carbon fuels, and ammonia as a synthetic fuel that is able to meet these requirements.
Widely Adopted Ammonia Production Technologies
The technologies for ammonia production currently in use require either a steady supply of distilled water in high volumes to operate or result in high carbon dioxide production. The most commonly utilized ammonia production method is the Haber-Bosch process which has the disadvantages of high GHG emissions and high amounts of energy usage, mainly due to its high operating pressure and temperature. For sustainable ammonia production, the most widely adopted technology is water electrolysis coupled with renewable technologies such as wind and solar energy to produce the hydrogen. In general, a water electrolyzer requires a continuous stream of pretreated water with high purity levels for its operation. Moreover, for production of 1 tonne of hydrogen, 9 tonnes of water is required. In 2016, the amount of ammonia produced was reported to be 146 million tonnes globally (Cong et al., 2019). Based on this data, for the production of the same amount of ammonia through water electrolysis, 233.6 million tonnes (233.6 billion liters) of water is required.
Ammonia is produced in large plants (1,000 to 1,500 t/day) by means of Haber-Bosch process (Soloveichik, 2017a). Globally, more than 90% of ammonia is produced from fossil fuels through this method (Hughes et al., 2015; Guerra et al., 2020). The Haber-Bosch process is generally powered by fossil fuels which function at temperatures in the range of 400–500°C and pressure in the range of 150–300 bar, usually in the presence of an iron (Fe) based catalyst (Garagounis et al., 2014; Wang et al., 2018). About 96% of the hydrogen (H2) required for the production of ammonia via Haber-Bosch process is derived from fossil fuels (Parkinson et al., 2018). The remaining 4% is generated from electricity which will include some indirect use of fossil fuels from coal or natural gas electrical generation (Michael et al., 2015). A typical Steam Methane Reforming (SMR) process produces approximately 9–10 tonnes of carbon dioxide equivalent (CO2eq) for each tonne of hydrogen produced (Parkinson et al., 2018). Globally, 72% of the hydrogen manufactured for ammonia production is from the SMR process and 26% is derived from coal (IEA, 2012; Kevin Breen, 2012). In 2016, coal-based ammonia made up more than 82% of China’s ammonia production (Heffer and Prud’homme, 2016).
The Haber-Bosch process has the drawback of high GHG emissions, surpassing 2.16 tonne CO2/tonne NH3 and high amounts of energy usage of over 30 GJ/tonne NH3 mainly due to its high pressure and temperature (Yoo, et al., 2013). Approximately 3–5% of the natural gas produced globally is utilized for ammonia production via the Haber-Bosch process (Wang et al., 2018). This figure represents nearly 1–2% of the global energy supply (Hughes et al., 2015; Wang et al., 2018). Generally, high levels of energy are needed in the manufacture of fertilizers. Approximately 1.2% of the world’s energy is used for fertilizer production, of which, 93% is nitrogen-based (IFA, 2009).
This research seeks to answer the question of, what technologies are able to address the main problems associated with the production of hydrogen required for ammonia synthesis currently in use, such as the need for a steady supply of deionized water in high volumes and/or high carbon dioxide production. In order to answer the research question, a systematic literature review was carried out. The findings within the relevant literature were then categorized and methodized by following a content analysis. Thus, this paper presents a comprehensive review of the literature on ammonia production technologies and various hydrogen production processes required for ammonia synthesis.
There is a research gap in available literature on sustainable hydrogen production processes such as CH4 assisted Solid Oxide Fuel Electrolysis Cell (SOFEC), Natural Gas Assisted Steam Electrolysis (NGASE), and dark fermentation coupled with other biological technologies consolidated in a study for ammonia synthesis. The increase in the availability of waste, lead us to focus on the use of dark fermentation integrated with other biological technologies that can use waste as their feedstock or a process that can use biogas as its input stream such CH4 assisted-SOFEC/NGASE. Bioconversion of waste through the aforementioned biological technologies into important chemical compounds such as ammonia can be a new resource recovery alternate pathway for fossil-based chemicals. These technologies will be described and reviewed in CH4Assisted-Solid Oxide Fuel Assisted Electrolysis Cell and Biological Hydrogen Production Processes in terms of efficiency, economics, and in comparison, with other processes. In Hydrogen Production Using Solar Power and Photoelectrochemical sustainable hydrogen production using solar is reviewed and the problems associated with its scale up are discussed. In A Review of Sustainable Technologies for Ammonia Production emerging technologies for ammonia production comprised of electrochemical, Non-thermal plasma, West Virginia University (WVU), and Nitrogenase motivated peptide-functionalized catalyst for electrochemical ammonia synthesis are critically reviewed. These technologies which are at the research and development stage have not been scaled up commercially to compete with or replace the Haber-Bosch process.
Relationship Between Ammonia and Natural Gas Prices
Access to affordable and abundant sources of ammonia production is critically important for a steady, economically viable supply to the global agriculture sector. The impact of volatility in natural gas prices significantly affects the final ammonia production price. For the manufacturing of ammonia, 70–90% of the costs are related to natural gas prices (Dincer and Bicer, 2018). Therefore, the market price of ammonia fluctuates in step with natural gas prices. The price of both natural gas and ammonia have increased in most years, the former from approximately 0.141 $/m3 in 1975 to 0.53 $/m3 in 2015, and the latter from 290 $/ton of NH3 in 1975 to approximately 850 $/ton of NH3 in 2015 and reached its maximum in 2015. Between 2012—2016, the price of natural gas decreased globally due to the increase in natural gas production mainly in the United States (Schnitkey, 2016).
Ammonia Production Using Offshore Wind
Morgan et al. (2017) also determined that ammonia production using hydrogen powered by offshore wind is technically feasible with current technologies and its economic feasibility is based on the price of natural gas when using conventional methods. This process is comprised of: Seawater desalination, hydrogen gas production, nitrogen separation, ammonia synthesis, and ammonia storage. This study shows that ammonia plants utilizing current technologies that run on electricity exclusively, require major assistance from the grid as a backup to operate. The result of the sensitivity analysis conducted by Morgan (2013) showed that the final cost of ammonia is dependent in large part to the cost of offshore wind electricity generation.
METHODS
The aim of this study is to review the literature on conventional and new methods for sustainable ammonia production. Based on a thorough review of literature, a number of major apparent deficiencies in sustainable ammonia production technologies are described in Introduction and elaborated in Addressing Problems Associated With Current Renewable Technologies for Ammonia Production. More sustainable, lower-carbon pathways for ammonia production described in this study are critical to ensure food security and energy storage in a manner that is compatible with deep decarbonization efforts. In this work, a systematic review was performed based on a formulated research question: “How to produce ammonia in a sustainable manner?” The research topics were classified in three main categories: 1) Finding the most sustainable pathways for hydrogen production required for ammonia synthesis 2) Finding sustainable new emerging ammonia production technologies 3) The challenges associated with sustainable hydrogen/ammonia production. The production of green ammonia considered in this work focuses on the use of hydrogen obtained from renewable sources. Different technologies for hydrogen production required for ammonia synthesis are evaluated in A Review of Hydrogen Production Technologies for Ammonia Synthesis. As hydrogen is the key component for ammonia synthesis, our focus needs to be on sustainable hydrogen production pathways. We assessed the two most commonly utilized technologies for ammonia production which are SMR and water electrolysis coupled with Haber-Bosch in terms of GHG emissions, electricity, and water consumption. The other technologies for sustainable hydrogen production, reviewed in this study are produced electrochemically (CH4 assisted-SOFEC/NGASE) and biologically (dark fermentation coupled with other technologies such as photo fermentation and anaerobic digestion). The rationale behind choosing these specific processes is that there is a research gap in available literature in consolidating the evaluation of these technologies for sustainable hydrogen production required for ammonia synthesis. The cost of production for hydrogen through the use of CH4 assisted-SOFEC is comparable to SMR in addition to being produced in a sustainable manner. The feedstock for this technology can be biogas resulting from the bioconversion of waste. According to the statistics mentioned in the introduction, reported by the EPA, the overabundance of waste streams poses a great threat to GHG control. Therefore, bioconversion of waste through dark fermentation, photo fermentation, etc. into important chemical compounds such as ammonia can be a new resource recovery alternative for fossil-based chemicals. Various emerging sustainable ammonia production technologies are presented in A Review of Sustainable Technologies for Ammonia Production and finally, a critical review of different ammonia production technologies using Life Cycle Assessment (LCA) method is described in Environmental Impact of Various Ammonia Production Processes. Based on the aim of this work, the keywords identified and the number of associated articles found were: “green “AND” hydrogen production” (23,825 articles), “green ammonia production” (83,059 articles), “energy carrier” (15,887 articles), “sustainable ammonia production” (37,539 articles), and “ammonia production” AND “Life cycle assessment” (241 articles). The analysis of articles was carried out based on the quality of research and relevancy to the review topic. In determining the papers to assess for this review we elected to focus exclusively on green and/or sustainable production technologies for hydrogen required for ammonia synthesis and ammonia production technologies. Specifically concentrating on technical and environmental assessment and excluding the economic aspects of these technologies, to avoid a tendency to value economic factors over the technical and environmental. Moreover, location assessment for determining the site suitability for ammonia production was not included in this review. Although this study’s focus is to critically review sustainable hydrogen and ammonia production processes, fossil-based technologies (e.g., conventional production routes using fossil fuels) are also included in the paper for the comparison of the data/results. However, the research strategy was to search for relevant scientific papers published in scientific journals using one of the most recognized academic databases. The databases selected for the purposes of the review were Science Direct, Web of Science, Springer, Wiley, etc. The research was performed considering the period of publication from 1992- May 2020. Following the search of various databases, the results were then filtered and reviewed through three steps: On the basis of the title, keywords, abstract, and after reading the full paper. We have excluded articles that were not related to our research questions or which were duplicates. In addition, the snowball technique was used to find further relevant papers through checking the references of the collected papers and assessing these as mentioned above. As a result, a total number of 118 relevant publications were identified, of which, 116 papers are in English and two in the Italian language. Regarding the publication type, 43 research items were published as a journal article and the rest were published as dissertations, conference proceedings, government documents, reports, and handbooks. Data was collected from all the relevant papers cited in the references.
A REVIEW OF HYDROGEN PRODUCTION TECHNOLOGIES FOR AMMONIA SYNTHESIS
Ammonia is the result of the exothermic reaction between hydrogen and nitrogen shown by the equilibrium in Eq. 1.
[image: image]
The main challenge for ammonia production is finding an economically viable, energy efficient, and more sustainable pathway for the production of hydrogen. Furthermore, a process in which the equilibrium is pushed further to the right is highly desirable. An overview of various production routes for the hydrogen required for ammonia synthesis is depicted in Figure 1.
[image: Figure 1]FIGURE 1 | Various hydrogen production routes.
A comparison of various hydrogen production processes (thermochemical, biochemical, and electrochemical) along with a brief description of their feedstock and their source of energy is shown in Table 2.
TABLE 2 | A brief description of various hydrogen production processes (Wijers, 2011; Acar and Dincer, 2018).
[image: Table 2]Various technologies for hydrogen production with their energy inputs and state of commercialization are described in Table 2. These technologies produce hydrogen directly without the need to be upgraded into pure hydrogen.
CH4 Assisted-Solid Oxide Fuel Electrolysis Cell
SOFEC technology is a type of electrolysis which aims to produce hydrogen at lower costs compared to other available electrolysis technologies. In the SOFEC, methane is added to the anode side of the electrolyzer, the decomposition potential (voltage) of water is decreased, and this results in lower energy usage and a higher conversion ratio of electricity for hydrogen production. The system efficiency is up to 70% with respect to primary energy. Wijers (2011) also mentions a laboratory test based on SOFEC which showed an 85% decrease in the demand of electrical energy in comparison to the best alternative electrolysis available. Pham et al., (2000) was the first study to propose adding fuel (methane) to the anode, thus lowering the voltage needed for the electrolysis process. The final cost of hydrogen through CH4 assisted-SOFEC is competitive compared to hydrogen prices via SMR method (Luo et al., 2014). However, its high operational temperatures and long-term instability limit its practical application. Figure 2 shows a schematic of CH4 assisted-SOFEC with the chemical reactions involved (Figure 2).
[image: Figure 2]FIGURE 2 | A schematic of a CH4 assisted-SOFEC.
Natural Gas Assisted Steam Electrolyzer
Martinez-Frias et al., (2003), created a lab-scale model known as NGASE in which the operating voltage of this electrolyzer could be decreased by as much as 1 V (from approximately 1.2 V–0.2 V). This decrease in voltage is the result of applying natural gas to the anode side of the electrolyzer. In this technology, natural gas replaces air in the anode side while the cathode side is filled with water. Thus, this approach functions similarly to a fuel cell, generating electricity using an electrochemical reaction (Gross, 2008). NGASE is a specific type of CH4 assisted-SOFEC in which methane has been added to the anode side of the electrolyzer for hydrogen production. Initially, NGASE was based on the theory that adding methane to the anode would decrease the electrolysis voltage.
Photoelectrochemical Hydrogen Production
Both studies conducted by Wang et al. (2018) and Bicer (2017) are focused on the H2/NH3 production process using solar energy-based systems. Wang et al. (2018) state that if ammonia could be produced directly from nitrogen and water, powered by sunlight, in an efficient and cost-effective manner, and through a technologically advanced process, this so-called green ammonia process could change the world. Bicer (2017) concludes that the use of photoelectrochemical and catalytic hydrogen production processes are developing but a feasibility study for these methods needs to be conducted to investigate their viability. In photoelectrochemical approaches, a photosensitive material such as a semiconductor is required in which an electrodeposition system is mainly used. There are various types of deposition routes which operate at different temperatures (some higher than 100°C). Wang et al. (2018) has presented various processes for ammonia production such as the study conducted by Ali et al. (2016) using solar energy. The obtained results show that the yields of solar ammonia along with the light powered nitrogen reduction processes are presently in the nmol gcat−1 h−1 to µmol gcat−1 h−1 range and are not enough for implementation on an industrial scale.
Biological Hydrogen Production Processes
One of the main challenges of ammonia production from biomass using a biological hydrogen production process according to Arora et al. (2016) is that ammonia production from biomass is only feasible in large volumes (global level ammonia production). Due to economies of scale, smaller plants are at a disadvantage when compared to large scale plants. Arora et al. (2016) also mentioned that transporting biomass at longer distances (>100 km) is not economically viable since the cost of transportation will exceed the value of energy in the biomass. This is due to the fact that biomass has a lower energy density when compared to fossil fuels. When assessing the hydrogen production processes for ammonia production this issue needs to be taken into account.
Dark Fermentation
Dark fermentation is a fermentative conversion and versatile bioprocess for production of molecular biohydrogen from various biodegradable renewable feedstocks by means of a wide range of different types of bacteria (Kothari et al., 2017; Yaswanth, 2018). This process takes place in anoxic and anaerobic conditions (in the absence of oxygen) in which, during this process, a large spectrum of anaerobic fermentative bacteria such as clostridium, facultative anaerobes such as enterobacter, and aerobes such as bacillus are involved in the fermentation process (Ghimire et al., 2015). The main mechanism for this process to take place is by the decomposition of carbohydrate rich substrates through microorganisms such as, Clostridia Sp., Enterobacter Sp. to hydrogen and carbon dioxide gases and other intermediate products such as Volatile Fatty Acids (VFAs) and alcohols. The main by-product of dark fermentation process are volatile fatty acids, lactic acids, alcohols, and hydrolyzed residues. These by-products can be utilized in other biological processes for valorization through energy recovery or can be utilized as a feedstock for chemical production. Reddy (2016) states that temperature is one of the factors that affect the fermentation process which shifts the metabolic pathway to hydrogen production. These temperature ranges are: Mesophilic (operate at temperatures in the range of 25–40°C), thermophilic (operate at temperatures in the range of 40–70°C), extreme thermophilic (operate at temperatures in the range of 65–80°C), and hyperthermophilic (operate at temperatures higher than 80°C). Anaerobic bacteria which are more active in mesophilic and thermophilic temperatures are utilized for converting a wide spectrum of waste such as, sucrose, cellulose, glucose, and starches with pure strains and genetically improved cultures as seen in the reaction in Eq. 2 (Arslan et al., 2015). Enhancing the hydrogen yield from 4 mol H2/mol glucose to 12 mol H2/mol glucose can give the hydrogen production yields as shown in Eq. 4 (Sen et al., 2008). Improving the hydrogen yield is related to the fermentation path and final products (Ghimire et al., 2015). If the acetic acid (CH3COOH) is the byproduct of the reaction in Equation 2, a theoretical maximum of 4 mol H2/mol glucose will be achieved as (Ghimire et al., 2015; Sen et al., 2008):
[image: image]
Furthermore, when butyrate is the sole product in the process, according to reaction in Eq. 3, a theoretical maximum of 2 mol H2/mol glucose is obtained as:
[image: image]
For the complete oxidation of glucose to hydrogen and carbon dioxide as shown in reaction (4), a theoretical maximum of 12 mol H2/mol glucose is acquired as (Sen et al., 2008):
[image: image]
The reaction in Eq. 4 is for complete oxidation and is based on theory and not yet applied experimentally. The actual hydrogen yield will always be lower than the theoretical yield. The main challenge with dark fermentation as cited by Sen et al. (2008) is the low hydrogen concentration which is in the range of 40–60%. Increasing hydrogen yield to over 4 mol H2/mol glucose makes the hydrogen economically viable. Another pathway to enhance the hydrogen yield of dark fermentation is to couple it with other processes, such as photo-fermentation, methanogenesis, Microbial Electrolysis Cell (MEC) and Microbial Fuel Cell (MFC) (Reddy, 2016; De Gioannis et al., 2013). A schematic of biochemical stages of organic waste decomposition for biogas production is shown in Figure 3. These stages are comprised of, hydrolysis, acidogenesis, and acetogenesis.
[image: Figure 3]FIGURE 3 | The biochemical process of waste decomposition for biogas production (Apadted and modified after, Ghimire et al., 2015).
Dark Fermentation Coupled With Anaerobic Digestion
According to Liu et al. (2008) a two-stage process which combines biohydrogen and biomethane production is one possible solution for enhancing the efficiency of the dark fermentation process. Producing hydrogen solely from dark fermentation is not economically viable because of low hydrogen yields and difficult operating conditions with many variables such as maintaining the pH, temperature, Organic Loading Rate (OLR), and specific organic loading rate at a set point. For example, experiments have been conducted on food waste for a two-stage anaerobic digestion process under different operating conditions (pH, temperature, organic loading rate, and Hydraulic Retention Time (HRT)) as shown in Table 3 (Cavinato and Pavan, 2011; Bolzonellaa et al., 2018). This shows that the highest Specific Hydrogen Production (SHP) rate and Specific Gas Production (SGP) rate were attained at a pH of 5.5 and HRT of 1.3, which is the lowest amount when compared to the two other mentioned studies. However, the recirculation rate is the highest when compared to the other studies. The inhibition of the methanogenic activity can be accomplished by monitoring the operating parameters such as pH, temperature (heat treatment of inoculum can inactivate hydrogentrophic methanogens, enhance hydrogen producing bacteria, and select anaerobes that form spores.), OLR or using additives (De Gioannis et al., 2013).
TABLE 3 | The affect of changing the recirculation rate on the two-stage dark fermentation coupled with anaerobic digestion.
[image: Table 3]Anaerobic digestion is a continuous biochemical process in which complex substrates are decomposed and digested via microbial actions and converted into biogas (Pengyu et al., 2017). The anaerobic digestion process takes place in the absence of oxygen, and occurs through four main steps: Hydrolysis, acidogenesis, acetogenesis, and methanogenesis. Biogas production from an anaerobic digestion processes is a complex mechanism where several chemical and biochemical phenomena take place. Through these steps, large organic materials that make up biomass are broken down into smaller molecules by using microorganisms in the absence of oxygen. The output from the reactions of one group of microorganisms are the substrates for the next set of reactions. As a result of the anaerobic digestion process, biomass is converted to biogas composed of: Methane, carbon dioxide, plus sulfur compounds such as hydrogen sulfide (H2S) and some negligible traces of other gases such as ammonia, nitrogen, methane, steam, etc.
In a two-stage biohydrogen and biomethane process with household solid waste as substrate operating at 37oC, a hydrogen yield of 43 ml/gVS added was accomplished (Liu et al., 2008). Furthermore, the methane production in a double-stage process was 21% higher than in conventional one-stage methanogenesis process since it enhanced the hydrolysis of the household waste, which proved to be the main impediment to anaerobic digestion of household solid waste. Micolucci et al. (2018) conducted an experiment on a single-stage anaerobic digestion process on food waste on a laboratory scale and reported a methane yield of 0.45 m3 CH4/kgVS, with a volatile solid removal rate of 83% achieved. Anaerobic digestion was also performed in a two-phase process and showed a substantial reduction in the yield of volatile solids from 1,751 kg/day to 1,233 kg/day compared to a single stage process. The resulting energy and mass balance demonstrate that the single-phase processes were 33% superior in terms of biogas production and energy yields (Micolucci et al. 2018). However, by comparing energy and mass balance with a two-stage reactor, the final results show that the average methane concentration for the two-phase process was 68% with a Soluble Microbial Products (SMPs) of 351 LCH4/kg VS. For the single stage, methane concentration was 55% with 404 LCH4/kg VS. Eventually, the author points out that the two-stage anaerobic digestion process can increase energy recovery from biomass compared to a single-stage process. Micolucci et al. (2018) also carried out an experiment in order to determine how the anaerobic digestion of an organic feedstock with a Chemical Oxygen Demand (COD) composition of almost 1 g/L of food waste or Organic Fraction of Municipal Solid Waste (OFMSW) could be consumed in both single-stage and two-stage processes. By comparing both anaerobic digestion processes, it was found that the two-stage process has a removal efficiency which is 17% higher than of a single-stage process. In addition, by applying a digestate dewatering treatment after the process, the two-stage system showed 33% less disposable sludge. The SGP in the second-stage was higher and about 0.88 m3 biogas/kg VS compared to the single-phase reactor which was 0.75 m3 biogas/kg VS. The overall two-stage system efficiency for removal was 16% higher when compared to a single-phase anaerobic digestion process. This indicates resilience and high biogas production yields, using a two-stage rather than a single-phase configuration process that will significantly affect the methanogenesis process. Fermentation plays the role of pretreatment for the food waste as it enhances the conversion efficiency of the volatile fraction to biogas production (Micolucci et al. 2018).
A Comparison of Various Biological Hydrogen Production Processes
The main barriers for implementing large-scale dark fermentation for hydrogen production are: 1) low hydrogen yields, and 2) high production costs because of the high costs of feedstock. By choosing a low-cost feedstock such as biomass, including agricultural residues, and organic waste resulting from industries and municipalities, this challenge can be solved (Tapia-Venegas et al., 2015). According to Kapdan and Kargi (2006), Chong et al. (2009), and Zilouie and Taherdanak (2015) this will give dark fermentation a competitive economic advantage compared to other methods currently being utilized for hydrogen production such as water electrolysis and biomass gasification. A comparison of different types of biohydrogen production methods are shown in Table 4.
TABLE 4 | A Comparison of different types of biological hydrogen production methods.
[image: Table 4]Dark fermentation is superior to other biological hydrogen production processes mentioned in this study, since it does not require light to operate. As a result, it can be implemented even in locations without accessibility to an intensive light source and the high costs associated with halogen lamps. The hydrogen production rate rises when the light intensity increases and reaches a saturation point, depending on the feedstock and microorganisms. Lack of infrared light between 750–950 nm wavelengths will lower hydrogen production by 39%. According to Argun and Kargi (2010), both the source and the intensity of light affect the yield and rate of hydrogen gas production in photo-fermentation. Liu et al. (2009) carried out a study to assess the effects of light intensity and light/dark cycle on biohydrogen production with a combination of clostridium butyricum and R. faecalis RLD-53. Throughout the combination process, the highest yield was stated to be 5.374 mol-H2/mol-glucose.
Argun and Kargi (2010) also conducted a study on the same cycle (dark fermentation/photo-fermentation) for biohydrogen production by R. sphaeroides-RV. Halogen lamps were found to be the most appropriate light source with a light intensity of 5 klux. There was minimal production of hydrogen when accessibility to light was below 5 klux while at light intensities higher than 5 klux no production took place. Thus, the optimum hydrogen production is achieved at precisely 5 klux. Total hydrogen yield for the dark/light cycle was stated to be 4.55 molH2/mol-glucose. Both dark and photo-fermentation can accept a wide spectrum of organic substrates as their feedstock to operate. Other bio-hydrogen methods such as direct and indirect bio-photolysis require water for hydrogen and oxygen production. The hydrogen production rate for dark fermentation is higher compared to the technologies stated in Table 4. The products resulting from dark fermentation according to chemical reactions in Eqs. 2, 3 are hydrogen, carbon dioxide and volatile fatty acids which can be used as the substrate for anaerobic digestion to produce biomethane. A mixture of hydrogen produced from dark fermentation along with the methane resulting from anaerobic digestion process can produce bio-hythane, a mixture of hydrogen and methane (Bolzonella et al., 2018). According to Table 4, as cited by Tenca (2011), Valdez-Vazquez and Poggi-Varaldo (2009), Hawkes et al. (2007), and Akroum-Amrouche et al. (2013), it can be concluded that among the biohydrogen production methods, dark fermentation is the most efficient biological technology when coupled with methods mentioned for hydrogen production required for ammonia synthesis.
A REVIEW OF SUSTAINABLE TECHNOLOGIES FOR AMMONIA PRODUCTION
Due to the important role of ammonia as a fertilizer in the agricultural industry and its promising prospects as an energy carrier, many studies have recently attempted to find the most environmentally benign, energy efficient, and economically viable production process for ammonia synthesis. There are a number of sustainable technologies for ammonia production, such as electrochemical ammonia production, Non-Thermal Plasma (NTP) synthesis for ammonia production, and nitrogenase-motivated peptide-functionalized catalyst for electrochemical ammonia production. These technologies will be assessed in Electrochemical Ammonia Production, Non-thermal Plasma (NTP) Synthesis for Ammonia Production, and Nitrogenase Motivated Peptide-functionalized Catalyst for Electrochemical Ammonia Production respectively.
Electrochemical Ammonia Production
Electrochemical ammonia production technologies are divided into three categories based on the operational temperature range of the electrochemical cell: Low temperatures, under 100°C, intermediate temperature in the range of 100–400°C and high temperatures in the range of 400–750°C (Amar et al., 2011). According to Soloveichk (2017), the advantages of electrochemical technology compared to thermochemical (Haber-Bosch) are in four major areas:
Higher efficiency, which permits energy saving.
Higher selectivity, meaning that less purification is required.
Lower temperatures and pressures, resulting in reduced Capital Expenditure (CAPEX) costs through lower balance of plant.
Modularity, which makes these plants suitable for small to medium scale utilization.
Electrochemical Synthesis of Ammonia Through Low Temperatures (<100°C)
For temperatures lower than 100°C, a cell with a potassium hydroxide (KOH) solution as electrolyte and Nafion as the separation membrane, a platinum (Pt) anode and a ruthenium (Ru)/C cathode are utilized in order to synthesize ammonia (Kordali et al., 2000). The maximum production rate for this is stated as ca. 2 × 10-11 mol s−1 cm−2, operating at the temperature of 90°C, resulting from steam and nitrogen with a 0.2–1% Faradic Efficiency (FE), which is defined as the proportion of protons that are converted to ammonia by migrating throughout the electrolyte. The electrolytes which are utilized for low temperature electrochemical ammonia synthesis in place of polymeric electrolyte membrane are, sulfonated-poly-sulfone (SPSF) membranes, Nafion membranes or NH4+ in substitute to Nafion membranes (Lan et al., 2013). Xu et al. (2009) investigated a maximum ammonia production rate of 1.13 × 10-8 mol s−1 cm−2 operating at a low temperature of 80°C with an applied voltage of 2 V by means of a Nafion membrane (as the electrolyte), a Ni-doped SDC (Ni-SDC), NiO-Ce0.8Sm0.2O2−δ anode and a SmFe0.7Cu0.3-xNixO3 (x = 0–0.3) (SFCN) cathode. Hydrogen and nitrogen were used as the reactants in the process operating at atmospheric pressure. High faradic efficiency, above 90% (90.4%) was accomplished. This figure is higher than was reported by other studies, when testing low temperature ammonia synthesis processes. As stated by Lan et al. (2013), ammonia is a weak base which can react with acidic membranes such as Nafion resulting in a reduction in proton conductivity. As a result, it has been stated that Nafion membrane utilization converted from H+ form to the NH4+ form via exposing the cell to a flow comprised of ammonia solution with a faradic efficiency lower than 1%. Lan et al. (2013) carried out an experiment for ammonia production from air and water at ambient temperatures. The low faradic efficiency of this experiment is due to the type of catalyst used (Pt) which is not the most appropriate choice for nitrogen reduction. Lapina et al. (2013) states that air can be used in place of pure nitrogen, although some authors claim that oxygen poisons the catalyst used for the ammonia synthesis process (Marrony, 2015). Lapina et al. (2013) specifies that the effect of using pure nitrogen or air (as the nitrogen source) on faradic efficiency has not been reported in any study. Lapina et al. (2013) also state that at low temperatures, ammonia production from nitrogen and hydrogen is spontaneous and, as a result, the minimum voltage needed is negative, meaning that there is no need to apply a voltage. Although in reality, applying voltage is required to overcome the electrode over-potential and ohmic losses in the electrolyte, while a limited current pass throughout the cell. If water is utilized in place of hydrogen, an applied voltage is needed to drive the reaction (Lapina et al., 2013).
Electrochemical Synthesis of Ammonia Through High Temperatures (> 400°C)
For high temperatures, in the range of 400–750°C, a solid-state proton conductor or oxide ion conductor is utilized as the electrolyte for electrochemical ammonia synthesis. Several studies have been conducted on the utilization of both proton ion conductors and oxide ion conductors such as, Marnellos et al. (2000) and Skodra and Stoukides (2009). Skodra and Stoukides produced ammonia via steam and nitrogen at temperatures in the range of 450–700C using ruthenium as the catalyst supported on silver (Ag) or palladium (Pd) as the cathode. In their study, SrCe0.95Yb0.05O3−δ as the proton conductor or ZrY0.92Y0.08O2−δ as oxide-ion conductor were used as the electrolytes. For both, the production rates are respectively: 10–12 and 10–11 mol s−1 cm−2 with faradic efficiency of 0.01%. The faradic efficiency stated by Marnellos and Stoukides (1998) and Marnellos et al. (2000) was 90%, which was accomplished by using of hydrogen and nitrogen in a cell with SrCe0.95Yb0.05O3-δ electrolyte and palladium electrodes (Lapina et al., 2013). In all the mentioned studies, the ionic currents, meaning the rates of ion migration throughout the electrolyte, were at the same scale. The ammonia production rates were approximately three orders of magnitude lower in the experiment conducted by Skodra and Stoukides (2009). One of the major downsides of high temperature ammonia synthesis is that it can decompose thermally after production. Liu et al. (2006) have reported ammonia production rates in the range of 7.2–8.2 × 10–9 mol s−1 cm−2 operating in the temperature range 400–800°C by means of Ce0.8M0.2O2−δ (M = La, Y, Gd, Sm) as electrolyte and Ag-Pd as electrodes. These authors claimed that a faradic efficiency of 100% was achieved. There are other studies such as Wang et al. (2011) using the same type of electrode (Ag-Pd) doped with barium operating in the temperature range 400–600°C with the ammonia production rate reported to be in the range of 1–5 × 10–9 mol s−1 cm−2 and with the faradic efficiency of 40–50%. Amar et al. (2011) have also utilized carbonate-oxide composite electrolytes operating in the temperature range 400–450°C, with the highest ammonia production rate reported to be 5.39 × 10−9 mol s−1 cm−2, operating at the temperature of 450oC with a La0.6Sr0.4Fe0.8Cu0.2O3−δ - Ce0.8Sm0.2O2−δ composite cathode, NiO-Ce0.8Sm0.2O2−δ anode, and composite Ce0.8Sm0.2O2−δ Li2CO3 - Na2CO3-K2CO3 as the electrolyte.
Different Types of Polyelectrolytes Utilized for Electrochemical Ammonia Synthesis
There are four main classifications of electrolytes utilized for electrochemical ammonia synthesis which are: 1) liquid electrolyte operating near room temperature; 2) molten salts operating at intermediate temperatures of 180–500oC; 3) composite membranes comprised of a conventional solid electrolyte mixed with a low melting salt, operating in the temperature range of 300–700oC; 4) solid-state electrolytes with an extensive operating temperature range from approximately ambient temperature to 700–800oC which depends on the type of electrolyte membrane utilized (Hughes et al., 2015; Bicer and Dicer, 2018). These electrolytic ammonia production routes are presented in Figure 4 with brief descriptions.
[image: Figure 4]FIGURE 4 | Different electrolytic routes for ammonia production.
There are several issues associated with the catalytic process for ammonia synthesis such as, low conversion, severe environmental pollution, and high energy usage. These problems are addressed by utilizing electrolytic ammonia synthesis technologies (Amar et al., 2011). There are a number of problems associated with electrolytic ammonia synthesis such as low production rates (usually in the range of 10–13–10–8 mol s−1 cm−2) except for polymer electrolyte membranes which have a 10–8 mol s−1 cm−2 production rate and instability issues of the acidic electrolyte membrane.
Current studies suggest that electrolytic reduction of nitrogen using heterogeneous catalysts has been shown to be a green and sustainable pathway for ammonia production. In this process, ammonia is synthesized from water and nitrogen powered by renewable energy sources such as solar/wind under ambient conditions. The most important elements for producing ammonia through electrochemical Nitrogen Reduction Reaction (NRR) system powered by renewable energy sources are electrocatalysts. Electrocatalysts need to be designed for optimizing the mass transport, physisorption, chemisorption, and transfer of electrons and protons to reach high selectivity and catalytic performance. Although producing ammonia through NRR is a promising sustainable technology, many of the electrocatalysts for this system have a low faradic efficiency and ammonia yield rate compared to the conventional Haber-Bosch process (Guo et al., 2019).
Non-Thermal Plasma Synthesis for Ammonia Production
The volatility of fossil fuel prices, which are the main feedstock for the Haber-Bosch process, the need for large volumes of fossil fuels to power the process, and the high operational costs associated with its high operating pressure (150–300 bar) and temperature (400–500oC) make this technology energy intensive (Peng et al., 2018). According to Peng et al. (2018), all the stated factors make the current process for ammonia production not appropriate for implementation on a small and decentralized scale. They conducted research on plasma-assisted ammonia synthesis, using a NTP, which operates at low temperatures (approximately 50°C) and pressure conditions of approximately 1 atm. This technology is able to address some of the problems associated with the Haber-Bosch process, such as, the high capital costs, fossil fuel usage, etc. The two most critical challenges of this technology as stated by Peng et al. (2018) are: 1) nitrogen gas fixation and 2) back reactions. In addition, the state that the conversion and efficiency rates need to be improved as this technology is still in the research and development stage (available on a small scale). However, the advantages of this system according to Peng et al. (2018) are that the NMP process does not require fossil fuels to operate, has low capital cost and has a small physical foot print. This process is more compatible for distributed ammonia production in local farms and ammonia can be produced constantly at atmospheric pressure through this method. The West Virginia University Research Corporation (WVURC) is also developing a technology known as WVU. This technology converts renewable electricity, water, and air into ammonia by means of plasma excitation (WVU, 2016). In this process, the aim is to lower the operational pressures and temperatures which will lead to the production of ammonia at five times the conversion rate of the Haber-Bosch process. According to WVU (2016), this method differs from both electrochemical conversion processes such as Solid State Ammonia Synthesis (SSAS) and catalytic processes such as the Haber-Bosch process. In this form of physical activation, the microwave plasma process is able to activate both nitrogen and hydrogen, and produce ions and free radicals that react over the catalyst surface in order to produce ammonia. One of the benefits of this process is that under the appropriate conditions, microwave heating is able to heat the catalyst selectively to reach the required temperature without the need for reactions to take place and without heating the bulk environment. This arrangement of a catalyst with a high temperature within a cool environment results in lower overall reaction temperatures and enhances the energy efficiency. In addition, as stated by WVU (2016), the simplified design of this process is due to its low operational pressure. The low operational pressure of this process enables it to be a better fit with renewable energy sources, since the system is reportedly able to be turned on and off easily.
Nitrogenase Motivated Peptide-Functionalized Catalyst for Electrochemical Ammonia Production
Ammonia is produced in nature through nitrogenase enzymes, with an efficiency of approximately 75%. As the efficiency of ammonia production in nature is very high, electrochemists have attempted to utilize these enzymes for industrial applications of ammonia synthesis such as in the study conducted by Loney et al. (2017). According to this study, electrochemical ammonia synthesis is a promising technology but its low operating temperature and pressure conditions have shown efficiencies of less than 1%, which would require a catalyst for enhancing the efficiency of ammonia production. Furthermore, peptide functionalized catalysts were developed and tested in an Anion Exchange Membrane (AEM)-based system. The material used in this catalyst shows promising results compared to conventional catalyst approaches. Szymanski and Gellett (2017) also state that the electrochemical processes are modular and are able to be coupled with renewable energy sources such as solar and wind and also have the capability to function at relatively lower temperatures and pressures compared to the larger scale conventional ammonia production processes. For this reaction to occur, a catalyst is required that is selective to ammonia production. In order to address this issue, Szymanski and Gellett (2017) conducted a feasibility study in order to enhance ammonia selectivity by tailoring a nanoparticle catalyst morphology and utilizing peptides resulting from nitrogenase (a naturally occurring nitrogen splitting enzyme) in order to direct the desired reaction. Greenlee et al. (2017) addressed the selectivity issues for electrochemical nitrogen reduction by designing nano-particle catalysts, such as non-precious metal-based catalysts comprised of iron and nickel, that are bimetallic materials and are theoretically predicted to lead to optimum surfaces for nitrogen reduction. Greenlee et al. (2017) also reported that they are able to control the local surface environment of the catalyst by means of specifically structured short chain peptide series that had been inspired by the structure of the nitrogenase enzyme.
ENVIRONMENTAL IMPACT OF VARIOUS AMMONIA PRODUCTION PROCESSES
Life Cycle Assessment (LCA) is a primary technique used to support decision making for sustainable development in production. A number of studies have been conducted on the comparative LCA of sustainable ammonia production pathways. These studies include Bicer et al. (2016) on a comparative LCA of different ammonia production methods and Frattini et al. (2016) on a system approach in energy evaluation of different renewable energy sources integrated into ammonia production plants. The same approach (producing an LCA) was carried out by Tallaksen and Reese (2013) and Arora et al. (2018), both selecting the Functional Unit of 1 kg of ammonia for its production using fossil fuels and renewable sources. Tallaksen and Reese (2013) compared both approaches in terms of the usage of energy and carbon emissions. However, Arora et al. (2018) identified the carbon emissions and costs related to ammonia production. The system boundary by Tallaksen and Reese in their study for ammonia production powered by wind was comprised of wind power, water electrolyzer, hydrogen compression, nitrogen separation/compression, ammonia production, and ammonia storage (Matzen et al., 2015). However, the system boundary selected by Arora et al. was more detailed in comparison. Arora et al. estimated the emissions resulting from coal mining, biomass harvesting, transportation, electricity production, and utilities in their study, and also conducted an LCA on ammonia production. Concluded that the Global Warming Potential (GWP) of coal gasification with 4.22 kg CO2eq/kg NH3 is the highest when compared to biomass gasification with 1.2 kg CO2eq/kg NH3, while SMR of natural gas falls in between with GWP of 2.81 kg CO2eq/kg NH3. However, in this study, coal gasification to ammonia production was priced lower than the other processes discussed due to lower energy consumption, feedstock cost, and not consuming significant amounts of energy related to carbon dioxide stream compression. Makhlouf et al. (2015) also conducted an LCA and presented the results for production of 1 tonne of ammonia by SMR of natural gas in Algeria. The results indicated that the GWP is high, which is due to the amount of GHG emissions of 1.44 t CO2eq/t of NH3. Although this figure t CO2eq/t of NH3) is lower when compared to the results reported by Arora et al. (2018) for the production of ammonia from natural gas, which is said to be 2.81 t CO2eq/t of NH3) of GHG emissions. The system boundary for the LCA differs in the two studies. In Makhlouf et al., the system boundary consists of an upgrading stage along with a SMR process for ammonia synthesis. In addition, Makhlouf stated that when calculating the GHG balance, only the amount of natural gas utilized as fuel was considered and the amount of process gas was not taken into account. The outcome of the study shows that the energy requirement for ammonia production by the SMR of natural gas in Algeria was 25.16% higher than of other locations globally. This figure was said to be 51.9 × 103 MJ/t of ammonia while the global energy requirement for ammonia production is reported to be 41.5 × 103 MJ/tonne (IEA, 2007). Arora, et al. conducted their LCA in order to compare the GWP of biomass to ammonia production processes through three different configurations, SMR, Auto-thermal Reforming (ATR) and carbon dioxide reforming. All three configurations were modeled and compared for utilization of three different types of biomass feedstock: Straw, bagasse and wood, in order to understand the effects of their composition on supply chain, economics, and environmental factors for ammonia production. Their study emphasized that GWP will be lowered if biomass is used as the feedstock for ammonia synthesis. Among the three types of biomass used for ammonia synthesis in the study, bagasse has the lowest GWP followed by wood and straw pellets. However, Arora et al. (2017) concluded that the GWP of straw used as biomass for ammonia production is similar to the GWP of natural gas for ammonia synthesis when there is no electricity cogeneration. Among the three different types of biomass, wood has the highest ammonia production rate. Arora et al. (2017) conducted a Multi-Objective Optimization (MOO) showing that one route for reducing the GWP of biomass to ammonia process can be through the utilization of a proportion of the produced syngas resulting from biomass gasification which can also be used for electricity production. With this solution, the discharge of GHG emissions from the use of electricity will be lowered. However, this strategy will decrease the amount of ammonia produced, resulting in an increased output product price. Arora et al. compared the trade-off between ammonia production and electricity generation for three different types of feedstock and different results were obtained. All variables such as the specific type of biomass, economics, and the environmental profile correlate to a specific location. As reported for the production of a specific amount of ammonia using the same production process, the amount of water depletion when using bagasse is higher compared to using wood as the feedstock. For example, when using the SMR process for ammonia production, the amount of water depletion by means of bagasse is said to be 2.95 × 10–2 m3 while wood was reported to be 3.3 × 10–3 m3.
Tallaksen and Reese (2013) conclude that hydrogen production through water electrolysis powered by wind requires approximately 60 GJ of electricity/tonne NH3. This total energy is considerably higher compared to conventional fossil fuel-based ammonia production, which is 36.6 GJ energy for production of 1 tonne of ammonia. According to Tallaksen and Reese (2013) the process requires less fossil energy since the system operates with wind power, resulting in lower GHG emissions when compared to running the system from the grid which was reported as 58.7 GJ/tonne. Whereas, Frattini et al. (2016) concludes that producing ammonia from renewable energy sources increases the security of supply. Both studies agree that ammonia production from renewable energy sources results in lower carbon dioxide emissions.
Bicer et al. (2016) conducted this study on four different ammonia production methods by the Haber-Bosch process using a feedstock of electrolytic hydrogen. They concluded: 1) ammonia production from a water electrolyzer powered by biomass and municipal waste offers a reliable alternative for distributed ammonia production facilities and can increase fertilizer production; 2) municipal waste-based ammonia production can be considered as one the most environmentally benign methods among the proposed processes, since it has the lowest abiotic depletion, global warming, and human toxicity values 3) the renewable sources with their improved efficiency are able to lower the overall environmental footprint and can replace the current fossil fuel-based centralized ammonia production facilities. Frattini et al. (2016) on the other hand compared the efficiency of the energy flows and GHG emissions for the Haber-Bosch ammonia production process by means of different hydrogen production pathways. Through this study they assessed three scenarios for renewable hydrogen production: 1) biomass gasification, 2) electrolysis of water and 3) biogas reforming. They compared these technologies with the conventional SMR of natural gas. They concluded that ammonia has the capability to be produced through an efficient manner using renewable energy sources, leading to an alternative method of a distributed, efficient, and sustainable ammonia production process. This results in a decrease in carbon dioxide emissions and costs, and an increase in production output. Moreover, this process allows for storing of renewable energy as a seasonal energy vector which has a high energy density with low emissions.
Frattini et al. (2016) made a clear case for the advantages of electrolytic hydrogen production compared to biomass gasification/biogas reformation in regards to the energy flux of each system. In regards to energy flows, they concluded that all proposed processes, including the conventional methods of SMR, have the same primary power usage within the range of 14–15 kWh/kg NH3. New configurations have no effect on the amount of primary energy utilized for ammonia synthesis. This demonstrates that applying renewable energy does not limit the efficiency of the process. They made an explicit case for the advantages of electrolytic hydrogen production in comparison to biomass gasification or biogas reformation. Both studies aim to quantify the costs and advantages of integrating the Haber-Bosch process with a renewable hydrogen feedstock resulting from biomass gasification, electrolysis of water operating by solar, wind, hydropower, nuclear power, and biomass. In summary, both projects investigated the carbon intensity of ammonia production. However, Bicer et al. (2016) expands its area of research to a full LCA, including GWP, Human Toxicity, and abiotic depletion, while the study conducted by Frattini et al. (2016) emphasized primarily on energy efficiency. The LCA study by Tallaksen and Reese (2013) on the other hand was more focused on environmental issues rather than raw material depletion. Another study conducted by Bicer and Dincer (2018) highlights the advantages of ammonia utilization in transportation (passenger cars) and power plants by evaluating different environmental impacts including: GWP, acidification, abiotic depletion, and ozone layer depletion. In this study ammonia is produced using water electrolysis in an electrochemical reactor using molten salt electrolyte powered by wind energy. According to Bicer and Dincer (2018) the GHG emissions for vehicles utilizing the aforementioned ammonia is approximately 37% lower compared to gasoline powered vehicles. This also applies to the production of about 0.27 kWh electricity in ammonia fired power plants compared to power plants operating on natural gas, resulting in approximately 64% less kg CO2eq. Both Frattini et al. (2016) and Bicer and Dincer (2018) conclude that electrolytic hydrogen production for ammonia synthesis is advantageous from the environmental point of view due to the potential absence of GHG emissions. Bicer and Dincer (2018) also makes an explicit case for replacing conventional fuels with carbon free ammonia, thereby significantly reducing the GHG emissions associated with the transportation and power generation sectors.
ADDRESSING PROBLEMS ASSOCIATED WITH CURRENT RENEWABLE TECHNOLOGIES FOR AMMONIA PRODUCTION
There is a lack of research on the environmental and economic impact of water usage in the production of ammonia which is assessed in this section.
Water Intensity
Many studies have been conducted on sustainable ammonia production and mainly focus on water electrolyzers powered by renewable technologies such as solar and wind. These studies include one conducted by Soloveichk (2017) and a series of different processes that was compiled by Wang et al. (2018), Service (2018), and Hughes et al. (2015). There is a crucial research gap on environmental and economic aspects of sustainability when assessing water consumption in the production of ammonia in these reviews. In order to operate, these processes require a constant water supply while considering the implications of the increasingly severe worldwide water crisis. The critical inputs for electrolysis are electricity and deionized water. In general, a water electrolyzer requires pretreated, high purity water for its operation (Mehmeti et al., 2018). Moreover, for production of 1 tonne of hydrogen, 9 tonnes of water is required. The major implications of water consumption in various hydrogen production processes and the effects associated with water on the environment are important factors that have been assessed in the study conducted by, Mehmeti et al. (2018) by means of LCA. Studies conducted by Alcamo et al. (2007), Distefano and Kelly (2017), Ercin and Hoekstra (2014), and Hoekstra et al. (2011) have shown that there will be a significant increase in water scarcity in the next few decades and this will result in problems for food security, environmental sustainability, and economics. However, it must be noted that water scarcity is dependent on local availability. According to Mehmeti et al. (2018), SMR and water electrolysis cause the most damage to the environment since these processes use high quality water (low-dissolved-solid concentrations/deionized water) for operation. Morgan (2013) also conducted a techno-economic feasibility study on an ammonia production plant powered by offshore wind. The study reported that for the production of 300 tonnes of ammonia, 476 tonnes of distilled water are required. The ratio of the treated water required per tonne of ammonia (excluding the water needed for the cooling tower) is approximately 1.6. This figure is also reported by Will and Lukas (2018) when assessing an ammonia production plant using water electrolysis powered by renewables (solar, wind, and hydro) energy. For a 50 tonne/day ammonia production plant, 20 MW power is needed and for a 300 tonne/day of ammonia plant, 120 MW is required. Based on Will and Lukas’s study, the water loss from the cooling towers is said to be in the range of approximately 1–1.5% of the total input water. This shows that for the production of approximately 1 tonne of ammonia, 2.45 tonnes of water is required when taking into account the amount of water loss of cooling towers. While Will and Lukas (2018) report a portion of the input water is lost through cooling towers, when using AWARE impact assessment method in LCA, the water utilized for cooling towers is counted as 100% loss. According to the study conducted by Morgan (2013), a water desalinization system is incorporated into its process for production of purified water required for ammonia synthesis. The use of desalination systems is energy intensive and detrimental to ocean biodiversity and marine life (Peterson, 2017). In 2016, the amount of ammonia produced was reported to be 146 million tonnes globally. Based on this data, to produce the same amount of ammonia through water electrolysis, 233.6 million tonnes of water is required. While a water electrolyzer coupled with renewable technologies as discussed above requires high volumes of water for its operation, the conventional ammonia production process, which is SMR coupled with Haber-Bosch processes, is also relatively water intensive requiring approximately 0.656 kg of water to produce 1 t of ammonia. However, this figure is lower than the aforementioned methods for ammonia production. Table 5 shows that SMR coupled with Haber-Bosch process is the most carbon intensive technology with 1.8 kg CO2/t NH3 when compared to the other technology. Water electrolysis is the most water (ca. 1.588 kg H2O/tNH3) and energy (ca. 12,000 kWh/tonne NH3) intensive among the processes being reviewed.
TABLE 5 | Key consumption and GHG emissions for renewable and conventional ammonia production technologies to produce 1 tonne of ammonia.
[image: Table 5]CONCLUSION
Ammonia can play the role of a fuel for energy storage as well as its primary use as the main ingredient for fertilizers, transport fuels, and many other applications. However, sustainable routes for its production are needed. As hydrogen is the main feedstock for ammonia synthesis, a review of various sustainable hydrogen and ammonia production processes has been carried out. In addition, an assessment of different studies on the environmental performance of ammonia production through LCA has been conducted.
The review of ammonia production technologies shows that current processes are either multistage, energy or carbon intensive, or require significant amounts of water resources to operate. Identifying greener pathways (low carbon, low water, and low energy usage) for ammonia production is important to ensure food security and its application in energy storage. After reviewing several studies, there seems to be a lack of focus on processes that aim to reduce the amount of water required for sustainable ammonia production. However, there are a number of studies that have assessed the effect of water usage in different ammonia production processes (SMR and water electrolysis) by focusing on food security, environmental sustainability, and economics through conducting LCA. Two mature technologies, SMR and water electrolysis, both coupled with Haber-Bosch and powered by renewable technologies are compared in this study. The former consumes less water while having higher GHG emissions and the latter emits less GHGs with higher water consumption. Of course, each hydrogen production technology has its pros and cons, the selection of these requires various criteria that would be specific to a particular project and context. These criteria include environmental impact, efficiency, cost effectiveness, resources and their use, commercial availability and viability, and system integration options (e.g., dark fermentation coupled with anaerobic digestion) which need to be considered. Additional research is needed in a few key areas of research on the production of ammonia through waste utilization, environmental impacts of water usage for ammonia production and where an ammonia production plant needs to be located, in terms of both availability of feedstock and sustainability (accessibility to renewable energy sources such as solar Photovoltaic and wind power, distance from the waste hub to the production plant, etc.). In order to clearly address the problem associated with the reduction of water in ammonia production processes, meta-analysis of various technologies and stages for ammonia production is required. These factors need to be addressed in future studies.
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GLOSSARY
AEM Anion Exchange Membrane
ATR Auto-thermal Reforming
CAPEX Capital Expenditure
COD Chemical Oxygen Demand
EPA Environmental Protection Agency
FAO Food and Agriculture Organization
GHG Green House Gas
GWP Global Warming Potential
HHV High Heating Value
HTE High Temperature Electrolysis
LCA Life Cycle Assessment
LHV Low Heating Value
MOO Multi Objective Optimization
NGASE Natural Gas Assisted Steam Electrolyzer
NTP Non-Thermal Plasma
OFMSW Organic Fraction of Municipal Solid Waste
OLR Organic Loading Rate
PEC Photo-electrochemical cells
SGP Specific Gas Production
SHP Specific Hydrogen Production
SMP Soluble Microbial Product
SMR Steam Methane Reforming
SOFEC Solid Oxide Fuel Electrolysis Cell
SOFC Solid Oxide Fuel Cell
SSAS Solid State Ammonia Synthesis
VFA Volatile Fatty Acid
MEC Microbial Electrolysis Cell
MFC Microbial Fuel Cell
NRR Nitrogen Reduction Reaction
UN United Nations
WVU West Virginia University
WVURC West Virginia University Research Corporation
CO2eq Carbon dioxide Equivalent
FE (%) Faradic Efficiency (%)
lux Illuminance
VS Volatile Solids
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