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Abstract 

The Paris Agreement will push renewable energy to grow worldwide leading to more renewable power, 
renewable hydrogen and also renewable ammonia. And renewable ammonia will impact the fertiliser 
industry: Existing ammonia producers will expand; the first ones (i.e. Yara, Fertiberia, CF Industries) 
are already have completed feasibility and are expanding their business towards renewable ammonia 
production. Further existing and new energy producers will and are already announcing plans to produce 
also renewable ammonia (i.e. Neom in Saudi Arabia). 

Based on this renewable ammonia, we expect new nitrogen fertiliser producers will arise on new 
locations worldwide close to wherever demand for nitrogen fertiliser is present. Typically these new 
nitrogen fertiliser plants will be at a much smaller scale compared to the modern nitrogen fertiliser 
plants of today. Currently the first feasibility studies are prepared already. Note that for the energy 
market large scale renewable ammonia plants are expected. 

Fertilisers have a significant contribution towards the provision of sufficient and high quality food. 
However the associated environmental impact urges for increasing nutrient use efficiency. This is 
depending on a combination of innovating technologies, new regulations made by politicians, improved 
daily practices by the farmers and the behaviour of the consumers. These kind of transformation 
processes take time and although the first steps are taken, much more needs to be done to respect 
Earth’s boundaries. Instead of producing standard bulk products, the fertilizer industry will need to move 
to specialty fertilizer products supporting the farmer to increase yields and at the same time avoid 
environmental impacts. 

We believe urea will remain an important nitrogen fertiliser in the foreseeable future although more 
attention must be paid to reduce its related Greenhouse Gas emissions and Nutrient Use Efficiency.  
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1. Introduction 

A new decade starts, a new decade, which will end in 2030 with an important carbon dioxide reduction 
milestone as set in the Paris Agreement. This may have a significant impact on the nitrogen fertiliser 
industry: Green and blue ammonia, Carbon Capture Utilization and Storage and the carbon footprint of 
fertilisers and crops are all topics which will become more and more relevant. The question arises: What 
is the future of urea ? 
 
 
2. Paris Agreement: Green transformation 

At Conference of the Parties COP21 in Paris, on 12 December 2015, Parties to the UNFCCC (United 
Nations Framework Convention on Climate Change) reached a landmark agreement to combat climate 
change and to accelerate and intensify the actions and investments needed for a sustainable low carbon 
future. The Paris Agreement builds upon the Convention and – for the first time – brings all nations into 
a common cause to undertake ambitious efforts to combat climate change and adapt to its effects, with 
enhanced support to assist developing countries to do so. As such, it charts a new course in the global 
climate effort. 
 
Scientists attribute the global 
warming trend observed since the 
mid-20th century to the human 
expansion of the "greenhouse effect" 
— warming that results when the 
atmosphere traps heat radiating from 
Earth toward space. 
Certain gases in the atmosphere block 
heat from escaping. Long-lived gases 
that remain semi-permanently in the 
atmosphere and do not respond 
physically or chemically to changes in 
temperature are described as 
"forcing" climate change. Gases, such 
as water vapor, which respond 
physically or chemically to changes in 
temperature are seen as "feedbacks." 

Figure 1: The various greenhouse gas molecules 

Gases that contribute to the greenhouse effect include: 

Water vapor (H2O) 
The most abundant GreenHouse Gas (GHG), but importantly, it acts as a feedback to the climate. Water 
vapor increases as the Earth's atmosphere warms, but so does the possibility of clouds and precipitation, 
making these some of the most important feedback mechanisms to the greenhouse effect. 
 
Carbon dioxide (CO2) 
A minor but very important component of the atmosphere, carbon dioxide is released through natural 
processes such as respiration and volcano eruptions and through human activities such as deforestation, 
land use changes, and burning fossil fuels. Humans have increased atmospheric carbon 
dioxide concentration by 47% since the Industrial Revolution began. This is the most important long-
lived "forcing" of climate change. 
 
Methane (CH4) 
A hydrocarbon gas produced both through natural sources and human activities, including the 
decomposition of wastes in landfills, agriculture, and especially rice cultivation, as well as ruminant 
digestion and manure management associated with domestic livestock. On a molecule-for-molecule 
basis, methane is a far more active greenhouse gas than carbon dioxide, but also one which is much 
less abundant in the atmosphere. 
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Nitrous oxide (N2O) 
A powerful greenhouse gas produced by soil cultivation practices, especially the use of commercial and 
organic fertilisers, fossil fuel combustion, nitric acid production, and biomass burning. 
 
Chlorofluorocarbons (CFCs) 
Synthetic compounds entirely of industrial origin used in a number of applications, but now largely 
regulated in production and release to the atmosphere by international agreement for their ability to 
contribute to destruction of the ozone layer. They are also greenhouse gases. 
 
Carbon dioxide concentrations in the air vary over time as indicated in Figure 2 [ref. 5]. 
 

 
 
Figure 2: Global atmospheric carbon dioxide concentrations in parts per million (ppm) for the past 
800,000 years [Graph by NOAA Climate.gov based on data from Lüthi, et al., 2008, via  NOAA NCEI 
Paleoclimatology Program] 
 
The peaks and valleys track ice ages (low carbon dioxide) and warmer interglacials (higher carbon 
dioxide). During these cycles, carbon dioxide was never higher than 300 ppm. On the geologic time 
scale, the increase (orange dashed line) looks virtually instantaneous.  
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Figure 3: Global atmospheric carbon dioxide concentrations in parts per million (ppm) in the period 1750-
2019. NOAA Climate.gov graph, adapted from original by Dr. Howard Diamond (NOAA ARL). Atmospheric 
carbon dioxide data from NOAA and ETHZ. Carbon dioxide emissions data from Our World in Data and 
the Global Carbon Project.  
 
The amount of carbon dioxide in the atmosphere (raspberry line) has increased along with human 
emissions (blue line) since the start of the Industrial Revolution in 1750. Emissions rose slowly to 
about 5 billion tons a year in the mid-20th century before skyrocketing to more than 35 billion tons per 
year by the end of the last century.  
 
Making use of renewable fuels and replacing carbon fuels by renewable energy will limit and reduce 
carbon dioxide emissions to the air. Renewable energy is energy that is collected from renewable 
resources, which are naturally replenished on a human timescale, including carbon neutral sources like 
sunlight, wind, rain, tides, waves, and geothermal heat.  
The term often also encompasses biomass as well, whose carbon neutral status is under debate. The 
European Union and United Nations consider biomass a renewable energy source. 
 
Is nuclear energy renewable? 
There is confusion over the exact definition of renewable energy and the requirements that need to be 
met in order to be one. The recent statement by Helene Pelosi, the interim director General of IRENA 
(International Renewable Energy Agency), saying IRENA will not support nuclear energy programs 
because it is a long, complicated process, it produces waste and is relatively risky, proves that their 
decision has nothing to do with having a sustainable supply of fuel. And if that's the case then nuclear 
proponents would have to figure out a way to deal with the nuclear waste management issue and other 
political implications of nuclear power before they can ask IRENA to reconsider including nuclear energy 
in the renewable energy list. 
 
How companies report greenhouse gas emissions? 
 
The GHG Protocol defines direct and indirect emissions as follows: 
Direct GHG emissions are emissions from sources that are owned or controlled by the reporting entity. 
Indirect GHG emissions are emissions that are a consequence of the activities of the reporting entity, 
but occur at sources owned or controlled by another entity. 
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The GHG Protocol further categorizes these direct and indirect emissions into three broad scopes: 
Scope 1: All direct GHG emissions. 
Scope 2: Indirect GHG emissions from consumption of purchased electricity, heat or steam. 
Scope 3: Other indirect emissions, such as the extraction and production of purchased materials and 
fuels, transport-related activities in vehicles not owned or controlled by the reporting entity, electricity-
related activities not covered in Scope 2, outsourced activities, waste disposal, etc. Also according to 
the GHG Protocol Corporate Standard, emissions resulting from the use of sold products may be included 
as Scope 3 emissions in an inventory.  

According to GHG inventory guidance, quantification of scope 1 and 2 emissions are mandatory for 
organizations reporting and disclosing GHG emissions, while scope 3 emissions quantification is not 
required. However, more organizations are reaching into their value chain to understand the full GHG 
impact of their operations. In addition, because scope 3 emission sources may represent the majority 
of an organization’s GHG emissions, they often offer emissions reduction opportunities. Although these 
emissions are not under the organization’s control, the organization may be able to impact the activities 
that result in the emissions. The organization may also be able to influence its suppliers or choose which 
vendors to contract with based on their practices.  

Note that all nitrogen fertilisers are a significant scope 3 emission due to the potential nitrous oxide 
(N2O) emissions. Urea producers cannot talk of CO2 utilization as a way to make "blue ammonia" if 
they produce urea, because the reduction in scope 1 emissions is directly offset by the increase in scope 
3 emissions. This is scope 3 for fertilizer producers but scope 1 for farmers. 
 
 
3. Carbon Capture Utilization and Storage  

Carbon Capture Utilization and Storage (CCUS) will be important for meeting the targets agreed in the 
Paris Agreement. The fertiliser industry offers several opportunities for Carbon Capture and Utilization, 
and further innovation will lead to more uses in the future.  

For example in the traditional way of manufacturing ammonia, carbon dioxide is produced as a co-
product. The carbon dioxide from ammonia plants can be used in various downstream industrial 
processes, which capture the carbon in products with a high longevity, such as in melamine and in glues 
and resins via urea as intermediate product.  

The fertiliser industry could also use this carbon dioxide for the production of calcium ammonium nitrate 
although the source of the calcium oxide needs be clarified in terms of carbon dioxide emissions. 

In the traditional ammonia production process, a highly concentrated carbon dioxide stream is already 
produced, making it a low hanging fruit for Carbon Capture and Storage (CCS) when such pure 
sequestration projects, like Equinor/Shell Northern Lights / CF at Ince and HyNet, will become available. 
However, the development of these technologies and seizing opportunities that stem from these 
technologies depends on CCUS being recognized as a valid climate policy and given credit for negative 
emissions. 
A novel technology is Direct Air Capture technology, which removes carbon dioxide directly from the 
atmosphere. Unlike capturing emissions from industrial flue stacks, carbon removal technology captures 
carbon dioxide directly out of the air around us [ref. 10]. For example Carbon Engineering is working to 
build industrial-scale Direct Air Capture facilities that will each capture one million tons of carbon 
dioxide per year. The Direct Air Capture technology has four major pieces of equipment. The process 
starts with an air contactor, which is a large structure modelled off industrial cooling towers. A giant fan 
pulls air into this structure, where it passes over thin plastic surfaces that have potassium hydroxide 
solution flowing over them. This non-toxic solution chemically binds with the carbon dioxide molecules, 
removing them from the air and trapping them in the liquid solution as a carbonate salt. The carbon 
dioxide contained in this carbonate solution is then put through a series of chemical processes to 
increase its concentration, purify and compress it, so it can be delivered in gas form ready for use or 
storage. This involves separating the salt out from solution into small pellets in a structure called a pellet 
reactor. These pellets are then heated in a third step, a calciner, in order to release the carbon dioxide in 
pure gas form. This step also leaves behind processed pellets that are hydrated in a slaker and recycled 
back within the system to reproduce the original capture chemical. 
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4. The role of ammonia 

Renewable energy sources produce electricity. However most renewable energy sources are not 
available on a continuous 
basis, 24 hours per day, 
365 days per year. Proper 
infrastructure grid and 
electricity storage facilities 
are required to manage 
these fluctuations. One is 
looking for various means 
to improve the storage and 
transportation of renew-
able energy.  
Figure 4 shows the various 
possible energy storage 
technologies. 
 
 
 

Figure 4: The various 
energy storage 

technologies 
 
Renewable hydrogen can be easily produced via the electrolysis of water by means of the electricity 
produced from renewable energy sources and seems the first favourable conversion step of renewable 
electricity.  
Note that hydrogen can also be produced via other routes like the pyrolysis of methane. For example 
Gazprom proposes to build in the north of Germany, near the exit of the Nord Stream gas pipelines, a 
production plant of low-carbon hydrogen from Russian gas. By definition this hydrogen would be not 
renewable - despite being low-carbon. 
 
Consequently a hydrogen network is developing worldwide. For example on December 7, 2020 seven 
world-leading companies announced a global coalition target to accelerate the scale and production of 
green hydrogen 50-fold in the next six years, helping to transform the world’s most carbon intensive 
industries, including power generation, chemicals, steelmaking and shipping. This new “Green Hydrogen 
Catapult” initiative will see green hydrogen industry leaders, including ACWA Power, CWP Renewables, 
Envision, Iberdrola, Ørsted, Snam, and Yara, target the deployment of 25 gigawatts through 2026 of 
renewables-based hydrogen production, with a view to halve the current cost of hydrogen to below 
US$2 per kilogram. Recent analysis suggests a US$2-per-kilogram price represents a potential tipping 
point that will make green hydrogen and its derivative fuels the energy source of choice across multiple 
sectors—including steel and fertiliser production, power generation, and long-range shipping—where 
ample near-term demand exists in Europe and elsewhere. 
 
But also hydrogen has its limitations (explosive and high pressures / low temperatures to store and 
transport) and therefore one is looking at further means to use, store and transport renewable energy 
(Refer to Figures 5 and 6). Several electro-fuels, i.e. methanol and methane from carbon dioxide 
sequestration, have been investigated.  
Ammonia is an attractive alternative as it offers several benefits amongst others a very efficient way to 
store and transport renewable energy, its existing worldwide infrastructure and multiple applications 
fields. Ammonia can be used directly in combustion and indirectly as a hydrogen carrier. Similar to 
hydrogen where water will be formed after combustion, the combustion of ammonia leads to nitrogen 
and water (de-NOx catalysts may be required). 
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Figure 5: The various Power to X technologies 
 
 

 
Figure 6: Hydrogen and Ammonia applications 
 
Two of the most promising applications of low carbon ammonia as detailed below offer a huge and 
disruptive potential.  
The first application is the International Maritime Organization (IMO) ambition for reduction of 
greenhouse gas emissions intensity from ships of at least a 40% reduction by 2030 and a 70% reduction 
by 2050, compared to 2008 levels. IMO has brought renewable ammonia forward as the most promising 
shipping fuel solution, according to Lloyds and University Maritime Advisory Service (UMAS), with a 
maximum estimated potential of about 800 million tons per year in 2050 explained by UMAS as a 
prerequisite for the shipping industry to reach the GHG emission reduction ambition of IMO. The 
International Energy Agency has in its latest Energy Technology Perspectives 2020, analysed the market 
forecast more conservatively, and indicated a market for renewable ammonia as shipping fuel reaching 
350 million tonnes either in 2050 or 2070 depending on scenario assumptions.  In any instance, the 
introduction of renewable ammonia as shipping fuel would be a game changer in the nitrogen industry. 
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Several major maritime ammonia projects have been announce, for example the “Viking Energy” a 
supply vessel for 
Equinor’s offshore 
operations, will be 
modified to run on a 2 MW 
direct ammonia fuel cell. 
This will be a five year 
project: the technology 
will be scaled-up on land 
before being installed on 
the vessel, which will 
begin a year of 
greenhouse gas emission-
free operations in 2024. 
Refer to Figure 7. 

 
Figure 7:  

The Viking Energy,  
ammonia fuelled shipping 
 
The second promising application being developed in Japan is the use of carbon dioxide free ammonia 
as a power and heat generation fuel: 
• Ammonia co-firing with coal by modestly modifying existing coal-fired power plants offers a realistic 

solution to gradually displace coal and decarbonise by leveraging existing infrastructure. The 
renewable ammonia potential will depend on technology development but is estimated at about 20 
million tons of ammonia per annum (METI 2017, Green Ammonia Consortium in Japan 2020) if the 
application becomes fully implemented. 

• Ammonia firing in gas turbines for power generation. 
• Ammonia firing in industrial furnace for heat generation. 
• Ammonia as hydrogen carrier, indirectly providing the fuel by acting as a transport vector. 
 
 
The global green transformation is happening at various speeds and intensities in different regions – 
announcements of pilot and commercial scale green ammonia projects pop up more and more 
frequently.  
 
The green transformation of the energy market with its huge size compared to the fertiliser market must 
for sure have an impact on the fertiliser business environment. Approximately 200 million tons per year 
of ammonia is used today, in fertiliser and as chemical feedstock, with about 80% in fertiliser.  
 
Renewable ammonia will not grow this segment but is expected to gradually replace conventional 
ammonia and nitrogen products. The timeline for such a transition is difficult to predict, and will depend 
on several factors, where regulation and cost of a high carbon footprint will be important drivers, along 
with end-user/consumer preferences. YARA anticipates that a premium market can be expected to 
develop within the next 5 – 10 years, probably driven largely by end-user preferences, and the premium 
value will most likely be associated with carbon footprint certification and low carbon guarantees. 
We expect these new renewable nitrogen fertiliser plants will be at a smaller scale introducing new 
innovative technologies. Examples are Atmonia, Nitricity, Tsubame and Starfire. 
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Figure 8:  Opportunities for renewable ammonia 
 
To summarize: To use ammonia as an energy vector seems very attractive. The main challenges at the 
moment are: 
• Cheap, efficient production of ammonia using green, sustainable sources; 
• Large-scale conversion to power with low emissions and high stability; 
• Public perception that enables the global deployment of the molecule as an energy vector; 
• Feasible economics that can compete with current electro-fuels. 

 
 

 
5. The carbon footprint of urea and other nitrogen fertilisers 

Agriculture is a major source of greenhouse gas emissions as indicated in Figure 9. 

Improving land use efficiency is key. The discovery and use of mineral fertilisers has been one of the 
driving forces for increased crop 
yields and agricultural 
productivity. These benefits come 
however at an environmental cost. 
Besides emissions caused by 
mineral fertiliser production, also 
the mineral fertiliser use caused 
significant emissions. For example 
today on average 30-50% of the 
nitrogen applied remains unused 
and causes serious environmental 
problems to air and water. 
 
 
 
 

Figure 9:   
Agriculture is a major source of 

greenhouse gas emissions  
[source Yara ESG Investor 

Seminar - 7 December 2020] 
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Ammonia emissions 

It is hard, however, for a urea fertiliser to be directly absorbed by crops. Before it can be used as a 
source of nitrogen, it must first be converted into ammonium (NH4+) and nitrate (NO3-). Urease 
enzymes in the soil are responsible for the first step of the conversion process. 
Urea is unstable in the presence of water, so the transformation process usually starts immediately. But 
the transformation into ammonium is not direct; urea is first converted into ammonia and carbamic 
acid, which itself then 
spontaneously decomposes 
into ammonia and carbon 
dioxide (Figure 10). 
The pH of the soil determines 
whether the water it contains 
transforms the resulting 
ammonia into ammonium. 
The urease reaction creates 
an alkaline zone around the 
urea granule which induces a 
pronounced localized pH 
peak. This shifts the 
equilibrium of the reaction 
towards the formation of 
ammonia (Figure 10: red 
arrow) and subsequent 
gaseous emissions. 
 
 

Figure 10: Urea conversion 
the soil [Ref. 6] 

 
Gaseous losses of ammonia can be significantly reduced if urea is washed into the soil by rain, irrigation 
water or if it is directly incorporated into the soil. However, under many circumstances this is not possible 
(e.g. with winter crops, grassland, lack of irrigation, drylands, no-till zones, etc.). 
The first and most obvious option to reduce ammonia emissions is to use an ammonium-nitrate based 
fertiliser. This is also recommended by the UNECE Task Force on Reactive Nitrogen (United Nations 
Economic Commission for 
Europe 2015). 
Another means of reducing 
ammonia loss is to treat 
urea-based fertilisers with 
urease inhibitors. This 
effectively delays their 
conversion into ammonia 
and carbamic acid for 
approximately two weeks by 
blocking the action of the 
urease enzyme. Urease 
inhibitors, however, can 
have limited stability, 
particularly when applied 
together with other plant 
nutrients, such as sulphur. 
 
 
 
 

Figure 11:  
Ammonia volatilization  of 
various nitrogen fertilisers 
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N2O emissions 

Depending on temperature, the ammonium in urea and ammonium nitrate fertilisers is rapidly 
transformed after their application into nitrate via nitrification. The use of fertilisers with nitrification 
inhibitors considerably reduces the risk of nitrate leaching. 
A nitrification inhibitor delays the microbial conversion in the soil of ammonium nitrogen to nitrate by 
temporarily suppressing the action of 
the enzyme ammonium-mono-
oxigenase in the soil bacteria 
Nitrosomonas ssp., which is 
responsible for the first step of the 
nitrification process (conversion of 
ammonium to nitrite). 
The length of time nitrification can be 
inhibited primarily depends on the 
ambient temperature. At low soil 
temperatures, the period is quite 
long while it is comparatively short at 
higher temperatures, although still 
several weeks. 
 
 

Figure 12:  
Nitrous oxide emissions [Ref. 6] 

 

Nitrate leaching 

During the growing season, nitrate leaching can occur under particular conditions such as sandy soils, 
high water input and shallow rooting crops. 
Incomplete cation exchange during the 
formation of the soil colloids gives the soil a 
negative charge. A negatively charged ion such 
as nitrate, therefore, can easily move within 
the soil if too much rain or irrigation water 
leads to its dislocation leading to dead zones. 
Dead zones are hypoxic (low-oxygen) areas in 
the world's oceans and large lakes, which 
causes these bodies of water to fail to support 
the marine life living there. Historically, many 
of these sites were naturally occurring. 
However, in the 1970’s, oceanographers 
began noting increased instances and 
expanses of dead zones.  
 

Figure 13:  
Dead zone in Gulf of Mexico   

 
Figure 13 shows the dead zone in the Gulf of Mexico. The Mississippi river is the drainage area for 41% 
of the continental United States, dumps high-nutrient runoff such as nitrogen and phosphorus into the 
Gulf of Mexico. According to a 2009 fact sheet created by U.S. National Oceanic and Atmospheric 
Administration, "seventy percent of nutrient loads that cause hypoxia are a result of this vast drainage 
basin", which includes the heart of U.S. agribusiness, the Midwest. The discharge of treated sewage 
from urban areas (pop. c 12 million in 2009) combined with agricultural runoff deliver c. 1.7 million tons 
of phosphorus and nitrogen into the Gulf of Mexico every year. Even though Iowa occupies less than 
5% of the Mississippi River drainage basin, average annual nitrate discharge from surface water in Iowa 
is about 204,000 to 222,000 metric tonnes, or 25% of all the nitrate which the Mississippi River delivers 
to the Gulf of Mexico. 
As a positively charged ion, ammonium is far less mobile because it is bound to the cation exchangers 
in the soil colloids. Nitrification inhibitors therefore reduce the conversion rate of the less mobile 
ammonium into nitrate, reducing leaching potential. 
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Reduced greenhouse gas emissions 

Nitrification of ammonium and denitrification of nitrate are sources of nitrous oxide (N2O), which is an 
important greenhouse gas and agriculture’s main contribution to climate change. N2O has a mean 
atmospheric lifetime of 114 years and it also impacts ozone depletion. The global warming potential of 
N2O is 298 times higher than that of carbon dioxide. Because of delayed nitrification and the reduced 
amount of nitrate during the inhibition process, the emission of N2O is substantially reduced if 
nitrification inhibitors are added to fertilisers [Ref. 7]. 

Figure 14: The various routes for the formation of nitrous oxide    
 
Agronomic practices to apply existing fertilisers at the right time, the right place, in the right amount, 
and of the right composition can improve the use efficiency of fertilisers. 
 
Further it is proposed to more deliberately adopt knowledge of plant physiological processes, including 
the diversity of mineral nutrient uptake mechanisms, their translocation and metabolism as an entry 
point in identifying the composition, amount, and timing of nutrients to meet plant physiological needs 
for improved instantaneous uptake. In addition to the root, efforts should be redoubled with several 
other avenues, which as of now are at best haphazard, for the delivery of nutrients to the plant. The 
current surge in nanotechnology could for instance be leveraged to produce or deliver fertilisers in 
nanoparticle forms. Furthermore, ecological processes including interactions and symbioses with micro-
organisms could be exploited to enhance nutrient uptake [Ref. 9] 
 
The 4R philosophy [Ref. 8] 
The community and market have been and will continue to put to reduce the environmental impact of 
the use of fertilisers. The fertiliser industry has developed and adopted the 4R philosophy.  
The 4R philosophy is an innovative and science-based approach that offers enhanced environmental 
protection, increased production, increased farmer profitability, and improved sustainability. The 
concept is to use the right fertiliser source, at the right rate, at the right time, with the right placement. 
Implications of the 4R nutrient stewardship system will spread far and wide through agriculture and 
society as a whole. For fertiliser use to be sustainable, it must support cropping systems that provide 
economic, social, and environmental benefits. 

 14

 
Figure 12:  Nitrous oxide is naturally released during nitrification of 

ammonium (NH4) to nitrate (NO3) and during the denitrification of nitrate 
to di-nitrogen gas (N2). 

 
produced as a by-product. Denitrification means the reduction of nitrate to di-
nitrogen gas (N2).  Under anaerobic conditions denitrifying bacteria use NO3 
instead of oxygen as an electron acceptor in order to respire organic carbon 
compounds. Since O2 is the more favourable electron acceptor, denitrification 
takes only places under oxygen-limited conditions. The quantity of N2O 
released from denitrification depends on the environmental conditions; more 
or less N2O is produced instead of N2. The more favourable the conditions are 
for denitrification (e.g. completely water-saturated soil), the more N2 is 
produced proportionally. Changing conditions, e.g. from wet to dry soils, 
favour N2O release (Granli and Bockman, 1994). 

 
Figure 13:  Average nitrous oxide emission factors for different N fertiliser 

products (Bouwman et al., 2002). 
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Figure 15: 4R Nutrient Stewardship 
 
Amongst others Nutrien and Yara are targeting on a more sustainable agriculture program getting more 
directly involved with farmers, who will be able to increase profits per acre by means of carbon credits 
and higher crop yields (for example the AGORO Carbon Alliance, refer to Figure 16).  

Figure 16: Yara AGORO Carbon Alliance 
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Independent studies using different methodologies reveal that global nutrient losses to the environment 
will continue to exceed the safe operating spaces with respect to the planetary boundaries with current 
fertilizer products. Indeed, these nutrient losses are likely to exceed the planetary boundaries even with 
optimized agronomy combined with nutrient recycling, global redistribution (e.g., using less fertilizer in 
high-income nations and using more in low-income nations), and dietary measures (e.g., consuming 
more plant-based diets). 
 
More actions are required to develop significant more sensible and environmentally sound fertilizers. 
Still the problems around reactive nitrogen and dead coastal zones are a big concern. It is calculated 
that the 4R approach is by far not enough to do what is needed to remain within environmental limits 
[Ref. 12]. The fertilizer industry needs to assume more responsibility to develop Innovative Fertilizer 
and Application Technologies (IFAT). IFAT as a set of fertilizer products and technologies that are 
designed by taking the physiological needs of plants (such as nutrient uptake, redistribution, and 
utilization) as the entry point in the fertilizer development process, rather than starting first with 
chemistry. Refer to Figure 17. 

Figure 17: The current and IFAT-inspired approach of fertilizers 
 
The IFAT inspired approach of fertilisers proposes a more deliberate adoption of knowledge of plant 
physiological processes—including the diversity of mineral nutrient uptake mechanisms, their 
translocation and metabolism—as an entry point in identifying the physicochemical “packaging” of 
nutrients, their composition, amount and timing of application to meet plant physiological needs for 
improved instantaneous uptake.  
In addition to delivery through the root, it suggests that efforts be redoubled with several other uptake 
avenues, which as of now are at best haphazard, for the delivery of nutrients to the plant, including 
above ground parts and seed coating. Furthermore, ecological processes, including nutrient-specific 
interactions in plant and soil, plant microorganism symbiosis, and nanotechnology, have to be exploited 
to enhance nutrient uptake. It is hoped that concerted R&D efforts will be pursued to achieve these 
strategies. 
 
Let us discuss an example: Uptake of nutrient elements as charged ions implies that active transport by 
proteins is required to move them across the root cell membrane. For example, nitrogen is taken up by 
plants in two metabolically dissimilar forms, nitrate ion (NO3−) or ammonium ion (NH4+). A portion of 
the nitrate ions is transported to the leaves, where it is reduced to ammonium ions and then reacts with 
sugars to generate nucleic acids, amino acids and other building blocks, a rapid process necessary to 
avoid the risk of toxic ammonia production. In contrast, ammonium ions are metabolised mainly in the 
root, due, perhaps, to its lower mobility. Considering that sugars are produced in the leaves prior to 

     |  305BINDRABAN et Al.

for soil application rather than bulk blending (Dimkpa & Bindraban, 
2018; Santos, Korndorfer, Pereira, & Paye, 2018).

An example of the need for IFAT is the formulation of urea–N 
with micronutrients, which can reduce N transformation via ammo-
nia volatilization and nitrous oxide emission by 20%–35% (Khariri, 
Yusop, Musa, & Hussin, 2016). Comparable results are reported for 
coating with neem, nanorock phosphate, and nano-ZnO (Jadon et al., 
2018). Reduced N losses as ammonia and/or nitrous/nitric oxide en-
hances crop uptake of N, which under a variety of production sys-
tems, including drought and low NPK inputs, have been recorded 
at between 8% and 53% (Dimkpa, Bindraban, et al., 2017; Dimkpa, 
Singh, Bindraban, Adisa, et al., 2019; Dimkpa, Singh, Bindraban, 
Elmer, et al., 2019; Dimkpa, White, Elmer, & Gardea-Torresdey, 
2017b). The mechanism underlying micronutrients’ influence on N 
uptake is related to their potential for modulating microbial ammon-
ification or nitrification rates via influencing urease, dehydrogenase, 
and nitrification enzyme activities (Chaperon & Sauvé, 2007). Such 
an outcome could permit significant reduction in N application rates 
(Das et al., 2018; Dimkpa, White, et al., 2017b; Jadon et al., 2018). 
Invariably, the addition of micronutrient in fertilization corresponds 
with increasing total plant content of specific micronutrients (e.g., 
Zn from 85% to 500%), as well as helping to mitigate drought-in-
duced reductions in plant development and productivity (Dimkpa, 
Bindraban, et al., 2017; Dimkpa, Singh, Bindraban, Adisa, et al., 2019; 
Dimkpa, Singh, Bindraban, Elmer, et al., 2019; Dimkpa, White, et al., 
2017b). Such effects of a balanced nutrient approach rooted in IFAT 
can improve environmental and human health, and the resilience of 

production systems under adverse environmental conditions such 
as drought. A second example elaborated by Bindraban et al. (2019) 
relates to the conversion of finite phosphate rock into water-solu-
ble P fertilizers and also highlights the need for IFAT. These most 
common water-soluble P fertilizers readily bind to soil particles, 
restricting availability to plants. Excessive P fertilizer applications 
compensate such inefficiencies but often far exceed plant P demand 
for maximal growth and yield, suppressing uptake of Zn (Zhang, Liu, 
Li, Chen, & Zou, 2017a; Zhang, Liu, Liu, Chen, & Zou, 2017). Grains 
store excess P as phytate, which has human health benefits but also 
inhibits the bioavailability of Zn, Fe, and Ca. This could exacerbate 
nutrient deficiencies in people with unbalanced diets (Gibson, Bailey, 
Gibbs, & Ferguson, 2010). Hence, improving the nutritional value of 
staple crops through reduced phytate and increased Zn and Fe con-
tents could drive P-based IFAT development. Low phytate content 
in Zn- and Fe-enriched crops would provide critical micronutrients 
in the low meat–intake, plant-based planetary diet proposed by the 
EAT-Lancet commission (Willett et al., 2019); currently, meat is the 
major source of these nutrients. Advanced material synthesis and 
formulation pathways could generate innovative products, such as P 
complexed to nanoscale Fe particles (Almeelbi & Bezbaruah, 2012) 
or microbial beneficiation of phosphate rock (PR) to release plant 
usable P (Goldstein, 2014). Microbial beneficiation of PR has been 
a subject of study for more than three decades. However, findings 
from evaluations under field conditions have been rather inconsis-
tent. This is largely due to in vitro misidentification and misselection 
of true phosphate-solubilizing bacteria based on the use of tricalcium 

F I G U R E  1   Upper panel: Current fertilizer system based on bulk production with generic chemistry. Lower panel: Innovative Fertilizers 
and Application Technologies (IFAT)-inspired reversal of the fertilizer design process that takes plant physiological processes, along with 
nutritional and environmental demands, as a starting point to achieve targeted delivery and specific responses. 1See Dimkpa (2014), as an 
example of a systems response of IFAT to disease
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root delivery, the form of nitrogen applied to crops could cause differential responses in the plant under 
different environmental conditions. In high temperature agro-ecological conditions, leaf sugar would be 
metabolised at a faster rate due to temperature-induced increase in respiration, resulting in less sugar 
being availed the root for conversion into derived products. Under such condition, nitrogen fertiliser 
primarily based on ammonium ions may not support plant growth to the desired extent. Accordingly, 
leafy vegetables may benefit more from nitrate ions than ammonium ions application, since the former 
would be transported to the leaves where the sugar is metabolised. On the other hand, at lower 
temperatures where sugars are more readily available to the root, coupled with reduced transport of 
nitrate ions, ammonium ions might be the preferred nitrogen fertiliser. Thus, dependent on 
environmental conditions, specific plant physiologies should be leveraged to target fertiliser types to 
crops.  
Also certain soil microbes contribute to nitrogen fixation like symbiotic (e.g. Rhizobia) and free-living 
(e.g. Azotobacter and Azospirillum spp.) diazotrophs. 
 
 
6. Novel nitrogen fertilisation technologies 

Novel technologies to produce nitrogen fertilisation products are being developed although as elaborated 
in the earlier chapter, much more work needs to be done. 
 
a. Plasma assisted N2 fixation 
Plasma assisted N2 fixation via nitric oxide or NH3 production, is an attractive alternative due to inherent 
non-equilibrium conditions, lower energy demand and the prospect to use an alternative energy sources 
[Ref. 14].  
An example is N2 Applied where the founder Rune Ingels is developing a similar technology and already 
established a first reference [Ref. 15]. 
 
b. Biological nitrogen fixation  
Biological nitrogen fixation is the process that changes inert nitrogen (N2) into biologically useful 
ammonia (NH3). This process is mediated in nature only by N-fixing rhizobia bacteria (Rhizobiaceae, α-
Proteobacteria). Other plants benefit from N-fixing bacteria when the bacteria die and release nitrogen 
to the environment, or when the bacteria live in close association with the plant. In legumes and a few 
other plants, the bacteria live in small growths on the roots called nodules. Within these nodules, 
nitrogen fixation is done by the bacteria, and the ammonia they produce is absorbed by the plant. 
Nitrogen fixation by legumes is a partnership between a bacterium and a plant. Significant research and 
development is done to use biological fixation for staple crops—microbiome mediated natural supply of 
fixed nitrogen. This involves engineering a microbiome that can be grown cheaply and at industrial scale. 
Several universities are developing biological nitrogen fixation technologies and several companies are 
already active in the market. Examples are Bioconsortia, USA (with Mosaic as partner in the US), Pivot 
Bio in the US and Azotic Technologiesin the UK. 

c. Hydrochar 
Another technology involves the use of hydrochar derived from biomass to directly capture plant 
nutrients such as nitrogen or ammonia either via a production process or as part of bioremediation 
methods. The nitrogen enhanced hydrochar can then be used as a soil amendment. This technology is 
being developed by Professor Ken Valentas and his team within the Biotechnology Institute of the West 
Central Research and Outreach Center in the U.S. 
 
d. Nanocatalyst 
Another technology is the green urea synthesis using Nanocatalyst in Magnetic Induction Method (MIM) 
Under Ambient Conditions [ref. 1]. This method is a necessity and should be conducted at room 
temperature and pressure to reduce energy requirements. The overall efficiency of the chemical 
reactions and the yield of products can be enhanced by the use of nanocatalysts. The emphasis on 
nanocatalytic processes is the future of green urea synthesis system. The microreactor technology 
provides benefits to future sustainability such as scale-independent synthesis, product profile 
improvement, accelerated process development, enhanced safety, constant product output quality, 
cleaner product profile, and higher yields. 
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e. Synergy steel-urea [Ref. 3 & 16] 
Several companies are developing processes for preparing ammonia gas and carbon dioxide for urea 
synthesis based on residual gases from steel mills. 
Examples are tkIS, Germany and the INITIATE project in the Netherlands. 
 
f. Nano-fertilisers 
Intelligent nano-fertilisers could be used to reduce the amount of nitrogen lost during the crop 
production. The plant needs different amount of nitrogen depending on its growth stage. A new 
generation of smart fertilisers will increase this efficiency from 30 percent to upwards of 80 percent. 
Smart biosensors and smart delivery systems will help in enhancing productivity in agriculture. Hence, 
in coming years farmers could have access to an intelligent nano-fertilisers that synchronizes the release 
of nitrogen with crop uptake. 
Examples are IFFCO in India: Results of 730 field demonstrations conducted in different districts of Uttar 
Pradesh by IFFCO on farmers’ fields with 12 crops proved that with the use of nano-nitrogen (Nano-N), 
the quantity of urea being applied by the farmers to supply nitrogen to their crops can be successfully 
reduced to half. The yields obtained with 50% less nitrogen as compared to the N applied under farmers 
fertilizer practice and applying 2 sprays of Nano-N in standing crops gave yields higher than under 
farmers fertilizer practice in most of the crops tested in these demonstrations [Ref. 17]. 
 
g. Deep Placement [Ref. 13] 
Fertiliser Deep Placement is an innovative, proven fertiliser application technology that achieves average 
yield increases of 18 percent while reducing fertiliser use by about one-third. This technology has 
resulted from IFDC-applied research to improve nitrogen-uptake efficiency. It is a simple, low-cost 
technology that is extremely well suited to small-scale rice production 
 
 
7. Impact on the Urea Market 

On a global scale, urea is the most widely produced and used nitrogen fertiliser. In tropical areas with 
more acid, sandy and paddy soils, it is expected that urea will remain to play an important role. Also on 
alkaline and calcareous soils, urea with inhibitors can be a good option. More and more attention will be 
paid to reduce its related Greenhouse Gas emissions and Nutrient Use Efficiency. Note that improving 
the Nutrient Use Efficiency will lead to lower demand figures. 

Ammonia produced from hydrogen originating from sources like wind, solar and geo-thermal and nuclear 
does not have carbon dioxide as a by-product, so the route to produce from this ammonia urea may not 
be obvious. In case one intends to convert this green ammonia into a nitrogen fertiliser one may look 
first at nitrates (calcium-ammonium-nitrate) or sulphates (ammonium-sulphate). 

In case carbon dioxide is locally also available from for example CCUS projects or the Direct Air Capture 
technology, new urea units may arise at these locations fulfilling the local agricultural and technical 
grade market needs.  

Renewable ammonia can also be produced from biogas / biomass gasification. As the feedstock is again 
methane and via the conventional steam reforming besides ammonia, also carbon dioxide is produced, 
this route can produce renewable urea. Examples are the University of Minnesota which has performed 
feasibility studies for small scale complexes of some 60 metric tons per day)ammonia and the company 
BioNitrogen in the US who intended to build several of its biomass-to-urea plants in the US. 
 
Mohammad Alfian and Widodo W. Purwanto present a multi-objective approach [Ref. 2] for optimizing 
a 600 ktpa (ktpa = 1000 metric tons per year) low carbon urea production strategy to minimize the 
production costs and environmental impacts by considering the future cost development of technology 
and feedstock price for each technology in the time frame of 2020-2050. The primary analysis was 
focused on the economic and environmental concerns in supporting future urea demand until 2050. The 
Multi Objective Optimisation reveals some optimal solutions for more sustainable green urea production 
in the future, providing support for decision makers to balance production costs and carbon dioxide 
emissions. The best solution is to minimize green urea production costs while considering environmental 
aspects by increasing the role of renewable energies. From the eight processes of optimized hydrogen 
production technology using Multi Objective Optimisation methods, the best process that meets the 
economic and environmental aspects to replace the steam reforming process in the future is the biomass 
gasification process from 2020 to 2035 and the combined biomass gasification (41%)—PV electrolysis 
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without battery (59%) process, which is based on renewable energy, from 2040 to 2050. Note that this 
study was specifically focusing on the situation in Kalimantan, Indonesia where limited natural gas 
resources, abundant biomass and specific wind/solar conditions are present. 

 
 
8. Features and applications of Urea 

Urea has several important and unique features and applications, such as: 
 
Safety 
Urea is safe.  
Fertilisers based on ammonium nitrate fertilisers do have its safety hazards related to unintendedly 
wrong storage/handling procedures and intendedly misuse by terrorists. 
 
Lowest costs for transportation, storage and application 
Nitrogen is the number one crop nutrient which is required in the largest amounts. Urea is comparatively 
easy to manufacture and has the highest nitrogen content of all nitrogen fertilisers. As a result, per unit 
of nitrogen its transportation, storage and application costs are lowest. 
 
Bulk blending 
Since bulk blends are not subject to the process restrictions associated with chemical granulation, a 
large number of nutrient ratios can be made from a few granular raw materials, such a urea, 
diammonium phosphate, and potassium chloride. In addition to providing the traditional N.P.K. nutrient 
requirements, bulk blends are well suited for incorporating micronutrients. Urea shows different 
compatibility than nitrates, for example with sulphur. 
 
Foliar 
Urea applied as a foliar is a very efficient source of nitrogen for example citrus growth. 
 
Feed grade 
Urea in the form of small size (max 1mm) granules are applied as feed grade for cattle to enhance 
protein development 
 
Diesel Emission Fluid 
Urea solution is applied on relative large scale to reduce NOx emissions from amongst others diesel 
engines and powerplants. 
 
Technical urea 
In pharma and as feedstock for urea-formaldehyde resins and melamine, urea has its specific added 
value. Furthermore products like urea formaldehyde resins and melamine can be considered as carbon 
capturing utilisation. 
 
Fertigation and UAN applications  
Urea solutions via fertigation and UAN applications have a better nitrogen use efficiency than its solid 
application. 
 
 
9. Conclusions 

The Paris Agreement will push renewable energy to grow worldwide leading to more renewable power, 
renewable hydrogen and also renewable ammonia. And renewable ammonia will impact the fertiliser 
industry: Existing ammonia producers will expand; the first ones (i.e. Yara, Fertiberia, CF Industries) 
are already have completed feasibility and are expanding their business towards renewable ammonia 
production. Further existing and new energy producers will and are already announcing plans to produce 
also renewable ammonia (i.e. Neom in Saudi Arabia). 

Based on this renewable ammonia, we expect new nitrogen fertiliser producers will arise on new 
locations worldwide close to wherever demand for nitrogen fertiliser is present. Typically these new 
nitrogen fertiliser plants will be at a much smaller scale compared to the modern nitrogen fertiliser 
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plants of today. Currently the first feasibility studies are prepared already. Note that for the energy 
market large scale renewable ammonia plants are expected. 

Fertilisers have a significant contribution towards the provision of sufficient and high quality food. 
However the associated environmental impact urges for increasing nutrient use efficiency. This is 
depending on a combination of innovating technologies, new regulations made by politicians, improved 
daily practices by the farmers and the behaviour of the consumers. These kind of transformation 
processes take time and although the first steps are taken, much more needs to be done to respect 
Earth’s boundaries. Instead of producing standard bulk products, the fertilizer industry will need to move 
to specialty fertilizer products supporting the farmer to increase yields and at the same time avoid 
environmental impacts. 

We believe urea will remain an important nitrogen fertiliser in the foreseeable future although more 
attention must be paid to reduce its related Greenhouse Gas emissions and Nutrient Use Efficiency.  
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