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reduce N,O emissions. These measures offer many options for low-
cost control of N,O emissions, while reducing the health and
ecosystem threats of other N pollution forms. In order to bring the
‘nitrogen green economy’ forward, a much stronger public profile is
needed to motivate citizens' actions and to encourage investment in
bringing new technologies to profitability. A recent estimate suggests
that improving global NUE¢. by 20% would provide a N-saving worth
~23 billion USD to business, plus health and environmental benefits
worth ~160 billion USD. The value of externalities highlights the
green economy case for governments to develop a suite of
instruments to go further in controlling N,O emissions than the
Sector View would typically allow.

© 2013 The Authors. Published by Elsevier B.V. All rights reserved.

1. Foundations of a developing nitrogen green economy

There are many definitions of the green economy. For some, the reference to ‘green’ implies a link
to agriculture. For others the idea of the green economy encompasses all the economic opportunities
arising from actions that promote sustainability, improving “human well-being and social equity,
while significantly reducing environmental risks and ecological scarcities” (UNEP, 2010). The phrase
‘green growth'’ is also frequently used, focusing on the contribution of environmental technologies to a
growing economy (OECD, 2011), for example as measured by gross domestic product. Allen and Clouth
(2012) provide a summary of recent perspectives and definitions in the Green Economy, also noting its
central position as a theme of the Rio+20 declaration (UN, 2012).

Diverse points of view are also illustrated by the example of agriculture. In this case, while some
have emphasized the benefits of ‘sustainable intensification’ as a means to reduce environmental
degradation, others have pointed to a rather different vision that seeks to avoid intensification (see
discussion by Garnett and Godfrey (2012)). The latter group would instead encourage a move away
from dependence on external fertilizer inputs in conventional farming practices (Kotschi, 2013),
focusing on the role of “organic resource inputs and natural biological processes to restore and
improve soil fertility” (Herren et al., p. 68 in UNEP, 2011).

Whatever the outcome of this hot debate, there are strong shared challenges, with many available
actions to reduce nitrous oxide (N,O) emissions while contributing to improved economic
performance. This applies whether the focus is on industrial or agricultural emissions of N5O,
whether the local paradigm is one of intensive or extensive management, and whether the focus is on
utilizing or avoiding external inputs. In all cases, there is a need to develop consensus around the
common opportunity for improving production efficiency, business profits and citizens' welfare
through environmentally targeted measures.

It is essential to recognize the link to the wider nitrogen cycle. This means that strategies to reduce
N,O emissions from a climate perspective can be developed that simultaneously lead to overall
reductions in nitrogen losses (Oenema et al., 2011; Sutton et al, 2013a). The nitrogen saved
contributes to improving food production, while reducing its contribution to air, land and water
pollution. Such co-benefits can be critical in developing the ‘green economy case’ to motivate the
changes needed.

2. Contrasting green economy perspectives

The green economy includes issues related to profitability of production sectors and related to
societal welfare. This leads to two distinct perspectives regarding N,O control, especially as this
relates to the effect of greening on product prices and the decisions of producers and consumers.
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Sector View: according to this view, it needs to be shown that actions taken to reduce N,O and
other N emissions are of net financial benefit to the business sectors responsible for those emissions.
This can be illustrated for agriculture, where the financial value of fertilizer savings associated with
improved N management may be combined with other market advantages, with the aim that overall
economic benefit exceeds the cost of low emission practices. In short, the green economy should
improve profits.

Societal View: according to this view, all the costs and benefits of N,O-related management
options should be considered. This approach accounts for both the direct and indirect costs and
benefits, and seeks to internalize issues related to societal wellbeing. In addition to business
profitability, the benefits of improved N management and reduced N,O emissions on climate, human
health and biodiversity need to be quantified in order to evaluate the net societal benefit. This
approach integrates the implications for natural capital and all ecosystem services.

Recent analyses (Brink et al., 2011; Birch et al., 2011; van Grinsven et al., 2013) suggest that the
economic benefit of reducing environmental externalities can be several times the direct sector benefits
of taking action to reduce N emissions. However, such estimates are often considered only as a notional
‘willingness to pay’ rather than an actual cost paid by society. Because of this, and given the voice of
different economic sectors, the Sector View often dominates a green economic perspective in practice.
In essence, there may be an economic case for society as a whole to take certain actions to reduce
emissions. However, to motivate change, it will often need to be shown that the approach can also
increase sector profits.

In principle, the Sector View should naturally also integrate the climate, environmental quality and
health benefits of mitigation action. The limitation here is that, while the direct business costs and
benefits accrue to the sector, the sector only shares a small fraction of these wider societal benefits.
This represents the well-known paradigm of the ‘Tragedy of the Commons’ (Hardin, 1968), where it is
typically in the economic interest of an individual or company to exploit a reserve, since they are only
exposed to a small share of the associated environmental costs. It therefore becomes the task of
society (governments, other business groups, civil society) to encourage the changes needed to
maximize net societal benefit.

The net societal benefits of N,O control and improved N management point strongly to the need to
further develop financial frameworks to foster increased adoption of N,O controls. The inclusion of
N,O in existing greenhouse gas emission trading schemes still requires further development
(Davidson, 2012; DECC, 2011). However, by only considering climate protection, this substantially
underestimates the full value of N,O mitigation as part of a wider package of improved nitrogen
management. The extent of these added benefits highlights the potential to support N,O emission
reduction, drawing on suitable packages of incentives, levies, regulation or voluntary approaches
according to regional context.

3. Performance indicators for N,0 in the green economy

While total N,O emissions estimates are naturally the most basic performance indicator, other
indicators should be considered, such as global atmospheric N,O concentrations. It is also important
to consider indicators that allow regional differentiation and evaluation in relation to the green
economy. Among these, Nitrogen Use Efficiency (NUE) is a key indicator, which may be expressed on
several different scales (Box 1).

At its simplest, NUE is the ratio of nitrogen in an intended product divided by the amount of nitrogen
used to make that product. NUE can be calculated from the field and farm scales to national and global
scales. Our Nutrient World proposed a focus on full-chain nitrogen use efficiency (NUEg), considering all
sources of input nitrogen, in relation to products consumed by humans. In this way, component terms,
such as NUE for crop and livestock agriculture, for aquaculture and for food processing are incorporated,
as well as the efficiency in which industrially produced N is used. The full-chain NUE indicator offers
substantial flexibility to countries and sectors on their choice of the most effective control strategies
(Box 1).
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Box 1-Minimizing N,O emissions in the context of improving full-chain nitrogen use efficiency.

Reactive nitrogen flow can be seen as a cycle from resource through use (blue arrows), with recycling (green
arrows). The system is driven by the ‘motors’ of human consumption. Circles highlight ten key actions to
increase Full-chain Nitrogen Use Efficiency (NUE), contributing through improved technical efficiency (green
circles) or altered consumption patterns (red circles):

Agriculture

1. Improving nutrient use efficiency in crop production,

2. Improving nutrient use efficiency in animal production,

3. Increasing the fertilizer equivalence value of animal manure,

Transport and Industry

4. Low-emission combustion and energy-efficient systems, including renewable sources,

5. Development of NOy capture and utilization technology,

Waste and Recycling

6. Improving nutrient efficiency in fertilizer and food supply and reducing food waste,

7. Recycling nitrogen and phosphorus from waste water systems, in cities, agriculture and industry,
Societal consumption patterns

8. Energy and transport saving,

9. Lowering personal consumption of animal protein among populations consuming high rates,
Integration and optimization

10. Spatial and temporal optimization of nutrient flows.
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(Source: Sutton et al., 2013a,b).

Other useful indicators include regional nitrogen balances (surpluses and deficits), with the aim to
use all available N resources. It should also be noted that the use of nitrogen balances complements
NUE, giving a more complete picture. The contrasting case of intensively reared pig meat and
extensively reared beef can serve to illustrate the difference. A large intensive pig farm will typically
be operated with much higher livestock NUE (ratio of N in product to N in feed) than for extensive
beef production, but because of high stocking rates it will be associated with locally high a larger local
surplus of N (expressed on a local area basis), associated with locally high pollution losses.
Consideration of both indicators therefore has the advantage of fostering both improved NUE and

reduced local surpluses according to the potential for each system.
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The consideration of NUE and N balances links control of N,O emissions with other N losses to the
environment in the form of nitrogen oxides (NO,), ammonia (NH3), nitrates (NOs) (Skiba et al., 2012).
Better full-chain NUE therefore contributes to simultaneous mitigation of N,O and other N pollution
(Reay et al., 2012; Sutton et al., 2013a).

It is relevant to compare strategies for specific N,O control and for overall NUE improvement. In
the case of specific N,O control, the co-benefits depend on other synergies. For example, better fuel
combustion in vehicles can reduce N,O emissions, associating reduced emissions with improved
process efficiency.

The use of enzyme inhibitors in agriculture offers another example of green economy
opportunities. In this case, a compound delays microbial conversion between nitrogen forms in the
soil. Where the only effect is to reduce N,O emissions, there will be few co-benefits, as the N fraction

Box 2-Green economy perspective on N,O mitigation through improved fertilizer techniques.
(Akiyama et al., 2010; Chambers and Dampney, 2009; Hyatt et al., 2010; IFDC, 2012; Liu et al., 2013;
Motavalli et al., 2008; Sanz-Cobena et al.,, 2012; Savant and Stangel, 1990; Smith et al., 2012;
Upadhyay et al., 2011; Zaman and Blennerhassett, 2010; Zaman et al., 2013)

and NOs leaching '

provide management
flexibility.

Example Effects Costs and other Green Economy Outlook
technique information

Nitrification Slows the conversion Often applied separately from | Potential for cost saving by new
inhibitors (NT) of NH, to NOs, fertilizer, increasing labour products and testing effects on
(e.g., nitrapyrin, reducing the potential | and fuels costs’ Agronomic NUE and yield. Upscaling though
DCD, DMPP). for N,O and N, losses | benefit can be small?® Used to legislation would be expected to

reduce costs and increase
agronomic benefit.

Urease inhibitors
(UI) (e.g. NBPT)

Slows conversion of
urea to NHy, allowing
improved NUE by
reduced NH; losses
and delayed N supply.

4,10

Additional cost of amending
urea is currently US$50 per t.
Depending on context, can
contribute significantly to

N, O emission reduction,

but not in all situations '+

9. Also reduces indirect N,O
emissions resulting from
NH,.

Combination of UI and NI
effectively mitigate NH; and N,O.
Potential for substantial cost
saving by inclusion into urea at
source and by legislation.

Slow and controlled
release fertilizers
(SRFs & CRFs)
(mainly urea based)

Slows nutrient release,
leading to reduced
NH; and N,O
emissions and to less
NO; leaching.

High cost per unit of N
compared to conventional
fertilizers. Use currently
limited to niche non-
agricultural markets. Although
not always effective’,

can reduce N,O emissions by
35%, more effective on
grasslands.” Reduces need for
split fertilizer applications, so
may be cost neutral.

Clear guidelines on
environmental and management
criteria must be developed to use
SRFs and CRFs as effective
N,O inhibitors

Urea Deep
Placement

Placing 'urea super-
granules' into the soil,
improves NUE by
reducing NH; losses
and by targeting roots.

Reduced N losses and
improved NUE (with 15-20%
increase in incremental yield
¥ ) point to expected reduction
in N,O losses.

Adopted on a wide scale in
Bangladesh since 2008, motivated
by government need to reduce
national subsidies following
increases in world fertilizer price.

(2010)

®Hyattet al. (2010). "Motavaliet al. (2008). *Savant and Stangel (1990); IFDC (2012).

Smith et al. (2012). '°Chambers and Dampney (2009).
Note: DCD is dicyandiamide; DMPP is 3,4-dimethylpyrazole phosphate; NBPT is N-(n-butyl) thiophosphoric triamide

'Akiyama et al. (2010); Zaman et al. (2013). >N, O reduced by 38% ', but costs can be 10% higher than N fertilizer alone.
3Lui et al. (2013), Upadhyay et al. (2011). 4Zaman et al. (2009); Sanz-Cobena et al. (2012). > Zaman and Blennerhassett
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lost as N0 is typically < 10%. However, where the inhibitor simultaneously reduces other major N
losses (i.e., denitrification, NO3 leaching, NH5 emissions), this can improve NUE (Box 2).

The outcome is that measures specifically targeted at N,O mitigation do not necessarily also lead to
an improvement in NUEg. By contrast, measures primarily focused on improving NUE contribute to a
reduction in N,O and other N emissions per unit of product produced. This way of thinking is much
more constructive than an earlier scientific focus on ‘pollution swapping’. While there are both trade-
offs and synergies involved in managing the N cycle, an emphasis on improving full-chain efficiency
provides the key to maximizing the co-benefits.

4. Costs and benefits of N,O mitigation in the context of the N-cycle

The potential of improving NUE to the green economy can be illustrated by approximate
calculations based on the European Nitrogen Assessment (Brink et al., 2011; van Grinsven et al., 2013)
and Our Nutrient World (Sutton et al., 2013a). These provide a starting point for discussion, while
encouraging improvement in cost-effectiveness of the different options.

A framework for the discussion has been provided by the proposal for an aspirational target to
improve nitrogen use efficiency by 20% by the year 2020 (Sutton et al., 2013a). Applying this as a
relative improvement from 2008 at national-level led to a global saving of 23 million tonnes of
nitrogen, worth an estimated 23(18-28) billion US dollars. The value of annual benefits to the
environment, climate and human health was much larger, estimated at 160(40-400) billion US
dollars. An indicative mitigation cost was estimated at 12(5-35) billion US dollars (compare Box 3).
These values provide a basis to discuss the essential propositions of the Nitrogen Green Economy.

Firstly, it is estimated that there are many options for businesses emitting N,O where the value of
the N saved through improved NUE is larger than the cost of taking action. The ongoing challenge is to
further up-scale such methods to bring down costs, and thereby strengthen the economic case for

Box 3-Estimated costs of Europe-wide N,O mitigation based on 2020 (Drawing on Winiwarter
et al., 2010).
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The cost increments are shown for reducing N,O emissions in Europe from a base-line projection for
2020 of 1440 kt (red bar) down to 835 kt (maximum technical feasible reduction, green bar) based on
measures in the GAINS model (Winiwarter et al., 2010). Half of the mitigation is very low cost

(<5 €/ton CO»-eq), especially from improving fertilizer efficiency in agriculture. All industrial
mitigation options are used (flue gas treatment in nitric and adipic acid plants, and fluidized bed
combustion). It is assumed that the EU emission trading system (ETS) provides sufficient incentive
for companies to take advantage of abatement, so low-cost measures are included in the baseline.
Further reductions possible through reduced meat and dairy consumption are not included.
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action. Incentives may be needed to bring initially uneconomic techniques into profitability, as a
catalyst for stimulating green development.

Secondly, the estimates show that the benefits of improving NUE for the environment, climate and
human health are much larger than the direct costs and benefits to business. This means that there is
a very strong economic case for society to develop actions that stimulate improved NUE with reduced
N,O emissions.

5. Integrating N,O into aspirations for green production and consumption

There is still a long way to go in mainstreaming N,O mitigation into the Green Economy. Until recently,
N,O mitigation has often taken a back seat, compared with efforts to reduce CO, and CHg. There is the
opportunity for this to change dramatically as N,O offers many low hanging fruit, with many measures in
agriculture available at less than 5 €/ton CO,-eq abated (see Box 3). A comparative assessment by
Winiwarter et al. (2010) clearly shows that in this cost range CO, mitigation measures are under-
represented, as N,O mitigation is more cost effective. Mitigation of N,O should also be seen in the context
of mitigating the wider impacts of nitrogen pollution. This includes reducing adverse effects on air
pollution (such as particulate matter and tropospheric ozone formation), water pollution (including effects
on drinking water quality, groundwater reserves and eutrophication of rivers, lakes and seas) and threats
to ecosystems and biodiversity, such as through eutrophication from atmospheric nitrogen deposition.

Whether nitrogen is in excess, as in many developed countries, or in shortage — posing a risk for
soil degradation and land-use change in developing countries — improving NUEg. offers simultaneous
benefits for the global green economy. It improves the prospects for human food production, while
simultaneously reducing multiple environmental threats.

It is vital to consider N,O control within the context of future societal aspirations for sustainable
production and consumption. Central here is the dominating influence of livestock farming on the
global agricultural system, where an estimated 82% of nitrogen in harvests (including forage) goes to
feed livestock: less than 20% of nitrogen in harvests feeds humans directly (Sutton et al., 2013a). At the
same time, citizens in many countries are consuming more protein than needed. For example, in
Europe the average citizen consumes 70% more protein than is necessary for a healthy diet, based on
dietary guidelines (Reay et al., 2011).

There are several consequences of these observations. Firstly, citizens in the developed world are
setting a standard for food consumption patterns that is far from sustainable, while at the same time
leading to significant additional health risks through over consumption. Secondly, many citizens in
the developing world are aspiring to western food consumption patterns. While there is a critical need
for improved diets among the world's poorest, there is a matching challenge in the developing world
economy where increasing personal consumption of animal products, combined with increasing
world population, is setting the stage for a substantial worsening of N,O and N pollution. Based on
current FAO and pollution scenarios, fertilizer usage and N pollution levels may increase globally by
70% by the year 2050, unless action is taken (Sutton and Bleeker, 2013).

Strategies to control N,O emission therefore need to incorporate several approaches. As the first
step, measures that improve NUE combined with targeted N,O reduction are an obvious priority. This
will need to be combined with strategies that foster behavioral change to avoid excessive
consumption of animal products (Reay et al., 2011; Davidson, 2012; Sutton et al., 2013a).

Reducing excess animal consumption in the developed world is expected to have several consequences:
(a) N20 and other N emissions would substantially reduce, (b) full-chain NUE would increase (Box 1), (c) the
fraction of income spent on food would tend to decrease, (d) the incidence of obesity- and cardiovascular-
related illness may be expected to decrease, (e) new societal aspirations may emerge in developing
countries, where those with rapidly increasing income seek more optimal dietary consumption patterns,
reducing global health risks associated with over consumption and (f) increased agricultural land would
become available to support food security goals among the world's most vulnerable populations.

These interactions raise a whole host of questions, associated with improving quality of life and
developing competitive advantages. However, they must become central to the developing debate on
N0, nitrogen and the green economy.
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6. Options to foster change

There are a wide range of options for global society to develop the technical and behavioral change
approaches outlined here. These include the fostering of innovative improved NUE techniques in agriculture,
aquaculture and waste management. In the industrial sector, there are opportunities for combustion-source
oxidized nitrogen recovery, with potential co-benefits for N,O mitigation (Action 5, Box 1).

Capacity building efforts are also needed to diffuse existing technologies and train in low N,O emission
approaches. Better N use may be encouraged by the avoidance of subsidies that encourage overuse of
nitrogen. At the same time, the case of Bangladesh (Box 2: urea deep-placement, UDP) shows how an
existing nitrogen subsidy motivated government action to improve NUE. Although the UDP technology
for lowland rice has been known for many years (e.g. Savant and Stangel, 1990), its upscaling was initially
limited by the supply of urea-supergranules (USG) suitable for deep-placement in the soil. In 1996, this
obstacle was addressed with the distribution of village level urea compactors capable of converting fine
urea prills (~3 mm diameter) into the ‘USG’ (~15 mm length). With increased farmers’ access to USG,
adoption of the UDP technology escalated significantly. This fertilizer application technology resulted in
an average saving of urea fertilizer of 33% compared with the farmers’ normal practice of broadcast
application of urea (Roy and Hammond, 2004). However, with the increased price of fertilizers (including
urea) associated with the energy crisis of 2007, the Bangladesh government became exposed to larger
fertilizer subsidy costs. This economic constraint therefore motivated the government to encourage wider
adoption of the UDP technique substantially across Bangladesh (IFDC, 2012).

Other options include the pricing of N pollution through appropriate levies, subsidies or tradable
permits, which catalyze new markets in improved NUE until they can become self-sustaining. Here
one can expect an ongoing debate on the relative merit of regulatory, economic and voluntary
approaches (Sutton et al., 2007). Where voluntary approaches are favoured, the key is to quantify the
improvements made, and clearly set the ambition level anticipated by society. Interventions should
especially consider how to allow the costs of taking action by emission sectors to be transferred to
consumers. The proposal to refine national, regional and local NUE and N-balance indicators holds the
prospect both for improved benchmarking and target setting.

Finally, communication strategies for N,O and wider N management need substantial further
development. Promoting the market benefits of Clean-N technologies will encourage environmental
competition between businesses. At the same time, better public communication is needed to explain
the health, environmental and price benefits of optimizing consumption rates of meat and dairy
products (Sutton et al., 2013b).

7. Conclusions

e There are many options available to control N,O emissions that are cost-effective compared with
other greenhouse gases.

e A fundamental barrier to change is the need to recognize the distinction between the ‘Sector View’
(green actions consistent with improved profit) and the ‘Societal View’ (incorporating the value of
all externalities). Bringing these views closer together implies the need for a long-term perspective
within the context of the wider nitrogen cycle, while counting all the co-benefits of taking action.

e In arable and livestock agriculture, aquaculture and waste management, N,O measures that are
focused on improving nitrogen use efficiency (NUE) benefit the Green Economy by saving nitrogen
fertilizer as a valuable resource.

e For industry and combustion sources, economic advantages may be found in reducing N,O losses,
through improving process efficiency, while developing market share through green reputation.

e Reducing excess animal consumption in the developed world would improve full chain NUE,
reducing N,O and other N emissions, while fostering societal aspirations across the world to avoid
excess livestock consumption. While this would require a scale of change that is counter to current
trends, it would simultaneously offer opportunities to reduce the fraction of income spent on food,
the incidence of obesity- and cardiovascular-related illness and the amount of land needed to
support food security goals.
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e It is essential to investigate optimal consumption patterns alongside efficiency improvements,
especially where the latter result in price reductions which lead to more rapid rates of
consumption increase. Such increases in consumption can otherwise offset the gains in reducing
N,O emissions derived from improving efficiency.

e Recent valuations show that the total economic benefits of reduced nitrogen losses substantially
exceed the benefits of these actions to the emitting sectors. The additional benefits include
reduced threats to human health and ecosystems through improved air, soil and water quality.

e The linking of efficiency savings for business with the internalization of environmental benefits
provides a strong case for simultaneously reducing N,O and other N emissions. Incentives are
needed to encourage new developments in the Nitrogen Economy and to act as catalysts to
overcome the barriers to change.

e Options include fostering innovative high-NUE techniques, capacity building and training in low
N,O emission approaches, avoidance of environmentally damaging N subsidies, internalizing the
price of N pollution through appropriate levies, subsidies or tradable permits, and improving
communication to promote the market benefits of Clean-N technologies.
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