Drawing Down N,0O

To Protect Climate and the Ozone Layer
A UNEP Synthesis Report




Published by the United Nations Environment Programme (UNEP), November 2013
Copyright © UNEP 2013

ISBN: 978-92-807-3358-7
DEW/1748/NA

This publication may be reproduced in whole or in part and in any form for educational or non-profit services without special
permission from the copyright holder, provided acknowledgement of the source is made. UNEP would appreciate receiving
a copy of any publication that uses this publication as a source.

No use of this publication may be made for resale or any other commercial purpose whatsoever without prior permission in
writing from the United Nations Environment Programme. Applications for such permission, with a statement of the purpose
and extent of the reproduction, should be addressed to the Director, DCPI, UNEP, P. O. Box 30552, Nairobi 00100, Kenya.

Disclaimers

Mention of a commercial company or product in this document does not imply endorsement by UNEP or the authors. The
use of information from this document for publicity or advertising is not permitted. Trademark names and symbols are used
in an editorial fashion with no intention on infringement of trademark or copyright laws.

We regret any errors or omissions that may have been unwittingly made.

© Images and illustrations as specified.
Cover Images: All images from Shutterstock. Forest fire: Peter J. Wilson; Agriculture collage: Symbiot; Coal fire plant: Gary
Whitton; Atmosphere: Andrew Armyagov.

Citation

This document may be cited as:

UNEP 2013. Drawing Down N,O to Protect Climate and the Ozone Layer. AUNEP Synthesis Report. United Nations Environment
Programme (UNEP), Nairobi, Kenya

A digital copy of this report can be downloaded at http://www.unep.org/publications/ebooks/UNEPN2Oreport/

UNEP promotes
environmentally sound practices
globally and in its own activities. This
report is printed on paper from sustainable

forests including recycled fibre. The paper is
chlorine free, and the inks vegetable-based.
Our distribution policy aims to reduce
UNEP’s carbon footprint




Drawing Down N,O
To Protect Climate and the Ozone Layer
A UNEP Synthesis Report

November 2013






Acknowledgements

The United Nations Environment Programme (UNEP) would like to thank the Steering Committee, the Lead and Contributing Authors,
and the Secretariat for their contribution to the development of this report. The following individuals have provided input to the report.
Authors and reviewers contributed to this report in their individual capacity and their organizations are only mentioned for identification
purposes.

Agricultural Research Institute, India); Priya Sharma (University
of the South Pacific, Fiji); Emma Suddick (Woods Hole Research
Center, USA); Parvadha Suntharalingam (University of East Anglia,
UK); Sirintornthep Towprayoon (King Mongkut’s University of
Technology, Thailand); Hans J. M. van Grinsven (PBL Netherlands
Environmental Assessment Agency, The Netherlands); Gerard
Velthof (Wageningen University, The Netherlands); Gui-Ling Zhang
(Ocean University of China, P.R. of China); Xunhua Zheng (LAPC,
Institute of Atmospheric Physics (IAP), Chinese Academy of Sciences
(CAS), P.R. of China).

Steering Committee — Joseph Alcamo, Chair (UNEP); Mateete
Bekunda (International Institute of Tropical Agriculture, IITA,
Tanzania; Mercedes Bustamante (Universidade de Brasilia, Brazil);
Marco Gonzalez (UNEP Ozone Secretariat, Kenya); Raymond
Knighton (National Institute of Food and Agriculture, US Department
of Agriculture); Shamila Nair-Bedouelle (UNEP OzonAction,
France); A. R. Ravishankara (National Oceanic and Atmospheric
Administration, USA); Rajendra Shende (TERRE Policy Centre,
India); Mark A. Sutton (NERC Centre for Ecology and Hydrology,
UK); Clifford Snyder, (International Plant Nutrition Institute, USA);
Jan van Bergen (Ministry of Infrastructure and the Environment,

Reviewers — Zucong Cai (Nanjing Normal University, P.R. of China);
The Netherlands).

Martyn Chipperfield (University of Leeds, UK); Lei Duan (Tsinghua
University, P.R. of China); Jan Willem Erisman (Louis Bolk Institute
and VU University Amsterdam, The Netherlands); Jonathan E.
Hickman (The Earth Institute at Columbia University, USA); Melanie
Miller (Touchdown Consulting, Belgium); Arvin R. Mosier (USDA/ARS
Retired, USA); Cynthia Nevison (University of Colorado/INSTAAR,
USA); Stephen Ogle (Colorado State University, USA); Braulio
Pikman (Environmental Resources Management, Brazil); Dave S.
Reay (University of Edinburgh, UK); Claire E. Reeves (University of
East Anglia, UK); Johan Six (ETH-Zurich, Switzerland); Keith A Smith
(University of Edinburgh, UK); Guus J.M. Velders (RIVM, National
Institute for Public Health and the Environment, The Netherlands);
Rodney T. Venterea (USDA-Agricultural Research Service, USA); Xin
Zhang (Woodrow Wilson School, Princeton University, USA).

Lead Authors — Lex Bouwman (PBL Netherlands Environmental
Agency / Utrecht University, Netherlands); John S. Daniel (National
Oceanic and Atmospheric Administration, USA); Eric A. Davidson
(Woods Hole Research Center, USA); Cecile de Klein (AgResearch
Invermay, New Zealand); Elisabeth Holland (University of the
South Pacific, Fiji); Xiaotang Ju (China Agricultural University, P.R.
of China); David Kanter (Princeton University, USA); Oene Oenema
(Wageningen University, The Netherlands); A. R. Ravishankara, Part
1 Coodinator (National Oceanic and Atmospheric Administration,
USA); Ute M. Skiba (NERC Centre for Ecology and Hydrology, UK);
Sietske van der Sluis (PBL Netherlands Environmental Agency,
Netherlands); Mark A. Sutton, Part 2 Coordinator (NERC Centre for
Ecology and Hydrology, UK); Guido R. van der Werf (VU University
Amsterdam, The Netherlands); Timothy J. Wallington (Ford Motor
Company, USA); Peter Wiesen (University of Wuppertal, Germany);
Wilfried Winiwarter (International Institute of Applied Systems
Analysis / University of Graz, Austria).

Editorial Team — Joseph Alcamo (UNEP); Sunday A. Leonard
(UNEP); A. R. Ravishankara (National Oceanic and Atmospheric
Administration, USA); Mark A. Sutton (NERC Centre for Ecology and
Hydrology, UK).

Contributing Authors — Marta Alfaro (Institute for Agricultural
Research, Chile); Paulo Artaxo (University of Sdo Paulo, Brazil);
Kristie Boering (University of California, USA); Agustin del Prado
(BC3 Basque Centre for Climate Change. Spain); Bing Gao (China
Agricultural University, P.R. of China); Carolien Kroeze (Wageningen
University, The Netherlands); Jan Peter Lesschen (Wageningen
University, The Netherlands); Lin Ma (Wageningen University,
The Netherlands); Rob Maas (RIVM, National Institute for Public
Health and the Environment, The Netherlands); C. P. Meyer (CSIRO
Marine and Atmospheric Research, Australia); Sandor Mulsow
(Universidad Austral de Chile, Chile); Himanshu Pathak (Indian

Project Management — Sunday A. Leonard (UNEP)

UNEP Secretariat and Media Support — Harsha Dave; Linda
Duquesnoy; Melissa Gorelick; Michael Logan; Kelvin Memia; Nick
Nuttal; Neeyati Patel; Ron Witt; Shereen Zorba.

Design, Layout and Production — Pouran Ghaffarpour;
Eugene Papa (United Nations Office at Nairobi).

Printing — UNON, Publishing Services Section, I1SO 14001:2004 -
certified.

UNEP and the authors of this report would also like to thank the following individuals and organizations for their valuable comments
and valuable advice and support: Agnieszka Becher (NERC Centre for Ecology and Hydrology); Tami C. Bond (University of Illinois at
Urbana-Champaign, USA); Anjan Datta (UNEP); Greg Fiske (Woods Hole Research Center, USA); Susan Greenwood (Scientific Committee
on Problems of the Environment); Clare Howard (NERC Centre for Ecology and Hydrology / University of Edinburgh, UK); Fatoumata Keita-
Ouane (UNEP); Barbara Lubkert; Simon Martin (UNEP); Kate E. Mason (NERC Centre for Ecology and Hydrology); Oluwaseun P. Oluyide
(RETRIDAL — National Open University of Nigeria); the European Commission (ECLAIRE and NitroEurope projects); International Nitrogen
Initiative; Natural Environment Research Council, UK; the UNECE CLRTAP Task Force on Reactive Nitrogen; Global Partnership on Nutrient
Management and the US National Science Foundation Research Coordination Network on Reactive Nitrogen, Grant DEB-1049744.

Acknowledgements <=




Contents

Glossary, ACronymMs and ADDIEVIATIONS . ..ueiiiiieiiiiie ettt si e e sttt e e s be e e e sabaeesbbeeesabeeesssseeesabaeeeaabaeesnnteeesane v
(o] 1Yo T o OO UPPRRRPPPPRPI viii
EXECUTIVE SUMIMIAIY coiiiiiiiitee e ettt ettt e ettt e e e st e e e e e e e saabat e e eeeaaaabeeteeeeesaaabb b e eeeeeaassbeaeeeeeanasbbeeeaessaantaaeeeessnnssnsaaeessnnnsrns ix
(01T =T o A 1 o Yo [ ot n o Y o ISP SRTPP 1
1.1. 2= Yol = { g 1F T3 Yo SRS 1
0 O o T=Totu V<N o 2 (=T o Yo o RSP SR 2
Part 1 The Nitrous OXide ChalleNge.........cueeeueiiiiiieiiiiiiecicrreeeeeerreteeeeereneeeseenneseseensssssseensssssssnnsssssesnnsssssennnes 3
Chapter 2 N,O: Its Role in Climate Change and Ozone Layer DepPletioN..........ueuiiiiriieeiniiee ittt sttt ire e
2.1. Increasing concentration of N;O in the atMOSPREIE ...c..uiiiiiiiiiiie et sbaeaessbee e
2.2. Role of N,O in climate change and ozone layer depletion.........cccccceuvvenne
2.3. Continuing N,O emissions: implication for climate and the ozone layer ..
2.4, CONCIUSIONS ..ttt ettt ettt s bt sat e et e bt e she e e a e e e st e e bt e e bt e eat e e a bt e bt e sh s e e as e emb e e nh s e eab e e a bt e bt e bt e ehbeeab e e bt e nbaenareebeenaeen
Chapter 3 N,O: Sources, INVENTOIIES, PrOJECTIONS ...ciiiiiiiiiiiieieiiie sttt siee ettt e st e e s sttt e e s sabe e s sbbeessabteesssbeeesbseeesbeeesnnee 9
3.1. INtroduction ......cooeevievieniieniiceeeeee ..9
3.2. INQTUFAL EMIESSIONS 1.eeuvtteiteeitieeiteete ettt ettt et e ettt et e st esae e sat e e bt e bt e saeesabe e bt e sbeesateeabe et e e sateesbeeabeenseesabeeabeenbeesbaesaseenbeensnenaneenee 9
3.3 Anthropogenic emissions ..........cccccueeevveennnns ....10

3 3.4 Trends in emissions over the last 20 years ... .13
3.5 Emission projections......ccccoecvveeeeinriiveneeennnns .13
3 3.6 CONCIUSIONS .vtvitiieeieteetistet ettt e st et e st et e st et e st etesbeseeseesessesseseetessessese et e ssessese et e ssenseseeseeaenseseasessenseseeseetenseseesessenseneesessensans 14
' Part 2 Solutions to the N PL 0 T oy 1 1T =Rt 16
1 Chapter 4 Reducing N;O EMisSions from AGIICUITUIAl SOUITES. ..........vvveeeeeeeeeeeeeeeeeeeeeeeseeeeee s eeseer s e eses e eeen s eseeseeseenaeen 17
; 4.1, INEFOAUCTION itiiiieietieticteeete ettt ettt ettt ettt et e et eseeteete et esseseebessesseseebesbesseseebeesesbeseeseebeaseseeseebenbessessebensessensebessessensetenbeneas 17
1 4.2.  Sources of N;O emissions from agrICUIUNE ........co.eoiiiiiiiiiieeeeee ettt sttt 17
4.3. (@] o]aoT a1 oY g =T s T o o I 4 =T [¥] oo T3 -3 PSS 18
4.4, Co-benefits, success stories and CHAIIENGES .....c.ueevieiieiie e e e e ee e teesaeesseeesseeseessaennneens 22
; 4.5.  Estimating emission reduction POTENTIAL .........ccoeiiiiiiiiiiiee et 22
f A6, CONCIUSIONS -..ocoeriieieecircie e e e 25
© Chapter 5 Reducing N,O Emissions from Industry and Fossil Fuel COMBUSTION ..........cevevveeeevreereeeereseeeeee e eneeeons 26
3 5.1 INEFOAUCHION ..ttt ettt ettt ettt e b et ae bt a ettt aenis ....26
1 5.2 Stationary combustion sources ................ ...26
5.3 N,O emissions from mobile combustion....... .27
5.4 N,0 emissions from INAUSTIIAl PrOCESSES ...c..eeiuiruiiiirierieeie ettt sttt b et sb et e st e bt et et e sbe et et e sae e enbennas 28
3 5.5 [ 7o T3 T 101 T -SSR 31
3 Chapter 6 Reducing N,0 Emissions from Biomass Burning in Landscape Fires and Household Stoves ............cccveeune.

1 6.1. INEFOTUCTION ittt st ettt s b e st et e e beesbeesabesaneenneesanesaneenne

6.2. N,O Emissions from biomass burning

6.3 Options for emission reductions ............ccccceueuunen.

; 6.4 Successful examples of emission reductions

6.5 Potential @mMISSION FEAUCTIONS .....ooiuiiiiiiiieeieeee ettt st et e bt esat e st e b e e s beesat e e st e e beenneessnesabeenneenanens
6.6, UNTESOIVEA QUESHIONS w.vvuivreierieniisnieseiessesessesesssssssse s ssesssessse st st sse s st s ettt
6.7 CONCIUSIONS ...ttt ettt et et eteetesbe st e st et e be st e st et e ses e e st et e s ensese et e ssesseseesessenseseese s b enseneeseesenseneeseesenseneeneesensaneeneesensans
Chapter 7 Reducing N,0O Emissions from Wastewater and AQUACUITUIE.........eeeeiuieeiiieeeciiree e e e eiaee e eenee e s aree e sraeeesnreee e 37
1 7.1 [T go e [VTin (o] o B OO O PO P OSSP OO PP PP PPPOPPRPRON 37
7.2. A R (T | (=1 PSP PRUR N 37
7.3 AGUACUITUIE oottt st 40
T, CONCIUSIONS .eeviiiiiiniietieitesie sttt ettt ettt et et e e bt et e te s bt e a e et e s bt s et et e s b e e st e st e s b e s et e s besbees e en b e e b e s bt e st e beeheen b e besbtentesbeeseenbenbesbeentenseas 41
Chapter 8 Drawing-Down N,O Emissions: Scenarios, Policies and the Green ECONOMY ........ceeveiiiieieeiiccciieeee e 42
1 8.1, TNE N3O ChAlIENEE .ttt b e s h e sttt e s bt e eat e e ab e e s be e be e e bt e s it e e be e bt e sabesabeenbeenbeesaseenbeenteens 42
8.2. Scenarios for reduCing NoO EMISSIONS ...c.viiiiiuieeiiiteiiieeeeiee et e et e st e e se e e sateeesbeeesbaeessbaeesabaeesbaeesssseessaeesasseesaeanseeenns 42
8.3. Relevance of reduced N,O emissions for protecting climate and the 0zone layer ..........cccccvevviiiiiiiieciiee e 43
; 8.4. Realizing N,O reduction potential through the green @CoONOMY ......ccuiiiiiiiiiiii i 45
8.5. Embedding N,0 mitigation in international governance ............. .47
} 86  Conclusions. ..49
L REFEIEICES c.vuoveveevieveeeeee ettt sttt s e ae st e ettt A ettt ettt eneeneenen 50

"‘l_ Drawing Down N,O



Glossary, Acronyms and

Abbreviations

Glossary

Aerosols—are collections of airborne solid or liquid particles
with a typical size between 0.01 and 10 micrometre.
They may influence the climate directly by scattering and
absorbing radiation, and indirectly by acting as cloud
condensation nuclei or modifying the optical properties
and lifetime of clouds.

Annex | Countries — the industrialised countries (and
those in transition to a market economy) which took on
obligations to reduce their greenhouse gas emissions
under the United Nations Framework Convention on
Climate Change.

Atmospheric Deposition — removal of suspended material
from the atmosphere, classed as either ‘wet’ or ‘dry’. Wet
deposition occurs when material is removed from the
atmosphere by precipitation. In dry deposition, gases and
particles are removed from the atmosphere by contact
with a surface.

Atmospheric Lifetime — the time it takes for 63% of
the abundance of a chemical to be removed from the
atmosphere in the absence of emissions.

Atmospheric Nitrogen — a molecule also called dinitrogen
(N,), which contains two nitrogen atoms. It is an inert and
harmless gas not usable by most life forms. It makes up
78% of the volume of the atmosphere.

Biofuels — non-fossil fuels (e.g. biogas, biodiesel,
bioethanol). They are energy carriers that store the energy
derived from organic materials (biomass) including plant
materials and animal waste.

Biological Nitrogen Fixation (BNF) — the process of
converting atmospheric nitrogen (N,) by bacteria, fungi,
and blue-green algae into reactive forms, usable by plants
and animals, including humans.

Black Carbon — a form of air pollution consisting of carbon
particles produced by incomplete combustion of fuels. It
is produced especially by diesel-powered vehicles, open
biomass burning, cooking stoves and other sources.

Business-As-Usual (BAU) — a scenario used for projections
of future emissions assuming no action, or no new action,
is taken to mitigate emissions.

Carbon Credits — tradeable permits that aim to reduce
greenhouse gas emissions by giving them a monetary value.

Carbon Dioxide Equivalent (CO,e) — a simple way to place

emissions of various climate change agents on a common
footing to account for their effect on climate. It describes,
for a given mixture and amount of greenhouse gases,
the equivalent weight of carbon dioxide that would have
the same global warming ability, when measured over a
specified timescale.

Carbon Leakage —according to the Intergovernmental Panel
on Climate Change, carbon leakage occurs when there is an
increase in carbon dioxide emissions in one country as a
result of an emissions reduction by a second country. For
example, an increase in local fossil fuel prices resulting
from mitigation policies may lead to the re-allocation of
production to regions with less stringent mitigation rules
(or with no rules at all), thus causing higher emissions in
those regions.

Certified Emission Reductions (CERs) —emission reductions
from CDM project activities in accordance with the CDM
rules and requirements, which are expressed in units equal
to one metrictonne of carbon dioxide equivalent, calculated
using global warming potentials defined by Decision 2/CP.3
of the United Nations Framework Convention on Climate
Change or as subsequently revised in accordance with
Article 5 of the Kyoto Protocol.

Clean Development Mechanism (CDM) — one of the three
market-based mechanisms under the Kyoto Protocol to the
United Nations Framework Convention on Climate Change,
whereby developed countries may finance greenhouse gas
emission-avoiding projects in developing countries, and
receive credits for doing so, which they may apply towards
meeting mandatory limits on their own emissions.

Denitrification — the microbial regeneration of dinitrogen
(N;) or nitrous oxide (N,O) from nitrate (NOs7). N,O
represents an intermediary on the overall pathway of
denitrification to form N.,.

Dobson Unit (DU) — a common unit used to measure
overhead column ozone amounts. One DU is the number
of molecules of ozone that would be required to create a
layer of pure ozone 0.01 millimeters thick at a temperature
of 0°C and a pressure of 1 atmosphere (the air pressure at
the surface of the Earth).

Emission Factor (EF) — a representative value that relates
the quantity of a pollutant released to the atmosphere with
the activity associated with its release. The EF is used in
estimating emissions from various sources of air pollution
using the formula: Emissions = EF x Activity.
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Eutrophication — the over-fertilization of an aquatic
ecosystem by inorganic nutrients (e.g. nitrate, phosphate).
This may occur naturally or through human activity (e.g.,
from fertilizer runoff and sewage discharge). It typically
promotes excessive growth of algae, which could result in
the depletion of available dissolved oxygen.

Feed Conversion Ratio — measure of the efficiency of how
animals (livestock or fish) convert feed mass to body mass.
It provides an indication of how much feed is required to
achieve a specified body mass.

Global Warming Potential (GWP) — a relative index that
enables comparison of the climate effect of the emissions
of various greenhouse gases (and other climate changing
agents). Carbon dioxide, the greenhouse gas that causes
the greatest anthropogenic radiative forcing because of its
overwhelming abundance, is chosen as the reference gas.
GWP is also defined as an index based on the radiative forcing
of a pulsed injection of a unit mass of a given well-mixed
greenhouse gas in the present-day atmosphere, integrated
over a chosen time horizon, relative to the radiative forcing
by a unit mass of carbon dioxide over the same time horizon.
The GWPs represent the combined effect of the differing
atmospheric lifetimes (i.e., how long these gases remain in the
atmosphere) and their relative effectiveness in altering the
energy balance at the tropopause. The Kyoto Protocol uses
GWPs from pulse emissions over a 100-year time horizon.

Haber-Bosch Process — a high pressure chemical process
which synthesizes reactive nitrogen as ammonia (NH;)
from the reaction of N,and H,.

Joint Implementation (JI) — projects that allow a country
with an emission reduction or limitation commitment
under the Kyoto Protocol (Annex B Party) to earn emission
reduction units (ERUs) from an emission reduction or
emission removal project in another Annex B Party. Each
ERU is equivalent to one tonne of CO,, which can be
counted towards meeting its Kyoto target.

Kyoto Protocol — the international Treaty intended to reduce
greenhouse gas emissions. It adds additional provisions to the
United Nations Framework Convention on Climate Change.

Leaching — the washing out of soluble ions and compounds
by water draining through soil.
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Nitrates Directive — a European Commission Directive
(1991) which regulates agricultural practices that can lead
to losses of nitrate to the environment.

Nitrification — a two-step process, carried out mostly by
microorganisms in soils and water bodies, involving the
oxidation of NH,* to NO,” which is then further oxidized to
NO;

Nitrogen Fixation — a process through which inert
dinitrogen (N,) is converted to reactive nitrogen forms such
as ammonia (NHs) and nitrates (NOs). Nitrogen is fixed in
nature by microorganisms or lightning. It is referred to
as biological nitrogen fixation when it is performed by
microorganisms (see Biological Nitrogen Fixation).

Nitrogen Use Efficiency (NUE) - A measure of performance in
converting inputs of nitrogen compounds into useful products.
There are several ways of expressing NUE, with the simplest
being the amount of nitrogen in a product divided by the
amount of nitrogen used, often expressed as a percentage.

Non-Annex | Countries — a group of developing countries
that have signed and ratified the United Nations Framework
Convention on Climate Change. They do not have binding
emission reduction targets.

Ozone Depleting Substances — refers to substances that
can deplete the stratospheric ozone layer and that are
listed in the Montreal Protocol.

Ozone Depletion Potential (ODP) — a measure of the
extent of stratospheric ozone layer depletion by a given
ozone depleting substance, relative to that depleted by an
equivalent mass of CFC-11. (CFC-11 has an ODP of 1.0).

Radiative Forcing — a measure of how a climate forcing agent
influences the Earth’s energy balance, with a positive value
indicating a net heat gain to the lower atmosphere (warming),
and a negative value a decrease (cooling).

Reactive Nitrogen — collectively any chemical form of
nitrogen other than dinitrogen (N,). Reactive nitrogen
(N,) compounds include NH;, NO,, N,O, NO;~ and many
other chemical forms, and are involved in a wide range of
chemical, biological and physical processes.

Root-Exudates -
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Substances released from a plant
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