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later agreements increasingly focused on
NOx from vehicle engines. Although nitro-
gen compounds can be present in some
fuels, NOx emissions are mostly a conse-
quence of N2 oxidation at high tempera-
tures to form a mixture of NO and NO2.
The effect is similar to the way that light-
ning naturally splits N2 to make NOx but
produces much larger amounts. Not only
does NOx contribute to acid rain, but it
also reacts with volatile organic com-
pounds to make the ‘‘oxidants’’ (such as
ozone [O3]) already mentioned in the
Stockholm Declaration.
The focus of the Sofia Protocol was on

ecosystems and the air we breathe. In
parallel, it was fast becoming recognized
that NOx and N2O were important in the
process of stratospheric ozone deple-
tion.7 Concern led to signing the Vienna
Convention in 1985, followed rapidly by
the Montreal Protocol. However, whereas
the Vienna Convention mentioned N2O, it
was not included under the Montreal Pro-

tocol, which focused exclusively on sol-
vents, coolants, and other manufactured
chemicals. With chlorofluorocarbons and
many other ozone-depleting substances
largely banned as a result, N2O has now
become the largest contributor to ozone
depletion. Themain source of N2O is soils,
where N2O is produced by the soil bacte-
ria that transform Nr back to N2. Humans
have more than doubled natural Nr input
through the agricultural use of industrially
manufactured fertilizers, including NH3,
ammonium (NH4

+), and urea, and by
increasing rates of BNF. The net result is
massively increased N2O emissions from
billions of fields. With the Montreal Proto-
col targeting quick wins in reducing fluo-
rochemical products from a few major
manufacturing companies, it might have
seemed a step too far to deal with N2O,
70%of which is emitted from agriculture.8

Building on the successes with air
pollution and stratospheric ozone, the
1990s fast became the decade of multi-

lateral environmental agreements. In
1992, the year of the Rio Earth Summit,
three major conventions were estab-
lished: the UN Framework Convention
on Climate Change (UNFCCC), the UN
Convention on Biological Diversity
(CBD), and the UNECEWater Convention.
Each of these has become a busymarket-
place in which the role of nitrogen pollu-
tion has often been overlooked. For
example, as the third most important
contributor to warming, N2O is included
in the UNFCCC basket of greenhouse
gases alongside carbon dioxide and
methane. Yet whereas carbon and
climate have become synonymous, N2O
has received little attention in climate ne-
gotiations. Expressing all greenhouse
gas emissions as ‘‘carbon equivalents’’
also underscores the idea that nitrogen
is everywhere and invisible.

Similarly, although the CBD does
include nitrogen pollution within its
extremely diverse set of Aichi Biodiversity

Figure 1. Sequence of major UN agreements relevant to nitrogen pollution in relation to past and possible future nitrogen waste
Values are expressed as the equivalent fertilizer value of all Nr and N2 losses using a nominal estimate of US$1/kg nitrogen. The total nitrogen waste is calculated
as the sum of (1) food-system nitrogenwaste, being the difference between newNr inputs (synthetic fertilizer use plus biological nitrogen fixation in croplands and
grasslands) and the amount of Nr available in food,3 neglecting possible changes in soil Nr storage, and (2) estimated NOx emissions to air,4 shown as the
difference between total and food-system waste. Business-as-usual (BAU) projections for nitrogen waste from the agri-food system (2014 onward) are based on
average per capita nitrogenwaste for 2010–2013 according to the UN standard projection of total population (mid-estimate). Givenmajor regional differences, the
global BAU projection for NOx simply continues the mean emission for 2010–2017. The pink shaded area shows an alternative future based on increasing per
capita intake of meat and dairy (SSP3)5 if 80%–85% of new food-system Nr were wasted. Text colors reflect major environmental threats as shown in Figure 2.
Inflections coincide with the collapse of the Soviet Union in 1989 (1) and the 2008 economic crisis (2).
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2030/2050年までに廃棄窒素を半減

Sutton et al., 2021 in One Earth

UNEA4: 廃棄窒素半減目標についての言及
世
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反応性窒素過剰によって起こる環境問題

図説 窒素と環境の科学より
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統合的窒素管理の必要性

‣ 反応性窒素種間の 
トレードオフを生じ 
させない管理手法 

‣ 複数の反応性窒素種 
または複数媒体中の 
窒素削減に貢献する 
管理手法

図説 窒素と環境の科学より



本日のトピック

• 日本の廃棄窒素排出の現状について 
• 大気 → 陸 → 水圏における窒素フロー 
• 廃棄窒素削減にむけた今後の課題について
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covers and integrates all anthropogenic Nr fluxes, tracks the
detailed sources of anthropogenic Nr fluxes, and helps to
quantify the contributions of the different sources to the overall
N footprint. In addition to the usual contributors to the N
footprint (i.e., food consumption, food production, and fossil
fuel combustion), we also include the N footprint related to
industrial products (synthetic fiber, plastics, rubber, dye,
explosives, drugs, etc.), which are increasing rapidly13,14 but
are currently not included in the overall N footprint
calculations. In many regions, industrial N fluxes are an
important component of the overall N budget,13−15 and the
production and consumption of these industrial products can
lead to environmental and health problems.14 Therefore, it is
essential to include industrial products in the N footprint
framework, to support the overall effects analysis of human
activities. We then discuss the differences between the methods
used in this study and that in the consumer-based N-
Calculator.9 Finally, we assess the total national N footprint
of China and provide some future perspectives.

■ METHODS
Material Flow Analysis. To quantify the N footprint, the

CHANS approach was adopted in this study. The CHANS
approach is an explicit acknowledgment that human and natural

systems are coupled via reciprocal interactions, such as material
flows.16,17 We first conducted a material flow analysis 18 of N in
the whole CHANS in China. All the N flows related to the N
footprint calculation (e.g., Nr loss during production and after
consumption) were then extracted from the material flow
analysis (Figure 1). The system boundaries follow the country
boundaries of China (see Supporting Information (SI) text for
details). For this study, the CHANS is divided into four
functional groups based on the mutual services of Nr among
these groups (see Figures S1 and S2 in SI), which are further
divided into 14 subsystems (see SI for details). These
functional groups (and subsystems) are processor (cropland,
forest, grassland, livestock, aquaculture, and industry sub-
systems), consumer (human, pet, and urban green-land
subsystems), remover (wastewater treatment and garbage
treatment subsystems), and life-supporter groups (near-surface
atmosphere, surface water, and groundwater subsystems).

Data Collection and Mass Balance Calculations. Data
used in this study were mainly derived from governmental
statistical yearbooks and bulletins,19 which represent the best
available data for the quantification of the anthropogenic N
footprint in China (detailed data sources can be found in Table
S2, SI). In addition, data from published articles were also used
for comparison (e.g., ref 20). All data can be divided into two

Figure 1. Nitrogen cycle in the CHANS used to calculate the nitrogen footprint. DON = dissolved organic N. The colors of the backgrounds
represent different functional groups: blue = life-supporter (including atmosphere and hydrosphere); green = processor; red = consumer; gray =
remover. Data represent the N fluxes in 2008 with unit Tg N. Arrows represent N flows, which are all included in the calculation of the N footprint
in this study, with the exception of the gray arrows. Green arrows represent N flows associated with agricultural production; black arrows represent
N fixation; orange arrows represent N flows associated with human consumption; red arrows represent N emission to atmosphere; blue arrows
represent N discharge to the hydrosphere; gray arrows mainly represent natural N processes and others that are not related to the calculation of the
N footprint. For the subsystem level calculation, the N footprint is calculated by adding all the N fluxes in red and blue arrows and denitrification
potential. If these red and blue arrows are from the processor functional group, they represent the virtual N during the production of food, nonfood
products, and services. If these red and blue arrows are from the human subsystem, they represent the N footprint of human consumption. For the
system level calculation, the N footprint is calculated by adding all the N fluxes in black arrows and the net N import to the CHANS that is not
shown here. Urban green-land is reassigned to the consumer group owing to its close relationship with the human and pet subsystems as well as its
nonproduct supply services.

Environmental Science & Technology Article

dx.doi.org/10.1021/es401344h | Environ. Sci. Technol. 2013, 47, 9217−92249218

Gu et al. (2013 in EST)

CHANSモデル（インベントリのベース）
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Gg N yr−1, whereas the Nr loss to the environment was reduced to 1960 
Gg N yr−1 (Section 3.2). The background factors which may have 
contributed to this are discussed using the various indicators shown in 
Fig. 5. The concrete values of the N budgets and the indicators in 2000, 

2005, 2010, and 2015 are compiled in Table S2 (see Supplementary 
Information). 

The TLRNE of Japan in 2008 estimated by Bleeker et al. (2013), 21.2 
kg N cap−1 yr−1 was the second lowest among the OECD countries. The 

Fig. 3. Reactive nitrogen loss to the environment in Japan from 2000 to 2015. (a) By destination (atmosphere, terrestrial water, and coastal zone) (NOX, nitrogen 
oxides; N2O, nitrous oxide; and NH3, ammonia) and (b) By source (human sectors). 

Fig. 4. Direct and indirect nitrogen (N) waste in 
Japan in 2010 (unit: Gg N yr−1). Direct N waste, 
reactive N loss to the environment; indirect N waste, 
reactive N in human sectors converted to dinitrogen 
(N2); black solid arrow, N flow in human sectors; red 
solid arrow, reactive N emissions from human sec-
tors to the atmosphere; blue solid arrow, reactive N 
loss from human sectors to waters; purple dashed 
arrow, N2 emissions from human sectors to the at-
mosphere; white solid arrow, N flow in the envi-
ronment with anthropogenic and natural reactive N. 
Natural N flows were omitted here. (For interpreta-
tion of the references to colour in this figure legend, 
the reader is referred to the Web version of this 
article.)   

Table 2 
Comparison of national nitrogen budgets for the domestic food supply and reactive nitrogen loss from human sectors to air and water (1 Tg N = 1012 g of N).  

Country Year Population (million) National total (Tg N yr−1) and [Per capita] (kg N cap−1 yr−1) Reference 

Domestic food supply Reactive nitrogen loss from human sectors 

Air Water Total 

Japan 2010 127.4 0.65 [5.1] 1.25 [9.8] 0.71 [5.6] 1.96 [15.4] This study 
Japan (food) 2005 127.0 0.67 [5.3] – – – Shindo et al. (2009) 
China 2010 1341.3 7.6 [5.7] 6.7 [5.0] 18.1 [13.5] 43.8 [18.5] Gu et al. (2015) 
Canada 2007 ± 2 35 – 1.25 [35.7] 0.42 [12.0] 1.67 [47.7] Clair et al. (2014) 
Denmark 2010 5.6 0.035 [6.3] 0.14 [25.0] 0.16 [28.6] 0.30 [53.6] Hutchings et al. (2014) 
USA 2012 314.0 1.88 [6.0] 8.31 [26.5] – – Sabo et al. (2019)  

K. Hayashi et al.                                                                                                                                                                                                                                

Environmental Pollution 286 (2021) 117559

5

Gg N yr−1, whereas the Nr loss to the environment was reduced to 1960 
Gg N yr−1 (Section 3.2). The background factors which may have 
contributed to this are discussed using the various indicators shown in 
Fig. 5. The concrete values of the N budgets and the indicators in 2000, 

2005, 2010, and 2015 are compiled in Table S2 (see Supplementary 
Information). 

The TLRNE of Japan in 2008 estimated by Bleeker et al. (2013), 21.2 
kg N cap−1 yr−1 was the second lowest among the OECD countries. The 

Fig. 3. Reactive nitrogen loss to the environment in Japan from 2000 to 2015. (a) By destination (atmosphere, terrestrial water, and coastal zone) (NOX, nitrogen 
oxides; N2O, nitrous oxide; and NH3, ammonia) and (b) By source (human sectors). 

Fig. 4. Direct and indirect nitrogen (N) waste in 
Japan in 2010 (unit: Gg N yr−1). Direct N waste, 
reactive N loss to the environment; indirect N waste, 
reactive N in human sectors converted to dinitrogen 
(N2); black solid arrow, N flow in human sectors; red 
solid arrow, reactive N emissions from human sec-
tors to the atmosphere; blue solid arrow, reactive N 
loss from human sectors to waters; purple dashed 
arrow, N2 emissions from human sectors to the at-
mosphere; white solid arrow, N flow in the envi-
ronment with anthropogenic and natural reactive N. 
Natural N flows were omitted here. (For interpreta-
tion of the references to colour in this figure legend, 
the reader is referred to the Web version of this 
article.)   

Table 2 
Comparison of national nitrogen budgets for the domestic food supply and reactive nitrogen loss from human sectors to air and water (1 Tg N = 1012 g of N).  

Country Year Population (million) National total (Tg N yr−1) and [Per capita] (kg N cap−1 yr−1) Reference 

Domestic food supply Reactive nitrogen loss from human sectors 

Air Water Total 

Japan 2010 127.4 0.65 [5.1] 1.25 [9.8] 0.71 [5.6] 1.96 [15.4] This study 
Japan (food) 2005 127.0 0.67 [5.3] – – – Shindo et al. (2009) 
China 2010 1341.3 7.6 [5.7] 6.7 [5.0] 18.1 [13.5] 43.8 [18.5] Gu et al. (2015) 
Canada 2007 ± 2 35 – 1.25 [35.7] 0.42 [12.0] 1.67 [47.7] Clair et al. (2014) 
Denmark 2010 5.6 0.035 [6.3] 0.14 [25.0] 0.16 [28.6] 0.30 [53.6] Hutchings et al. (2014) 
USA 2012 314.0 1.88 [6.0] 8.31 [26.5] – – Sabo et al. (2019)  

K. Hayashi et al.                                                                                                                                                                                                                                反応性窒素種別排出
日本の包括的窒素排出インベントリ

 反
応
性
窒
素
ロ
ス

Hayashi et al. (2021) in EP



大気への窒素排出の推移

Hayashi et al. 2021の数値より



水圏への窒素排出の推移

Hayashi et al. 2021の数値より



環境総合推進費：5-2301 (FY2023-2025) 
廃棄窒素削減に向けた統合的窒素管理に関する研究

研究代表者所属機関名：国立環境研究所 
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② 国内の窒素政策および統合的窒素 
    管理の効果測定に関する研究

③ 日本およびアジア域における 
    廃棄窒素削減シナリオの定量的評価

① 日本国窒素インベントリ開発 
    および廃棄窒素削減目標設定の研究 

本プロジェクトの構成
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Sub１

Sub２

Sub３
新規インベントリ

反応性窒素管理 
ロジックモデル

数理モデル等による 
管理/政策の効果測定 
（環境中の動態考慮）

排出削減 
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有効な統合的 
窒素管理特定

輸出入に伴う 
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アジア～全球における 
反応性窒素負荷・動態評価

日本国窒素インベントリ開発 
および廃棄窒素削減目標設定の研究

国外の反応性窒素影響評価 
および国際比較に関する研究

国内の窒素政策および 
反応性窒素環境中動態に関する研究

総合地球研・農研機構・東北大・国立環境研

国立環境研

国立環境研・農研機構・秋田県立大学



• 日本国窒素インベントリ作成（~2020/later） 
• 包括的窒素管理ロジックモデルの作成 
• 既往政策の排出削減への貢献の定量化 
• 廃棄窒素半減達成への排出削減パスの提案 
• 対策の効果測定（全球・アジア・日本・流域/圃場）



反応性窒素排出インベントリの再検討

Hayashi

Hayashi

EDGAR

EDGAR

CEDS REAS/CEDS

期間のアップデート, 国際ルールとの整合性(項目), 排出係数の見直し 

農地土壌からのNH3揮散 下水処理由来のNH3放出

REAS



‣みどりの食料システム戦略 
　　2050(2030)年までに化学肥料/農薬 30(20)％減 

‣バイオマス活用推進基本法 
　　下水汚泥の肥料利用 10% -> ? 

‣食品ロス半減推進法 
　　2030年までに50％減, 同時にリサイクル率を上げる 

‣気候変動対策 (e.g. BEVの普及) ‣ NH3燃焼利用 
　　脱炭素政策の一環． 2030年には年間2.6Tg-Nの利用

廃棄窒素に関連する近年の施策例



サブテーマ１

 国内の主要発生源である固定燃焼発生源と非燃焼VOC
発生源について、2000～2019年の排出量の変化要因を

活動量と排出係数に分離して定量化

 自動車についてはさらに車齢に分解して排出量を推計し

対応する排出ガス規制の影響を定量化

9
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近年の大気への反応性窒素排出と大気沈着

茶谷推進費5-2105 新規開発排出インベントリ+CMAQによる計算

国内のN排出量



水域への窒素負荷：全国, 琵琶湖, 霞ヶ浦

日本: Hayashi et al. 2021, 琵琶湖, 霞ヶ浦: 湖沼水質保全計画より (図説 窒素と環境の科学を改変)



大気沈着 大気沈着
琵琶湖, 霞ヶ浦の簡易シナリオ解析

PM・NOx法他

化学肥料 化学肥料 緑の食料戦略

2030年までに 
20％減見込める



NH3 emission = NOx emission in EDGAR

NHy deposition Incremental NHy deposition

(kg-N/ha/year) (kg-N/ha/year)

船舶でNH3燃焼を想定した計算 by 茶谷さん



• 日本の廃棄窒素排出が減少傾向にある 
• 大気 → 陸 → 水圏における窒素フローの考慮は重要 
• 地域（流域）ごとに最適な管理は異なる

まとめにかえて

本課題は環境総合推進費”5-2301JpNwst”, ”5-2105” 
ならびに地球研プロジェクトSus-Nの元で行われた


