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Preface  

 

This book is a series of review reports produced under the Chinese-Norwegian Project on 
Emission, Impact, and Control Policy for Black Carbon and its Co-benefits in Northern China 
(ChiNorBC). The project is jointly implemented by the Chinese Research Academy of 
Environmental Sciences (CRAES) and the Norwegian Environment Agency (NEA), in 
partnership with the Chinese Academy of Environmental Planning (CAEP), the Norwegian 
Institute of Public Health (NIPH) and Center for International Climate Research (CICERO), 
with financial support from the Norwegian Ministry of Foreign Affairs.  

There is no internationally agreed definition of black carbon (BC) and organic carbon (OC). BC 
is the light-absorbing component of fine particles and is produced by incomplete combustion of 
fossil fuel, biofuel and biomass. BC is always co-emitted with OC. Emissions of BC and OC 
affects the climate and have adverse health effects. Reductions of BC and OC will have 
co-benefits for climate, air quality and health. 

ChiNorBC will develop improved emission inventories for BC/OC emissions in China using the 
most recent, best available national statistics and measurements obtained in the project. Based on 
this, new estimates of effects of BC/OC on climate, air quality, and health will be provided. The 
project will further raise scientific, governmental, and public awareness and enhance the 
understanding of the positive impacts of BC/OC emissions reductions. Ultimately the ChiNorBC 
will provide Chinese policy makers with policy solutions for reducing BC/OC emissions in 
China which maximizes the co-benefits. 

For a more comprehensive description of the project, and to get access to all the project reports, 
please visit the project web site http://chinorbc.net/.  

The authors have contributed to this book in their individual capacity and their organizations 
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have been mentioned for identification purposes. The development and coordination of this book 
was led by Miaomiao Cheng and Xiaoyan Zhu; Chapter 1 was written by Xiaoyan Zhu, Yongjie 
Wei, Miaomiao Cheng and Vigdis Vestreng; Chapter 2 was written by Guorui Zhi, Yanjun Wang, 
Yuzhe Zhang, Wenjing Jin; Chapter 3 was written by Xiaohui Du, Jun Xu, Marianne Tronstad 
Lund, Ole-Kristian Kvissel; Chapter 4 was written by Yongjie Wei, Xiaojing Zhu, Zhigang Li, 
Bingqian Liu, Per Schwarze, Shilpa Rao, Marit Låg, Vegard S. Grytting and Alfonso Diz-Lois 
Palomares; Chapter 5 was written by Miaomiao Cheng, Yu Chen and Wenyong Guo; Chapter 6 
was written by Ingeborg Rønning, Scott Randall and Vigdis Vestreng; and Chapter 7 was written 
by Xuying Wang, Yixuan Zheng; Individual chapters of the book was reviewed and edited by the 
whole project team, in particular Miaomiao Cheng, Vigdis Vestreng, Tor Skudal and Fan Meng. 
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1  Introduction 

Black carbon (BC) and organic carbon (OC) constitute important parts of atmospheric fine 
particulate matter (PM2.5). By reducing the emissions we can obtain both climate and health 
benefits. Emission control measures will in many cases also mitigate other harmful pollutants, 
thus many co-benefits can be achived by optimizing reduction strategies.  

Studies have shown that the warming effect of BC is second only to that of greenhouse gases. 
The warming effect is because BC heats the atmosphere, but also because it melts snow and ice, 
when deposited on the ground. The climate effect depends on where on the Earth the BC 
emissions occur. BC only stays in the atmosphere a short time (days), and is therefor not 
globally well mixed. Thus there are large regional differences. OC is always co-emitted with BC 
(we therefore often use the term BC/OC in this book), but has a cooling effect on the atmosphere. 
Thus it is important to look at the net climate effect of control measures. 

Emissions of BC and OC have adverse health effects. Even though there are uncertainties in 
terms of emission data and climate and health effects, we have enough knowledge to act.  

In this book, we present the status of BC/OC emission inventories in China (Chapter 2), impact 
on air quality and climate change (Chapter 3), health effects (Chapter 4) and status of BC/OC 
control in both China (Chapter 5) and Norway (Chapter 6). Finally we give an overview on  
how to reduce BC/OC emission in China in the future (Chapter 7). 

1.1  What is BC and OC? 

Particulate matter (PM), often expressed as 10 or 2.5 µm mass median aerodynamic diameter 
(PM10 or PM2.5), is recognized as one of the most dangerous pollutant to health (Cassee et al., 
2013). BC is an important part of PM and appears always combined with OC and other 
compounds to form PM, which is present in ambient air (Pace, 2002). BC is formed through the 
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incomplete combustion of fossil fuels, biofuel and biomass, and is emitted from both 
anthropogenic and natural sources It consists of pure carbon in several linked forms. BC 
warms the earth by absorbing sunlight and re-emitting heat to the atmosphere and by reducing 
albedo (the ability to reflect sunlight) when deposited on snow and ice. 

BC absorbs a wide range of solar radiation, from ultraviolet (UV) to infrared (IR). The diameter 
of BC is generally between 0.1-1 µm (Qin et al., 2001). Due to the small particle size, it is easily 
spread over a long distance in the atmosphere.  

EC is an operational definition that encompasses carbonaceous particles which can only be 
oxidized at temperatures > 340℃ and are thermally stable in inert gases below approximately 
4000 K (Bond et al., 2013; J.A.Ogren et al., 1983; Petzold et al., 2013). Even though EC and BC 
are measure by different methods and no fixed correlation between the two terms have been 
established, BC and EC are often used interchangeably in emission inventories and other studies. 

OC refers to the fraction of carbonaceous aerosols which contains organic compounds (chemical 
compounds that contain carbon-hydrogen bonds as well as other elements).  

There are also other terms used to characterize different carbon containing componds, for 
example brown carbon (BrC) (Zhi et al., 2015), black smoke (BS) (Quincey et al., 2011), 
Equivalent black carbon (eBC) and refractory black carbon (rBC), (Lack et al., 2014), carbon 
black (CB) (Long et al., 2013), and light-absorbing carbon (LAC).  

Even though there are many different terms, in epidemiological studies, BC, EC and BS are 
commonly used to estimate the association with concentrations of BC exposure and human 
health. 

1.2  Why Concern: What are the effects on health, air quality 
and climate of BC/OC? 

Due to the rapid economic development in China in recent decades, the combustion of coal, 
other fossil fuels and biofuels have increased considerably. Large amounts of BC/OC have been 
emitted into the atmosphere.This situation has not only caused heavy air pollution in megacities 
of China. BC and OC are also complex climate forcers of regional climate change due to 
different lifetimes and properties. Air pollution and climate change are closely linked, and 
reductions in BC/OC can result in substancial co-benefits.   

Northern China which includes about half of the Chinese population and the vast area north of 
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the Huai River-Qin Mountain line in China, is experiencing severe air pollution, particularly 
during the winter season due to increased coal and firewood combustion for heating and 
unfavorable weather conditions, such as calm winds and a strong inversion layer. BC/OC 
produces adverse effects on air quality, health and climate change and has become one of the 
hotspot issues in environmental and climatic research.  

BC/OC are two of the short-lived climate forcers (SLCFs). BC is an important particulate 
pollutant and the cause of regional air pollution and decreased visibility. BC contributes about 
5%-15% to the total aerosol mass concentration in urban air. Furthermore, BC together with BrC 
is one of the most radiatively important aerosol components in the atmosphere. BC plays an 
important role in regional and global climates as well as extreme weather. BC aerosols enhance 
the occurrence of extreme haze pollution episodes in megacities in China. In addition, BC 
constitutes the main fraction of fine particles (0.5-1 μm) and ultrafine particles (0.05-0.12 μm), 
which have affected human health. Due to the porous structure of organic compounds, other 
chemicals, including toxic, are easily absorbed. 

Accumulating evidence has identified the health risks associated with short-lived climate forcers, 
particularly BC, secondary organic and inorganic aerosols. Exposure to BC/OC may lead to 
decreased lung function, obesity and effects on neurocognition in human being.Toxicological 
and health risk assessment studies conducted in northern China will help to better understand the 
relationship between diverse exposure type and the incidence of disease. Additional air quality 
metrics (e.g., BC/OC and secondary organic and inorganic aerosols) may be valuable when 
evaluating air quality, climate change and health risks.  

BC, OC and other aerosols affect the climate through their interactions with solar radiation and 
clouds. Most aerosol species have a cooling climate impact, while BC stands out by absorbing 
solar radiation and warming the atmosphere. There are significant uncertainties, but the best 
estimate of the global aerosol effect on climate is a net cooling that has masked a notable 
fraction of the anthropogenic warming induced by greenhouse gas emissions to date. 
Additionally, aerosols influence local and regional climate and weather, such as the precipitaiton, 
haze events, and extreme weather, although the exact nature and extent of their role is still a 
topic of ongoing research. The significant range in estimates of aerosol’s climate effects stem 
from uncertainties in their distribution, atmospheric processing, and optical and microphysical 
properties, as well as uncertainties in their sources. Despite progress over the past decades, 
representing aerosols remain a challenge for global and regional models of the atmosphere, with 
validation in many cases hampered by lack of observations. 
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1.3  The Overview of the ChiNorBC-Project 

The Ministry of Commerce of the People’s Republic of China (MOFCOM) and the Norwegian 
Ministry of Foreign Affair (MFA) entered into an agreement about the the Chinese- Norwegian 
Project on Emission, Impact and Control Policy for BC and it’s Co-benefits in Northern China 
(ChiNorBC) dated at 29 November 2019. The agreement is in accordance with the memorandum 
of understanding (MoU) regarding Economic and Technical Cooperation signed by the 
Government of the people’s Republic of China and the Government of the kingdom of Norway, 
as well as the memorandum of understanding signed by the Ministry of Ecology and 
Environment of the People’s Republic of China (MEE) and the Norwegian Ministry of Climate 
and Environment (MCE).  

The implementation period of the project is 3 years (from October 2019 to December 2022) and 
the project fund is 24.16 million Norwegian kroner. This project will first develop a baseline by 
analyzing the current emission and concentration levels in northern China, as well as existing 
strategies to reduce the impacts of BC/OC. The study area contains Beijing-Tianjin-Hebei (BTH) 
and the surrounding areas (Beijing, Tianjin, Hebei, Inner Mongolia, Shanxi, Henan and 
Shandong Provinces), Northeast China (Heilongjiang, Jilin, and Liaoning Provinces) and 
Northwest China (Shanxi, Ningxia, Gansu and Xinjiang Provinces). Current practices in Norway 
and other countries will be assessed to gain experience. With this background, the project will 
develop or update relevant emission inventories and model air quality and climate effects. 
Effects on health will also be studied and quantified. Finally, the project will develop and 
propose policy scenarios towards 2035 for reducing the emissions and impacts of BC/OC. This 
book documents the baseline for the studies undertaken and documented in the ChiNorBC 
project. For further reading please consult our website, http://chinorbc.net/. 

 

 



2  Review on BC/OC 
Emission Inventories 

The project document for emission inventory stipulates preparation of “Review literature on the 
BC/OC emission inventories for northern China and estimation methodology in China and other 
countries.” We will actually consider that the inventories to be built by the project are not only 
for northern China, but for all of China. Prior to systematic drafting of this review, the two 
parties of this project, from China and Norway, initially collaborated to formulate the review 
framework and then interactively commented on and revised the report. 

The first challenge, however, is understanding exactly what BC is. Researchers around the world 
find it difficult to agree on terminology that considers all aspects of specific properties, 
definitions, measurement methods and related uncertainties. This leads to much ambiguity in the 
scientific literature on measurements and numerical models, where BC may be referred to with 
different names or based on different properties of the particles, with no clear definition of the 
terms. For example, global emission inventories and modelling studies (Bond et al., 2007; 
Granier et al., 2011; Junker and Liousse, 2008; Lee et al., 2012; Vignati et al., 2010), as well as 
scientific assessments depend on BC data sets that do not include information on measurement 
methods (Solomon et al., 2007; Bond et al., 2013). For this reason, Petzold et al. (2013) 
proposed definitions of terms and recommendations for reporting measurements of BC, EC, 
light absorption, refractory carbon, and other properties related to this distinct fraction of the 
carbonaceous aerosol. Soot is a useful qualitative description when referring to carbonaceous 
particles formed from incomplete combustion, though non-carbonaceous matter is also included 
in soot. Soot and BC have been used interchangeably in much existing literature to refer to light 
absorbing carbon, especially in early publications when BC was not so deeply concerning the 
scientists. In this review, we prefer to use BC in most cases, without excepting the use of other 
terms, such as EC, when necessary. 
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Available literature explains various aspects of BC (Bond & Bergstrom, 2006; UNEP, 2015; 
UNEP/WMO, 2011). BC is the light-absorbing component of carbonaceous particles; the light 
absorbing property comes from its graphitic bonds. BC is produced by incomplete combustion 
of fossil fuel, biofuel and biomass. BC is emitted by various devices and processes, such as 
diesel cars and trucks, residential stoves, forest fires, agricultural open burning and some 
industrial facilities. The warming effects of BC on the atmosphere are caused by soot particles 
absorbing direct or reflected sunlight and then reemitting heat to the atmosphere and by reducing 
albedo when deposited on snow and ice. The warming impact of BC on climate is about 700 
times stronger than CO2 when BC’s global warming potential (GWP) is estimated over a 
100-year time scale. In a short-term perspective the impact is even larger due to the short impact 
of BC in the atmosphere (GWP (20) = 2700) (Aamaas and Berntsen, 2021). BC also influences 
cloud formation and impacts regional circulation and rainfall patterns. In addition, BC impacts 
human health as a primary component of PM in air pollution. 

In recent decades, on the one hand, the rapid growth of China’s economy has been accompanied by 
a considerable increase in the combustion of coal, other fossil fuels and biofuels, resulting in an 
increase in BC/OC emissions (Cheng et al., 2017; Zhi et al., 2017). On the other hand, China’s 
continually intensified clean air pursuit has prompted China to accelerate the transfer from solid 
fossil energy to clean energy (gas, solar energy, electricity), especially in the residential sector and 
mobile sources (Pelegov and Eremenko., 2021; Zhang et al., 2020). Therefore there are multiple 
benefits for sustainable development from establishing an efficient policy system for the emission 
reduction of BC/OC on both regional and national levels in China.  

BC/OC emission data related to northern or all of China are published by different institutions 
and are often inconsistent in total or in specific sectors due to the substantial differences in 
emission factors chosen, activity levels recognized and methodologies applied (Li et al., 2017a). 
The inconsistent emission results often lead to misunderstanding and confusion and add 
difficulty to identifying major emission sources and formulating control policy. For this reason, a 
more comprehensive and convincing emission inventory of BC/OC for northern China is 
necessary to provide scientific data supporting the formulation and implementation of policies 
by incorporating new emission factors derived from measurements, investigated activity levels, 
and improved methodology. 

Among the several targets of the review, the analysis of BC/OC emission factors is of top 
importance. This will contribute to the development of emission factor tables for mobile and 
residential sources, which are generally considered major sectors in a BC/OC emission inventory. 
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2.1  BC/OC Emission Inventories 

2.1.1  Approaches to Establishing Air Pollutant Emission Inventories  

There are usually two approaches to establishing air pollutant emission inventories: bottom-up 
and top-down. The “bottom-up” approach works out total emissions of individual pollutants 
based on the detailed fuel consumption (activity level) data of sectors multiplied by 
corresponding emission factors (Bond et al., 2004; Cao et al., 2006). The “top-down” approach 
infers emissions from one or more indicators relevant to emissions. Such indicators may be 
ambient concentrations observed by ground equipment or column concentrations observed by 
satellite. In top-down rationale, inverse modelling is an important approach, which translates 
observed concentrations into primary emissions by using measurements of atmospheric 
concentrations in combination with modeled fields. However, modelling processes such as 
transport and removal also result in biases. In most cases, a bottom-up approach is preferred in 
establishing basic emission inventories; such inventories can be used for model inputs so as to 
simulate ambient concentrations.  

The top-down approach is more widely used as an important constraining indicator to test, 
validate and evaluate bottom-up emissions. For example, Kaiser et al. (2012) derived a global 
average enhancement factor of 3.4 for emissions of the organic aerosols (OA) and BC resulting 
from biomass burning and summarized several other top-down studies that estimated emissions 
two to four times greater than the bottom-up estimates. This shows that top-down estimates can 
expose underestimations of BC emissions from bottom-up estimates. A thesis by Zhao (2019) 
describes a top-down estimate of regional BC emissions using ground and satellite observations 
for the Yangtze River Delta Region. Bond et al. (2013) presented more examples to compare the 
bottom-up emissions and the top-down estimates. 

2.1.2  Global emissions 

2.1.2.1  General description 

Because of the impacts of BC emissions on climate change, local air pollution and human health, 
there have been many studies on the sources of BC emissions since the 1990s. The emission figures 
and sources of BC in different parts of the world have been explored and are summarized below. 

Cooke et al. (1999), at the Mixte CNRS-CEA laboratory of France, calculated the global-scale 
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emissions of carbonaceous aerosols from fossil fuel usage. Using a top-down method, they 
estimated the global BC emissions from the burning of fossil fuels in 1984 to be approximately 
5.1-6.4 million tonnes, of which China contributed about 1.15-1.46 million tonnes, accounting 
for about 22.8% of global BC emissions. The contribution of BC emissions from 
mobile/transport sources was 17%-23%.  

Penner et al. (1993), in the U.S., estimated that global BC emissions (biomass burning excluded) 
were about 12.61 million tonnes in 1980, of which China contributed about 2.68 million tonnes.  

Bond et al. (2004) calculated global BC emissions, using the bottom-up approach, by assigning 
emission factors on the basis of fuel type and economic sectors (regions and countries). They 
estimated that global BC emissions in 1996 were about 8 million tonnes, of which China 
contributed about 1.49 million tonnes or about 18.6% of the total. Bond et al. also estimated in 
detail the contributions of different sources to BC emissions. The “open burning” source 
contributed the largest part of BC emissions, about 42%. About 10% of global BC emissions were 
from industrial sources, 24% from residential sources and 24% from mobile sources (Figure 2-1). 

 

0

5

10

15

20

25

30

35

40

45

B
C

 c
on

tri
bu

tio
n 

/%

 
Figure 2-1  Global BC contribution of different sources in 1996(Bond et al., 2004) 

Bond et al. (2007) estimated that global BC emissions in 2000 were about 8.4 million tonnes. 
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Asia, parts of Africa and Latin America (Central and South America) contributed most of the BC 
emissions. 

Lamarque et al. (2010) showed that 75% of the world’s BC emissions in the year 2000 (biomass 
burning included) came from three main regions: Asia (China, India), Africa, and Latin America. 
Asia accounted for 40% of the emissions, while Africa and Latin America accounted for about 
23% and 12%, respectively (Figure 2-2). 
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Figure 2-2  Global and regional BC emissions 

In addition, Lamarque et al. (2010) divided global BC emissions into six major sources. They 
estimated that global BC emissions were still dominated by open biomass combustion (including 
wildfires), which accounted for about 35%, while BC emissions from domestic stoves and 
heating accounted for about 25% of the global total (Figure 2-3). In developing countries, BC 
from combustion was mainly due to the burning of coal, biomass or animal waste, by which 
China, India and Africa accounted for nearly two thirds of global anthropogenic BC emissions. 

Several inventories covering more recent years are now available. For the sixth cycle of the 
Coupled Model Intercomparison Project (CMIP6) and IPCC Assessment Report, the Community 
Emission Data System (CEDS) provided new historical emission estimates for anthropogenic 
aerosol and precursor emissions, up to 2014 (Hoesly et al., 2018). Emission estimates in this first 
CEDS release are generally slightly higher than in other global inventories, with global 
anthropogenic BC and OC emissions in 2014 of 8 and 19.7 million tonnes while in 2010 of 7.7 
million tonnes and 18.7 million tonnes, respectively. Two other global inventories with 2015 as 
the most recent year, the Emissions Database for Global Atmospheric Research version 5 
(EDGARv5) (Crippa et al., 2019; https://edgar.jrc.ec.europa.eu/dataset_ap50) and the 
ECLIPSEv5 created with the Greenhouse Gas - Air Pollution Interactions and Synergies 
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(GAINS) model (Amann et al., 2011; Klimont et al., 2017), both have lower global BC and OC 
estimates. Global anthropogenic BC emissions are approximately 5 million tonnes in both these 
inventories, while OC emissions are 13 million tonnes and 11.7 million tonnes in ECLIPSEv5 
and EDGARv5, respectively.  

 Others 
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Energy/Power 
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Industry 
19.3% 

Transport/Mobile 
19.0% 

Residential/Domestic 
25.1% 

Open Biomass Burning 
(Includes Wildfires) 
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Figure 2-3  Main sources of global BC 

These inventories also differ somewhat in their regional and global temporal trends. For instance, 
while CEDS shows a rapid increase in Asian emissions over the 2000-2014 period, the evolution 
is flatter in ECLIPSEv5 and levels off in 2014 and 2015 in EDGAR5. An updated release of the 
CEDS emissions, extending to year 2019 (O’Rourke et al., 2021), shows a levelling off in global 
emissions since 2014, driven by a combination of increasing emissions in some regions, such as 
South Asia and Africa south of the Sahara and a decline in emissions in China, the latter in line 
with recent observational evidence (Kanaya et al., 2020). A similarity across inventories is in the 
sectoral and regional distributions, where the largest individual contributions to global emissions 
are from the residential and commercial sectors and from China and the rest of the Asia-Pacific 
region, for both pollutants. While significant work has been undertaken to improve the estimates 
of global and regional emission inventories of aerosols and precursors, uncertainties in 
magnitude and spatiotemporal patterns remain. 

2.1.2.2  Global BC emissions and emission source trends from 1960 to 2017 

The global BC emissions show an inverse U-shaped temporal trend, which is mainly driven by 
the interaction between the positive effects of population growth, per capita energy consumption 
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and vehicle fleet, and the negative effects of residential energy switching, stove upgrading, 
phasing out of beehive coke ovens and reduced emission factors (EFs) for vehicles and industrial 
processes. Urbanization caused an important increase in urban emissions as well as a significant 
decline in overall rural emissions. 

As Figure2-4 shows, the global BC emissions increased steadily from 1960 to 2015. That study 
also used EDGAR and CEDS to estimate the global BC emissions (Xu et al., 2021). 
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Figure 2-4  Temporal trends of annual BC emissions from major anthropogenic sectors (residential, 

on-road motor vehicles, industry, and others) from 1960 to 2017 reported by three other emission 

inventories for comparison. The compared inventories are (A) MACCity, (B) 19 Emissions Database 

for Global Atmospheric Research (EDGARv5), (C) Community Emission Data System (CEDS), (D) 

Peking University emission inventories, 2020 version (PKU 2020) 
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2.1.3  Regional Emissions 

2.1.3.1  The Asia-Pacific Regional Emission Inventories Led by the U.S. 

Compared with developed countries (such as European countries and the U.S.), China’s research 
on the emission inventory of air pollutants was launched much later due to the late start of 
industrial development. For research on air pollution in China, one of the most widely used 
emission inventories is the one called “TRACE-P emission inventory” (Streets et al., 2003). This 
inventory is an outcome of the project “Transport and Chemical Evolution over the Pacific, 
TRACE-P” (Jacob et al., 2003; Streets et al., 2006) from the National Aeronautics and Space 
Administration (NASA) and the project “Asian Pacific Regional Aerosol Characterization 
Experiment, ACE-Asia” (Huebert et al., 2003). These projects were funded by the National 
Oceanic and Atmospheric Administration (NOAA) and National Science Foundation (NSF). The 
target of these studies was to understand and quantify the effects of chemical outflows from Asia 
on the U.S. Emissions were estimated at 2.54 Tg BC and 10.4 Tg OC for all major 
anthropogenic sources, including biomass burning, in 64 regions of Asia. China dominated Asian 
emissions, accounting for 41.3% of total BC and 32.7% of total OC. China’s energy data in 
“TRACE-P” came from the research results of Sinton and Fridley (2000) rather than official 
energy statistics. The other data in “TRACE-P” came from the results of the project 
“RAINS-ASIA” (Amann et al., 2004). Information on pollutant emission factors were taken 
from several different sources including Fu et al. (2001) for motor vehicles, Andreae and Merlet 
(2001) for biomass burning and Bouwman et al. (1997) for Ammonia (NH3). Aerial experiments 
have also been carried out over the western Pacific in combination with ground observations, 
satellite data and model simulations for emission inventories preparation (Ohara et al., 2007).  

Then, in 2006, the project “Intercontinental Chemical Transport Experiment-Phase B, 
INTEX-B, ” launched by NASA, prepared the INTEX-B emission inventory (Zhang et al., 2009). 
This inventory is a continuation of the TRACE-P emission inventory. It uses official energy 
statistics and gives a relatively accurate picture of emissions across Asia, particularly in China. 
Emissions in 2006 were estimated at 2.97 Tg BC and 6.57 Tg OC for all major anthropogenic 
sources, excluding biomass burning. China also dominated Asian emissions, representing 60.6% 
of the total BC and 48.7% of Asian total OC. The authors estimated 2001 emissions for China 
using the same methodology and found that all components showed an increasing trend during 
2001-2006, including 14% for both BC and OC, though for most sectors net emission factors 
were fundamentally changed due to dramatic economic growth and dynamic technology 
penetration. For example, in power plants the net emission factors of PM2.5 declined from 2.0g/kg 
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coal to 1.2g/kg coal. 

2.1.3.2  The Asian Emission Inventory Led by Japan 

Besides the Asia-Pacific emission inventory led by the U.S., International Institute for Applied 
Systems Analysis (IIASA) and the World Bank launched the project “RAINS-Asia” which 
provided data support for acid rain mitigation in Asia in the 1990s. On this basis, Japan’s 
National Institute of Environmental Research developed the Regional Emissions Asian 
Inventory (REAS) (Ohara et al., 2007), which is a relatively complete and comprehensive 
emission inventory of Asia (biomass burning excluded). REAS-1.1 version integrated historical 
emission data (up to 2007) and forecasted future emissions (up to 2020). It was subsequently 
updated to REAS-2.1 (Kurokawa et al., 2013), in which the spatial resolution was further 
improved. This version of REAS revised the data of different regions in China by referring to the 
INTEX-B emission inventory. It took not only the effect of pollution control technologies on 
emission factors into account in detail, but also China’s basic energy consumption in the 
statistical yearbook of each province. Asian emissions for BC and OC in 2008 were estimated at 
3.03 Tg and 7.72 Tg in this inventory, up 35% and 21% compared with 2000. By country, China 
and India were respectively the largest and second largest contributors because of their 
continuous increases in energy consumption, industrial activities and infrastructure development. 

2.1.4  China Emissions 

The BC emissions of China① calculated by different scholars differ considerably, but all show a 
large contribution to global BC emissions. Streets et al. (2001) studied the 1995 emissions of 
China by sector and province. Using the bottom-up method and emission factors by sectors and 
fuel types (based on consumption of various fuel types) derived from different studies, they 
estimated that the BC emissions of China were about 1.342 million tonnes in 1995. The 
residential sector contributed the largest part of BC, about 83.3%. The industry sector 
contributed about 7.2% of the total BC emissions, ranking second. The power generation sector 
contributed about 8,300 tonnes of BC emissions, accounting for about 0.6% of the total. The 
total BC emissions from mobile sources was 43,400 tonnes, accounting for 3.2% of the total. 
Field combustion (open burning) released about 74,700 tonnes BC, representing about 5.6% of 
the total. They also forecasted that China’s BC emissions would fall to 1.224 million tonnes by 
2020 after adoption of particle/BC emission control technology. But Streets et al. expected a 

                                                        
① In this chapter the emissions of China may be inclusive or exclusive of Hongkong, Macao, and/or Taiwan, just depending 
whether the original literature cited have the data of Hongkong, Macao, and/or Taiwan. 
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faster increase in the number of vehicles in China. Therefore, they used the BC emission factor 
of 1995 and predicted that BC emissions from mobile sources in China would rise to 139,300 
tonnes by 2020, accounting for 11.4% of the expected BC total. 

The first BC-related emission inventory made by Chinese scholars was most likely that by Cao 
et al. (2006), with the Chinese Academy of Meteorological Sciences. This study was later 
expanded with more pollutant types (Cao et al., 2011) (biomass burning included). Based on the 
method developed for the INTEX-B emission inventory, Tsinghua University updated the 
statistical data and the calculation method, and recalculated China’s emissions in the INTEX-B 
emission inventory (Lei et al., 2011) (biomass burning excluded). The uncertainties of the 
emissions in the inventory were also quantified (Zhao et al., 2011). Subsequently, Tsinghua 
University established the first multi-scale air pollutant emission inventory, Multi-resolution 
Emission Inventory for China (MEIC) based on the method for emission inventory construction 
for technology and dynamic processes (biomass burning excluded). MEIC (V1.0) was released 
in 2012 (Lu et al., 2011). It includes 10 pollutants [SO2, NOx, CO, NH3, non-metherne Volatile 
Orgomic Compounels (nmVOC), PM10, PM2.5, BC, OC, CO2] and more than 700 emission 
sources (including power plant, industrial, agricultural, residential, and traffic). MEIC is adapted 
to user needs by setting different temporal and spatial resolutions. The latest version of MEIC, 
V1.2, was released in 2015 (Tong et al., 2020). 

At present, there are many universities and scientific research institutions in China carrying out 
emission inventory studies, but these focus on selected types of pollutants or selected areas (Ni 
et al., 2014; Qi et al., 2017; Wang et al., 2012; Zhang et al., 2013; Zhao et al., 2012). 

Cao et al. (2007) also calculated a detailed high-resolution emission inventory of BC for China 
in the year 2000 by sectors, provinces and months. The latest activity data include fossil and 
biomass fuels and socio-economic statistics from government agencies, mostly at county levels. 
Total BC emissions were about 1.50 million tonnes in 2000, and the burning of coal and biomass 
contributed about 87% of the total. BC emissions from industrial coal combustion were 497,100 
tonnes, accounting for 33.15% of the total. BC emissions from domestic coal combustion were 
520,800 tonnes, accounting for 34.73%. BC emissions from industrial straw combustion were 
100,100 tonnes, accounting for 6.68%. BC emissions from traffic sources were only 26,800 
tonnes, accounting for 1.79% of total emissions. The authors attributed the low contribution of 
traffic to the fact that the BC emission factor for heavy-duty vehicles was estimated by using the 
BC emission factor of light-duty vehicles in tunnel tests, which might substantially deviate from 
the actual situation.  
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Later, Cao et al. (2011) updated the emission factors and estimated BC emissions of China at 1.4 
million tonnes in 2007, which was lower than that found in the previous study. Mobile sources 
contributed 7.4% of the total, which was higher than previously reported. Cao et al. believed the 
emission factors used in their new paper had smaller relative errors due to newer emission 
measurement data, which led to more accurate emission estimation. 

BC emissions of China in 2007 were also calculated by Ni et al. (2014), using emission factors 
obtained from domestic and foreign literature and the statistical data bulletin of China. They 
estimated emissions at about 963,000 tonnes (biomass burning included), less than that reported 
by the studies mentioned above. They estimated the contribution of traffic BC emissions at about 
8.9%. 

Zhang et al. (2013) from Peking University calculated the BC emission inventory (biomass 
burning included) for 2008 in China (except for Hong Kong, Macao, and Taiwan) based on the 
national statistical data, the latest measured emission factor data in China, and a vehicle 
emission factor model developed in line with actual vehicle emissions in China. They estimated 
that total BC emissions of China in 2008 were 1,604,940 tonnes, of which industrial and 
residential sources were 695,000 tonnes and 636,000 tonnes, respectively, together accounting 
for 82.9% of total BC emissions. BC emissions from transport sources were 194,630 tonnes, 
accounting for 12.1%, which was higher than reported by Cao et al. (2007, 2011). According to 
Zhang et al. (2013), this was mainly due to the small number of emission factor samples chosen 
by Cao et al., the deviation in obtaining activity data and BC emission factors being used 
without considering the changes in emission standards for motor vehicles. By collecting and 
collating data on BC emissions and establishing a database of emission factors more in 
accordance with China’s actual vehicle emission situation, Zhang et al. (2013) expected 
improved accuracy in calculating vehicle emission. 

Qin et al. (2011) updated China’s BC emission inventory for 2009 (biomass excluded). Using a 
top-down approach to update annual changes in fuel consumption activity levels, they found that 
China’s BC emissions in 2009 amounted to 1.88 million tonnes, of which mobile sources 
emitted about 241,000 tonnes, accounting for about 12.8%. 

Wang et al. (2012) calculated a more detailed BC emission inventory for 2007 for China 
(biomass burning included) by making a more detailed classification of industry types and using 
updated BC emission factors. Based on the sub-industry types of fuel consumption from surveys, 
such as of statistical literature, they estimated that BC emissions in China were 1.957 million 
tonnes in 2007, which was higher than reported by other studies. Of the total, residential coal 
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contributed about 27.5% and was the largest source of emissions, followed by coke production 
and civil biomass combustion sources, accounting for 17.3% and 12.7%, respectively. Motor 
vehicle emissions accounted for about 9.4%. 

Fu et al. (2018) calculated China’s BC inventory for 2012 (biomass burning excluded) using 
statistical data. According to their research, total BC emissions were about 1.887 million tonnes, 
of which BC from household sources were 818,000 tonnes, about 43.3%, making households the 
largest source of emissions. Transportation sources contributed 178,000 tonnes, about 9.4% of 
the total. 

Zhou et al. (2018) used the multi-regional input-output (MRIO) analysis (top-down BC 
estimation method) to compile national and provincial BC emissions (unclear on biomass 
burning contribution). They estimated that total BC emissions in China in 2010 were 1.259 
million tonnes, of which emissions from transportation, storage and postal service accounted for 
about 14%. 

Some scholars in China studied BC emissions at the provincial or regional level. Li et al. (2017) 
from South China University of Technology adopted “bottom-up” and “top-down” methods, 
using collected anthropogenic activity level data and the latest emission factors measured, to 
establish the BC and OC emission inventory of anthropogenic sources in Guangdong Province in 
2012. Their research showed anthropogenic emissions of BC and OC were 53,500 tonnes and 
78,800 tonnes, respectively. BC emissions were mainly from road mobile sources and biomass 
combustion sources, 30.1% and 29.4%, respectively. The uncertainty ranges of BC and OC 
emission source inventories established were 66%-154% and 63%-126%, respectively.  

Xu et al. (2018) from Dongguan Research Institute of Sun Yat-sen University calculated BC 
emission characteristics of motor vehicles in Guangdong province, using a bottom-up method 
and the BC emission factors recommended in the COPERT model. Their study showed that in 
2014 the emissions were about 645.69 million tonnes. Since 2012, BC emissions of motor 
vehicles decreased by 17.4%. Xu et al. believed the decreasing trend might be related to the 
implementation of upgraded National Emission Standards for heavy-duty diesel vehicles and 
fuel products following National IV requirement in 2013.  

Huang et al. (2017) from Nanjing University used the COPERT model and BC emission factors 
based on real-time measurement data of Chinese vehicles to establish the motor vehicle air 
pollutants emission inventory of Jiangsu Province in 2012. Based on the measured emissions 
data, the BC and OC emissions of the vehicles were 15,700 tonnes and 5,100 tonnes, 
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respectively. Based on the COPERT model calculation, the BC and OC emissions were 4,700 
tonnes and 3,000 tonnes, respectively. In Huang et al. (2017), the motor vehicles’ BC and OC 
emissions in Jiangsu were 11,900 tonnes and 2,800 tonnes, respectively. The research showed 
that the COPERT model likely underestimated the BC emissions of motor vehicles in China, 
mainly due to low emission factors for heavy vehicles. 

In parts 2.2 to 2.4 in this review report, we have tried to piece together the BC emission 
inventories on global, regional and national scales. We acknowledge that there is not enough 
information to fully and clearly account for whether differences among inventories arise from 
rapidly changing emissions, improvements in statistics, different methods or all of these factors. 

In the following we will focus on two large sources with substantial uncertainty, namely the 
mobile and residential sectors. 

2.1.5  Mobile Sources 

Estimates of BC emissions from mobile sources and their contribution to anthropogenic BC 
emissions are summarized in Table 2-1. The total BC emissions in China, as reported in the 
literature, range from 1.05 million tonnes (in 2000) to 1.8 million tonnes (in 2006), the 
contribution of mobile sources/transportation to total BC emission varies from 1.8% to 32.3%, 
displaying substantial variation between different reports. 

Table 2-1  Mobile source BC emission from different studies 

Author 
Base  
Year 

Method 
Results 

(million tonnes BC) 
Mobile/Transportation’s contribution 

Cooke et al., 
1999 

1984 Top-down 
Global: 6.40, China: 
1.46(about 22.8%) 

none 

Streets et al., 
2001 

1995 Bottom-up China: 1.342 
3.23%, including road transport 1.16%, 
non-road transport 1.74%, and ships 0.33% 

Bond et al., 
2004 

1996 Bottom-up 
Global: 7.95, China: 

1.4(18.7%) 

18.8% (Global), including on-road (diesel 
fuel) 9.96%, non-road (diesel fuel) 7.28%, 
and others (gasoline) 1.57% 

Streets et al., 
2003 

2000 Bottom-up 
Asia: 2.54, China: 1.05 

(41.3% of Asia) 
19% (Asia), no further classification 

Zhang, et al., 
2009 

2006 
Top-down/local 

bottom-up 
(China) 

Asia: 2.97, China: 1.8 
(60.6% of Asia) 

About 14% (Asia, vehicle), no further 
classification 
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Author 
Base  
Year 

Method 
Results 

(million tonnes BC) 
Mobile/Transportation’s contribution 

Cao, et al., 
2007 

2000 Bottom-up China: 1.5 
1.8% (China), including diesel fuel 1.7% 
and gasoline fuel 0.1% 

Cao, et al., 
2011 

2007 Bottom-up China: 1.4 7.4% (China), no further classification 

Zhang, et al., 
2013 

2008 Bottom-up China: 1.6 
Transportation Sources 12.1%, including 
road transport (vehicle) 12.06% and 
aviation 0.04% 

Wang, et al., 
2012 

2007 

Top-down 
(classify sub- 
industry fuel 
consumption) 

China: 1.957 
9.4% (vehicles, China), including vehicle 
(diesel) 8.0%, vehicle (gasoline) 1.4%, and 
aviation (kerosene) 0.085% 

Qin, et al., 
2011 

2009 Bottom-up China: 1.88 
Transportation Sources 12.8%, no further 
classification 

Fu, et al.,  
2018 

2012 Bottom-up China: 1.887 

Transportation Sources (9.4%), including 
trucks (diesel) 3.8%, diesel passenger 
vehicles (car, coach, bus, etc.) 5.5%, and 
others (gasoline) 0.1% 

 

At present there is little literature about off-road mobile BC emissions in China. Two reviews 
focused on BC emission quantities of marine vessels and their effect on sea ice (Bai et al., 2016; 
Yun, 2020). The former study showed that in 2013, BC emissions from international marine 
vessels accounted for about 2% of the global total of BC emissions and about 9% of all diesel 
combustion BC emissions, about one third of which were emitted in areas north of 40°. The 
latter study reviewed the progress and legislative trends of IMO regarding BC emissions from 
ships, and introduced definitions, methods for BC surveys, measures for reducing BC emissions 
and advice on the BC emission reduction issue for ships in the Arctic region, in consideration of 
China’s rights and interests. 

2.1.6  Residential Sector 

Table 2-2 summarizes residential sector BC and OC emissions found in some available emission 
inventories. According to an estimate by Peking University, in 2007 a total of 1,957 Gg (Giga 
gram, 109 tonnes) BC was emitted in China, of which 989 Gg was emitted by the residential 
sector, accounting for 50.5% of total emissions. Industrial emissions of 646 Gg accounted for 
33.0% of the total, transport emissions of 188 Gg for 9.6%, power plant emissions of 50.7 Gg 
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for 2.6%, 77.7 Gg from biomass opening burning for 4.0% and other sources for 3.4% (Wang et 
al., 2012). Results of a Tsinghua University MEIC emission inventory for China also showed 
that residential emissions were the largest BC emission source in China. Total residential 
emissions in 2010 accounted for about 50% of the total emissions that year, which is consistent 
with the research conclusions of several scholars (Streets et al., 2001; Ohara et al., 2007; Lei et 
al., 2011; Lu et al., 2011).  

Table 2-2  BC/OC emissions in China’s residential sector 

References Inventory year BC/Gg OC/Gg 

Bond et al., 2004 1996 546 1,689 

Streets et al., 2003 2000 781 2,572 

Ohara et al., 2007 2000 938 2,497 

Cao et al., 2006 2000 818 2,651 

Lei et al, 2011 2006 700 2,610 

Zhao et al., 2011 2006 841 2,528 

Zhang et al., 2009 2006 1,002 2,606 

Cao et al., 2011 2007 651 1,546 

Wang et al., 2012 2007 989 / 

Zhang et al., 2013 2008 636 / 

Kurokawa et al., 2013 2008 715 2,496 

Winijkul and Bond, 2016 2010 860 2,280 

Lu et al., 2011 2010 936 2,790 

Zhao et al., 2013 2010 809 2,228 

Li et al., 2017a 2010 848 2,481 

Li et al., 2017b 2010 908 2,752 

Mean ± SD / 829±116 2,464±318 

 

An important reason why residential emissions are so large is that many Chinese rural residents 
use a variety of cooking stoves for heating/cooking, with coal and biomass as fuels. The 
characteristics of low combustion efficiency, no emission control measures but high emission 
intensity and low emission height are collectively responsible for the high share (Zhang et al., 
2020). Especially during winter heating, the high concentration of air pollutants discharged by 
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residential coal burning over a long time is one of the main causes of autumn/winter haze in 
northern China (Liu et al., 2016). According to a survey by the Chinese Academy of 
Environmental Sciences, 97% of rural households in northern China use coal. Such accounts for 
nearly 80% of domestic energy consumption (Zhi et al., 2015), though the rate has gone down 
due to intense promotion of clean energy in northern China. Almost all such coal is used for 
heating in winter. This means that large quantities of coal are consumed in winter in inefficient 
stoves without any control measures, releasing large amounts of pollutants. According to the 
latest estimates by Zhu et al. (2019), 51% of national BC emissions in 2014 came from the 
residential source, 80% of which came from rural areas. 

2.2  BC/OC Emission Factors in Key Sectors 

Data described in this section are from peer reviewed literature. The following sources were not 
evaluated because emission factors from Europe (EEA/EMEP Guidebook, https://www.eea. 
europa.eu/publications/emep-eea-guidebook-2019#additional-files) and North America (U.S. 
AP-42 Compilation of Air Emissions Factors, https://www.epa.gov/air-emissions-factors-and- 
quantification/ap-42-compilation-air-emissions-factors) were found not to be representative of 
Chinese conditions: The IPPC emission factor database 
(https://www.ipcc-nggip.iges.or.jp/EFDB/main.php) does not currently contain emission factors 
for BC and OC. Work has started under the IPCC to develop globally applicable methodology 
for SLCFs including BC and OC, in line with the IPCC 2006 Guidelines and 2019 Refinement 
for GHG.  

2.2.1  Household Coal 

Accurate understanding of pollutant emissions is the basis for evaluating the effectiveness of 
emission reduction (Seinfeld, 2008), while the emission factor is the important basis for the total 
emission estimate. In estimating BC emission factors, the emission factor of total particulate 
matter is often multiplied by the proportion of BC in the PM, leading to a high uncertainty 
(Streets et al., 2001; Zhi, 2008). 

In the last two decades, many scholars have started to directly measure the emission strength of 
BC/OC after dilution of high concentration flue gas by using dilution systems. Great progress 
has been made in in-depth research on the mechanisms and emission factors of residential coal 
combustion. It has been found that the relationship between residential coal emission factors and 
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coal maturity is a bell-shaped distribution (coal maturity denotes the degree of coalification; 
coalification is a process in which volatile matter is converted into coal of increasingly higher 
rank with anthracite as the final product). In other words, BC emission factors are relatively low 
when coal maturities are at the high or low end, but relatively high in the middle range of coal 
maturity (Zhi et al., 2008). Emission factors can be even hundreds of times greater in the middle 
range than that at the high or low end of maturities (Chen et al., 2006; Chen et al., 2009a). 
However, coal with low maturity (e.g., lignite) is fragile and does not burn well, while coal with 
high maturity (anthracite) is expensive and hard to burn. As a result, residents prefer to use 
moderately mature coal that has higher emission factors and leads to higher soot pollution in 
China. In addition, the combustion form of coal and the type of stove have significant impacts on 
emission factors. Making coal into briquette (honeycomb briquette) increases the specific area of a 
piece of coal several times, which is conducive to oxygen-supported combustion and can reduce 
the emission factor of BC of bituminous coal by 35 times (Chen et al., 2009b). If briquettes are 
used with efficient stoves, the BC emissions will be further reduced (Zhi et al., 2009). 

Table 2-3 and Table 2-4 give the emission factors of BC and OC for residential coal combustion 
from different sources. These data were processed with a statistical tool and the distributions are 
shown in Figure 2-15 and Figure 2-16.  

Table 2-3  BC emission factors of coal (g/kg) 

Chunk Briquette 
BC 

EFs References EFs References 

 0.68 Li et al., 2016b 0.65 Li et al., 2016b 

 2.75 Zhang et al., 2008 0.09 Zhang et al., 2008 

 0.28 Chen et al., 2005 0.32 Liu et al., 2007 

 3.51 Liu et al., 2007 0.03 Liu et al., 2007 

 3.81 Zhi et al., 2008 0.08 Zhi et al., 2008 

 3.05 Chen et al., 2009a 0.09 Chen et al., 2009a 

 0.51 Zhi et al., 2009 0.05 Zhi et al., 2009 

 1.23 Zhi et al., 2009 0.09 Zhi et al., 2009 

 2.89 Zhi et al., 2009 0.16 Zhi et al., 2009 

 0.18 Zhi et al., 2009 0.03 Zhi et al., 2009 

 3.05 Chen et al., 2009b 0.09 Chen et al., 2009b 
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Chunk Briquette 
BC 

EFs References EFs References 

 0.83 Shen et al., 2014 0.006 Shen et al., 2014 

 0.31 Shen et al., 2014 0.004 Shen et al., 2014 

 4.80 Shen et al., 2014 0.18 Shen et al., 2014 

 2.04 Chen et al., 2015a 0.67 Chen et al., 2015a 

 0.006 Shen et al., 2014   

 2.80 Tian et al., 2017   

 4.92 Sun et al., 2018   

 2.00 Thompson et al., 2019   

 3.7 Streets et al., 2003   

 2.63 
Ministry of Ecology and 
Environment of People’s 
Republic of China, 2014 

  

 0.23 Shen et al., 2010   

 3.32 Chen et al., 2006   

Average ± SD 2.15±1.58 0.17±0.21 

Table 2-4  OC emission factors of coal (g/kg) 

Chunk Briquette 
OC 

EFs References EFs References 

 2.49 Li et al., 2016b 4.02 Li et al., 2016b 

 5.93 Zhi et al., 2008 4.16 Zhi et al., 2008 

 5.39 Liu et al., 2007 1.24 Liu et al., 2007 

 8.29 Chen et al., 2006 4.15 Liu et al., 2007 

 2.98 Zhang et al., 2008 2.27 Zhang et al., 2008 

 5.5 Chen et al., 2009a 3.74 Chen et al., 2009a 

 6.22 Zhi et al., 2009 5.48 Zhi et al., 2009 

 9.76 Zhi et al., 2009 4.94 Zhi et al., 2009 

 5.76 Zhi et al., 2009 6.17 Zhi et al., 2009 

 4.31 Zhi et al., 2009 2.50 Zhi et al., 2009 
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Chunk Briquette 
OC 

EFs References EFs References 

 1.00 Shen et al., 2014 0.007 Shen et al., 2014 

 0.66 Shen et al., 2014 0.02 Shen et al., 2014 

 5.90 Shen et al., 2014 4.80 Shen et al., 2014 

 0.80 Chen et al., 2015a 1.99 Chen et al., 2015a 

 0.65 Chen et al., 2015b 1.15 Chen et al., 2015b 

 0.10 Shen et al., 2014   

 7.82 Chen et al., 2005   

 1.90 Tian et al., 2017   

 3.65 Sun et al., 2018   

 9.70 Thompson et al., 2019   

 3.12 
Ministry of Environmental protection 
of People’s Republic of China, 2014 

  

 3.00 Streets et al., 2003   

Average ± SD 4.32±2.95 3.11±1.95 
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Figure 2-15  BC emission factor uncertainty distribution of coal and briquette 
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Figure 2-16  OC emission factor uncertainty distribution of coal and briquette 

2.2.2  Mobile Sources 

At present, there is no official test method for measuring BC emissions for mobile sources in 
China. The main measurement method for mobile source BC is to measure PM and then analyze 
the EC/soot part from the PM. This method can sometimes provide PM10 and PM2.5 measurements. 
Measurements of PM are complex, as some of the emitted PM is filterable and some is 
coagulated. Table 2-5 summarizes the official U.S. PM sampling method (EPA, 2006). For 
sampling diesel PM, the EPA mainly uses 40CFR Part1065. The measurement of BC mainly 
uses the method of thermo-optical analysis, but it is not the official test standard. 

Table 2-5  EPA of Particle Sampling and Measurement Method 

Method PM Type 
Filtration 

Temperature/℉ 
Purpose CFR Reference 

EPA Method 5 Filterable 248±25 General 
40CFR 60 

Appendix A-3 

EPA Method 5A Filterable 108±18 Asphalt Roofing 
40CFR 60 

Appendix A-3 
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Method PM Type 
Filtration 

Temperature/℉ 
Purpose CFR Reference 

EPA Method 5B Filterable 320±25 Utility Plants 
40CFR 60 

Appendix A-3 

EPA Method 5D Filterable 248±25 
Positive Pressure 

Baghouses 
40CFR 60 

Appendix A-3 

EPA Method 5E 
Filterable and Total 
Organic Material 

248±25 Wool Fiberglass 
40CFR 60 

Appendix A-3 

EPA Method 5F Filterable 320±25 
Non sulfate Filterable 

PM  
40CFR 60 

Appendix A-3 

EPA Method 5G 
Filterable and 
Condensable 

＜90 
Wood 

Heaters-Dilution  
40CFR 60 

Appendix A-3 

EPA Method 5H 
Filterable and 
Condensable 

＜248 and >68 Wood Heaters 
40CFR 60 

Appendix A-3 

EPA Method 5I Filterable 248±25 Low level general 
40CFR 60 

Appendix A-3 

EPA Method 17 Filterable stack temperature General  
40CFR 60 

Appendix A-6 

EPA Method 201 
Filterable  

10μm 
stack temperature 

General-Particle 
Sizing  

40CFR 51 
Appendix M 

EPA Method 201A 
Filterable  

10 μm/2.5 μm 
stack temperature 

General-Particle 
Sizing 

40CFR 51 
Appendix M 

EPA Method 202 Condensable 85 
General-Condensable 

PM 
40CFR 51 

Appendix M 

EPA Conditional Test 
Method-039 

Total 10 μm/2.5 μm 
(Filterable and 
Condensable) 

85 
General-Dilution 

based PM 
 

Example State, VCS, and International Methods 

CARB 5 Filterable  248±25   

CARB 501 
Filterable, multiple 
aerodynamic sizes  

stack temperature General-Particle Size  

ASTM D6831-05a Filterable stack temperature Continuous PM  

ISO 9096 and EN 
13284 

Filterable    

VDI 2066 Part.10 
method and in the 
Norm EN 13284-1 

Filterable  

10 μm/2.5 μm 
   



2    Review on BC/OC Emission Inventories 27 

As for measurements of BC of mobile sources in real-time driving conditions, the emissions 
vary greatly with respect to differences in fuel type, vehicle type and running conditions. The 
sampling temperature has great influence on the sampling of PM and the measurement of BC. 
The general sampling method always requires pre-dilution with ambient air. 

BC emission factors of mobile sources derived from different reports can be separated into two 
categories. One is BC emissions directly per fuel consumed (g/kg fuel) or per mileage traveled 
(g/km). The other is to derive the BC emission factor from the emission factors of particles 
(EFPM10 or EFPM2.5) by assigning a fraction of particles to BC or OC. Such BC factors are 
affected by different types/fuels used and standards as well as conditions, etc. Different BC 
factors reported in the literature are given in Table 2-6 and Table 2-7. BC and/or OC fractions in 
particles are given in Table 2-8. 

Table 2-6  BC/OC emission factors from the literature 

Low-income  
countries/(g/kg) 

Middle-income 
countries/(g/kg) 

High-income 
countries/(g/kg)  

BC OC BC OC BC OC 

BC/OC Origin Reference 

Diesel / / / / 2.0 / 

Gasoline / / / / 0.1 / 

Literature review of EC 
measurement with 

thermal-optic method 

Cooke 
and 

Wilson, 
1996 

Diesel  10 5.0 10 5.0 2.0 1.0 

Gasoline 0.15 0.73 0.15 0.73 0.03 0.07 

Literature review of EC 
measurement with 

thermal-optic method 

Cooke et 
al., 1999 

Gasoline / / / / 0.049 / 

Diesel / / / / 1.1 / 

Literature review of PM 
factors multiplied BC 

fractions in PM 

Cao et al., 
2007 

Gasoline, 
Light-duty 

vehicle 
/ / 0.26 / 0.13 / 

Diesel, Light-duty 
vehicle 

/ / 3.1 / 0.55 / 

Diesel, 
heavy-duty truck 

/ / 1.45 / 0.042 / 

Literature review of PM 
factors and BC fractions 

in PM 

Klimont 
et al., 
2009 
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Low-income  
countries/(g/kg) 

Middle-income 
countries/(g/kg) 

High-income 
countries/(g/kg)  

BC OC BC OC BC OC 

BC/OC Origin Reference 

Diesel, Light-duty 
truck 

2.2(China 
0),0.85 

(China Ⅰ) 
/ 

0.76(China 
Ⅱ),0.46 

(China Ⅲ) 
/ 

0.27 
(China Ⅳ) 

/ 

Diesel, Light-duty 
cars 

1.5(China 
0),0.6 

(China Ⅰ) 
/ 

0.4(China 
Ⅱ),0.2 

(China Ⅲ) 
/ 

0.15 
(China Ⅳ) 

/ 

Diesel, 
Heavy-duty truck 

2.3(China 
0), 1.24 

(ChinaⅠ) 
/ 

0.55(China 
Ⅱ),0.33 

(China Ⅲ) 
/ 

0.2 
(China Ⅳ) 

/ 

Gasoline, 
Light-duty 

vehicle 

0.09(China 
0), 0.054 

(China Ⅰ) 
/ 

0.029 
(China Ⅱ), 

0.018 
(China Ⅲ) 

/ 
0.009 

(China Ⅳ) 
/ 

faGasoline, 
large/heavy-duty 

vehicle 

0.14(China 
0), 0.08 

(China Ⅰ) 
/ 

0.04(China 
Ⅱ),0.025 

(China Ⅲ) 
/ 

0.015 
(China Ⅳ) 

/ 

Literature review of BC 
factors by optical 

measurement with a 
micro Aethalometer 

Song, et 
al., 2012 

Gasoline / / / / 0.07 / 

Diesel / / / / 0.25 / 

Calculated by EFPM 
(CPOERT model) 

multifield by FBC (Bond, 
et al., 2004) 

Qin, et 
al., 2011 

Gasoline / / / / 0.056 / 

Diesel / / / / 1.22 / 

Calculated by EFPM 
(Huang, et al., 2014) 

multifield by FBC (Bond, 
et al., 2004) 

Zhou, et 
al., 2018 

Table 2-7  BC emission factors (g/km) 

 2006 2013 Reference 

Gasoline 0.011 0.0025 

Diesel 0.0948 0.0234 
Krecl, et al., 2017 

Gasoline 0.0005 0.0003 

Diesel 0.0929 0.0238 

TRANSPHORM database;  
Krecl, et al., 2017 
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Table 2-8  BC/OC fractions by PM (g/kg or g/km) 

 Emission Factor F2.5/F1.0 FBC FOC Reference 

Gasoline EFPM10
:0.124-0.392(g/kg) F2.5:0.74-0.95 0.32 / 

Diesel EFPM10
:0.34-4.33(g/kg) F2.5:0.95 0.52 / 

Streets, et 
al., 2003 

Gasoline, large passenger bus EFPM2.5
:0.08(g/km) / 0.27 0.58 

Diesel, large passenger coach EFPM2.5
:0.71(g/km) / 0.51 0.32 

Gasoline, light-duty vehicles EFPM2.5
:0.02(g/km) / 0.27 0.58 

Diesel, light-duty vehicles EFPM2.5
:0.12(g/km) / 0.51 0.32 

Gasoline, heavy-duty truck EFPM2.5
:0.07(g/km) / 0.27 0.58 

Diesel, heavy-duty truck EFPM2.5
:0.78(g/km) / 0.51 0.32 

Gasoline, light-duty truck EFPM2.5
:0.064(g/km) / 0.27 0.58 

Diesel, light-duty truck EFPM2.5
:0.253(g/km) / 0.51 0.32 

Bus EFPM2.5
:0.775(g/km) / 0.51 0.32 

Taxi EFPM2.5
:0.018(g/km) / 0.27 0.58 

Motorcycle EFPM2.5
:0.03(g/km) / 0.12 0.53 

Fishing vessels  EFPM2.5
:2.16(g/kg) / 0.44 0.33 

Agricultural machinery EFPM2.5
:4.0(g/kg fuel) / 0.31 0.44 

Agricultural farm vehicle EFPM2.5
:2.78(g/kg) / 0.31 0.44 

Construction machinery EFPM2.5
:6(g/kg) / 0.31 0.44 

Li, et al., 
2017 

Diesel, on-road/ 
standards in place 

EFPM:1.5 F1.0:0.86 0.66 0.21 

Diesel, on-road/ 
standards beginning 

EFPM:3.5 F1.0:0.86 0.66 0.21 

Diesel super emitters EFPM:12 F1.0:0.86 0.66 0.21 

Diesel farm vehicles EFPM:4.0 F1.0:0.86 0.66 0.21 

Diesel nonfarm off-road 
vehicles 

EFPM:5.5 F1.0:0.86 0.66 0.21 

Diesel and heavy oil, ships EFPM:1.8 F1.0:0.86 0.66 0.21 

Gasoline, all 
vehicles/standards in place 

EFPM:0.15 F1.0:0.85 0.34 0.36 

Gasoline, all 
vehicles/standards beginning 

EFPM:0.5 F1.0:0.85 0.34 0.36 

Gasoline super emitters EFPM:2.0 F1.0:0.85 0.34 0.36 

Gasoline, two-stroke/standard EFPM:15 F1.0:0.95 0.05 0.79 

Gasoline, 
two-stroke/high-emission 

EFPM:30 F1.0:0.95 0.05 0.79 

Bond et al., 
2004 
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 Emission Factor F2.5/F1.0 FBC FOC Reference 
practice 

Diesel, Heavy-duty trucks - 
EURO I 

/ / 0.65 / 

Diesel, Heavy-duty trucks - 
EURO II 

/ / 0.65 / 

Diesel, Heavy-duty trucks - 
EURO III and above 

/ / 0.70 / 

Diesel, Buses - EURO I  / / 0.65 / 

Diesel, Buses - EURO II / / 0.65 / 

Diesel, Buses - EURO III and 
above 

/ / 0.70 / 

COPERT 
model 

Diesel, Electronically 
controlled injection vehicle 

  0.56 / 

Diesel, Mechanical injection 
vehicle  

  0.43 / 

Zheng X, 
2016 

 

In addition, Yan et al. (2014) investigated the traffic flow impacts on BC emissions, including 
hourly profiles for total traffic volume, fleet composition by vehicle category and average speed 
on a typical freeway (the North Fourth Ring Road in Beijing) during 2009. By applying the 
Emission Factor Model for the Beijing Vehicle Fleet (EMBEV) in combination with previous 
studies on vehicle emissions of BC, the BC emission factors and emission intensity from on-road 
vehicles were derived. In combination with simultaneously measured meteorological data in 
Beijing, dispersion of road traffic BC emissions was simulated with the AERMOD model in a 
roadside environment and was further validated with concurrently observed BC concentration 
data. Results showed that the hourly average BC emission factor was very strongly correlated 
with the proportion of the traffic volume of heavy-duty diesel vehicles (for example, 
diesel-powered passenger buses and freight trucks). Due to the traffic restrictions on truck use in 
the urban area of Beijing during daytime (6 a.m. to 11 p.m.), the average BC emission factor was 
(9.3±1.2) mg/(km⋅veh) during daytime but increased to (29.5±11.1) mg/km during nighttime. 
Two peaks of BC emission intensity were observed synchronized with traffic volume peaks 
(106.1±13.0) g/(km·h) during the morning rush period (7 a.m. to 9 a.m.) and (102.6±6.2) g/(km·h) 

during the evening rush period (5 a.m. to 7 a.m.). During the day, light-duty passenger cars were 
the largest contributor (1.07±1.57 μg/m3, about 40% contribution) among all vehicle categories, 
followed by the public bus fleet (0.58±0.85 μg/m3). During nighttime, trucks became the 
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dominant contributor (2.44±2.31 μg/m3) to the BC concentration on the road, which contributed 
to about 70% of the concentration. 

2.3  Activity Data for Key Sectors and Other Sectors 

2.3.1  Household Coal 

The preferred method of estimating the coal use in the residential sector is to use official statistics. 
Many emission inventories make use of such data as inputs. In China, however, researchers found 
risks in directly utilizing official statistics on rural coal (Zhi et al., 2017; Zhang et al., 2020). With 
economic development and improvement of living conditions in China, the demand for heating in 
rural areas has greatly increased (Liu et al., 2013; Ma et al., 2019; Zhu et al., 2019). Especially in 
2009, under the State Council’s “Project to Renovate the Dilapidated Houses in Rural Areas” many 
farmers took the opportunity to renovate their houses and upgrade their heating approach, from a 
stove-direct-heating mode to a mini-boiler-water-circulation-heating mode (Ministry of Housing 
and Urban-Rural Development of the People Republic of China, 2009). This dramatically 
improves heating of the house and indoor air quality (Shan et al., 2015). At the same time, rural 
winter heating coal consumption greatly increased, thus rural air quality deteriorated (Liao et al., 
2017). Compared with coal use in industry and power plants, the use and circulation of rural coal 
are almost in a vacuum in terms of official statistics and supervision (Zhang et al., 2020), Therefore, 
the management of rural coal use is still in a largely chaotic and non-standard condition (Peng et al., 
2019; Zhi et al., 2017; Cheng et al., 2017). 

Under the circumstances, the sufficient quality activity levels of residential coal consumption 
can only be obtained by means of investigation. Fortunately, quite a few scholars have 
investigated the true situation of coal consumption for rural heating in winter in recent years 
(Chen et al., 2018; Gao et al., 2016; Li et al., 2016a; Li et al., 2015; Liu et al., 2013; Peng et al., 
2019; Ru et al., 2015; Wang and Jiang, 2017; Wang et al., 2017; Xiao et al., 2017; Zhang et al., 
2015; Zhang et al., 2014; Zhao et al., 2015; Zhi et al., 2017). Zhi et al. (2017) found that coal 
consumption in Baoding was nearly five times that shown by the data in the government’s 
statistical yearbook. Even in the same region the results of different studies vary considerably. 
For example, Liao et al. (2017) found coal consumption in Beijing to be four times greater than 
reported by Li et al. (2015). All of the above evidence indicates that the activity level of 
residential coal consumption is still very uncertain. It is of particular importance that northern 
China is endeavoring to switch its rural household coal use to clean energy (gas or electricity), 
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the rate of switching to clean energy must be considered when calculating the BC/OC emissions 
from rural household coal. 

Meanwhile, data from investigations in a village or region usually indicate total consumption of 
a whole year or winter instead of daily or monthly consumption. Moreover, once updating is 
needed, a new investigation has to be reorganized, which entails substantial manpower and 
material resources. Fortunately, there have been recent advances in building algorithms for 
allocation of year/winter totals to daily shares. Based on meteorological elements observed 
(temperature, relative humidity, wind speed, and sunshine hours), daily fractions of coal use can 
be derived (Zhang et al., 2020). With the algorithm, rural coal heating consumption data (Figure 
2-17) and daily specific fractions of coal consumption (Figure 2-18) in China’s “2+26” cities for 
the 2018-2019 heating season were calculated (Zhang et al., 2020). These developments have 
helped determine and allocate BC/OC emissions from rural household coal. 

 

Figure 2-17  Algorithm-deduced rural coal heating consumption of China’s “2+26”  

cities for the 2018-2019 heating season 
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Figure 2-18  Temporal profile of the daily share of coal consumption for each “2+26” city during winter 
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2.3.2  Mobile Sources 

At present, the authoritative data are those found in the “Road Motor Vehicle Air Pollutant 
Emission Inventory Development Technical Guidelines” issued by the Ministry of Ecology and 
Environment in 2015 (MEE of China, 2015). The Guidelines divide motor vehicles into 11 
categories according to their application, weight and size, among which passenger vehicles are 
classified into four types: large, medium, small and micro, while trucks are divided into five 
categories: heavy-duty, medium-duty, light-duty, micro and low-speed. Motorcycles are divided 
into two types: ordinary and light. Buses and taxis are listed separately from passenger cars. The 
annual average driving distances (VKT, km) for all types of road vehicles are given in Table 2-9. 

Table 2-9  VKT recommended by the guide 

Vehicle Type VKT/km 

Small, micro passenger cars 18,000 

Taxi passenger cars 120,000 

Medium passenger cars 31,300 

large passenger cars/Coach 58,000 

Bus 60,000 

light-duty, micro size truck 30,000 

Medium-duty truck 35,000 

Heavy-duty truck 75,000 

Motorcycles 6,000 

Low speed truck 30,000 

Three-wheel truck 23,000 
 
Qin Y et al. (2011) estimated the distance traveled by different vehicles by year (Table 2-10). We 
note that there are no published activity data later than 2009. Since 2009, Chinese authors have 
used the data recommended by the Guidelines mentioned above. 

Table 2-10  Vehicle distance travelled (10,000 km) of each vehicle category, 2000-2009 

Type 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 

Buses and Coaches 4.23 3.95 3.86 3.74 4.06 4.04 4.08 4.25 4.25 4.22 

Passenger cars 3.75 3.80 3.85 3.90 3.95 4.00 4.00 4.00 4.00 4.00 

Heavy-duty vans 5.50 5.38 6.80 6.87 7.07 7.21 7.75 8.34 8.92 9.54 

Other-duty vans 3.00 2.92 3.68 3.70 3.80 3.86 4.13 4.43 4.74 5.07 

Motorcycles 1.30 1.31 1.32 1.33 1.34 1.35 1.35 1.35 1.35 1.35 
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For the activity level of various types of non-road mobile machinery in China, recommended 
values are also given in the “Technical Guidelines for the Development of Inventories of 
Atmospheric Pollutants from non-road Mobile Sources” issued by the Ministry of Ecology and 
Environment (MEE of China, 2015). The guide classifies non-road sources into engineering 
machinery, agricultural machinery, small general machinery, diesel generators, ships, diesel 
locomotives and so on. Construction machinery includes excavators, bulldozers, loaders, forklifts, 
road rollers, pavers, graders and other machinery. The agricultural machinery includes mainly 
tractors, agricultural transport vehicles (Farm Machinery Licensing), combine harvesters, drainage 
and irrigation machinery and other machinery. Small general-purpose machines refer to small 
spark-ignition engines for non-road mobile machines, such as lawn mowers, powered primarily by 
gasoline. A diesel generator is a mobile electric generator that runs on diesel fuel at a constant speed. 
Vessels include inland and coastal vessels, capable of carrying out transportation and operations in 
navigable waters or while moored. A diesel locomotive is a railway locomotive powered by an 
internal combustion engine, primarily on diesel fuel and driven by a transmission to move its wheels. 
For construction machinery, agricultural machinery, small general machinery and diesel generators, 
the recommended average number of hours of use per year is shown in Table 2-11. 

Table 2-11  Recommend working hours of non-road machinery per year 

Types Working hours per year/(h/a) 

Excavators 770 

Bulldozers 770 

Loaders 770 

Forklifts 770 

Road rollers 770 

Pavers 770 

Graders 770 

Construction machinery 

Others 770 

Large and medium tractors 500 

Small tractors 500 

Combine Harvesters 150 

Drainage and irrigation machinery 380 

Agricultural machinery 

Others 380 

Hand-held 50 Small general-purpose 
machinery Non-hand-held 125 

Diesel generators 770 
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It is presumed that the estimated railway locomotive activity level data are derived from diesel 
locomotive fuel consumption. The fuel consumption of diesel locomotives can be calculated by 
Railway Department Statistics or according to passenger and cargo turnover and daily freight 
production. The diesel locomotive fuel consumption coefficient of freight railways, passenger 
and freight turnover, daily freight production and freight railway diesel locomotive fuel 
consumption coefficient can be obtained from relevant China Statistical Yearbooks or China 
Traffic Yearbooks. The ship fuel consumption is used to represent the activity level of inland 
river and coastal ships. The fuel consumption of inland water and coastal vessels is obtained by 
using data in the “Ministry of Transport of the People’s Republic of China Bulletin” or data on 
passenger and cargo turnover from the “Highway and Waterway Transport Industry 
Development Statistics Bulletin” or the “China Traffic Yearbook.”  

This review gives us a great understanding of pollutant emission factors and emission quantities 
in China and abroad, especially for residential sector and mobile sources. It also makes great 
preparations for us to generate our own emission inventories later, such as providing literature 
references (Annex Ⅰ) for our emission factors, which is one of the essential sources of 
emission factors.  

If you are interested in emission inventories, please pay attention to the other relevant content of 
the website for more information on emission inventories. 

 

 



3  Impact Assessment of 
BC/OC on Air Quality 
and Climate Change  

This part is a literature survey and summary of the impact of BC/OC and other pollutants on 
climate change and air quality from the scientific literature in recent years. We note that it is not 
a systematic literature review BC/OC play an important role in air quality and climate change in 
China and high concentrations of carbon aerosols may exacerbate the severity of smog and 
increase the complexity of air pollution.  

3.1  BC/OC Research Status and Knowledge in Climate Impact 

Aerosols play a key role in shaping regional climate and air quality. Depending on type, they 
scatter and absorb solar radiation, causing a direct (i.e. aerosol-radiation) radiative forcing (RFari) 
and affect the properties of clouds (indirect, aerosol-cloud, radiative forcing, RFaci). Globally, the 
combined effect of aerosols is an effective radiative forcing (ERF①) estimated to be −1.3 W/m2 

over the industrial era (1750-2014) (Forster et al., 2021), but with considerable uncertainty 
[−2.09 to −0.6 W/m2]. Considering the full 1750-2019, the total aerosol ERF is assessed to be 
smaller in magnitude −1.1 [−1.7 to −0.4] W/m2 due to recent emission changes, but aerosols 
have nevertheless masked a significant fraction of the greenhouse gas induced warming to date 
(Samset et al., 2018a).  

BC and OC are two of the key aerosol species that receive attention in the science and policy 
arena due to their dual impacts on climate and air quality. Originating from incomplete 

① The change in the net energy flux at the top of the atmosphere of the Earth system due to an imposed perturbation, such as
changes in greenhouse gas or aerosol concentrations, after allowing for rapid adjustments in e.g. cloud and vertical temperature 
(Forster et al., 2021). 
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combustion of fossil fuels, biofuels and biomass, OC is the fraction of carbonaceous aerosols 
which contain compounds of carbon and BC is soot made almost purely of carbon. Here we 
outline some key points and remaining knowledge gaps related to their atmospheric distribution 
and climate effects. Note, however, that this is not a systematic review. For a more comprehensive 
overview, we refer to existing assessments (Bond et al., 2013; Lee et al., 2013).  

While most aerosols have a cooling impact on the climate, BC acts to warm the atmosphere by 
absorbing solar radiation, causing a positive RFari. There is a significant spread in estimates of 
the RFari of BC aerosols: The IPCC Fifth Assessment report (AR5) reported an RFari (1850-2011) 
of 0.4 (0.05 to 0.8) W/m2, with a slightly lower value of 0.31 W/m2 estimated by Lund et al. 
(2018a). The impact of BC aerosols on climate is a complex interplay of many mechanisms, 
including changes in cloud properites and cover, darkening of snow covered surfaces and rapid 
adjusments in the atmosphere (Bond et al., 2013). Recent work suggest that the rapid adjusment 
to BC forcing, due to changes in clouds, lapse rate and atmospheric water vapor, act to offset a 
substatinal portion of the positive RFari of these aerosols, resulting in a weaker net ERF and 
relatively weak global-mean surface temperature response (Stjern et al., 2017; Takemura et al., 
2019). The best estimate of BC ERF is assessed to be 0.063 (−0.28 to 0.42) W/m2 in AR6 (Naik 
et al., 2021), a smaller positive values than in AR5. BC aerosols contribute further to radiative 
forcing through depostion on snow and ice, darkening the surface and increasing absorption and 
snow melt. Considerable uncertainties exist in estimates of BC concentrations of in the 
snowpack (Dou and Xiao, 2016) and in the processes and snow characteristics that determines 
the subsequent albedo change, although scientific progress has been in the years (Forster et al., 
2021). In AR6, the best estimate of the global instantaneous RF (IRF) due to BC on snow 
deposition is assessed to be 0.04 [0.00 to 0.09] W/m2 (Forster et al., 2021), similar to AR5. To 
account for a higher efficacy (i.e. stronger temperature response per unit RF than for a 
correponsing RF by CO2) of the BC-on-snow effect, the IRF estimate is doubled, giving an 
overall assessed ERF of +0.08 [0.00 to 0.18] W/m2.  

While the impact of BC on global mean surface temperature has been assessed to be lower than 
previously thought, BC still plays in an important role for regional climate, including through 
modulating the hydrological cycle. The sensitivity of the regional climate to reductions in aerosol 
emissions has been found to be especially high in the Asian region (Samset et al., 2018b).  

The wide spread and high uncertainty in BC forcing estimates stem from high variability in 
atmospheric distribution and sign of rapid adjustments in global models, which in turn is related 
to differences in treatment of processes affecting BC in the atmosphere, as well as uncertainties 
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in emission inventories. Upon emission, the aerosols get transported away from the source 
regions while undergoing chemical aging and scavenging processes along the way. Insufficient 
process understanding and model representation, and limited observations for validation, leads to 
uncertianties in the long-range aerosol transport and atmospheric lifetime. For instance, BC 
emitted in Asia has been shown to reach the Arctic where the aerosols can be deposited on snow 
and contribute to further warming (Ikeda et al., 2017; Qi and Wang, 2019). However, the exact 
role of Asian emissions for Arctic BC levels is, not sufficiently constrained due to uncertainties 
in and different model treatment of the atmospheric lifetime, aging and wet and dry removal of 
the aerosols (Bourgeois and Bey, 2011; Browse et al., 2012; Liu et al., 2011; Lund et al., 2012) . 

The vertical distribution of BC is also a critical factor for quantifying the subsequent climate 
impact, as the BC efficacy (i.e., radiative forcing per kg BC) increases strongly with altitude. 
Global models have had a tendency to have overestimate high-altitude BC concentration, in 
particular in remote oceanic regions (Schwarz et al., 2010; Katich et al., 2018), which in turn 
may mean that they overestimate the BC impact (Ban-Weiss et al., 2011; Samset et al., 2015). 
Several studies have pointed to a too long lifetime of many current models as the main cause of 
this discrepancy and suggested that a global mean BC of less than approximately 5 days is 
required for reasonable agreement between modeled and measured vertical BC profiles (Samset 
et al., 2014; Lund et al., 2018b; Hodnebrog et al., 2014; Wang et al., 2014). Over recent years, 
considerable work has been undertaken to understand the processes underlying the 
model-measurement discrepancies and improve the model performance (Fan et al., 2012; 
Kipling et al., 2013; Zhang et al., 2012; He et al., 2016; Lund et al., 2017; Xu et al., 2019; Liu 
and Matsui, 2021). Nevertheless, as summarized by the IPCC AR6, “the lack of global scale 
observations of carbonaceous aerosol, its complex atmospheric chemistry, and the large spread 
in its simulated global budget and burdens means that there is only low confidence in the 
quantification of the present-day atmospheric distribution of individual components of 
carbonaceous aerosols.”  

Further uncertainty in the climate impact of BC arises from uncertianties in the optical properties, 
how efficiently the absorb radiation and how that absorption is affected when BC becomes 
mixed with other aerosol in the atmosphere. Studies also indicate differences between urban and 
rural environment. A recent review by Samset et al. (2018c) provides the current status of 
knowledge about aerosol absorption, the main uncertainties and needs for future improvements.  

OC is co-emitted with BC but is predominantly scattering (i.e., a negative RFari). There is also a 
non-negligible absorbing component, at least for certain sources. These absorbing organic 
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aerosols, often referred to as BrC, is a source of significant uncertainty in estimates of total 
aerosol absorption. OC also contributes to aerosol-cloud interactions and hence to a negative 
RFaci. The most recent best estimate ERF of OC is −0.20 [−0.03 to −0.41] W/m2 (Naik et al., 
2021). Global modeling and understanding of OC is confounded by many of the same 
uncertainties as BC.   

3.2  BC/OC Pollution Status in Concerned Regions in China 

BC/OC play an important role in air quality and climate change in China (Bahner et al, 2014; Ji 
et al, 2019; UNEP/WMO, 2011), BC and OC are always emitted together, but the proportion 
varies depending on the source. Zhang et al. (2014) has highlighted the increasing role of OC in 
air pollution as well as in climate change in China generally. Their results show that 
anthropogenic aerosols present in PM2.5 (including BC and OC) were in high concentration in 
some Chinese cities. Hence, a high concentration of carbonaceous aerosols could strengthen the 
seriousness of haze and increase the complexity of air pollution (Han et al., 2011; Yang et al, 
2017). 

Although its per-capita emission of BC is generally not high compared to that of developed 
countries, China is presently the highest emitter of BC globally (Wang et al., 2012; Zhang et al., 
2013; Hoesly et al., 2018; Kurokawa & Ohara, 2019; Choi et al., 2020). A recent study by Wang 
et al. (2014) suggests that the BC emissions in China could even be 2 or 3 times higher than 
current estimates. Due to the heavy use of solid fuels and high population density (Huang et al., 
2015), the OC emissions in China are also high compared to BC emissions, it was reported that 
anthropogenic emissions of OC in Asia were 8.88Tg, among which 2.56Tg were from China in 
2000 (Ohara et al., 2007). In 2015, emissions of BC and OC in China were 1.66Tg and 2.69Tg 
respectively, accounting for 50.0% and 39.8% emissions in Asia. 

Although no routine ambient BC and OC measurement are available in China for the last decade, 
many measurements of the recent status are reported in the literature (Zhang et al., 2019). The 
routine measurement of the PM2.5 component started only after 2016 at “2+26” key cities over 
Beijing-Tianjin-Hebei and surrounding areas, accompanied with the campaign of “the Battle for 
Prevention and Control of Pollution”. However, the data were not fully open yet. Therefore, we 
try to obtain the general status of BC and OC pollution over Northern China by integrating data 
from all available sources. By compiling the data available from literature and monitoring raw 
data during 2013-2017, it was found that the spatial coverage of the measurements could 
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represent the situation over Northern China and the measurement was the most abundant over 
Beijing-Tianjin-Hebei and surrounding areas. However, since the measurement took over at city 
sites, the data could represent the situation for major city areas only. 

Statistics and calculation of long-term averages (2013-2017) of the results of studies on the 
characteristics of changes in BC/OC concentrations, the concentration of BC/OC in the northern 
and southwest China (Hu et al., 2015; Yang et al., 2016; Wang et al., 2011; Huang et al., 2014) is 
higher than that in the southeast and northwest China (Chen et al., 2016; Feng et al., 2014; 
Zhuang et al., 2014; Tao et al., 2017). Pronounced seasonality of BC and OC concentration 
existed over Northern China. For cities over the Beijing-Tianjin-Heibei area, the seasonal mean 
concentration of BC was generally no more than 2μg/m3 in spring and summer, while it grew up 
to 3-10μg/m3 in fall and winter season. For individual city variations, some cities have very 
distinct seasonality, the seasonality was even more pronounced. For example, the monthly mean 
BC concentration reached above 18μg/m3 in January in Xi’an, a city over Northwest of China, 
and it was only 2μg/m3 in June or July. However, the seasonal variation of BC concentration was 
not significant in cities such as Beijing, Nanjing (Zhang et al., 2019), Shanghai (Ming et al., 
2017; Chang et al., 2017). 

In terms of seasonality in OC, spring and summer concentration were significantly lower than in 
fall and winter. Summer OC was the lowest among the seasons, where OC concentration never 
reached levels higher than 20μg/m3. In fall and winter, the seasonal mean OC was generally 
above 20μg/m3, with some cities in BTH being up to 40μg/m3. The seasonality was more 
pronounced in Xi’an as well, where OC reached close to 60μg/m3 in January and down to below 
10μg/m3 in June or July. 

Since most of the measurements from the literature were sporadic, which were not designed 
systematically and operated routinely, the full picture of the status of BC and OC pollution could 
not be obtained at this stage. Along with the operation of a monitoring network for PM2.5 
components, the pollution status of BC and OC in a specific part of Northern China, such as over 
BTH, could be obtained in near future. To obtain the full picture of Northern China, more time 
and effort should be taken. 

3.3  Impact Evaluation Methodology  

BC/OC has a profound impact on both air quality and climate change, and as a major component 
of PM, it has a greater impact on human health than other pollutants. Therefore, in order to 
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assess and study the changes and distribution of BC/OC in the atmosphere and the impact on 
climate better, we conducted a simulation and scenario impact assessment study of air quality 
using different Chemical Transport Models (CTMs) models. Although CTMs have been applied 
more frequently in the past decades to solve scientific problems related to air quality in China, 
the simulation results obtained vary due to the different input data of CTMs, model 
configurations and the mechanisms of the models themselves. To determine the CTM model 
performance for BC/OC simulations in the Chinese context and in studying climate change, 
ethods to objectively and accurately assess model performance are very important in air quality 
management applications.  

3.3.1  BC/OC Impact Evaluation in the Project  

The impact of BC/OC emissions in the study region on air quality, radiative forcing and global 
temperature will be quantified with a stepwise approach using a suite of modeling tools of 
varying degrees of complexity. A critical component will be the use of updated national/regional 
emission estimates.  

To determine the impact of the emissions on the atmospheric distribution of aerosols, we will 
perform simulations with two state-of-the-art chemistry-transport models, the regional Community 
Multiscale Air Quality (CMAQ) Modeling system (https://www.cmascenter.org/ cmaq/) and the 
global OsloCTM3 (https://www.cicero.oslo.no/en/osloctm3). CTMs are numerical models that 
simulate emissions, transport, formation, deposition, and the fate of multiple air pollutants in the 
atmosphere (Brasseur, et al., 2017) and may give air quality forecasts. CTMs simulate these 
processes to describe the spatiotemporal distribution of aerosols and trace gases, using 
meteorological information as input (Schaap et al., 2012). CTMs can be classified according to 
their methodology as Eulerian and Lagrangian models (Jacob et al., 1999), where Eulerian CTMs 
include weather research and forecasting model with chemistry (WRF-Chem), CMAQ, 
comprehensive air quality model with extensions (CAMx), global three-dimensional chemical 
transport model (GEOS-Chem) and model for ozone and related chemical tracers (MOZART). 

CTMs have been applied in a variety of capacities, such as various atmospheric chemistry and 
air-pollution issues, all over the world, including sensitivity analysis for ozone (Simon et al., 
2013; Sandu and Zhang. 2008), air quality forecasting for atmospheric pollutants (Odman et al., 
2007), atmospheric chemistry and model evaluation research (Brune et al., 2016; Travis et al., 
2016), aerosol-radiation-cloud feedbacks on meteorology and air quality (B. Zhang et al., 2015; 
Qiu et al., 2017); acid deposition, visibility and haze pollution issues (Han et al., 2014; Fan et al., 
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2015); the source sector contribution, long-range transport for ozone and aerosol concentrations 
(K. Li et al., 2016; Zhu et al., 2017) and exposure studies (Bravo et al., 2012; Di et al., 2016).  

3.3.2  Evaluation Methods  

3.3.2.1  Global CTM Simulation  

The OsloCTM3 is an offline global 3-dimensional chemistry-transport model driven by 3-hourly 
meteorological forecast data from the European Center for Medium-Range Weather Forecast 
(ECMWF) OpenIFS model (Lund et al., 2018a; Søvde et al., 2012). The model can be run in 
1.125°×1.125° and 2.25°×2.25° (default) horizontal resolutions, it has 60 levels in the vertical, 
from the surface to 0.1 hPa. The model treats full tropospheric chemistry, as well as all the main 
climate-relevant aerosol species (BC/OC, sulfate, secondary organic aerosol, nitrate, dust and 
sea salt). In addition to BC/OC, emissions of SO2, NOx, CO, VOCs and NH3 are needed to run 
the model and will be updated with results from this project where available.   

The OsloCTM3 (and its predecessor version OsloCTM2) is well documented and has been used 
in a large number of studies of global and regional anthropogenic emissions, as well as in 
detailed process studies. It is also one of the participating models in the multi-model experiments 
AeroCom and HTAP2.  

Recently, Lund et al. (2018a) performed a comprehensive evaluation of the model performance 
in terms of present-day aerosols distribution using the most recent published global emission 
inventory, the Community Emission Data System (CEDS) (Hosely et al., 2018). Global models 
typically have trouble representing the vertical distribution of BC aerosol compared to 
observations (Samset et al., 2014). Work to constrain the treatment of BC in the model (Lund et 
al., 2017; 2018b) has resulted in significant improvements in many regions. Overall, the 
OsloCTM3 also performs well for surface concentrations and total aerosol optical depth. 
However, aerosol concentrations are underestimated in broader East Asian region. While using 
the CEDS emissions give better agreement with BC surface measurements than using older 
emissions data, the results indicate significant remaining uncertainties in also the recent global 
inventories. It is also a known issue that the global inventories do not fully capture the recent 
declining trends in SO2 emissions in China. The evaluation of the model over China is also 
complicated by lack of available data. Through this project, we will perform an updated model 
evaluation with additional observational data provided by the CRAES collaborators.  

To extract the contribution (i.e., source apportionment) from emissions in the study region and 
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China from the total global emissions, we will perform two simulations for each year (baseline 
and future pathways); one with all global emissions and one with a 20% reduction in the 
emissions in the study region. The difference between the two, scaled by a factor 5, is then taken 
as the contribution from the regional emissions to atmospheric concentrations of aerosols.     

3.3.2.2  Regional CTM Simulations 

The Reginal CTM used in this project is the CMAQ model system (version 5.0.2, 
https://www.cmascenter.org/index.cfm), it is a core part of the third generation of the Air Quality 
Forecasting and Assessment System (Models-3) developed by the U.S. National Environmental 
Protection Agency, which comprehensively considers pollution issues such as PM, 
photochemical oxidation and acid deposition (Zhang, 2004; Zhang et al., 2005). CMAQ model 
adopts the concept of “one atmosphere”, which includes complex gas-liquid-aerosol chemistry 
and simple non-homogeneous chemical processes, and has good simulation capability for 
atmospheric secondary pollutants (O3, PM2.5, and PM10). Such model systems can be used for a 
variety of purposes such as simulation, assessment and decision studies of air quality at multiple 
scales and with multiple pollutants. In this study, CMAQ is configured with the chemical 
mechanism of the Regional Acid Deposition Model version 2 (RADM2). The aerosol chemical 
species considered within CMAQ (Binkowski et al., 2003) include fine sulfate, nitrate, 
ammonium, biogenic OC, EC and other unspecified material of anthropogenic origin, etc. 

Anthropogenic emission inventories used for modeling in this research are generally large-scale 
national (MEIC) and even continental (TRAC-P, INTEX-B, REAS, MIX) inventories (Zhang et 
al., 2009; Streets et al., 2003; Ohara et al., 2007; Li et al., 2017), etc. Kanaya et al. (2019) 
simulated surface BC concentrations for China from 2009 to 2019 with different bottom-up 
emission inventories (e.g., MEIC1.3, ECLIPSE v5a and v6b, REAS updated and CEDS) and 
compared decadal trend with observations, it was found that the decadal trend in the modeled 
BC concentrations for most emission inventory simulations, except CEDS, are generally in good 
agreement with the observed ones. Simulation results differ slightly between different emission 
inventories. 

Although significant advantages can be found in CTMs, how to accurately simulate the 
concentrations of BC/OC is still a challenge, with the problems of inaccurate emission 
inventories and other imperfect physical and chemical parameterizations (Carmichael et al., 
2008, Chen et al., 2019). To obtain a reliable BC/OC concentration along with model 
simulations, we need more accurate bottom-up emission inventories. 
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3.3.2.3  Radiative Transfer Calculation  

We will calculate the instantaneous top-of-the atmosphere radiative forcing due to aerosol- 
radiation interactions using the Oslo RTM, which is an offline radiative transfer model. The 
same model has been used in earlier studies of RFari (Myhre et al., 2017; Myhre et al., 2013) 
with recent updates to aerosol optical properties (Lund et al., 2018). The radiative forcing of 
aerosol-cloud interactions (RFaci) (earlier denoted the cloud albedo effect or Twomey effect) will 
be calculated using the same radiative transfer model. To account for the change in cloud droplet 
concentration resulting from anthropogenic aerosols, which alter the cloud effective radius and 
thus the optical properties of the clouds, the approach from Quaas et al. (2006) is used. This 
method has also been applied in the above-mentioned earlier studies. Opportunities to estimate 
the RF using the high-resolution CMAQ output will be explored.   

3.3.2.4  GWP and GTP Assessment  

Quantifying the impact of individual regions, sectors or other emission sources on surface 
temperature is challenging using coupled climate model due to the small signal of climate 
response relative to the natural variability of the system. Instead, more simplified emulators are 
commonly used. One approach is to use so-called emission metrics. Emission metrics were 
developed to allow a simple comparison of the impacts of emissions of different species on a 
common scale and provide a basis for multi-component climate policies. Here we will produce 
updated values of the two most commonly used emission metrics, the GWP (IPCC, 1990) and 
the Global Temperature change Potential (GTP) (Shine et al., 2005), based on input from 3.2, 
and use them to assess the impacts of present and future emissions in China on global climate 
over different time horizons. The method from Lund et al. (2020) will be used.   

The GWP and GTP are both measures of the global mean impact and does not allow for an 
assessment of the local climate impacts. However, by calculation region-specific metric values, 
we account for the fact that emissions in China can have a different effect on global climate than 
the same emission magnitude in another region. By combining the GTP with the emission 
scenarios developed in the project, we will provide a first-order estimated of the global 
temperature response to emissions in the study region under different pathways for future 
development. The emission metrics can also be used to assess the climate implication of 
different policy packages for emission reduction in the near- and long-term, as well as potential 
trade-offs. There are important limitations and advantages to using different emission metrics, in 
particular when comparing short-lived species like aerosols with the long-lived greenhouse gases. 
While it is ultimately a user-choice which metric to use, we will demonstrate these issues by 
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using both GWP and GTP and evaluating impacts at different time horizons. 

3.4  Regional Air Quality Simulation Over Northern China  

3.4.1  Summary of Regional Air Quality Simulation Research Activities  

CTMs such as CAMx, CMAQ and WRF-Chem have been applied to modeling studies. Those 
classic CTMs have been widely employed for estimating the formation and transport of air 
pollutions (Chen et al., 2020) and simulate the impact of pollutant emissions on air quality (Gu 
et al., 2018).  

The results of the simulation study and air quality monitoring data indicate that PM2.5 air quality 
in northern China has gradually improved, but surface ozone pollution has increased in recent 
years (Li et al., 2019a; Cheng et al., 2019). About 40% decrease of PM2.5 over the 2013-2017 
period in the North China Plain (Li et al., 2019b) mainly attributed to reductions in 
anthropogenic emissions (Silver et al., 2020) rather than meteorological variations (Zhang et al., 
2019), moreover, natural emissions also have a significant impact on the increase in air quality 
(Yang et al., 2017). Therefore, accurate and up-to-date emission inventories (Zheng et al., 2019; 
Zhou et al., 2017; Zhou et al., 2018) are essential for better performance on air quality modeling.  

In addition to air quality effects, long-range transport of pollutants from Asia has been shown to 
exert large impacts on the formation and dissipation of haze (An et al., 2019; Zhang et al., 2019). 
Long-range transport of local air pollutant emissions from cities, such as PM2.5, can also 
influence air quality in rural areas surrounding or downwind the city (Ding et al., 2016), 
long-range transport is also another source of secondary PM (Wang et al., 2016) or fine aerosols 
(Chuang et al., 2003). Source apportionment tools in CAMx and precursor tagging 
methodology in CMAQ has been used to calculate the local and distant source contributions (Lin 
et al., 2016) to ozone, precursor, the primary and secondary PM species concentrations among 
the selected source groupings (Mailroom, 2010). The sources of air pollutants vary widely across 
China, the major contributors to PM2.5 concentrations are industrial or residential over northern 
China (Zhang et al., 2017b; Qiao et al., 2018; Shi et al., 2017; Liu et al., 2020), the high 
emission rates of BC and OC emissions from open burning of biomass (Qin and Xie, 2011) and 
PM2.5 emissions from straw combustion (Zhang et al., 2016) are a considerable primary 
contribution to PM2.5 concentration in northern China (Zhang et al., 2017a). Nevertheless, motor 
vehicles and regional sources are the most important sources of ozone, followed by a point and 
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biogenic sources (Li et al., 2012; Streets et al., 2007). A large proportion of O3 concentration can 
be attributed to external contributions (Wang et al., 2019; Gao et al., 2016; Qu et al., 2014). 

The O3 source apportionment attributes in-situ O3 formation to a NOx or VOC source based on 
the index values that determine the sensitivity of O3 formation to the NOx or VOC-limit (Wang 
et al., 2019a), CTMs can also determine the source sensitivities of modeled chemical species to 
emission (Wang et al., 2019b). The urban centers and the developed industrial areas of northern 
China are predominantly VOC-sensitive conditions, while both VOCs and NOx-limited sensitive 
and NOx-sensitive conditions predominate in suburban and remote areas, respectively (Xie et al., 
2014; Han et al. 2018; Xu et al., 2019). Furthermore, CTMs has been used in different recent 
studies to study regional photochemical pollution (Tang et al., 2017), it is also possible to 
investigate what physicochemical processes govern pollutant concentrations at different times 
and locations through the process analysis tools in CTM, which can reveal, for example, that 
atmospheric processes can counteract the scavenging effect of chemical reactions on O3. (Wang 
et al., 2019a), the relationship between visibility and aerosol optical depth (Lin et al., 2016; Li et 
al., 2019), and chemical formation and transformation (An et al., 2019) in China. 

A comparison of the performances on simulating the PM2.5 over East Asia in 2010 among the 
twelve CTMS (WRF-CMAQ (v4.7.1 and v5.0.2), WRF-Chem (v3.6.1 and v3.7.1), GEOS-Chem, 
NHM-Chem, NAQPMS, and NU-WRF) can be found in Tan et al. (2019). Ma et al. (2019) 
applied and evaluated four regional air quality models (WRF-Chem (version 3.9.1), CHIMERE 
(version 2017r4), CMAQ (version 5.2) and CAMx (version 6.50)) to simulate dust storms in 
East Asia, they found different model result in large differences about the simulation value of 
PM10. It is also evident from numerous model performance evaluation studies of CTMs that 
differences in the physical and chemical mechanisms used in the models affect the simulation 
results, but the model performance evaluation results all achieve the “goal” range of the 
benchmark, which is the model performance that most studies are able to achieve (Emery et al., 
2017; Huang et al., 2021). 

In the National Key Research and Development Project—“Research on Regulatory Air Quality 
Modeling Technology System”(2018-2021), a data base regional CTM verification has been 
established, including nationwide routine monitoring data of O3, NO/NO2, CO, SO2, PM10, PM2.5 
of 2017-2019 of 338 cities from China’s national air quality monitoring network, PM2.5 
components, VOCs and radicals of 17 severe ozone, PM2.5, and sand-storm pollution cases from 
super research stations, and PM2.5 composition data of 2017/18-2018/19 winters of 
Beijing-Tianjin-Hebei and Surrounding Cities (2+26 cities). The verification of regional CTM 



The Climate and Air Quality Co-benefits of Controlling Black Carbon and Organic Carbon:  
A Review of Emissions, Impacts and Policies 48 

models of CMAQ model (version 5.02 and 5.3.2), CAMx model (version 6.20 and 7.1), 
NAQPMS model and RegAEMS model have been conducted and the targeted air pollution 
species include SO2, NO2, CO, O3, PM2.5, PM10 and PM2.5 component of sulfate, nitrate, 
ammonium, BC and OC. 

3.4.2  Model Evaluation and the Common Problems 

Different CTMs need different validation parameters to evaluate their performance in different 
ways. Therefore, there is no general measurement standard suitable for all conditions (Chang 
and Hanna, 2004). Some of the most common metrics were discussed, such as Root mean square 
error (RMSE), the coefficient of determination(R2), the correlation coefficient(R), the mean bias 
(MB), mean error (ME), normalized mean bias (NMB), normalized mean error (NME), etc.(Yu 
et al., 2006; USEPA, 2007; Wang et al., 2010) and some other uncommon statistical metrics for 
different CTMs in recent studies (Appel et al., 2007; Appel et al., 2008;).The evaluation metrics 
are so varied that it is difficult to judge the overall performance of the model (Karroum et al., 
2020). Before we decide on the evaluation metrics to be used, we make clear that the objective 
of our research is primarily to assess the performance of the model, compare the simulated 
atmospheric levels of air pollutants from CTMs using current and update emission inventories 
against observations under the base-year within specific relatively clean areas and severely 
polluted areas. Our final selection of metrics includes NMB, NME and Pearson’s r. Relative 
measurement is particularly useful when comparing model performance between different CTMs 
(USEPA, 2007), the common metrics of relative measurement are normalization or fractional 
form, i.e., NMB and NME, meanwhile, we chose MFB and MFE, which are frequently used in 
model performance evaluation (Zhang et al., 2014; Zhang and Ying, 2010), as the metrics for 
analysis. Depending on the variance of the frequency distribution of error magnitudes, we also 
can combine both RMSE and MAE to determine the model performance (Chai et al., 2014). 
Pearson’s correlation coefficient, which passed a significance test (p-value), was used to 
examine the strength and direction of the linear relationship between the two continuous 
variables, the model and the monitoring data (Shimadera et al., 2016; Syrakov et al., 2016). Our 
performance goals and criteria for NMB, NME and R refer to Yamaji et al. (2020) and Emery et 
al. (2017), while the performance goals and criteria for MFB and MFE refer to Boylan and 
Russel. (2006) and USEPA. (2007). RMSE and MAE are negatively-oriented scores, which 
means lower values are better. 

In summary, there is some degrees of uncertainty in model simulations. In terms of PM2.5 
simulation, regional CTMs generally captured PM2.5 magnitude in most cities and the trend of 
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variation in daily average over Northern China (Gao et al., 2016; Chen et al., 2017; Liu et al., 
2020). However, due to the complexity of each meteorology (Wang et al., 2010; Chen et al., 
2020) and chemistry mechanism (Liu et al., 2019; An et al., 2019) involved and the uncertainty 
in emission inventory (Hoesly et al., 2017), accurately predicting PM2.5 remained a challenge. For 
instance, the diurnal variation of PM2.5 was not reproduced well (Petersen et al., 2019). Moreover, 
predicting the PM2.5 level in severe haze events remains a challenge (Li et al.2019; Zhang et al., 
2012; Zhang et al., 2017), as meteorology simulation in calm weather was still a problem that 
needs to be solved (Hu et al., 2016; Bartholdy, 2000). Choi et al. (2019) compared surface PM2.5 
chemical components simulated by the WRF-Chem and CMAQ, the results show that the 
simulation results of different models using similar emission inventory had significant 
inconsistencies. 

In terms of PM2.5 components, although PM2.5 concentration was well reproduced, each PM2.5 
species was not so good when compared with measurement (Qiao et al., 2019; Zhao et al., 2016). 
For instance, some secondary inorganic components were significantly underestimated, 
especially in severe pollution cases in winter (Hayami et al., 2008; Chen et al., 2016; Wang et al., 
2014), when sulfate and nitrate experienced an abrupt increase in several hours (Li et al., 2017; 
Xu et al., 2019). Some new theories or reaction pathways (Cheng et al., 2017; Wang et al., 2018; 
He et al., 2014) were proposed to fill the gap and related research still went on. Moreover, 
secondary organic aerosols simulation was another problem (Hu et al., 2016; Huang et al., 
2015). 

Another issue was air quality simulations require high-performance computational resources and 
modeling expertise (El-Harbawi, 2013). Improvements in computational efficiency have 
received increasing attention from researchers in the field of atmospheric pollution modeling in 
recent years. 

3.4.3  Status of BC/OC Simulation  

Currently, regional air quality can be simulated using the CMAQ model, CAMx, WRF-Chem, as 
well as other air quality models. The anthropogenic emission inventory currently used in studies 
are MEIC, the Regional Emission inventory in Asia version 2 (REAS2), the Regional Emission 
inventory in Asia version 3.1 (REASv3.1), Emissions Database for Global Atmospheric 
Research (EDGAR), the Community Emissions Data System (CEDS), transport and Chemical 
Evolution over the Pacific (TRACE-P), the Intercontinental Chemical Transport 
Experiment-Phase B (INTEX-B), etc. Most anthropogenic emissions inventories are slow to 
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update (REAS2 (Kurokawa et al., 2013), EDGAR (Crippa et al., 2018), CEDS (Hoesly et al., 
2016)) or have been discontinued (TRACE-P (Streets et al., 2003), INTEX-B (Zhang et al., 
2009)). Therefore, continued efforts to update and improve the anthropogenic emissions 
inventory in China based on the latest emissions statistics are essential. 

According to the statistics of different anthropogenic emission inventories, the annual BC 
emissions increased gradually from 1949 (341 Gg/yr) to 1996 (2,189 Gg/yr), with a fluctuating 
upward trend from 1996 to 2007(about 1,850 Gg/yr) (Wang et al., 2012), while another study 
shows the annual emissions of BC in China have shown a decreasing trend in recent years from 
2009(1,650 Gg/yr) to 2019 (1,100 Gg/yr) (Kanaya et al., 2019). Similar to BC, the annual OC 
emissions increased gradually from 1990 (341 Gg/yr) to 2000 (2,189 Gg/yr) (Huang et al., 2015), 
with a fluctuating upward trend from 2000(2,738 Gg/yr) to 2014(4,297 Gg/yr) (Hoesly et al., 
2017), while another study shows the annual emissions of BC in China have shown a decreasing 
trend in recent years from 2015(2,500 Gg/yr) to 2017 (2,100 Gg/yr) (Silver et al., 2020). 
Statistical results for inventories of anthropogenic emissions from sources vary considerably 
between the different literature, but the underlying trends are consistent (Zhang et al., 2009; 
Kurokawa et al., 2019; Crippa et al., 2018; An et al., 2019; Chang et al., 2018). Spatially, 
China’s BC and OC emissions are more consistent with regional economic development and 
rural population density distribution, showing an east-west trend (Zhang et al., 2013; Cao et al., 
2006; Hoesly et al., 2016; Huang et al., 2015). In northern China, there are strong seasonal 
variations in BC and OC emissions due to residential heating and agricultural open burning, with 
peaks in winter and lower emissions in spring and summer (Cao et al., 2006; Liu et al., 2016); in 
southern China, BC is mainly emitted from mobile emission, so seasonal variations are not 
significant, while OC emissions are relatively high in winter, due to the important contribution 
of crop residue combustion (Zheng et al., 2012). 

An essential component of all modeling studies is the evaluation of model performance for the 
simulation, there have been several recent regional studies of BC/OC simulation and evaluation 
using CTMs in China. Some of these studies simulated ground-level BC and OC concentrations 
in China using CMAQ model system with different emission inventories (Zhang et al., 2004; 
Zhang, 2005; Zhang et al., 2007; Wang et al., 2010; Chen et al., 2019; Hu et al., 2017), they 
reported that the simulated values of BC and OC are generally in good agreement with their 
observed ones, while the simulated values are slightly lower than the observed value in some 
regions, which the normalized mean bias between model simulation and observation 
concentrations within -50% (Wang et al., 2010). Underestimation of pollutant concentrations is 
largely due to underestimation of primary emissions (Hu et al., 2017).   
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There were relatively few modeling studies on BC and OC compared with PM2.5 and O3 over 
China so far. One reason should be attributed to the unavailable long-term data of BC and OC 
via routine measurement at sites representing regional characteristics. Long-term observations of 
BC mass concentrations in East Asia (2006-2015) and assessment of model performance and 
uncertainties in Asia by the MICS-Asia project (Han et al., 2010; Chen et al., 2019). The 
accuracy of the model simulations was improved when Wang et al. (2016) simulated the 
emissions using the monthly average BC measurements after inversion. It should be noted that 
the above evaluation work on BC and OC simulation was based on limited observation at some 
specific sites. However, along with the implementation of the PM2.5 component network over 
Northern China and the detailed compiling of BC and OC emission inventory, further modeling 
works on BC and OC will be carried out in the project. We have described the research progress 
related to BC/OC simulation and evaluation of simulation results in subsection 3.1. 

BC, OC and other aerosols affect climate through their interactions with solar radiation and 
clouds. Most aerosol species have a cooling climate impact, while BC stands out by absorbing 
solar radiation. While surrounded by significant uncertainty, the best estimate of the global 
aerosol effect on climate is a net cooling that has masked a notable fraction of the greenhouse 
gas induced warming to date. Additionally, aerosols influence local and regional climate and 
weather, such as the precipitaiton, haze events and extreme weather, although the exact nature 
and extent of their role is still a topic of ongoing research. The significant range in estimates of 
aerosol’s climate effects stem from uncertainties in their distribution, atmospheric processing 
and optical and microphysical properties, as well as uncertainties in their sources. Despite 
progress over the past decades, representing aerosols remain a challenge for global and regional 
atmospheric models, with validation in many cases hampered by lack of observations.  

China is currently the world’s highest emitter of BC due to its heavy use of solid fuels and high 
population density. OC emissions are also higher in China compared to BC emissions, which 
were 1.66Tg and 2.69Tg respectively in 2015, accounting for 50.0% and 39.8% of Asia’s 
emissions. Although there have been no conventional measurements of environmental BC and 
OC in China in the past decade, many recent measurements have been reported in the literature. 
The spatial distribution of BC/OC concentration showed a trend of high in the north and low in 
the south. The seasonal average concentration of BC in cities in The Beijing-Tianjin-Hebei 
region (BTH) was generally less than 2μg/m3 in spring and summer, and up to 10μg/m3 in 
autumn and winter. The average concentration of OC in autumn and winter is generally above 
20μg/m3, some cities of BTH can reach 40μg/m3. 
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In the literature, emission trends in the last decade have been compared with observed results, 
and the simulated BC concentrations in most emission inventories are basically consistent with 
the observed results. Despite the significant advantages of continuous time series models, it is 
still a challenge to accurately simulate BC/OC concentrations and the accuracy of emission 
inventory is an important basis for obtaining reliable BC/OC concentrations. 

Different air quality transport models require different validation parameters to evaluate their 
performance in different ways. Therefore, there is no universal measurement standard that 
applies to all conditions. The main objective of our study is to evaluate the performance of the 
model using current and updated emission inventories and to compare the atmospheric pollutant 
concentrations simulated by the model with the observed values in the base year. The indicators 
we finally selected included correlation coefficient (R), normalized mean deviation (NMB), 
normalized mean error (NME), etc. 

 



4  Human Health Effect of 
BC in Air Pollution 

Decades ago, Europe began to pay attention to air pollution from combustion. And they used 
“black smoke (BS)” as a measurement index to assess air quality. In the initial epidemiological 
studies, BS was often used as one of the indexes of air pollution to study whether there was an 
association between mortality and air pollution. However, as technology and measurement 
methods have improved, new scientific evidence has led to a recognition of the significant role 
of black particles (black carbon-BC) as one of the short-lived climate forces. BC has also been 
found to have significant impacts on health (Figure 4-1). These include impacts on 
cardiovascular system, respiratory and nervous systems. Evidence on the health impacts from 
BC is still developing. 

Figure 4-1  Impacts of BC on human health 

The development of air pollution standards ideally involves the integration of data from the 
disciplines of epidemiology, controlled clinical studies, and animal toxicology. Epidemiological 
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studies show statistical associations between health outcomes and exposure; they cannot 
establish a definite cause-effect relationship. The utility of toxicological studies is to establish 
this relationship. 

In this report, we review all evidence so far on the health impacts from BC in the literature using 
a systematic review process. We review the global literature on long-term / short-term 
epidemiological studies, experimental studies, and practice statements from the WHO. This 
gives us a good overview of the literature that we can then use to develop further experimental 
studies in the project.  

4.1  Health Effects in Epidemiological Studies 

We present the results from a systematic review that we conducted. Exposure to BC in a short or 
long term, people will have varying degrees of adverse effects, especially on the respiratory 
system, cardiovascular system, and even the nervous system. We identify the need for a 
systematic quantitative review of the evidence. 

The major exposure of BC is inhaled by human body through the respiratory tract. BC in the 
indoor environment mainly comes from outdoor (Hong et al., 2005; Jia, 2014), and the 
concentrations of BC are usually lower than the outdoor (Tran et al., 2018). In this study, we 
mainly research all global articles related to BC in the outdoor environment. 

4.1.1  Systematic Analysis 

Meta-analysis is an important systematic analysis method. It allows us to express quantitatively 
by summarizing the research results of scholars and using statistical methods. 

According to the Preferred Reporting Items for Systematic Review and Meta-Analyses 
(PRISMA) guide, four authoritative databases were searched for articles on epidemiology 
published from the establishment of the database to July 1, 2021. The databases were PubMed, 
Embase, The Cochrane Library and Web of Science. Searching words were focused on BC, air 
pollution, mortality and morbidity (searching process see Figure 4-2). Study design was based 
on an observational epidemiological study, including cohort, case-control, time-series, and 
case-crossover. We have included all studies on mortality or morbidity of heart and lung diseases, 
neurological diseases, and other diseases. 
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 Records identified from 4 databases, 2792 
studies identified: 

PubMed (n = 581),  
Embase (n = 1352),  
The Cochrane Library (n = 46), Web of 
Science (n = 813) 

1160 duplicates removed 

1632 titles and abstracts screened 1426 records excluded by title and abstract: 
667 inappropriate directions of studies 
251 reviews 
23 reports or books 
26 conference abstracts 
219 animal/cell experiments 
186 other pollutants 
28 foreign languages 
26 occupational health 206 full-text articles assessed for eligibility 

117 studies excluded: 
17 without full-text 
65 others, no or wrong health outcomes 
5 different pollutants 
6 not enough information 
16 no clear effect size 
2 different research fields 
5 unqualified types of study 
7 other study type 

82 met full inclusion criteria 
    36 cohort 
    3 case-crossover 
    38 time series 
    3 case-control 
    1 combine time series and case-control 
    1 combine cohort and case-control 
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Figure 4-2  PRISMA 2020 flow diagram for this systematic analysis 

The search results were 82 eligibility articles. Among them, there were 43 articles about 
short-term exposure and 40 articles about long-term exposure. 

4.1.2  Short-term Health Effects 

Through literature review, it is found that short-term exposure to BC affects the lung and 
cardiorespiratory function of adults with complete immunity or relatively vulnerable children and 
the elderly, especially susceptible people with asthma, coronary heart disease or other diseases.  

The search results of short-term exposure got 43 articles. Table 4-1 was the important 
information extracted, including study design, study region, study period, subject and sample 
size, pollutant, health outcome, effect size, international Classification of diseases (ICD), 
confounding factor, etc. 
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4.1.2.1 Study design and Region 

Studies of short-term health effects of BC usually use time series, case crossover, etc., which are 
common methods of observational epidemiological studies. The associations between short-term 
air pollution exposure (usually daily) and acute health effects can be established by these studies. 
Time series studies are usually based on stochastic process theory and mathematical and 
statistical methods to study the statistical patterns followed by random data series. Case 
crossover studies are a self-controlled approach. 

The research areas covered Europe, Asia and South America. The highest number is in Europe with 
27 studies. And the second is Asia with 8 articles on China, 3 of which are on northern China.  

4.1.2.2  Air Exposure Assessment 

Population exposure is assessed by measuring BC at one or more centrally located outdoor 
monitoring stations. The accuracy of estimates of the effects on health eventually depends on 
how well daily BC levels measured at the central outdoor monitoring site (ambient BC) reflect 
daily changes in personal exposure to BC (personal BC) in the study area. However, the 
accuracy of its response to personal exposure needs to be improved, otherwise to biased health 
effect estimates. Personal exposure data is most accurate and useful to assess air exposure. In 
recent years, more and more researchers pay attention to personal exposure, such as dressing 
vest which can real-time monitor of air pollutant concentrations or filling in the daily behavior 
pattern table.  

4.1.2.3  Statistical Analysis 

Poisson regression model and logistic regression model are used to analyze the association 
between pollutants and health outcomes in the short-term exposure. Logistical regression is used 
to deal with the regression problem in which the dependent variable is classified variable, such 
as binary variable and binomial distribution. Poisson regression is a regression method used for 
the count data. In addition, the impact of pollutants on human health might often have a lag 
effect. The short-term exposure studies the association between pollutant concentrations within a 
few days and human health effects. Therefore, the lag effect usually needs to be calculated. The 
lag effect time is usually calculated as the day of exposure (lag0), 1 day before exposure (lag1) 
to 3 days before exposure (lag3) and the period lags (lag01, lag02, lag03). For example, lag01 
would be the 1-day moving average pollutant exposure (the average pollutant concentrations of 
the current day and 1 day). Air Pollutants often have strong correlation with each other. If they 
are all included in the model estimation, there may be strong collinearity impact results. 



4    Human Health Effect of BC in Air Pollution 67 

Therefore, it is necessary to properly select single pollutant model, two-pollutant model or 
multi-pollutant model. 

Before estimating the association between pollutants and health effects, it might be better 
calculated the correlation among various pollutants. They usually have strong correlation, 
resulting in strong collinearity in the model and affecting the results. Therefore, it is necessary to 
properly select a single-pollutant model, double-pollutant model or multi-pollutant model. 
Furthermore, when estimating the association between pollutants and health effects in the model, 
it is important to control the impact of other factor on the result as much as possible. In 
short-term exposure studies, the confounding factors that often need to be controlled are age, 
gender, BMI, temperature and relative humidity. Sometimes, educational levels, economic 
condition, workday, occupation, seasonality, smoking and cooking are also factors that need to 
be considered. However, it needs to distinguish the primary and secondary, and selects the 
suitable confounding factor to adjust the model according to the actual situation such as sample 
size. 

4.1.2.4  Time-series Studies of Short-term Exposure to BC and Healthy Outcomes 

For the time-series studies, a meta-analysis was performed. Pooled random effects relative risk 
(RR) estimates were calculated for mortality (such as total mortality, cardiovascular mortality 
and respiratory mortality) for which estimates from at least three different studies were available 
for the same age group and for different cities. Summary random effects estimates were 
calculated using the “meta” package in R Studio. The standardized effect estimates were pooled 
using the random-effect model for there was substantial heterogeneity between the included 
studies. Heterogeneity among the included studies was evaluated by a Chi-square-based 
Cochrane Q statistic test and I-squared statistic. 

In order to calculate pooled estimates and compare estimated effects for BC in each study, 
pooled effect estimates were expressed RR per 10 µg/m3 and 95% confidence intervals (CIs). 
The short-term relationships between air pollution and health effects are characterized by the 
time lag (in days) between exposure and health events and investigators vary in which lags they 
study and report. This means that the use of any particular lag would result in the exclusion of 
many other studies. Therefore, if more than one lag measure was presented, this review selected 
one for meta-analysis according to the following algorithm: 1) the lag that the author focused on 
or stated a priori; 2) the lag that was the most statistically significant (positive or negative) and 3) 
the lag with the largest effect estimate (positive or negative). 
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There are 5 studies (Ballester et al., 1996; Ballester et al., 2002; Kim et al., 2015; Le Tertre et al., 
2002; Sunyer et al., 1996) on total mortality, 9 studies (Ballester et al., 1996; Ballester et al., 
2002; Cakmak et al., 2009a; Fischer et al., 2003; Kim et al., 2015; Le Tertre et al., 2002; 
Stanković et al., 2007; Yoo et al., 2019) on cardiovascular disease mortality, and 8 studies 
(Ballester et al., 1996; Ballester et al., 2002; Cakmak et al., 2009a; Dab et al., 1996; Kim et al., 
2015; Le Tertre et al., 2002; Sunyer et al., 1996; Yoo et al., 2019) on respiratory disease 
mortality, all of which had complete information and the effect size was RR. The results of the 
meta-analysis showed a significant positive association of BC with both total mortality and 
respiratory disease mortality. The respiratory result has high heterogeneity.  

4.1.3  Long-term Health Effects 

The search results of long-term exposure got 40 articles. See Table 4-2 for details. Through 
literature review, it is found that long-term exposure to BC is prone to lung and cardiorespiratory 
adverse effects. Some studies showed that the cognitive function of the elderly and the newborns 
(due to exposure of the mother during the pregnancy) may be also affected, thus including 
neurological effects as a possible consequence of BC exposure.  

4.1.3.1  Study Design and Country 

The long-term health impact of BC is often followed up and investigated in the form of 
prospective cohort /retrospective cohort /ambispective cohort. The cohort study is a common 
observational study for long-term exposure without any intervention. It has high reliability and 
can reveal the objective causal association between air pollutants and human health effects well. 
In addition, the case-control study is also one of common observational studies. 

The research area involves Europe, Asia, North America, Oceanica and South America. The 
largest number of studies was in Europe, with 28. The second was in Asia. Among it, there were 
4 articles on China, but all of which are cities in South China. 
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4.1.3.2  Air Exposure Assessment 

Land-use regression model (LUR) is often used to predict the BC concentrations in the 
environment and speculate the individual BC exposure concentrations in the epidemiological study. 
In the calculation of effect estimates in long-term epidemiological studies, contrasts in long-term 
exposure between persons are used. Consequently, the aim of exposure assessment is to accurately 
predict spatial variability in outdoor concentrations and further in personal exposure. For BC, 
within-city variability in concentrations is larger than that for PM2.5 owing to the considerable effect 
of local combustion sources, especially traffic, on concentrations (Hoek et al., 2002b; Nicole et al., 
2008). Within-city variability may exceed between-city variability, which underlines the 
importance of considering small-scale variations in BC in epidemiological studies. Some 
epidemiological studies on the long-term effects of BC have relied on a crude estimation of 
exposure: BC concentrations measured at a single outdoor monitoring site have been assumed to 
reflect exposure within a city or even over a whole county. In others, the monitoring network has 
been dense enough to allow interpolation of exposures over an urban area. Neither method is able 
sufficiently to consider small-scale variations in BC concentrations, which may lead to an 
underestimation of the effects of BC. In contrast, LUR models have proved their efficiency in a 
number of recent studies (Jones et al., 2020; Tripathy et al., 2019). LUR models are stochastic 
models that typically use predictor variables obtained through geographic information systems. 
These rather simple regression models can explain similar proportions of variability in long-term 
outdoor concentrations as can dispersion models (Hoek et al., 2008). 

4.1.3.3  Statistical Analysis 

Cohort study refers to the observation of people with some common characteristics for a certain 
period of time. It requires long-term observation and follow-up. The Cox proportional hazards 
model is often used for statistical analysis in most of cohort studies. This model is a kind of 
survival analysis model and is used to analyze the effects of exposure factors on two variables of 
survival outcome and survival time. It is suitable for the study of the impact of large samples on 
survival time and survival rate and is often used for multivariate analysis of cohort studies. 
Logistic regression is one of the most widely used analysis methods in the epidemiological 
studies. The binary data of mortality and prevalence (or morbidity) can still be used in the 
articles of long-term exposure types as dependent variables. 

For the confounding factors of long-term exposure studies, age, sex, BMI are still important 
factors which need to be controlled. In addition, educational levels, economic condition, smoke 
and race are also usually controlled. 
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4.1.3.4  Cohort Studies of Long-term Exposure to BC and Healthy Outcomes 

For long-term exposure studies, the cohort study is one of the most commonly used study 
designs. There was a meta-analysis about the cohort study of long-term exposure. Pooled 
random effects relative risk (RR) or hazard ratio (HR) estimates were calculated for mortality 
(such as cardiovascular mortality, respiratory mortality and lung cancer mortality). For mortality, 
HR and RR can often be converted to each other.  

There are 6 studies (Beelen et al., 2009; Dehbi et al., 2017; Elliott et al., 2007; Hansell et al., 
2016; Hvidtfeldt et al., 2019; Yap et al., 2012) on cardiovascular disease mortality, 6 studies 
(Beelen et al., 2008; Chen et al., 2021; Elliott et al., 2007; Hvidtfeldt et al., 2019; Yang et al., 
2018; Yap et al., 2012) on respiratory disease mortality, and 3 studies (Beelen et al., 2008; Elliott 
et al., 2007; Yap et al., 2012) on lung cancer mortality, all of which had complete information 
and the effect size was RR, HR or OR. The results of the meta-analysis showed only a 
significant positive association between BC and lung cancer mortality with low heterogeneity. 
The reason for the lack of significant association of other outcomes with BC may be related to 
the small number of relevant studies. 

4.2  Experimental Studies 

The BC and substances adsorbed on the surface of BC are the main factors influencing the 
human health effect (Ni et al., 2014). In order to better determine the adverse effects of human 
exposure to BC, this study analyzed and summarized three aspects with toxicological 
mechanisms, animal experimental studies and human clinical studies. Among them, animal 
experiments and human clinical studies were compared with exposure groups and control groups 
from aspects of BC, DEP and soot in order to better understand the adverse effects of BC and the 
possible influence mechanism. 

4.2.1  The Formation of BC and Toxicity 

In the combustion process, BC is formed by nucleation after carbon atoms form aromatic rings at 
high temperature, and then gradually form small particles, which then polymerize into clusters to 
form larger particles (Figure 4-3) (Ali et al., 2020). Ultra-fine particles could migrate deep into the 
alveolar area (Shrestha et al., 2010) and they usually carry highly toxic and even carcinogenic 
substances, such as polycyclic aromatic hydrocarbons (PAHs) (Koelmans et al., 2006). Particles 
whose size is larger than 4 μm or smaller than 0.002 μm have less harm to human health, because 
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after inhalation, most of them are intercepted in the mouth and throat area (Hinds, 1982). 

 
Figure 4-3  Schematic diagram of BC to form particles 

The size of BC is smaller, it can reach the alveoli through the human respiratory tract (Marilena 
Kampa, 1993). Then, it can induce the free radical reaction and causes the consumption of 
antioxidants and the expression of antioxidant enzymes in the body. When the level of 
oxidation/antioxidation is unbalanced, oxidative stress (OS) occurs. OS is the main reason for the 
increase of lung biological index contents through airway inflammation, especially when the body 
is exposed to PM (Ghio, 2012; Rhoden et al., 2005). The experiment in mice (Gao et al., 2014) 
showed increased antioxidants and catalases levels in serum after exposure to BC. The levels of OS 
in vivo were increasing. The frequency of micronucleus in bone marrow with genetic damage 
increased. Even PM smaller than 100 nm in size can penetrate the alveoli, enter the circulation and 
has a strong deposition effect (Ching and Kajino, 2018). Then, it could cause lung and 
cardiorespiratory diseases (Hua et al., 2020). BC enters the human body and has toxic effects on 
airway cells (such as respiratory epithelial cells) and macrophages. It will cause generation of 
reactive oxygen species (ROS) and inducepro-inflammatory reactions to the respiratory tract, lungs 
and cardiovascular system (Marilena Kampa, 1993; Meldrum et al., 2017; Ostro et al., 2015b) and 
even affect the nervous system (Colicino et al., 2017; Cowell et al., 2015). Among lung cells, 
macrophages can produce a large number of ROS /reactive nitrogen species (RNS) and 
pro-inflammatory cytokines such as interleukin (IL)-1β and tumor necrosis factor-α (TNF-α). 
These factors can cause inflammation or other pathobiological damage, such as increased 
expression of IL-6, cell adhesion molecule 1 (CAM1), cytoplasmic and inducible nitric oxide 
synthase and manganese superoxide dismutase (MnSOD) and cytoplasmic phospholipase A2. 
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Increased levels of ROS /RNS may play a role in the overall response to particulate pollution by 
activating enzymes and transcription factors. Experiments in mice have shown that BC-stimulated 
macrophages activate the mitogen-activated protein kinase (MAPK) signaling pathway, which is 
implicated in inflammation, apoptosis, reproduction, transformation and differentiation processes 
(Terzano et al., 2010), and regulate the transcription of cytokines and chemokines. The 
accumulation of these factors in the lungs can lead to the accumulation of inflammatory cells and 
the production of inflammation (Cheng et al., 2019). After instillation of BC into rat trachea, 
inflammatory changes were found on lung tissue sections, such as thickening of alveolar septum 
and bronchiole wall, narrowing of alveolar cavity, infiltration of inflammatory cells in stroma, etc 
(Gao et al., 2014). In the cellular environment, inflammatory cells can promote the production of 
ROS and other active substances, which aggravate oxidative damage and promote carcinogenesis. 
ROS may induce lipid peroxidation and DNA mutation (Gurgueira et al., 2002; Li et al., 2008; 
Xiao et al., 2003). At this stage, studies (Van et al., 2012) believe that the production of ROS in 
lung cells is the most important mechanism of carcinogenesis. 

In the process of BC formation, a large number of PAHs are often produced. At high temperature, 
carbon atoms have strong adsorption on PAHs after nucleation (Jonker, 2002). After PAHs enter the 
body with BC, they can be converted into quinones by bio invertase such as cytochrome P450, 
epoxide hydrolase and dihydrodiol dehydrogenase in lung (Park et al., 2006; Penning et al., 1999) 
and then ROS is released by redox cycle (Dellinger et al., 2001). If chlorine (Cl2) is in the burning 
process, PAHs can also react with Cl2 to form highly toxic substances such as dioxins (PCDD) 
(Johansson et al., 2016) and polychlorinated biphenyls (PCBs) (Roth, 1989). BC can also promote 
the formation of persistent organic pollutants (POPs) and affect the transfer of POPs (Ni et al., 2014). 
There are different mixing modes between chemical composition and aerosol particles, including 
external mixture and internal mixture. Externally mixture is an extreme case of mixing state. It is that 
the chemical components are separated from each other and the particles are homogeneous mixing of 
single or the same aerosol type. Internally mixture is another extreme case. It is that the chemical 
composition is homogeneously mixed with aerosol particles inside the particles, which can also be 
called volume homogenous mixing. When chemical components are mixed with particles, the 
particles are wrapped by chemicals in the form of capsules to form a shell core model, which is also a 
kind of internally mixture (Bond and Bergstrom, 2007; Curci et al., 2019). Particles with different 
mixing modes will cause different degrees of adverse effects on human health. Moreover, PAHs 
adsorbed by BC have a wide variety, diverse structures, toxicity and persistence. When they enter the 
body, they can cause cancer and mutagenesis (Abdel-Shafy and Mansour, 2016) and inhibit immune 
effect (Armstrong et al., 2004). The process of BC adsorbing toxic substances was shown in Figure 4-4. 
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Figure 4-4  The process of BC adsorbing toxic substances 

According to the toxicity, carbonaceous aerosols were classified by International Agency for 
Research on Cancer (IARC). IARC would update the toxicity classification of the carbonaceous 
aerosols in time with the increase of the experimental evidence. In 2010, BC (1333-86-4) was 
listed as a group 2B carcinogen by IARC. In 2012, carbon soot (Occupational safety) was listed 
as a group 1. In 2014, Diesel engine exhaust was listed as a group 1. And in 2016, PM (outdoor 
air) was listed as in group 1. 

4.2.2  Animal Experiments 

At the level of animals, experiments could help us to investigate the toxicity of BC and its 
mechanism, even though there are not many papers on BC. Therefore, we summarized all of the 
results of animal experiments by or via searching them in the international databases for a better 
study of toxicity. The databases were PubMed, Embase, The Cochrane Library and web of 
science. And we searched articles published between 1900 to September 18th, 2021. The 
searching formula could be showed in Figure 4-5 was the searching process. 

There are subtle differences between soot, DEP, BS, EC, BC and others. So, we distinguished 
between them by listing the methods used to detect pollutants. It can avoid the author’s 
subjective judgment of pollutants. In addition to this, we have listed other important information, 
such as basic information of the paper, exposed way, outcomes and so on. For the extracted data 
see Table 4-3. 

From the search results, animals exposed to BC, DEP and soot were adversely affected by OS, 
inflammation, lipid peroxidation, atherosclerosis, changes in heart rate variability, arrhythmia, 
ST segment depression, changes in vascular function, etc. 
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486 duplicates removed 

674 titles and abstracts screened 
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abstract: 
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Other 
sources 
(n=1) 

 

Figure 4-5  Searching process of animal experiment articles 

4.2.2.1  BC 

Few experiments were directly researching the health impact of being exposed to BC. BC exposure of 
rats used a continuous whole-body exposure system (ambient particles were homogeneously distributed 
within each cage in this system). The BC concentrations were monitored with an Aethalometer. 

During the experiment, a single variable was often controlled for control experiments: rats were 
randomly divided into control group and experimental group, in which rats in the control group 
inhaled air that BC has purified, while rats in the experimental group were exposed to BC. The 
main ways of BC exposure were inhalation exposure (Chuang et al., 2017). 

Through literature review, it is found that BC exposure mainly caused vascular injury and heart 
disease (Chuang et al., 2017) in rats in pathology, BC exposure mainly caused the increase in 
blood pressure heart rate and heart rate variability in rats. 
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4.2.2.2  Diesel Exhaust Particle 

In terms of pollutant sources, most of the pollutants used in animal experimental research were 
diesel exhaust particles (DEP), DEP were mainly from some standard samples a reference for the 
chemical and toxicological constitutes of the standardized DEPs such as SRM-2975 (NIST) 
(Miller et al., 2013) or DEP were collected from standard diesel engines (Yokota et al., 2016).  

Through literature, mice are mainly used to do acute, subacute and chronic toxicity tests, rats are 
used to simulate some disease models such as Cardiovascular diseases (Nemmar et al., 2009), 
diabetes (Nemmar et al., 2013) and so on, in the aspect of experimental design. 

During the experiment, a single variable was often controlled for control experiments: mice (or rats) 
were randomly divided into control group and experimental group, in which mice (or rats) in the 
control group inhaled air that DEP has purified, while mice (or rats) in the experimental group 
were exposed to DEP. The main ways of DEP exposure were intratracheal instillation (Bendtsen et 
al., 2020), oral gavage (Danielsen et al., 2008), feed (Muller et al., 2004), intraperitoneal injection 
(Huang et al., 2010), inhalation after aerosolize (Bradley et al., 2013), inhalation exposure (Greve 
et al., 2020a) and injected into the tail vein (Nemmar and Inuwa, 2008).  

Through literature review, it is found that DEP exposure mainly caused inflammatory reaction 
(Jeong et al., 2021), lung injury (Bendtsen et al., 2020), vascular injury and heart disease 
(Nemmar et al., 2012) in mice (rats) in pathology, DEP exposure mainly caused the increase of 
ROS (reactive oxygen species) in the cells (Bendtsen et al., 2020), the level of inflammatory 
cytokines (Kim et al., 2020a) in mouse (rat) cells, DNA damage (Danielsen et al., 2008) and 
some changes in mRNA levels after translation (Hougaard et al., 2008). At the same time, some 
intracellular signal transduction pathways were activated and the expression levels of related 
proteins were changed (Greve et al., 2020a) in toxicology. 

4.2.3  Human Clinical Studies 

In addition to animal experiment articles, the human clinical study is the important part of the study 
of toxicity mechanism. As the same of animal experiment parts, there aren’t many studies. We still 
select the same four authoritative databases to search for human clinical studies. Searching time was 
1900 to September 19th, 2021. The searching formula and process were shown in Figure 4-6. 

We have listed important information, such as basic information of the paper, exposed way, 
outcomes and so on. The extracted data see Table 4-4. 
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Records identified from 4 databases, 
662 studies identified: 

PubMed (n = 145),  
Embase (n = 126),  
The Cochrane Library (n = 145, 
Web of Science (n = 246) 

Id
en

tif
ic

at
io

n 
Sc

re
en

in
g 

In
cl

ud
ed

 

Other sources 
(n=7) 

164 duplicates removed 

498 titles and abstracts screened 450 records excluded by title and 
abstract: 

203 inappropriate directions of 
studies 
4 reviews 
42 animal/cell experiments 
162 other pollutants 
19 foreign languages 
20 duplicate 

48 full-text article assessed for 
eligibility 

37 studies excluded: 
6 without full-text 
4 other, no or wrong health 
outcomes 
4 different pollutants 
3 not enough information 
15 no clear effect size 
5 unqualified type of study 15 clinical studies inclusion criteria 

(BC: n=5; DE: n=10) 

Figure 4-6  Searching process of human clinical studies 

BC or any other alternative (optical) methods such as reflection on filters are seldom assessed (or 
reported) in toxicity studies on ambient air, either in controlled human clinical studies. For this 
reason, this chapter will also consider exposure to DE or DEP. From the search results, human 
clinical studies are mainly about cardiopulmonary function and vascular function after exposure to 
BC, UFP, DEP and DE. And the countries where the subjects are located are all in Europe. 
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4.2.3.1  Study Design 

For the human clinical study, the randomized controlled trial (RCT) is the most important study 
design. It has three principles, namely randomization, control, and blinding. When the subject 
was human, crossover design and double-blind were usually selected. The difference between 
the human clinical study and the observational study is whether to intervene with the subjects. 
Therefore, RCT can obtain the causality and the quantitative relationship between the 
intervention and health effects. They are more reliable than observational studies. 

4.2.3.2  BC 

In the search results of human clinical studies, most studies analyzed BC and UFP together. The 
results showed that BC and UFP might be associated with heart rate and cardiorespiratory functions. 
However, the contribution of BC and UFP to human health effects couldn’t be completely separated. 

4.2.3.3  Diesel Exhaust Particle and Diesel Exhaust 

Through literature review, it is found that exposure to DE affects respiratory function and arterial 
stiffness. Leading to systemic inflammation, nervous system and cardiovascular system damage, 
especially in susceptible people with asthma, coronary heart disease or other diseases. 

At present, it is not possible to say definitively whether health effects due to exposure to BC or 
PM mass are different qualitatively (for example, different health outcomes) and/or 
quantitatively from each other. This is partly due to the fact that an insufficient number of 
controlled health studies have been implemented which involve human subjects with 
simultaneous BC or EC measurements and other PM speciation. 

4.3  Good Practice Statement About Carbonaceous Aerosol in 
WHO AQGs① 

This review analyzed epidemiological studies and animal studies. However, there are few related 
studies, especially articles that study BC alone. From this review of the literature concluded, 
evidence links BC with cardiorespiratory health effects, for short- and long-term exposures. 
Moreover, in studies that take BC/EC and PM2.5/UFP into account simultaneously, associations 
remained robust for BC/EC. 

In 2015, the World Health Assembly adopted a landmark resolution on air quality and health, 

                                                        
① World health Organization. WHO global air quality guidelines[R]. European Union: World health organization, 2021. 
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recognizing air pollution as a risk factor for non-communicable diseases such as ischemic heart 
disease, stroke, chronic obstructive pulmonary disease, asthma and cancer and the economic toll 
they take. These guidelines [such as World health organization global air quality guidelines 
(WHO AQGs)], taking into account the latest body of evidence on the health impacts of different 
air pollutants, are a key step in that global response.  

As yet, insufficient data are also available to provide recommendations for AQG levels and 
interim targets for BC/EC and UFP. However, due to health concerns related to these pollutants, 
actions to enhance further research on their risks and approaches for mitigation are warranted. 
Therefore, to address concerns about the health and environmental effects of BC/EC and UFP, 
some good practice statements are summarized in Table 4-5.  

Table 4-5  Summary of good practice statements 

Pollutants Good practice statements 

BC/EC 

1. Make systematic measurements of BC and/or EC. Such measurements should not replace or 
reduce existing monitoring of those pollutants for which guidelines currently exist. 
2. Undertake the production of emission inventories, exposure assessments and source 
apportionment for BC/EC. 
3. Take measures to reduce BC/EC emissions from within the relevant jurisdiction and, where 
appropriate, develop standards (or targets) for ambient BC/EC concentrations 

UFP 

1. Quantify ambient UFP in terms of PNC* for a size range with a lower limit of ≤10 nm and no 
restriction on the upper limit. 
2. Expand the common air quality monitoring strategy by integrating UFP monitoring into the 
existing air quality monitoring. Include size-segregated real-time PNC measurements at selected 
air monitoring stations in addition to and simultaneously with other airborne pollutants and 
characteristics of PM. 
3. Distinguish between low and high PNC to guide decisions on the priorities of UFP source 
emission control. Low PNC can be considered＜1,000 particles/cm3 (24-hour mean). High PNC 
can be considered＞10,000 particles/cm3 (24-hour mean) or 20,000 particles/cm3 (1-hour mean). 
4. Utilize emerging science and technology to advance approaches to the assessment of exposure 
to UFP for their application in epidemiological studies and UFP management 

* PNC: particle number concentration. 

 

BC is produced by incomplete combustion of fuel or biomass. Because of the large specific 
surface area and small particle size of BC, it is easily to adsorb toxic substances and could enter 
the deep respiratory tract through breathing. Therefore, it has the stronger health impacts. 
Exposure to BC for a short or long term, people will have varying degrees of adverse effects. In 
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this study, the results of systematic review and meta-analysis showed that short-term exposure to 
BC might be associated with total mortality and respiratory mortality and long-term exposure 
might be associated with lung cancer mortality. From the aspects of toxicological mechanism, 
animal experiments and human clinical studies, most animal studies take DEP, but there are few 
studies on human clinical trials at this stage. The impact of BC on health cannot be ignored and 
it should be addressed concerns about the health and environmental effects of BC/EC. 



5  Review of China’s Status 
on BC/OC Control 

Since greenhouse gas emissions such as carbon dioxide and air pollutant emissions have many 
of the same sources, there can be good synergistic effects of emission reductions both for climate 
and air pollution. In order to maximise the benefits, however, it is important to perform 
integrated studies and make holistic plans. During the 14th Five-Year Plan period (2021-2025), 
China will accelerate the transformation and upgrading of industrial structure and strictly control 
the construction of high energy-consuming and high-emission projects. The fundamental policies 
are: (1) construction of a clean and low-carbon energy system, development of non-fossil energy, 
and reduction of fossil energy consumption; (2) increasing optimization and adjustment of 
transportation structure, and promoting public to rail, public to water, and multimodal 
transportation; (3) selection of typical regions and cities to carry out pilot demonstrations of 
meeting environmental quality standards and carbon emission peaks. At the same time, China 
will strengthen work coordination and conduct unified policy planning and standard setting, 
along with unified monitoring and assessment, unified supervision and enforcement, and unified 
inspection and accountability, in order to provide support and guarantees for achieving the 
synergistic effect of pollution reduction and carbon reduction. 

This section provides a review and summary of BC/OC control related policy and regulations 
carried out in China. 

5.1  Strengthening Environmental and Climate Regulation and 
Institutional Arrangement  

5.1.1  Improving Legal Framework for Improving Air Quality 

Since 2013, China has made and revised many laws and regulations on prevention and control of 
air pollution, including the Environmental Protection Law of the People’s Republic of China, the 
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Law of the People’s Republic of China on the Prevention and Control of Atmospheric Pollution, 
the Law of the People’s Republic of China on Environmental Impact Appraisal, the 
Environmental Protection Tax Law of the People’s Republic of China, the Law of the People’s 
Republic of China on Desert Prevention and Transformation, and the Energy Conservation Law 
of the People’s Republic of China. They cover various fields of air pollution control. The 
Environmental Protection Law of the People’s Republic of China and the Law of the People’s 
Republic of China on the Prevention and Control of Atmospheric Pollution are described in 
more detail below.  

The Environmental Protection Law of the People’s Republic of China is a law enacted to protect 
and improve the environment, prevent and control pollution and other public hazards, safeguard 
public health, promote ecological progress, and promote sustainable economic and social 
development. The term “environment” as used in this Law refers to the totality of all natural and 
artificially transformed natural factors affecting human existence and development, including the 
atmosphere, water, oceans, land, mineral deposits, forests, grasslands, wetlands, wildlife, natural 
and human remains, nature reserves, scenic spots, and urban and rural areas. The Environmental 
Protection Law of the People’s Republic of China was adopted at the 11th Session of the Standing 
Committee of the 7th National People’s Congress on December 26, 1989, and entered into force as 
of the date of promulgation. On April 24, 2014, the 8th session of the Standing Committee of the 
12th National People’s Congress adopted the Revised Environmental Protection Law, which is 
described as the “strictest in history.” The new law went into effect on January 1, 2015. 

The Law of the People’s Republic of China on the Prevention and Control of Atmospheric 
Pollution is a law enacted to protect and improve the environment, prevent and control air 
pollution, safeguard public health, promote ecological civilization construction, and promote 
sustainable economic and social development. The Law of the People’s Republic of China on the 
Prevention and Control of Atmospheric Pollution was adopted at the 22nd Session of the 
Standing Committee of the 6th National People’s Congress on September 5, 1987, and entered 
into force as of June 1, 1988. The law was revised for the second time at the 16th Session of the 
Standing Committee of the 12th National People’s Congress on August 29, 2015, and became 
effective as of January 1, 2016. As revised, “The Law of the People’s Republic of China on the 
Prevention and Control of Atmospheric Pollution” expanded from the original 66 to 129 articles, 
focusing on the goal of improving the quality of the air environment, strengthening source 
management and collaborative control, implementing joint prevention and control of air 
pollution in key regions, actively responding to heavily polluted weather, effectively 
implementing local government responsibility, increasing the penalties for air environmental 
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violations, and making specific provisions to strengthen prevention work regarding coal, 
industry, motor vehicles, dust, agriculture, and other sources of air pollution. According to the 
Deepening Reform of Party and State Institutional Program announced by office of the Central 
Committee for Institutional Development in March 2018, the Ministry of Environmental 
Protection was renamed the Ministry of Ecology and Environment, with significant changes in 
function configuration, internal structure and staffing, and the full implementation of the Air 
Pollution Prevention and Control Action Plan is an important part of its new function. In 
accordance with this change, the new names of the relevant institutions were subsequently 
revised in the Law of the People’s Republic of China on Prevention and Control of Air Pollution 
and was adopted and issued for implementation by the Standing Committee of the 13th National 
People’s Congress at its sixth meeting on October 26, 2018. 

The early versions of the law mainly controlled emission of SO2, NOx, dust and harmful gases 
from factories, power plants, motor vehicles and ships. The 2015 and 2018 versions, however, 
showed a significant change in the country’s strategy for air pollution governance, from 
individual pollutant emission controls to overall air quality improvement, which highlights the 
regulation of emission sources rather than just focusing on end-of-pipe emissions. Furthermore, 
the revised versions highlighted regional joint prevention and control, while the co-governance 
of greenhouse gases and such air pollutants as PM, SO2, NOx, ammonia (NH3) and volatile 
organic compounds (VOCs), was proposed for the first time. An accountability and performance 
target evaluation system has been established in China to enforce environmental and climate 
governance. Major targets have been established at the national level and then disaggregated to 
provincial and lower levels of government (UNEP, 2019). Thus, local governments of the 31 
provinces, municipalities and autonomous regions in China promulgated or revised supporting 
regulations on environmental protection and prevention of air pollution. Some regions have even 
framed special legislation for key tasks. For instance, Zhejiang, Anhui and Chongqing have 
released guidelines for the prevention and control of motor vehicle pollution. 

5.1.2  Carbon Peak and Carbon Neutrality Action in China 

China amowces carbon-control timeline to the world. In 2020, China released action plam to peak 
carbon emission before 2030 and carbon neutrality before 2060 in its overall plan for ecological 
conservation, and promoted the development of a green and low-carbon circular economy in a 
comprehensive way. The Paris Agreement on Climate Change represents the general direction of 
the global green and low-carbon transition, which is the minimum action needed to protect the 
Earth as a home for life, and countries must take decisive steps. Countries should establish a new 
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development concept of innovation, coordination, greenness, openness and sharing, seize the 
historic opportunity of the new round of scientific and technological revolution and industrial 
change, promote the “green recovery” of the world economy after the COVID-19 and gather a 
strong synergy for sustainable development (Xinhua, 2020). As the world’s largest carbon emitter, 
China has clearly proposed a long-term climate goal to control emissions. 

Achieving the ambitious goals of carbon emissions and carbon neutrality will not be easy and 
will require a Herculean effort. In terms of timing, Europe and the United States have a 50-70 
years transition period from peak carbon to carbon neutrality, while China only has a 30-year 
transition period. As the largest developing country, China still has many shortcomings in 
addressing climate change. China’s low-carbon development transition also faces three major 
challenges: (1) China’s manufacturing industry is still in the middle and low end of the 
international value chain since product energy consumption and material consumption are high, 
the value-added rate is low, and economic restructuring and industrial upgrading tasks are 
arduous; (2) the share of coal in Chinese energy consumption is still more than 50% of Chinese 
energy consumption, the intensity of carbon dioxide emissions per unit of energy is about 30% 
higher than the world average and the task of optimizing the energy structure is arduous; (3) the 
energy intensity (energy consumption per unit GDP) is very high, 1.5 times the global average 
and 2 to 3 times that of OECD countries and the task of establishing a green low-carbon 
economic system is extremely arduous. 

China is actively promoting carbon trading pilot work. In 2011, China launched the carbon market 
pilot work. Seven provinces and cities―Beijing, Tianjin, Shanghai, Chongqing, Guangdong, 
Hubei and Shenzhen―have launched local pilot carbon emissions trading systems (ETSs). The 
seven local pilot carbon markets have started online trading, one after another, since 2013, 
covering nearly 3,000 key emission industries in more than 20 sectors such as power plants, steel, 
and cement. The national carbon ETS launched online trading on July 16, 2021. The power 
generation industry was the first industry to be included, with 2,225 power companies taking the 
lead. According to the Ministry of Ecology and Environment’s calculations, the carbon emissions 
of the enterprises covered by the first carbon market exceeded 4 billion tonnes of carbon dioxide, 
meaning that China’s carbon emissions trading market will become the world’s largest carbon 
market covering greenhouse gas emissions as soon as it is launched (Xinhua, 2021). 

5.1.3  Standards and Action Plans on Air Quality Improvement 

Revision of Air Quality Standard. China’s ambient air quality standards were first issued in 1982 
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and subsequently revised in 1996, 2000 and 2012. On February 29, 2012, China’s current 
Ambient Air Quality Standard (GB 3095—2012) was published, incorporating the monitoring 
indicators of PM2.5 and identifying the six basic components in environmental air 
pollutants—PM2.5, PM10, SO2, NO2, CO, and O3 and four other components—total suspenaleel 
pairticulate (TSP), NOx, Pb, BaP. It also specified the concentration limits and monitoring 
requirements of various pollutants. This Standard marked the beginning of the transformation of 
China’s atmospheric environmental management from a target-oriented approach of controlling 
environmental pollution to a target-oriented approach of improving air quality. The ambient air 
quality levels, pollution components covered, monitoring methods, etc. were classified in the 
Standard. The pollutant concentrations are all mass concentrations (Table 5-1 for details). The 
Standard was implemented in stages and by regions: 

w In 2012, Beijing-Tianjin-Hebei, the Yangtze River Delta, the Pearl River Delta and other 
key regions and municipalities directly under the central government and provincial cities.  

w In 2013, 113 key cities and the national environmental protection model city for 
environmental protection.  

w In 2015, all cities at prefectural level and above. 
w In 2016, nationwide implementation of the new Standard. 

An amendment to the Ambient Air Quality Standard (GB 3095—2012) was released on July 31, 
2018 and implemented on September 1, 2018. The modification list is as follows for the contents 
of Article 3.14: 

The original said: “Standard state refers to a temperature of 273 K and pressure of 101.325 kPa. 
The pollutant concentration in this standard is the concentration in the standard state.” This was 
modified to: “Reference state refers to when the atmospheric temperature is 298.15K and the 
atmospheric pressure is 1013.25HPa. The concentration of gaseous pollutants such as sulfur 
dioxide, nitrogen dioxide, carbon monoxide, ozone and nitrogen oxide in this standard is the 
concentration under the reference state. The concentrations of PM PM10 (particle size less than or 
equal to 10 μm), PM PM2.5, TSP and its components lead and Benzo [a] pyrene are the 
concentrations under atmospheric temperature and pressure at the time of monitoring.” The AQI 
values correspond to different pollution levels (Class I to Class VI) and air quality types 
(“excellent” to “severe pollution”) (Shown as Figure 5-1), which can be used as a general 
criterion to judge the air quality and its impact on human health (MEE, 2016). A list of Air 
Pollutant Emissions Standards in China from 2013 to 2020 can be found in Annex Ⅱ. 
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Table 5-1  Basic particles in ambient air quality standard (GB 3095—2012) 

Concentration Limits 
Name of Pollutant Average Time 

Grade Ⅰ* GradeⅡ* 
Unit 

Annual average 20 60 

24-hour average 50 150 SO2 

1-hour average 150 500 

Annual average 40 40 

24-hour average 80 80 NO2 

1-hour average 200 200 

μg/m3 

24-hour average 4 4 
CO 

1-hour average 10 10 
mg/m3 

Average in the top consecutive 8-hour period 100 160 
O3 

1-hour average 160 200 

Annual average 40 70 
PM10 

24-hour average 50 150 

Annual average 15 35 
PM2.5 

24-hour average 35 75 

μg/m3 

NOTES: *means some of China’s air quality standards Grade I and II are in line with level I and III target values for global air 
quality guidelines (2005) issued by the World Health Organization (WHO). 
 

 
Figure 5-1  AQI classification in Technical Regulations for Ambient Air Quality Index (AQI)  

(Trial Implementation) (HJ 633—2012) 
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5.1.4  Air Pollution Prevention and Control Action Plans 

China has delineated a clear path for achieving its clean air goals in a series of national policies 
and plans in the 13th FYP period, mainly including the Action Plan of Air Pollution Control and 
Prevention (SCPRC, 2013) and the Three-Year Action Plan to Win the Battle for Blue Skies 
(SCPRC, 2018). The timelines of individual action plans are given in Table 5-2. 

Table 5-2  The timelines of Action Plans and the 13th Five-Year Plan 

2013 2014 2015 2016 2017 2018 2019 2020 

The Action Plan of Air Pollution Control and Prevention Tier I 
(Action Ten, 2013-2017) 

   

   The 13th Five-Year Plan 

     

The Action Plan of Air Pollution Control 
and Prevention Tier II (Three-year 

Action Plan to Win the Battle for Blue 
Skies, 2018-2020) 

 

The Air Pollution Prevention Action Plan (Action Ten, 2013-2017), also known as the Ten 
Articles of Air Quality, was formally released by the State Council of China in September 2013 
against the backdrop of pressing air pollution in China. The plan lays out the roadmap for air 
pollution control by setting concrete pollutant reduction targets in 2017 and 2020 with a focus on 
three key regions: The Beijing-Tianjin-Hebei region, the Yangtze River Delta (YRD) and the 
Pearl River Delta (PRD). The Action Plan is the first plan at national level that sets air quality 
targets for China. The Chinese government gives considerable attention to the prevention and 
control of air pollution, taking it as an important measure to improve people’s livelihood, a 
concrete action to build an ecological civilization, and an effective tool to maintain economic 
growth, adjust economic structure and promote reform and upgrading of the Chinese economy.  

According to the Action Ten, by 2017 the concentration of PM10, in cities at and above the 
prefecture level should be reduced by more than 10% from 2012 levels. The concentration of 
PM2.5 in the Beijing-Tianjin-Hebei region, the Yangtze River Delta and the Pearl River Delta 
should go down by 25%, 20% and 15%, respectively, compared to 2013 levels, with the average 
annual PM2.5 concentrations in Beijing being kept at about 60 μg/m3. To achieve the above goals, 
ten specific measures were identified: 

(1) Intensify comprehensive control measures and reduce pollutant emission. This will 
comprehensively improve small coal-fired boilers and accelerate the construction of 
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desulfurization, denitration, and dust removal renovation projects in key industries. There will be 
comprehensive control of urban dust and cooking fume pollution. Phasing out of yellow-labelled① 
and old vehicles will be accelerated. Public transportation will be vigorously developed, the use of 
new-energy vehicles② promoted, and improvement of fuel quality accelerated. 

(2) Adjust and optimise industrial structure, promote the transformation and upgrading of the 
economy. Strictly control new production capacity in industries with high energy consumption 
and high emissions. Speed up the elimination of backward production capacity with outdated 
technology and resolutely stop construction of illegal projects under construction in industries 
with severe overcapacity. 

(3) Accelerate the technical transformation of enterprises, improve scientific and technological 
innovation ability. This will vigorously develop the circular economy, foster and strengthen 
energy conservation and environmental protection industries, and promote the innovative 
development and industrialised application of major environmental protection technologies, 
equipment and products. 

(4) Speed up the adjustment of energy structure, increase the supply of clean energy. By 2017, 
coal’s share of total energy consumption shall fall below 65%. The Beijing-Tianjin-Hebei region, 
the Yangtze River Delta, the Pearl River Delta and other regions will strive to achieve negative 
growth in total coal consumption. 

(5) Investment projects must adhere strictly to principles of energy conservation and environmental 
protection. Barriers to beginning projects will be strengthened. Construction industry projects in 
ecologically fragile or environmentally sensitive areas will be strictly limited. 

(6) Give play to the role of market mechanism, improve environmental economic policies. The 
central government set up special funds to implement the policy of replacing subsidies with 
awards. It will adjust and improve policies on prices and taxes and encourage governmental and 
non-governmental investments in the prevention and control of air pollution. 

(7) Amplify the system of laws and regulations with strict supervision and management in 
accordance with the law. The state regularly publishes air quality rankings of key cities, and has 
established a mandatory disclosure system for environmental information on heavily polluting 

                                                        
① “Yellow-Labelled Vehicle” is an alias for high pollution emission vehicles, which are gasoline vehicles that do not meet 
the National I emission standard, or diesel vehicles that do not meet the National Ⅲ emission standard. As they are affixed 
with a yellow environmental label, they are called yellow-labelled vehicles. 
② New energy vehicles refer to those that use natural gas, electricity, or methanol as fuel, and to hybrid vehicles. 
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enterprises. This will improve our ability to monitor the environment and step up enforcement of 
environmental laws. 

(8) Establish regional coordination mechanisms, carrying out overall regional environmental 
governance. In the Beijing-Tianjin-Hebei region and the Yangtze River Delta region, a 
cooperative mechanism for air pollution prevention and control has been established. The State 
Council has signed target responsibility letters with provincial governments, conducted annual 
assessment and strictly investigated responsibility. 

(9) Establish a monitoring and early warning emergency system. Establish and launch a perfect 
emergency response plan in a timely manner to properly deal with heavy pollution conditions. 

(10) Clarify the responsibilities of all parties to mobilise the whole population to participate and 
to improve air quality. 

Effectiveness of Action Ten. In 2017, China successfully achieved the target of the Action Ten: 
the average concentration of PM2.5 in 74 major cities was 48 μg/m3, down 33.3% from 72 μg/m3 
in 2013.The average PM2.5 concentrations in the Beijing-Tianjin-Hebei region, the Yangtze River 
Delta and the Pearl River Delta was 64.6 μg/m3, 44.7 μg/m3 and 34.8 μg/m3, respectively, down 
39.2%, 33.3% and 26.0%, respectively, compared with 2013. The average concentration of PM2.5 
in Beijing was 57 μg/m3, down 36.0% from the average annual level in 2013 and meeting the 
target of 60 μg/m3 set in the Action Ten. 

The Three-Year Action Plan to Win the Blue-Sky Defense War (Three-year Action Plan, 
2018-2020). To speed up the improvement of environmental air quality and win the battle for 
blue skies, a “Three-year Action Plan to Win the Battle for Blue Skies” (hereinafter referred to 
as the Action Plan) was released by the State Council of China on June 27, 2018. The Action 
Plan aims to cut total emissions of SO2 and NOx by more than 15% by 2020 compared to 2015 
levels. The concentration of PM2.5 in cities at and above the prefectural level fell by more than 
18% compared to 2015, the number of days with good air quality reached 80% and the number 
of days with heavy pollution should dropby more than 25% in 2020. Provinces that have 
completed the 13th Five-Year Plan ahead of schedule should maintain and consolidate their 
achievements. Further, the plan states that provinces that have not yet reached objectives must 
ensure that they fully meet the binding targets set for the 13th Five-Year Plan. The goal of 
improving Beijing’s ambient air quality should be further improved on the basis of the 13th 
Five-Year Plan. The Action Plan sets out six tasks and measures to achieve the above targets 
of air quality: 
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(1) Adjust and optimize industrial structure and promote the development of green industry. The 
plan will improve the distribution of industries, strictly control the production capacity of 
industries with “too high levels, ” strengthen the comprehensive control of enterprises with 
“disorderly and polluting” industries, deepen the treatment of industrial pollution, and 
vigorously foster green and environmental protection industries. 

(2) Speed up the adjustment of energy structure and build a clean low carbon efficient energy 
system. It will effectively promote clean heating in the northern region, continue to control total 
coal consumption in key regions, comprehensively improve coal-fired boilers, improve energy 
efficiency and accelerate the development of clean and new energy sources. 

(3) Actively adjust the structure of transportation and develop a green transportation system. It 
will substantially increase the proportion of freight carried by railways, upgrade the structure of 
vehicles and vessels, upgrade the quality of oil products and strengthen the prevention and 
control of pollution from mobile sources. 

(4) Optimise adjustment of land use structure and promote non-point source pollution control. It 
will carry out windbreak, sand-fixation, and afforestation projects, advance the comprehensive 
improvement of open pit mines, strengthen the comprehensive treatment of dust and strengthen 
the comprehensive utilization of straw and the control of ammonia emissions. 

(5) Action implementation of major projects, greatly reduce pollutant emission. It will carry out 
major campaigns in autumn and winter in key areas, fight a tough battle against pollution caused 
by diesel trucks, carry out special campaigns to control industrial furnaces and kilns, and carry 
out special campaigns to control volatile organic compounds. 

(6) Strengthen means to prevent spread of pollution zones, effectively cope with heavy pollution 
weather. It will establish and improve regional cooperation mechanisms for the prevention and 
control of air pollution, strengthen the coordination of heavy pollution weather emergencies and 
consolidate emergency mitigation measures. 

The Action Plan calls for speeding up the improvement of relevant policies to provide a strong 
guarantee for air pollution control. It will improve the system of laws, regulations and standards, 
expand investment and financing channels, and increase economic policy support. It will 
improve the environmental monitoring and monitoring network, strengthen the foundation of 
science and technology, step up environmental law enforcement, and carry out in-depth 
inspections of environmental protection. It will strengthen organizational leadership, clearly 
implement the responsibilities of all parties, strictly assess and hold people accountable, make 



The Climate and Air Quality Co-benefits of Controlling Black Carbon and Organic Carbon:  
A Review of Emissions, Impacts and Policies 146 

environmental information more public, so as to build a national pattern of action. 

Effectiveness of Action Plan 2018-2020. In 2020, which was the closing year of the 13th 
Five-Year Plan in China, the Action Plan was completed with remarkable results, with both the 
concentration of PM2.5 and the numbers of good and excellent days exceeding the 13th Five-Year 
Plan targets and tasks ahead of schedule. In 2020, the average ratio of good and excellent days in 
China was 87%, increasing 7.7 percentage points between 2018 and 2020. The average 
concentration of PM2.5, PM10, SO2, NO2 and CO in China were 33 μg/m3, 56 μg/m3, 24 μg/m3, 
10 μg/m3 and 1.3 mg/m3, down 15.4%, 21.1%, 28.6%, 17.2% and 13.3% compared with 2018, 
respectively. The average ratio of good and excellent days in Beijing-Tianjin-Hebei and 
surrounding areas was 63.5%, up 13 percentage points since 2018; PM2.5, PM10, SO2, NO2 and CO 
concentration were 51 μg/m3, 87 μg/m3, 12 μg/m3, 35 μg/m3 and 1.7 mg/m3, down 15%, 20.2%, 
40%, 18.6% and 22.7% between 2018 and 2020, respectively . The proportion of good and 
excellent days in Beijing was 75.4%, up 13.2 percentage points compared with 2018; PM2.5 
concentration was 38 μg/m3, down 25.5% since 2018. The average number of good and excellent 
days in 41 cities in the Yangtze River Delta region was 85.2%, up 11.1 percentage points since 
2018; PM2.5 concentration was 35 μg/m3, down 20.5% between 2018 and 2020. The average 
number of good and excellent days in 11 cities in the Fenwei Plain was 70.6%, up 16.3 
percentage points since 2018; PM2.5 concentration was 48 μg/m3, down 17.2% from 2018 to 
2020.  

In January 2020 WHO declared a global health emergency because of COVID-19 that has been 
uncontrollably spreading all over the world (WHO, 2020). The COVID-19 pandemic has put 
much of the world into lockdown; as one unintended upside to that response, air quality has been 
widely reported to have improved worldwide (Liu et al., 2021). It is estimated that the change 
rates of PM2.5, NO2 and SO2 before and during the lockdown in the Chinese megacities ranged 
from −49.9% to −78.2% (average: −59.3%± 9.4%), −55.4% to −32.3% (average: −43.0% ± 
9.7%), and −21.1% to 11.9% (average: −10.9% ± 15.4%), respectively (Gao et al., 2021). 

Causes of Severe Air Pollution and Solutions. In recent years, China has launched key R&D 
programs, including the Study on Causes and Control Technology of Air Pollution, the Clean 
Air Research Program and the Scientific Research Project for Public Welfare, with a focus on 
research in combined atmospheric pollution and R&D in controlling technology. Established 
in 2017, the National Center for Air Pollution Prevention and Control organised nearly 2,000 
scientists and researchers to find the causes of severe air pollution and provide solutions. 
Various follow-up research programs in different cities allow fast transformation from 
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research to management practices.  

One city, one policy. In 2017, the then Ministry of Environmental Protection sent a team of 28 
experts and 500 researchers from universities and institutes to the “2+26” city cluster (Air 
pollution transmission channel cities, see Table 5-3) where they carried out research on “One 
City, One Policy” and provided on-site technical guidance. The team established a working 
model integrating research, yield, application, feedback and improvements. They proposed 
comprehensive solutions targeting the characteristics of local air pollution to serve the local 
government in air pollution prevention and control. 

Table 5-3  The range of “2+26” city cluster 

No. Provinces Cities 

1 Beijing 

2 Tianjin 

3 Shijiazhuang 

4 Tangshan 

5 Langfang 

6 Baoding 

7 Cangzhou 

8 Hengshui 

9 Xingtai 

10 

Hebei 

Handan 

11 Taiyuan 

12 Yangquan 

13 Changzhi 

14 

Shanxi 

Jincheng 

15 Jinan 

16 Zibo 

17 Jining 

18 Dezhou 

19 Liaocheng 

20 Binzhou 

21 

Shandong 

Heze 
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No. Provinces Cities 

22 Zhengzhou 

23 Kaifeng 

24 Anyang 

25 Hebi 

26 Xinxiang 

27 Jiaozuo 

28 

Henan 

Puyang 
 

5.2  Sector Specific Plans, Policies, and Regulations in China 

5.2.1  Upgrading Industrial Standards and Companies 

China has been pushing ahead with pollutant emissions control of industrial enterprises. Since 
2013, 39 standards for key industries such as cement and petrochemical industries and 
transportation were released or revised (See Annex  for details). Upgrading and renovation Ⅱ

programs for pollution control facilities in key industries such as steel, cement, and plate glass 
were pushed forward. It was estimated that strengthening industrial emission standards led to 
reductions of 7.01 Tg (43% of total abatements) of SO2, 4.77 Tg (60%) of NOx and 1.42 Tg 
(41%) of primary PM2.5 emissions at the national level. 

Strengthen industrial emission standards. Ultra-low emission and energy-saving transformation 
of coal-fired power plants was launched in 2014. By the end of 2018, the capacity of China’s 
coal-powered generators with ultra-low-emissions reached more than 810 million kilowatts, 
accounting for over 80 percent of the country’s total installed capacity of coal-power generating 
units, which resulted in China having the world’s largest clean coal-fired power generation 
system (Figure 5-2)①. China’s coal consumption exceeds 4 billion tonnes, which accounted for 
more than 50% of the world’s coal consumption in 2019 (Energy Research Institute National 
Development and Reform Commission, 2019), 51.8% of which was burnt in power plants 
(Department of Energy Statistics, National Bureau of Statistics, 2020).  

                                                        
① In 2014, China introduced an ultra-low emissions (ULE) standards policy for renovating coal-fired power-generating units 
to limit SO2, NOx, and particulate matter (PM) emissions to 35, 50, and 10 mg/m3, respectively. The ULE standard policy had 
ambitious levels (surpassing those of all other countries) and implementation timeline. 
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Figure 5-2  Proportion of ultra-low emission units in coal-fired power plants in China from  

2014 to 2018(source: Chinese Academy of Environmental Planning) 

Meanwhile, China has launched VOCs control in the petrochemical industry, starting with the 
promotion of LDAR technology (leak detection and repair) and oil and gas recovery in gas 
stations. Online monitoring devices have been installed in more than 8,000 gas-relevant 
enterprises with critical pollution sources. Based on online data of pollution sources, the 
Ministry of Ecology and Environment has organized remote supervision of heavy polluters 
suspected of excessive emissions or discharges, with local environment authorities responsible 
for follow-up inspections. 

5.2.2  Industrial Restructuring  

Enterprises are forced to transform, upgrade and speed up efforts to shut down backward production 
facilities, address overcapacity and improve the industrial structure. The share of the tertiary industry 
(provision of services) has grown year-on-year. In 2015, the tertiary industry contributed over 50% of 
the nation’s GDP for the first time; in 2018, the figure was 52.2%, up 5.3% from 2013.  

Phase out outdated industrial capacity. From 2013 to 2017, China slashed production of steel by 
200 million tonnes, cement by 250 million tonnes, plate glass by 110 million weight cases, and 
coal-fired units by 25 MW, and barred the production of 140 million tonnes of nonconforming steel 
to upgrade traditional industries and achieve environmental, economic and social benefits. 
Consequently, during the period 2013-2017, this structure-focused measure led to the reduction of 
2.08 Tg, 1.23 Tg, and 0.69 Tg  in SO2, NOx, and primary PM2.5 emissions, respectively. 

Upgrades on industrial boilers. Industrial coal boilers are major sources of emissions, especially 
SO2, because of their considerable coal consumption. From 2013 to 2017, more than 200,000 
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small coal boilers (≤7 MW) were shut down and all small coal boilers in urban areas were 
phased out. Large operating boilers were extensively equipped with SO2 and particulate control 
devices after enforcement of the new emission standard (i.e., GB 13271—2014) in 2014. 
Consequently, considerable emission abatements were obtained: abatements of 5.54 Tg (34% of 
all abatements) in SO2 and 0.71 Tg (20% of all abatements) in primary PM2.5 emissions. 

Phase out small and polluting factories. Small and polluting factories, i.e., those companies that 
do not comply with industrial policies and plans, do not have government approvals, and fail to 
reach emission standards, are mostly small scale, widely spread, hidden, and with no pollution 
control facilities, making supervision extremely difficult. Complaints about these companies 
were continuously received. Driven by tightened emission standards, this measure aimed to 
replace small and highly polluting factories with large facilities equipped with clean production 
technologies and advanced pollution control equipment, with a focus on northern China. In 2017, 
China launched a campaign to investigate and crack down on such companies, resulting in that 
62,000 were investigated and shut down in the “2+26” city cluster in Beijing-Tianjin-Hebei and 
neighboring areas. This measure yielded 10%, 3%, and 9% of regional abatements in SO2, NOx, 
and PM2.5 emissions, respectively. 

5.2.3  Optimizing Energy Structure  

In 2013, China put forward the concept of “total coal consumption control” in the Action Plan 
of Air Pollution Control and Prevention (2013-2017) and set targets for coal consumption 
controls in key areas. From 2013 to 2018, the proportion of coal consumption in primary 
energy dropped from 67% to 59%, curbing the trend of rapid growth of coal consumption as 
shown in Figure5-3. 

Setting Coal Quality Standards. China has exerted tight controls over the distribution and 
burning of low quality coal with high sulfur and ash content. In 2014, China released the Interim 
Measures for Quality Control of Commodity Coal, bringing inferior coal with ultra-high ash and 
sulfur under control. In 2017, standards for bulk coal for household use and briquettes were 
issued, introducing mandatory requirements for coal quality in production, processing, storage, 
transportation, sales, and burning (Table 5-4). 

Eliminating Small Boilers. In 2013, China launched a campaign to shut down coal-fired boilers 
with steam capacity of 10 tonnes per hour or below in urban built-up areas. As of 2018, more than 
230,000 boilers were removed. Meanwhile, no new boilers under 20 tonnes per hour are allowed in 
those areas and no new boilers under 10 tonnes per hour, in principle, can be built in other areas. 
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Figure 5-3  China’s annual energy consumption since 2013 

(source: Chinese Academy of Environmental Planning) 

Table 5-4  Quality standard for bulk coal for household use 

Items anthracite coal No.1 anthracite coal No.2 bituminous coal No.1 bituminous coal No.2 

Volatile matter  ≤12% ≤12% ≤37% ≤37% 

Ash ≤16%  ≤30%  ≤16%  ≤25%  

Sulfur ≤0.5% ≤1% ≤0.5% ≤1% 

Mercury ≤0.25 μg/g 

Arsenic ≤20 μg/g 

Phosphorus ≤ 0.1% 

Chlorine ≤0.15%  

Fluorine ≤200 μg/g 
 
Promote clean fuels for heating in the residential sector. The residential sector is a notable 
contributor to PM2.5 pollution in China, especially in northern China during the heating season. 
To resolve this issue, advanced stoves and clean coal were promoted nationwide from 2013 to 
2016 by providing subsidies to individual households. In the winter of 2017, a clean heating 
program was launched in northern China featuring natural gas, electric energy, solar energy, 
geothermal energy and biomass energy replacing coal. The government helped fuel the project 
with financial support, pricing policy, and energy supply. The central budget devoted more than 
20 billion yuan to push through bulk coal control for more than 100 million households. The 
clean heating area increased by 1,550 km2. The substitution of coal with natural gas and 
electricity was further promoted, affecting 6 million households nationwide, among which 4.8 
million households were located in the BTH (Beijing-Tianjin-Hebei) and surrounding regions. 
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This measure has reduced 0.14 Tg of SO2 (11% of total abatements) and 0.1 Tg (20%) of 
primary PM2.5 emissions, respectively. 

Clean Energy Development. Since 2013, the installed capacity of wind power and photovoltaic 
power in China has maintained high growth (Figure 5-4). By the end of 2018, the installed 
capacity of hydropower, wind power and photovoltaic power was 35,000 megawatts, 18,000 
megawatts and 17,000 megawatts, respectively. The non-fossil energy power capacity grew to 
about 40% of the total installed capacity. The proportion of clean energy in the primary energy 
mix increased from 15.5% to 22.1% (MEE, 2019). 
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Figure 5-4  Installed capacity of wind and photovoltaic power generation in China and other  

countries since 2013(source: Chinese Academy of Environmental Planning) 

5.2.4  Pollution Control of “Fuel, Road, Vehicle”  

Strengthen vehicle emission standards. This measure was a prominent contributor to NOx 
abatements (1.06 Tg, 13% of all national abatements). This shift was mainly a result of fleet 
turnover triggered by the strengthened emission standards in the transportation sector (i.e., China 
4 and China 5 emission standards implemented from 2013 to, 2017) and the forced elimination 
of old vehicles (Figure 5-5). In less than two decades, China has raised the standards for vehicle 
emissions from National I to National V. China implemented the National I Vehicle Emission 
Standard in 2001; now, the National V standard has been implemented fully. In 2016, China 
unveiled the Limit Value and Measurement Method of Pollutant Emission from Light Vehicles 
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(the sixth stage in China). Compared with National I, individual car pollutant emission levels 
were down by more than 90% under the National VI standard, with emissions of PM per 100 km 
of diesel cars reduced from 293 grams to 1.5 grams. 

 
Figure 5-5  Environment standard implementation process for vehicles in China 

(source: Chinese Research Academy of Environmental Sciences) 

Push for Low-Sulfur Fuel. When the National V standard was implemented for vehicle fuel in 2017, 
sulfur content was down to 10 ppm from 150 ppm for gasoline and 350 ppm for diesel in 2013. In 
2018, China unified the standards for vehicle diesel, general diesel and some types of marine diesel. 
On January 1, 2019, the National VI standard for vehicle gasoline and diesel came into force.  

Restructuring Transportation. Compared with more developed countries, China for long had an 
irrational freight transport structure featuring a high proportion of highway transportation. 
Chinese highways handle 2.5 times the cargo handled by railways, but per unit pollutant 
discharge is 13 times that of railways. In September 2018, China issued the Three-Year Action 
Plan for Promoting Transportation Restructuring (2018-2020), which clarified the targets of 
adjusting the transport structure and vigorously developing railway transport. On May 1, 2017, 
Tianjin Port stopped accepting truck-delivered coal or bulk cargo, and all cargo must be 
transported by train. Consequently, the number of coal trucks entering Yanqing district of Beijing 
daily is down by half to 3,000-4,000 trips. 

New Energy Vehicles. At the end of 2012, only 17,000 new energy vehicles were on the road in 
China. In 2018, over 1.2 million such vehicles were manufactured and sold in China, accounting 
for more than half the world’s total, bringing the total number of new energy vehicles on the 
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road to 2.61 million (Figure 5-6). 
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Figure 5-6  Annual production and sales of new energy vehicles in China 2011-2018 

(source: China Association of Automobile Manufacturers, Chinese Research Academy  

of Environmental Sciences) 

Eliminate “Old” and “Yellow Label” vehicles. “Yellow label” cars are gasoline vehicles that do not 
meet National I emission standards and diesel vehicles that do not meet National III emission 
standards. “Old cars” are vehicles that do not meet National IV emission standards. Since 2013, 
more than 20 million old and “yellow label” vehicles have been phased out of the Chinese market.  

In-Use Motor Vehicle Supervision System. Local authorities monitor in-use vehicles across 
China to precisely locate vehicles with excessive emissions through a combination of remote 
sensing, regular detection, remote online supervision, road inspection and big data analysis. 
China has built 851 remote sensing monitoring sites and 6,140 environmental emission 
inspection institutions for vehicles. The data at national, provincial and city levels are connected. 

Ship Emission Control Zone. In December 2015, China set up ship emission control zones in the 
waters of the Pearl River Delta, Yangtze River Delta and Bohai Rim (Beijing-Tianjin-Hebei), the 
first time the country put forward requirements on pollution discharge for ships. In 2018, the 
coverage was extended to all sea areas 12 nautical miles off the coast, and the trunk lines of the 
Yangtze River and the Xijiang River. There are strict rules on sulfur content of marine fuel, NOx 
control, control of electricity usage for ships going ashore, and VOCs emission. 

5.2.5  Treatment of Non-Point Source Pollution  

For years, the government has reinforced construction of an ecological security barrier in the sand 
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control zone of northern China, pushing forward forest and grassland protection, wind-proofing, 
and sand-fixing projects and improvement of the Sanbei shelterbelt (North, Northeast, and 
Northwest China). As a result, desertification and stony desertification have been effectively 
curbed and the forest coverage rate has improved, with a marked reduction of dust storms. 

China has made great contributions to the world’s afforestation effort. A study by Boston 
University posted on February 11, 2019 on the website of Nature said that by reviewing remote 
sensing data collected from 2000 to 2017 by NASA satellites, researchers made a surprising 
discovery (Chen et al., 2019): Total global green area was bucking the trend and had increased 
by 5%, the size of the Amazon rainforest. China is a top contributor, accounting for 10.5% of 
global afforestation (Figure 5-7). 
 

 

Trend in Annual Average Leaf Area (% per decade, 2000-2017) 

≤−8 −4 0 4 8 12 ≥16  

Figure 5-7  Data analysis of China’s afforestation efforts on NASA’s official website 
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With large-scale afforestation, the occurrence of dust storms has been reduced markedly. Over 
the past 60 years in northern China, the average number of days with sand and dust storms has 
dropped 0.46 days/10 years, and the average number of days with dust-storms in spring 
(March-May) has dropped 1.67 days/10 years (Figure 5-8). 
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Figure 5-8  Sand and dust activities from 1961 to 2017 

(source: National Climate Center of China) 

Strengthening comprehensive utilization of straw. In recent years, the comprehensive utilization 
rate of straw has been greatly improved through feed, fertilizer and energy, and the control of 
open burning of straw has been strengthened through grid-based supervision. Since 2013, open 
burning of straw has been basically controlled in northern and eastern China. 

Strengthening comprehensive management of dust. Large construction sites should basically 
achieve “six hundred percent”① with regard to site perimeter fencing, material piling coverage, 
wet excavation, road hardening, vehicle washing and enclosing the load of vehicles transporting 
dirt; vigorously promote mechanised road cleaning and cleaning operations; and gradually 
increase the rate of mechanised cleaning of driveways in urban built-up areas. In pilot cities (e.g., 
Tangshan City, Hebei Province), innovative road dust mobile monitoring and control means have 
been installed in cabs with vehicle-mounted mobile road dust monitoring systems to monitor the 

                                                        
① “six hundred percent” means 100% fencing around the site, 100% coverage of material stacking, 100% flushing of 
incoming and outgoing vehicles, 100% hardening of construction site ground, 100% wet work on the demolition site, and 
100% sealing of the loads of vehicles transporting dirt. 
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amount of dust accumulation in urban streets in real time. The monitoring data are presented on 
a GIS map, forming a trajectory map of the cleanliness of urban roads, which visually reflects 
the level of road dust pollution (Figure 5-9). 

 

Figure 5-9  GIS map of street cleanliness in tangshan city 

(source: National Joint Center for Air Pollution Prevention and Control) 

5.2.6  Gaps and Needs to Optimise Policy Making  

As relatively new fields, the emissions, impact, and control policy for BC/OC and its co-benefits 
remain very challenging tasks, especially regarding policy making and planning. The challenges 
or constraints faced include: 

Practical studies are needed: One of the reasons for the difficulties in the BC/OC emission 
inventory is the lack of practical studies. First, most previous related studies have focused on air 
pollutant emissions or chemical reactions other than air quality management methods. As a 
result, the study results are rarely used by any governments for emissions inventories or air 
quality management activities. Second, the aim of many related studies is simply to publish 
findings and report theoretical implications and not to support governments in any form. 
Therefore, the findings are rarely understood and duplicated by governments. Third, some 
studies developed indicators and approaches for emission inventories or chemical reactions, but 
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they are too theoretical and complicated to be understood and used by governments. 

Narrow the uncertainties of BC/OC emissions: Adequate knowledge of BC emissions is the basis 
for insight into air quality/climate/health effects and control measures. However, the BC/OC 
emission inventories in China have been developed by different institutions and are often 
inconsistent in total amounts or in specific sectors due to the significant differences in emission 
factors chosen, activity levels recognised and methodologies applied. These inconsistent 
emission results often lead to misunderstandings and confusion, and add difficulty when trying 
to identify major emission sources and formulate pertinent policy. For this reason, a more 
comprehensive and convincing BC/OC emission inventory for China should be developed to 
provide scientific data support to formulate and implement policies by incorporating new 
emission factors derived from new measurements, by investigating activity levels and by 
improving methodology. In addition, it is also necessary to present an emission inventory of 
other pollutants (PM, PM2.5, NOx, nmVOCs, CO, SO2 and methane) for air quality and climate 
modeling purposes. Such inventories could be constructed by integrating and improving the 
inventories developed by other institutions; however, all inventories need to be consistent. 
According to available literature, the residential and mobile source sectors are among the largest 
emission sources and with high uncertainties. These sectors are experiencing rapid changes due 
to China’s economic development, increasing standard of living and strengthening of specific 
environmental efforts. Intensive studies are necessary to narrow knowledge gaps in emissions 
estimates in these sectors. 

Links between scientists and governments need to be established: The links between scientists 
and governments are extremely important to apply BC research in policy making, because the 
ultimate aim of these studies is to support governments in policy making and planning, which in 
turn will promote improved regional air quality and decrease the negative effect on climate 
change and human health. Little communication currently exists between Chinese scientists and 
governments, and the governments are not involved when a study is designed and conducted. 
Many options are available to establish such links between scientists who conduct studies in this 
field and governments. These options include: (1) governmental participation in the studies from 
beginning to end, which will enable government officials to understand the valuation procedures 
and approaches and to use the results or methods in their work and policy making process; (2) a 
communication channel should be set up so that scientists understand the needs and 
requirements of governments before the design and implementation of their studies, so that 
scientists will be able to provide results, approaches and information needed by governments for 
policy making and planning; (3) government supported studies, not only studies financially 
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supported by scientific funds or the Ministry of Science and Technology, should be encouraged 
to ensure the utilization of research results. 

Knowledge and awareness of government officials need to be enhanced: Currently, BC is 
steadily growing and contributing increasingly to urban and regional air pollution and health 
problems without a restrictive target to control the problem. Serious photochemical smog and 
haze have emerged in some areas, air pollution from local and regional sources reacts and 
contributes to a complex pollution situation. In addition, the international focus on climate 
change and air quality is increasing, so China, which is a key emitter of pollutants, is under 
pressure to take measures to reduce BC emissions. However, it is widely recognised that the lack 
of understanding and awareness on the negative impact of BC on climate change and air quality 
is one of the main reasons that governments ignore this issue. Undoubtedly, the knowledge and 
awareness of government officials will play a decisive role in this aspect because the decisions 
and policies for controlling BC will be made by those officials. The promotion of more stringent 
BC emission targets in policy making, planning and actions should be made parallel to efforts to 
enhance the knowledge and awareness on the roles of BC in air quality and climate change. The 
targets will include government officials and the public. This can be realised through training 
and workshops, particularly direct towards participation of government officials in the related 
workshops or seminars. This proposed way forward will focus on enhancing knowledge and 
awareness, with emphasis on the balance of trade-offs between air pollution and economic 
development. 

Lack of experience: We are proposing pioneering work in BC emissions, effect evaluation and 
policy making. The lack of adequate knowledge of the negative impacts of BC/OC emissions 
has become a major bottleneck. At present, China is taking the first step to develop strategies for 
controlling SO2 and NOx. Measures to reduce BC/OC emissions have not started. It has become 
an urgent task for the Chinese government to establish scientifically reasonable policies to 
reduce BC/OC emissions. 

Legislation: In response to the major needs of “scientific, precise and legal pollution control, ” 
China urgently needs to build a modern governance system for air pollution prevention and 
control. Under the leadership of advanced science and technology in air pollution prevention and 
control, a regional legal and regulatory system for air pollution prevention and control will be 
formed the development and implementation of four major structural adjustment mechanisms for 
energy, industry, transportation and land use will be accelerated to give full play to the potential 
of structural adjustment in air pollutant reduction. At the same time, it will take the opportunity 



The Climate and Air Quality Co-benefits of Controlling Black Carbon and Organic Carbon:  
A Review of Emissions, Impacts and Policies 160 

to achieve China’s carbon peak and carbon neutrality targets, achieve a “win-win” situation in 
terms of air quality improvement and climate change response and promote changes in China’s 
participation in the global governance system. On this basis, through the “double leverage” of air 
quality improvement and national carbon peak and carbon neutrality, it promotes the exploration 
and practice of green development model in key regions in China. 

5.3  Highlights for Emission, Impact, and Control Policy for 
BC/OC 

China’s air pollution control efforts accelerated in 2013 and have incessantly broken new ground 
since then. The measures contained non-electricity industry treatment, clean heating in rural 
areas, coal-fired boiler remediation, mobile source emission control and VOC treatment, etc. It is 
valuable and useful to evaluate the effect of these measures on emission, health, climate change 
and air quality, which also can provide a reference for the 14th Five-Year Plan and even medium 
and long-term Chinese air quality improvement. 

w Updated emission inventory for the change of energy structure. Taking residential heating 
as an example, where residential coal consumption continues to decrease and is replaced 
by natural gas or electricity, emissions from residential combustion sources should be 
updated based on constantly updated activity data and emission factors. 

w Updated emission inventory for transportation restructuring. China’s emission standards 
for vehicles continue to tighten, strictly controlling the number of heavy-duty diesel trucks 
and significantly increasing production and sales of new energy vehicles since 2013. 
Emission inventories for the transportation sector need to be updated with the latest 
transportation restructuring data. 

w Multi-effect evaluation. With the obvious improvement of air quality in China and further 
reduction of BC/OC concentrations, there is an urgent need to track and assess its 
multi-effect on health, air quality and climate in order to provide guidance for Chinese 
medium and long-term air environment management. 

 



Norway and EU quick facts: 
-There are approximately 5.4 million 
residents in Norway. 
-The number of residents in the EU is 
approximately 447 million. 
-Norway is not an EU member but has 
special agreements though EEA. 
-Norway has an area of 385,207 km². 
-The Norwegian coastline is over 
2,650 km long. 
-GDP for Norway is $350 billion. 
-The per capita GDP is $64,856. 

6  Review of Norway’s Status 
on BC/OC Control  

This section provides a review and summary of BC/OC control related policy and regulations 
carried out in Norway. 

6.1  Scope 

The scope of this section is primarily Norway, while EU 
and global climate conventions are also discussed. 
Norway is not a member of the EU but is a member of 
the European Economic Area (EEA), and as such 
Norway has implemented several of the EU Directives 
relevant to climate and air pollution. We have not 
covered legislation within Norway or the EU completely 
but highlighted some aspects that we find most relevant 
in this context. Relevant EU policy and regulations are 
also presented in Annex Ⅲ.  

The pollutants covered here will mainly be PM (BC/OC, 
PM10, and PM2.5).  

Particulate matter (including BC) is covered, for example, in the following international bodies 
in which Norway participates: 

w Arctic Council 
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w Climate and Clean Air Coalition (CCAC) 

w Convention on Long-range Transboundary Air Pollution (UNECE-CLRTAP) 

w Intergovernmental Panel on Climate Change (IPCC) 

6.2  Introduction to Norwegian Emissions of BC/OC  

The Norwegian emissions of BC amounted to 2,841 tonnes in 2019, a total reduction of 41% 
since 1990 and of 6% since 2018 (Norwegian Environment Agency① (NEA), 2021a). Figure 6-1 
shows the trends per sector in BC emissions from 1990 to 2019. In 2019, the most important 
source of emissions was “other combustion, ” contributing 37% of total emissions (Figure 6-2). 
From this category, 75% of emissions in 2019 originated from residential stationary plants, 
primarily due to wood combustion in private households. From 1990 to 2019, emissions from 
residential stationary plants have been reduced by 28%. 
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Figure 6-1  Trends in BC emissions, 1990-2019. 1,000 tonnes 

(Norwegian Environment Agency, 2021a)  

                                                        
① NEA for short. 
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Figure 6-2  Distribution of BC emissions between emission sources, 2019 

(source: Norwegian Environment Agency, 2021a) 

In 2019, the second most important source of emissions was transport. It contributed 34% of total 
BC emissions. The greatest share of emissions within the transport sector, 57%, stems from coastal 
navigation. That is followed by light-duty vehicles, passenger cars and heavy-duty vehicles and 
buses, contributing 11%, 12% and 10%, respectively. From 1990 to 2019, emissions from 
navigation increased by 15%, while emissions from passenger cars increased by 28%. However, 
emissions from light- and heavy-duty vehicles have been reduced by 51% and 86%, respectively, 
from 1990 to 2019, leading to an overall reduction of about 30% from the transport sector. 

Emissions of OC in Norway amounted to 9,537 tonnes in 2019 and are primarily from 
residential wood burning. 

Nationally reported emissions to UNECE (CLRTAP) were also spatially distributed to the EMEP 
(The co-operative programme for monitoring and evaluation of the long-range transmission of 
air pollutants in Europe) grid system in 2015 (CEIP, 2020). Downscaling of nationally reported 
emissions are required every four years for all pollutants in each emissions sector. Figure 6-3 
shows an example of downscaled BC emissions for the emissions category for off-road sources 
from 2015 nationally reported data. 

Norway has developed many fine scale bottom-up emission models for BC/OC and PM fractions 
(Table 6-1). These models cover all the main emission sources for PM and generate data at very 
high spatial and temporal resolutions. Data from these models are mainly used in dispersion 
modeling for local air quality mapping. However, some of the data from these models are also 
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used to present climate and air pollution information for local municipalities and in national 
reporting (for example to CLRTAP).  

A detailed presentation of each specific model is shown in Annex Ⅳ. 

  
Figure 6-3  Spatial distribution of BC emissions (kt/year) from off-road sources, 2015. 

 Spatial resolution is at the EMEP grid, approximately 8 km x 8 km. 

Table 6-1  Overview of fine scale bottom-up emission models for local air pollution in Norway 

Emissions Source Model/tool Components Spatial resolution Temporal resolution 

Wood burning MetVed-2 
BC, OC, + all major 
air pollutants 

250m 
Hourly (with regional 
time variations) 

Shipping Havbase/UtAgg 
BC, OC, + all major 
air pollutants 

250m, 1,000m, 8km Hourly 

Road traffic, 
exhaust 

NERVE-H 
PM, + all major air 
pollutants 

Road links >50m 
Hourly (with general 
time variations) 

Industry Tilde 
Soot, + all major air 
pollutants 

Point sources 
Hourly (with general 
time variations) 

Road traffic, 
non-exhaust 

NORTRIP PM Road links >50m Annual 

Airports* Flybase 
PM, + all major air 
pollutants 

Airport site (~5km2) Hourly 

Construction 
sites* 

EmSite 
PM, + all major air 
pollutants 

Construction site (1km2) Hourly 

*Model under development, available at the end of 2021. 
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6.3  Introduction to Norwegian Policies and Regulations 

The polluter pays principle is a cornerstone of the Norwegian policy framework for air pollution 
and climate change. Norway does not have regulations, policies or national targets directed 
specifically to reduce BC and OC emissions, but air pollution and climate change legislation 
targeting other components has contributed to large reductions in BC and OC emissions since 
1990.  

In 2017, the eight member states of the Arctic Council adopted a collective goal to reduce BC 
emissions by 25%-33% below 2013 levels by 2025.① There are large uncertainties in the 
emission data, but a 2021 assessment②, shows that the collective goal probably will be attained. 
however, the collective goal does not, require each country to have a national target for 
reductions in BC emissions.  

Policies and regulations affecting BC/OC are presented below. 

6.3.1  Air Quality 

Both Norway and the EU have ratified protocols under the Convention on Long-range 
Transboundary Air Pollution (LRTAP, the Air Convention). The Air Convention was adopted in 
1979 and celebrates its 40th anniversary in 2019. Within the Air Convention framework, a 
number of task forces, centres, and International Cooperative Programmes provide research, 
scientific assessments and dialogue on the common knowledge base on air quality issues. The 
most important program for Norway is the co-operative program for monitoring and evaluation 
of the long-range transmission of air pollutants in Europe (EMEP).③ The program includes four 
task forces and five centres. 

The Air Convention has been extended by eight Protocols. Notably, the original Gothenburg 
protocol was agreed to in November 1999 and formed the basis for the original National 
Emission reduction Commitments Directive (NEC), Directive 2001/81/EC. The protocol was 
revised in 2012 and the reduction commitments established for 2020 for the EU and its Member 
States have been transposed into EU law by a new NEC Directive, Directive 2016/2284/EU. The 
Directive sets 2020 and 2030 emission reduction commitments for NOx, NMVOCs, SO2, NH3 

                                                        
① https://oaarchive.arctic-council.org/handle/11374/1936, last access 25 May, 2022. 
② https://oaarchive.arctic-council.org/handle/11374/2610, last access 25 May, 2022. 
③ https://www.emep.int, last access 25, May, 2022.  
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and PM2.5. 

The revised Gothenburg Protocol recognises the human health and climate co-benefits of 
reducing BC and ground-level ozone (Mark W. Frampton et.al., 2006). An objective is that 
Parties should, in implementing measures to achieve their national targets for PM, give priority, 
to the extent they consider appropriate, to emission reduction measures that also significantly 
reduce BC. 

Norway and the EU continue to work closely with the Air Convention to encourage ratification 
and implementation of the revised Protocol by the broadest range of parties, and to pursue 
further work on key areas such as BC and intercontinental transport of air pollution. 

The EU Ambient Air Quality Directives① (2004/107/EC and 2008/50/EC) set the guidelines, 
regulations, and laws for managing air quality in Europe. In addition to the limit values set out in 
the directive, Norway has established its own more ambitious guidelines and laws, while still 
adhering to the EU regulations. The country-specific guidelines and laws for air quality 
management in Norway are given in Chapter 7 of the National Pollution Regulations Regarding 
Ambient Air Quality.② Norway has various levels of air quality standards (Table 6-2):   

w EU Air Quality directive limit values: legally binding values for the entire EU; if not met, 
mitigation measures must be performed to hold the values under these limits. Air quality 
plans should be developed for areas where concentrations of pollutants in ambient air 
exceed or are in danger of exceeding, the limit values. These plans are reported back to the 
EU. 

w National Legal limit values: legally binding values specific for Norway; if not met, 
mitigation measures must be performed to hold the values under these limits. Air quality 
plans should be developed for areas where concentrations of pollutants in ambient air 
exceed or are in danger of exceeding, the limit values. 

w National Goals: the government’s long-term goals for local air quality in Norway. These 
goals are set to the same levels as the air quality criteria. 

w Air Quality Criteria: health-based goals for air quality that establish safe air quality when 
levels are under the criteria. 

                                                        
① https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32008L0050&from=EN, last access 27 May, 2022. 
② https://lovdata.no/dokument/SF/forskrift/2004-06-01-931/KAPITTEL_3#KAPITTEL_3, last access 27 May, 2022. 
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The values for these various standards for PM are shown in Table 6-2. 

Table 6-2  EU and Norwegian limit values, goals, and criteria for PM 

 
EU Air Quality 

Directives limit values 
National legal  

limit value 
Proposed national 
legal limit value* 

National 
goals 

Air quality 
criteria 

Daily  
50 µg/m3 

(max 35  
exceedances) 

50 µg/m3 

(max 30  
exceedances) 

50 µg/m3 

(max 15 
exceedances) 

n/a 30 µg/m3 
PM10 

Annual 40 µg/m3 25 µg/m3 22 µg/m3 20 µg/m3 20 µg/m3 

Daily  n/a n/a n/a n/a 15 µg/m3 
PM2.5 

Annual 25 µg/m3 15 µg/m3 12 µg/m3 8 µg/m3 8 µg/m3 

*In addition, there have been proposed changes to the National legal limit values, which took effect January 2022 . 

 
In addition, Norway has air pollution classes that are used in forecasting of air quality; the 
classes for PM are shown in Table 6-3. 

Table 6-3  Norwegian pollution classes used in air quality forecasting of PM 

Classes Level Health risk 
PM10 Day/ 

(µg/m3) 
PM2.5 Day/ 

(µg/m3) 
PM10 Hour*/ 

(µg/m3) 
PM2.5 Hour*/ 

(µg/m3) 

 Low Low ＜30 ＜15 ＜60 ＜30 

 Moderate Moderate 30-50 15-25 60-120 30-50 

 High Considerable 50-150 25-75 120-400 50-150 

 Very high Serious ＞150 ＞75 ＞400 ＞150 

* The pollution class for PM10 and PM2.5 are primarily given for the daily mean (the mean concentration in a 24-hour period). 
The equivalent pollution class for hourly mean (the mean concentration in one hour) is a mathematical conversion based on 
statistics. As an example: When the hourly mean for PM is in the yellow pollution class, it is most likely that the day will also 
be yellow. 

 
According to Norway’s National Pollution Regulations, PM2.5 from background stations must be 
analyzed for OC/EC and BC measurements have been previously taken for specific research 
projects. 

If a municipality exceeds the legally binding limit values for local air quality, the regulations 



The Climate and Air Quality Co-benefits of Controlling Black Carbon and Organic Carbon:  
A Review of Emissions, Impacts and Policies 168 

require production of an Air Quality Plan for the municipality. The plans must show how the 
proposed mitigation will allow for air quality for the entire municipality to be under the limit 
values. These plans normally include detailed emission calculations and dispersion modelling to 
quantify the air quality situation, they are based on the following general parameters: 

w Description of meteorology and local variations 

w Localization of housing and other planning areas 

w Localization of emission sources 

These action plans have primarily addressed PM10 and NO2 concentrations, as other pollutants 
have been less problematic in recent years in Norwegian municipalities. Sources of these PM10 
concentrations are normally road dust and re-suspension. In addition, the national goals for PM2.5 
(Table 6-2) are listed as national Environmental Indicator number 4.4.2, in which the goal 
currently has a “good” status with “positive” development.① 

6.3.2  Climate Change 

Climate change policy will in many cases also contribute to the reduction of BC and OC 
emissions. Climate change and emission of greenhouse gases have been concerns of Norwegian 
policy since the late 1980s and remedial measures have broad political backing. The polluter 
pays principle is a cornerstone of the policy framework on climate change. CO2 taxes on 
emissions were introduced in 1991 as a cost-effective policy to limit emission of greenhouse 
gases. The EU emission trading scheme covers around 50% of Norway’s greenhouse gas 
emissions. Together with the Norwegian CO2 tax, economic measures cover almost 80% of total 
greenhouse gas emissions. 

When developing its climate policy, Norway also addresses drivers of climate change other than 
reduction of the greenhouse gases included in Annex A to the Kyoto Protocol. Measures 
covering certain sources of CO2 emissions may also affect BC emissions and other short-lived 
climate forcers. 

In June 2017, the Norwegian Parliament adopted the Climate Change Act. The purpose of the 
Act is to promote Norway’s long-term transformation to become a low-emission society by 2050. 
Norway’s climate targets for 2030 and 2050 are established by law in the Act. 

                                                        
① Norwegian Environmental Indicators: https://www.environment.no/, last access 27 May, 2022. 
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In its White Paper on the 2030 climate strategy① from 2017 the government states that it will 
promote the use of cost-effective mitigation measures to meet the 2030 commitment (see below). 
If the CO2 tax is not considered to be an adequate or appropriate instrument, other instruments 
that provide equally strong incentives to reduce emissions will be considered, including direct 
regulation under the Pollution Control Act and voluntary agreements. 

In February 2020, Norway submitted an enhanced climate target under the Paris Agreement, 
number 2 in the following list of national mitigation targets: 

(1) Under the Kyoto Protocol, Norway will reduce global greenhouse gas emissions by the 
equivalent of 30% of its own 1990 emissions by 2020. 

(2) Under the Paris Agreement, Norway has undertaken a commitment to reduce emissions by at 
least 50%, and up to 55%, by 2030 compared to 1990 levels (increased from the previous target 
of “at least 40%”). 

(3) Norway will be climate neutral by 2030. This means that from 2030, Norway must achieve 
emission reduction abroad equivalent to remaining Norwegian greenhouse gas emissions. 
Possible mechanisms are the EU emissions trading system, international cooperation on 
emissions reductions, emissions trading and project based co-operations. 

(4) Norway has established by law a target of becoming a low-emission society by 2050. In 
quantitative terms this means reducing emissions by 90%-95% compared to 1990 levels. 

Norway and Iceland are cooperating with EU to fulfil their emission reduction targets of an at 
least 40% reduction of GHG emissions by 2030 compared to 1990 levels. This cooperation 
means Norway and Iceland will participate in the three pillars of the EU climate legislation 
towards 2030: Manufacturing plants and power stations in Norway and Iceland have been part of 
one of the EU pillars―the EU emissions trading system (EU ETS)―since 2008. The EU ETS 
entails no national targets. It puts a limit to the overall emissions from covered installations, 
which is reduced each year, reducing emissions by 43% in 2030 compared to 1990. Within this 
limit, companies can buy and sell emission allowances as needed. Through the climate 
cooperation with EU and Iceland, Norway will be part of the other two EU pillars: the Effort 
Sharing Regulation (ESR) and the Regulation on Land-use, land-use change and forestry 
(LULUCF). Through the ESR, Norway will have yearly emissions budgets and a commitment to 
reduce emissions not covered by the EU emission trading system (so-called non-ETS emissions) 

                                                        
① https://www.regjeringen.no/en/dokumenter/meld.-st.-41-20162017/id2557401/, last access 27 May, 2022. 
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by 40% in 2030 compared to 2005. In the government’s political platform, it is stated that the 
government intends to reduce domestic non-ETS emissions by 45% in 2030 compared to 2005 
levels.  

Therefore Norway will be well prepared when the EU strengthens its climate legislation. 
Norway also intends to cooperate with the EU on the enhanced 2030 climate targets. Norway 
may have to meet stricter requirements under EU climate legislation as rules are tightened to 
meet the enhanced 2030 target the EU has adopted. 

In 2021, the Norwegian government submitted a white paper with a Climate Action Plan for 
2021-2030. The plan shows how Norway can attain its national climate targets by implementing 
measures and instruments. One of the main instruments proposed is to gradually increase the 
CO2 tax from around 590 NOK/tonne CO2 today to 2000 NOK/tonne CO2 in 2030. The plan was 
approved by Parliament with some amendments. The main elements of the climate plan had 
support from a majority of the parliament. Still, elements of the plan, such as the gradual 
increase of the CO2 tax, are expected to be debated in the yearly budgets in the years to come.    

6.4  Sector Specific Plans, Policies, and Regulations in Norway 

Policies and regulations that affect BC/OC emissions for specific emission sectors in Norway are 
presented below. This section includes several sectors, but with a focus on transport and 
residential combustion, because these are the two main emission sectors for BC/OC that are 
prioritised in this project. 

6.4.1  Transport 

The EU has adopted stringent emission standards for various vehicle categories, which also 
apply in Norway (see Figure 6-4 that shows light-duty vehicles). The Euro 6 emission standards 
include PM and have been active for nearly 10 years, with even stricter Euro 7 expected to be 
proposed later in 2022. 

Norway has set out ambitious national goals for rapid transition to electric mobility through 
incentives such as tax breaks and reduced toll fares. 

From 2018, cash payment was introduced for scrapping motorcycles, mopeds, campers and 
caravans. Scrapyards get operational support for receiving these vehicles. Cash payment for 
scrapping passenger cars has been in place since 1978. 
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Figure 6-4  EU vehicle emission standards for light-duty vehicles in comparison to other cities and 

countries (Source: EEA, 2016). a) gasoline, b) diesel, c) entire country, d) Delhi, Mumbai, Kolkata, 

Chennai, Hyderabad, Bangalore, Lucknow, Kanpur, Agra, Surat, Ahmedabad, Pune and Sholapur 

Since the 1990s, electric battery vehicles have been exempted from registration tax, benefitted from free 
parking, and been exempted from tolls, etc. The sale of electric vehicles has increased considerably over 
the last six years (Figure 6-5), emissions have decreased and air quality has improved (especially NO2 
concentrations). The Norwegian policy for electric battery vehicles is further described below. 
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Figure 6-5  Vehicle sales (%) in Norway from 2010 to 2020 
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To reduce emissions through cleaner diesel fuels and vehicles, Norway aims for a rapid 
transition to zero and low emission transportation. This will reduce emissions of BC in addition 
to CO2 emissions. Norway has the highest sales rate of electric vehicles in the world. In 2020, 
141, 412 new passenger vehicles were sold, of which the share of zero emission cars amounted 
to 54% (OFV, 2021). This represents an increase of 20% from 2017. Sales have increased 
considerably because Norway has for several years had in place numerous measures to promote 
the uptake of zero emission vehicles.  

The zero VAT rate for the supply and import of electric vehicles was adopted in 2001. An 
important element is also the general tax on CO2 that covers the use of most transportation 
modes. The use of fossil fuels in vehicles is charged with a CO2 tax, which favors the use of 
electric vehicles. Furthermore, fossil fuels for road traffic are charged a road use duty. This duty 
is intended to cover the externalities from road traffic, apart from CO2, such as local air pollution, 
accidents and noise. Electric vehicles contribute to such effects but do not pay a road use duty. In 
addition to the reduced taxes, zero emission cars can have benefits related to usage such as free 
public parking, free charging at public charging stations, access to bus lanes and reduced fees on 
ferries. Currently, zero emission vehicles are not charged at all toll roads, the Norwegian 
parliament has established a maximum toll of 50% of the toll that fossil fuel vehicles pay. 
However, local governments can reduce or remove the user benefits if the zero emission cars are 
causing difficulties and inefficiencies. For instance, if the electric vehicles are filling the bus 
lanes and causing queues for public transport. 

ENOVA SF is owned by the Norwegian Ministry of Climate and Environment. Enova makes 
financial contributions to individuals and businesses in order to start using the newest and most 
climate friendly technologies. ENOVA has support schemes for establishment of charging 
stations and zero emission technologies in the transport sector. In addition to these schemes, a 
zero-emission fund for commercial transport was established in 2019, with a budget of 1 billion 
NOK for 2020. The Government has set ambitious targets for emission from new vehicles in 
2025 and 2030. In its White paper on the National Transport Plan for 2018-2029,① the 
government established several new targets:  

w All new passenger cars and light vans sold in 2025 shall be zero-emission vehicles. 

w All new urban buses sold in 2025 shall be zero emitters or use biogas. 

                                                        
① https://www.regjeringen.no/en/aktuelt/a-national-transport-plan-for-better-and-safer-daily-travel/id2548623/, last access 27 
May, 2022. 
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w By 2030, all new heavy-duty vehicles, 75% of new long-distance coaches and 50% of new 
trucks shall be zero emission vehicles. 

w The distribution of freight in the largest urban centres shall have almost zero emissions by 
2030. 

A regulatory framework for public procurement entered into force in January 2018. 
Requirements for emission are set out for vehicles, as well an obligation to adopt best practice 
on environment for overall public procurement policy. An increasing number of local and 
national authorities and agencies require, through public procurement, that mobile and stationary 
engines at construction sites do not use fossil fuels. The Norwegian Environment Agency 
manages a support scheme called Klimasats, supporting local initiatives on climate change 
mitigation, such as fossil free construction sites and more environmentally friendly ferries. 
ENOVA and Innovation Norway also offer economic support.  

The Parliament adopted the White Paper on National Transport Plan 2018-2029 in June 2017. In 
June 2017, the government also issued a White Paper on climate policies, ① in which the 
government set a working target of a cut of 35%-40% in greenhouse gas emissions from the 
transport sector by 2030, compared with 2005. Further, the government said in the White Paper 
that it would build upon current policy instruments to stimulate use of zero emission vehicles, 
and by that contribute to reaching the targets for zero emission vehicles in the National Transport 
Plan 2018-2029. Depending on market development, the government will consider necessary 
changes in policy measures. The government also stated that it will facilitate making zero 
emission cars competitive, and that economic measures should support this. A new White Paper 
with a Climate Action Plan 2020-2033 was submitted to the Parliament in January 2021. The 
plan states that the government will reduce emissions from the transport sector by half by 2030, 
using the policy instruments presented in the climate action plan. The targets for zero-emission 
vehicles set out in the National Transport Plan 2018-2029 are to be maintained, and the 
government will design the policy instruments described in the climate action plan so that they 
can be achieved. The government has also recently launched the National Transport Plan for 
2022-2033 (NTP, 2021), which has the general goal for the entire transport sector of an effective, 
environmentally-friendly and safe transport system in 2050. 

Norway has an action plan for fossil free public transport by 2025 and an action plan for 
infrastructure for alternative fuels. Furthermore, an action plan on fossil-free construction sites in 

                                                        
①https://www.regjeringen.no/en/dokumenter/meld.-st.-41-20162017/id2557401/, last access 27 May, 2027.  
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the transport sector is being developed. 

The Norwegian government launched its action plan for green shipping in 2019, in which a key 
element is wider use of alternative fuels.① The Norwegian government’s ambition for its 
domestic shipping and fishing vessels is to reduce emissions by 50% by 2030 and promote the 
development of zero- and low-emission solutions for all vessel categories. Norway’s action plan 
for green shipping describes the status of the fleet and how Norway will work to speed up the 
pace of this transition. 

6.4.2  Residential 

Norway had 2.3 million households in 2016 according to Statistics Norway (SSB). About half of 
those, 1.2 million, heated their homes by burning wood; 60% of the households burnt the wood 
in stoves with new technology.② Since 1998, enclosed wood heaters must be approved for sale 
and use in Norway according to Norwegian standard NS 3058. The stoves and fireplaces must 
meet the emissions requirements described in NS 3059 (10 g PM/kg dry wood). Eco-design 
regulation [COMMISSION REGULATION (EU) 2015/1185] entered into force on January 1, 
2018, with new emission limits applicable from 2022 (5 g PM/kg dry wood). A side effect of the 
legislation targeting PM is reduced BC emissions. 

The Nordic Swan Ecolabel was established in 1989 by the Nordic Council of Ministers as a 
voluntary ecolabelling scheme for the Nordic countries Denmark, Finland, Iceland, Norway and 
Sweden. It is an effective tool to help companies that want to go ahead with sustainable solutions 
and thereby enable consumers and professional buyers to choose the environmentally best goods 
and services. The Nordic Swan Ecolabel scheme is in accordance with the Norwegian standard 
NS 3058/59, but with a stricter emission limit of 4 g PM/kg dry wood .  

Some cities like Oslo and Bergen have exchange programs and give subsidies to residents who 
exchange their old wood stoves. Burn right campaigns are being organized all over the country 
in cooperation with the fire brigades. ENOVA SF has programs for energy efficiency, including 
enhanced home heating efficiency.  

A measure that combines accelerated exchange of wood stoves for the best wood stoves on the 
market and exchange of old wood stoves for electric heating was included in the report Klimakur 

                                                        
① https://www.regjeringen.no/contentassets/2ccd2f4e14d44bc88c93ac4effe78b2f/the-governments-action-plan-for-green-ship
ping.pdf, last access 27 May, 2027. 
②https://www.ssb.no/natur-og-miljo/artikler-og-publikasjoner/mindre-ved-brennes-i-gamle-ovner, last access 27 May, 2027.   
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2030 (Klimakur 2030, 2020). With the current design of this measure it is estimated that 
GHG-emissions can be reduced by 0.51 million CO2 equivalents primarily due to methane 
reductions. 

Unintended rebound effects are possible when advocating for the use of modern appliances. In 
Oslo, Norway, a follow-up study that investigated the results of a stove exchange program found 
that despite relatively rapid change-out of appliances, emission reductions did not follow. 
Although the new stoves emitted less per unit of wood burned, the study found that users used 
their stoves more and thereby increased their wood use, thus negating emission reductions. This 
case emphasises the importance of advocating, when possible, for the adoption of the cleanest 
technology possible in change-out programs. Similarly, energy efficiency in buildings is a 
critical element in achieving emission reduction for change-out programs, in order to reduce 
energy required to heat homes. 

The view of wood as a renewable alternative to fossil fuels can present a roadblock for action to 
reduce BC emissions from wood burning appliances. Individuals who are motivated to reduce 
their own carbon footprints may opt for solid fuel combustion appliances and inadvertently 
contribute to poor air quality and short-term climate impacts from resulting BC and other SLCF 
emissions. Therefore, educational and awareness-raising campaigns should endeavor to inform 
the general population on the air quality and climate consequences of solid fuel combustion. 

The building code is the main legal instrument for improving energy efficiency. Norway 
introduced energy requirements for buildings in 1949. They have been revised and made stricter 
several times, most recently in 2016. The new and stricter requirements (passive house level) 
entered into force on January 1, 2016. The 2016 requirements were tightened such that dwellings 
became 26% more energy efficient and office buildings 38% more energy efficient compared to 
previous requirements. Energy performance certificates are mandatory for buildings that are to 
be sold or rented out. Among other things, the new energy requirements specify that installation 
of fossil fuel heating installations are not permitted. For specifications on the building code 
energy requirements, see Norway’s Seventh National Communication under the UNFCCC 
(2018).① 

In June 2018, the Norwegian government introduced a prohibition on the use of mineral oil for 
permanent heating of buildings from January 1, 2020. Schemes to support households to phase 
out the use of mineral oil for heating of buildings have been in place for several years; the use of 

                                                        
① https://www.regjeringen.no/contentassets/52d65a62e2474bafa21f4476380cffda/t-1563e.pdf, last access 27 May, 2022. 
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mineral oil for heating of buildings has been regulated through different measures such as 
CO2-tax, mineral oil tax, standards in the building code and support schemes from Enova and 
municipalities. 

6.4.3  Industry 

The Pollution Control Act sets out a general prohibition against pollution from industrial 
activities unless a permit from the authorities has been issued. Specific emission limit values are 
set on a case-by-case basis in the individual permits, based on best available techniques (BAT) 
as defined nationally or in the EU.①, ② In addition, local factors are considered when the 
emission limits are set (Ambient air quality guidelines). Emission limits can be set for soot, total 
OC, dust, and/or PM emissions, and, more rarely, for BC.  

Emissions to air of these components are reported to NEA annually, and the figures are 
published on NEA’s website The Norwegian PRTR.③ 

Flaring of natural gas in the oil and gas industry is only permitted when necessary for safety 
reasons. Implementation of the flare gas recovery system is BAT for new field development 
projects in the oil and gas industry. For large-scale modification projects on existing installations, 
flare gas recovery is evaluated as part of the Plan for Development and Operation of petroleum 
deposits (PDO). Firms/oil companies operating on the Norwegian Continental Shelf are 
encouraged to engage in forums and programs. Examples of such important programs and 
forums are the Climate and Clean Air Coalition, the Global Methane Initiative, Global Gas 
Flaring Reduction Partnership (GGFR) and the Oil and Gas Climate Initiative (OGCI). 

6.4.4  Agriculture  

Burning of agricultural residues gives emissions of a large range of standard combustion 
products. Emissions of NOx, CO, NH3, NMVOC, SO2, particles, and the heavy metals Pb, Cd, 
Hg, As, Cu, and Cr, and benzo(a)pyrene, benzo(b)fluoranthene, benzo(k)fluoranthene, and 
indeno(1,2,3-cd)pyrene (PAH-4) and dioxins are included in the Norwegian inventory. 

Emissions from the burning of crop residues are being calculated in accordance with a Tier 1 
approach (EEA, 2019):  

                                                        
① EUR-Lex - 32010L0075 - EN - EUR-Lex (europa.eu), last access 27 May, 2027.  
② EUR-Lex - 32016D0902 - EN - EUR-Lex (europa.eu), last access 27 May, 2027.   
③ https://www.norskeutslipp.no/en/Frontpage/, last access 27 May, 2027.   
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EPollutant = ARresidue_burnt × EFPollutant 

Where: EPollutant = emission (E) of pollutant 

ARresidue_burnt = activity rate (AR), mass of residue burnt (dry matter) 

EFPollutant = emission factor (EF) for pollutant 

The annual amount of crop residue burned on the fields is calculated based on crop production 
data for cereals and rapeseed from Statistics Norway and estimates of the fraction burned are 
made by the Norwegian Crop Research Institute and Statistics Norway. The fraction of crop 
residue burned on fields was updated in 2012 by the Norwegian Agricultural Authorities.① This 
reduced the fraction for 2011 from 7.5% to 4%. For cereals, a water content of 15% is used 
(Statistics Norway). The activity data are consistent with the data used in the estimations of N2O 
from crop residues. 

Agricultural waste burning is estimated to occur on about 80 million m² annually and almost 
exclusively during the spring season. This is because it is a condition for grants to alter tillage in 
the Regional environmental subsidy in agriculture (RMP), i.e., grants to take environmental 
measures on one’s own farm or rental land. It is also prohibited to burn agricultural waste in 
many municipalities. Therefore, agricultural waste burning is on a clear downward trend in 
Norway.  

Table 6-4  The emission factors used for PM are shown in the table below 

Component Emission factor Unit Data source 

TSP 5.8  kg/tonnes crop residue (d.m.) EEA, 2019 

PM10 5.7 kg/tonnes crop residue (d.m.) EEA, 2019 

PM2.5 5.4 kg/tonnes crop residue (d.m.) EEA, 2019 

BC 13  % of PM2.5 GAINS model (IIASA) 

6.4.5  Wildfires 

The Norwegian Directorate for Civil Protection (DSB) is the national contact towards the 
European Union Civil Protection Mechanism, under which countries can ask for bilateral aid, 
e.g., as Sweden did to fight the great forest fires of 2014 and 2018. 

During the hot summer in 2018, DSB devised an ambitious media strategy with educational 
                                                        
① Johan Kollerud, Norwegian Agricultural Agency, unpublished material, 2012. 
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campaigns to increase awareness on how to help prevent forest fires, such as promoting a 
prohibition on barbecues (that several municipalities enforced). According to a questionnaire by 
DSB, 72% of the population took preventive measures as a consequence of the high fire risk that 
summer. Following the hot and dry summer of 2018, with its high number of forest fire incidents, 
DSB issued an evaluation report (in Norwegian) ① with lessons learned and recommendations 
for the future.  

The Norwegian Meteorological Institute has developed a wildfire hazard index for 100 locations 
in Norway. Monitoring is also done using aircraft, drones and satellites to detect wildfires at an 
early stage. 

6.5  Methodology for Emission Inventories Development and 
Reporting 

6.5.1  Air pollution  

There are currently two international bodies, to which official Norwegian inventory estimates of 
BC are reported: UNECE-CLRTAP and the Arctic Council. In both forums the reporting of 
national BC emissions data is not mandatory, but rather encouraged. Despite the absence of a 
mandatory reporting obligation, a relatively high level of reporting has been achieved in recent 
years. As of 2018, 41 of the 51 CLRTAP Parties, 26 of 28 EU Member States and all eight Arctic 
Council Member States (plus 10 of 13 Observer States) had submitted estimates for national 
total black emissions to some extent during recent reporting cycles (EU, 2019a; EU, 2019b).  

Reporting of emissions under CLRTAP should follow the EMEP/EEA air pollutant emission 
inventory guidebook (EEA, 2019). Norway established a methodology for estimation of BC and 
OC emissions in 2013 (SSB, 2013), well before guidelines were available under CLRTAP. 
Emissions are estimated from specific emission factors for different fuels used by different types 
of machines in different sectors. In general, emissions are estimated by emissions (E) = activity 
level (A) × emission factor (EF), but different approaches are used to estimate emissions of 
BC/OC depending on the information available. Activity data are available from Statistics 
Norway, but emission factors for BC and OC applicable to Norwegian technologies and 
circumstances are not readily available. Furthermore, to ensure consistency of BC and OC 
emissions with emissions of PM2.5, the emission factors for BC and OC are estimated as shares of 

                                                        
① https://www.dsb.no/globalassets/dokumenter/rapporter/skogbrannsesongen_2018.pdf. 
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the PM2.5 emission factors, except for wood burning and flaring.  

Wood combustion in the residential sector is the largest source of PM in Norway, thus it was 
necessary to have emission factors that adequately reflected the emissions from this source and 
measurements were requested. The amount of EC and OC and the TSP emitted from Norwegian 
wood stoves were measured (Seljeskog et al., 2013). In a follow up study, the effect of 
maintenance on particulate emissions from residential woodstoves was measured (SINTEF, 
2016).  

Flaring of natural gas is only performed for safety reasons in Norway. The emission factors 
applied are taken from the literature (McEwen and Johnson, 2012). For point sources where 
emissions of TSP are reported to the Norwegian Environment Agency, emission of BC and OC 
are estimated based on fractions of the PM2.5 emission. For sources where emissions of BC and 
OC are assumed to occur and information on BC and OC were not available in the literature, 
emissions are estimated by using a default method (SSB, 2013).  

6.5.2  Climate 

Reporting of emissions to the United Nations Framework Convention on Climate Change 
(UNFCCC) follows the 2006 IPCC Guidelines for National Greenhouse Gas Inventories and the 
reporting guidelines adopted by the Conference of the Parties ①,②. In addition to the Kyotogases, 
Norway also reports emission of the air pollutants SO2, NOx, NMVOC, NH3 and CO.  

In 2019, the IPCC authorised its Task Force on National Greenhouse Gas Inventories to produce 
an IPCC Methodology Report on short-lived climate forcers, including BC. Norway was 
instrumental to this decision. The overall objective is to fill gaps in existing methodologies and 
to develop and disseminate an internationally approved, globally applicable methodological 
guidance based on existing methodologies. The work is now well underway, Norway is 
contributing with funds and participation in expert meetings. The process creates a platform for 
paying more attention to BC in future IPCC assessments and in climate negotiations under the 
UNFCCC. 

IPCC’s sixed assessment report (AR6, IPCC, 2021) has a Chapter 6 dedicated to SLCFs. Even 
though the IPCC has been taking the climate impact of SLCFs into account also on previous 
assessments, this is the first time that these pollutants have been addressed so thoroughly. Both 

                                                        
① http://www.ipcc-nggip.iges.or.jp/public/2006gl/, last accessed 27 May, 2022. 
② Decision 247CP.19, https://unfccc.int/resource/docs/2013/cop19/eng/10a03.pdf, last accessed 27 May, 2022. 
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emissions, comparisons with long-lived climate gases and mitigation options are assessed in an 
holistic way. Many co-benefits between climate, air quality and health are pointed out and the 
opportunities of short-term mitigation options in combination with long-lived greenhouse gases. 
The summary for policy makers, Figure SPM.2, show the assessed contributions to observed 
warming in 2010-2019 relative to 1850-1900 for all climate forcers including BC/OC aerosols.  

Assumed reductions in anthropogenic aerosol emissions lead to a net warming (primarily due to 
the assumed reduction of sulphur in these scenarios), while reductions in methane and other 
ozone precursor emissions lead to a net cooling. Because of the short lifetime of both methane 
and aerosols, these climate effects partially counterbalance each other and reductions in methane 
emissions also contribute to improved air quality by reducing global surface ozone. Reductions 
in GHG emissions is shown to lead to air quality improvements. In the near term, however, 
targeted measures to reduce air pollutants are needed in addition to the GHG measures in many 
polluted regions in order to achieve air quality guidelines specified by the World Health 
Organization . 

6.5.3  Verification of Emission Inventories 

As stated in the background papers on Good Practice Guidance and Uncertainty Management in 
National Greenhouse Gas Inventories①, due to the amount of data and the number of institutions 
involved in the emission inventory compilation, errors and inconsistencies (e.g., across sources 
or in time) may easily occur. There is also always some uncertainty in the judgement of 
representativity of emission factors used in the inventory. Therefore, checking and verification 
procedures are indispensable elements of the Quality Assurance/Quality Control (QA/QC) 
system of the inventory management.  

Checking is part of the validation of the inventory, which involves ensuring that the inventory 
has been compiled correctly, i.e., calculations have been done correctly and in line with 
guidelines and reporting instructions. Thus, validation refers to internal checks of the 
consistency of the inventory. Verification, on the other hand, refers to activities using external 
data that help to establish reliability for the intended applications of the inventor, for example, 
external methods to check the truth of the inventory including comparisons with reference 
calculations, estimates made by other bodies, atmospheric concentrations or external review.  

During past years, several quality assurance and quality control procedures for the preparation of 

                                                        
① https://www.ipcc-nggip.iges.or.jp/public/gp/gpg-bgp.html, last accessed 27 May, 2022. 
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the national emission inventory have been established in Norway. Statistics Norway made its 
first emission inventory for some gases in 1983 for the calculation year 1973. The emission 
estimation methodologies and the QA/QC procedures have been developed continuously since 
then. Norway has implemented a formal quality assurance/quality control plan, which covers the 
reporting of long-range transboundary air pollution as well as greenhouse gases. A detailed 
description of this is presented in Annex V in the National Inventory Report for Norway 
(Norwegian Environment Agency et al., 2021b).  

In general, the final inventory data provided by Statistics Norway are checked and verified by 
the Norwegian Environment Agency. Two verification studies, considered particularly relevant 
for OC/BC emissions, are briefly described below: 

(1) In 2006, the Nordic Council of Ministers initiated a new project that was finalised in 2010. In 
this study, the Nordic PM emission inventories were compared, and for the most important 
sources―residential wood burning and road transport―a quality analysis was carried out based 
on PM measurements conducted and models used in the Nordic countries. The objective was to 
increase the quality of the national PM inventories. The ratio between the reported emissions of 
PM10 and PM2.5 was calculated for each country. The completeness of the inventories was 
assessed and it was found that the PM emission inventories generally were complete and that the 
sources reported as “Not Estimated” were expected to have only minor contributions to the total 
PM emissions. The variability of emission factors for residential wood combustion was 
discussed and it was shown that the emission factors can vary by several orders of magnitude. 
For residential wood combustion, differences can probably be attributed to whether the emission 
measurements are carried out in the hot flue gas, either in-stack or out-stack, or if the 
measurements are carried out after the semi-volatile compounds have condensed. 

(2) In 2017, a project, financed by the Nordic Council of Ministers, went through the emission 
factors for Short Lived Climate Pollutants (SLCP) emissions from residential wood combustion 
in the Nordic countries. The overall objective of this project was to improve the Nordic emission 
inventories of SLCPs (Kindbom et al., 2018). The project included comparisons of emission 
factors for EC, OC, PM2.5, CH4 and non-methane volatile organic compounds (NMVOC). 
Emission factors were developed for standard combustion conditions, as well as for “bad” 
combustion conditions. Emission measurements were conducted on residential wood burning 
appliances, boilers and stoves representative of the Nordic countries. Generally the older 
technologies exhibited higher emission levels than more modern types of equipment. Results 
from measurements showed, e.g., that the modern stoves were sensitive to moist fuel, where 
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emissions of, for example, PM2.5 and OC increased in the order of 5-8 times compared to when 
fired with standard fuel. To improve the national emission inventories of SLCPs, the large 
sensitivity to operational conditions (moist fuel and part load) needs to be taken into 
consideration in national emission inventories, where “real life” emissions are estimated. In 
order for national emission inventory results to be comparable, a harmonisation of emission 
factor levels is needed, unless there are real differences between the countries.  

Annual review of individual inventories of each Annex I Party to the UNFCCC became mandatory 
in a 2003 decision 19/CP.8).① The UNFCCC Annex I inventory review guidelines, revised in 2014 
(decision 13/CP.20), ensure that the Conference of the Parties (COP) is provided with an objective, 
consistent, transparent, thorough, and comprehensive technical assessment of the quantitative and 
qualitative inventory information submitted annually by Annex I Parties. Annual review ensures 
that adequate consideration is given to recalculations and emission trends over time. 

The review of greenhouse gas (GHG) inventories comprises two stages. Each stage 
complements the previous one. 

(1) Initial assessment by the Secretariat: a standardised set of data comparisons mainly based on 
the common reporting format (CRF) data, aiming to determine that each Annex I Party has 
submitted a consistent, complete, and timely annual inventory in the correct format, including 
the national inventory report (NIR) and the CRF tables, and to identify issues for further 
consideration during the review of individual inventories. Status reports for each Party are 
published at this stage while assessment reports are available to Parties and expert review teams 
(ERTs). 

(2) Review of individual annual inventories by ERTs: ERTs examine the data, methodologies 
and procedures used in preparing the national inventory. ERTs are required to pay particular 
attention to key categories (categories with significant influences of the country’s inventory), 
areas of the inventory where issues have been identified and recommendations made in previous 
reviews or stages of the reviews, progress in the implementation of the planned improvements 
and where recalculations or other changes have been reported by the Annex I Party. This is the 
most detailed review stage. Individual review reports are published for each Party. 

Three operational approaches may be used during the second stage of the technical review, 
namely desk reviews, centralised reviews or in-country reviews. Review reports are prepared 

                                                        
① https://unfccc.int/process-and-meetings/transparency-and-reporting/reporting-and-review-under-the-convention/greenhouse- 
gas- inventories-annex-i-parties/review-process, last accessed 27. May 2022. 
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and published on the Secretariat web site.① 

6.5.4  Uncertainties 

The Norwegian Research Institute SINTEF performed an expert evaluation of measurement 
uncertainty of emission factors from Norwegian wood stoves for particles (TSP and PMT), EC 
and OC. The PM uncertainty was in general found to be about 7%. The uncertainty for EC was 
found to be higher for newer stoves (45%) than for older stoves (27%), which could be because 
the test measurements resulted in larger corrections in EC measurements from newer stoves than 
from the older ones. 

The uncertainty for EC and OC in the SINTEF study may be mainly because the Norwegian 
measurement standard (NS 3058 and NS, 3059) overestimated the amount of carbonaceous 
particles on the filters analysed. This resulted in the laser instruments, used to measure EC and 
OC, not giving trustworthy results in most cases. The filters were then analysed with use of 
thermal-optical methods (NIOSH protocol 5040, 1999), it was necessary to apply corrections to 
the results. The resulting emission factors represent an improvement in relation to previously 
used factors for PM, but there is still a need for more research and improvements to the 
Norwegian Standard for emission measurements of EC and OC. 

6.6  Integrated Analysis of Climate and Air Pollution  

In 2013, NEA, on behalf of the Ministry of the Environment, published an integrated assessment 
of the short- and long-term climate, health and environmental impacts of mitigation measures for 
Norwegian emissions of short-lived climate forcers (SLCFs) (Norwegian Environment Agency, 
2013). Emissions of SLCFs might either warm or cool the atmosphere. As the global climate 
impacts of SLCFs depend on where the emissions take place. NEA modelled the global climate 
effects of Norwegian emissions. A new climate metric, GTP10-Norway, was adopted to assess 
the short-term climate impacts of measures and the cost-efficiency (cost per unit of 
CO2equivalent) of measures in a short-term perspective. The study found that Norway’s BC 
emissions have approximately 1.5 times higher climate impacts per tonne of emitted BC than the 
global average, mostly due to Norway’s proximity to the Arctic and to BC deposition on snow 
and ice (Hodnebrog et al., 2013). The results also showed the importance of reducing Norway’s 

                                                        
①  https://unfccc.int/process-and-meetings/transparency-and-reporting/reporting-and-review-under-the-convention/greenhouse- 
gas-inventories-annex-i-parties/inventory-review-reports-2020, last accessed 27. May 2022. 
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BC emissions due to the health impacts of PM2.5 in cities and that the inclusion of the health 
benefits of the assessed measures substantially reduced their socio-economic cost. Finally, the 
assessment pointed out that it is important to assess the net climate effect of emission measures. 
The 2013 study did not assess greenhouse gas measures, but, given the high short-term climate 
effect of CO2, hypothesised that such measures could be as efficient in reducing SLCFs as 
targeted SLCF-measures. Therefore, integrated assessments of both short- and long-lived climate 
pollutants could be useful in giving a complete picture of the net climate effect, as well as health 
impacts, of the measures.  
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Figure 6-6  Global climate effect of Norwegian SLCF emissions compared to that of Norwegian  

CO2 emissions in 2011, 2020, and 2030. (Source: Norwegian Environment Agency, 2013) 

To acknowledge this, the Norwegian Environment Agency has subsequently performed several 
integrated studies including of both SLCFs and greenhouse gases. In a later study, the 
Norwegian Environment Agency highlighted that BC could be reduced by 33% and methane by 
16% from 2013 to 2025 if the analyzed measures are implemented, compared to respectively 
28% and 9% without such measures (Norwegian Environment Agency, 2019). The main 
measures to reduce BC are accelerated introduction of new stoves and best stoves and pellet 
burners, and electrification of ferries and passenger ships. Due to methane emission reductions, 
measures to reduce emissions from wood burning by replacing high emitting stoves with low 
emitting stoves are now regarded as climate measures as well as health measures. New road 
transport measures do not result in significant reductions of BC emissions because measures 
already included in climate and environment policies are expected to reduce BC emissions to 
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almost zero by 2030. This could be different in other countries with a different emission profile.  

In 2020, the Norwegian Environment Agency and other agencies published a mitigation analysis 
of a range of measures that could be used to achieve Norway’s 2030 climate target for non-ETS 
emissions and in the land use, land-use change and forestry (LULUCF) sector (Klimakur 2030, 
2020). The Agency subsequently analyzed the short-term climate impacts and the health and 
environmental co-benefits of these measures. The results show that many of the measures will 
have substantial climate impacts both in the long term and short term and will also provide 
health and other co-benefits (Norwegian Environment Agency, 2021c). 

Integrated assessments of climate measures are important to highlight measures that have 
important short-term effects but fail to contribute substantially to long-term climate goals. This 
type of analysis assists in compiling a portfolio of measures that contribute both to reducing the 
short-term rate of warming as well as safeguarding the long-term perspectives of the Paris 
Agreement. In Norway, health benefits have traditionally been included in greenhouse gas 
analyses. The short-term climate effects of those measures have become increasingly a part of 
their regular evaluation.  

Integrated climate and air quality studies have also had an impact on Norway’s international 
climate policy. For example, Norway included a description of BC and OC in its Seventh National 
Communication to the United Nations Framework Convention on Climate Change (UNFCCC) 
(Norwegian Ministry of Climate and Environment, 2018) and Norway’s submission to the 2018 
UNFCCC Talanoa Dialogue called for the application of a multiple-benefit methodology. Interest 
in performing integrated analysis of climate and air pollution has been increasing in many 
countries. Thus Norway has played an active role in, e.g., the Climate and Clean Air Coalition 
(CCAC), and has published results together with, e.g., Tsinghua University (UNEP, 2019).  

6.7  Health Effects① 

The Norwegian Institute of Public Health (NIPH) has found that BC is often used as an indicator 
in population exposure studies. In general, it is found that short-term exposure has an association 
with mortality and hospital visits for persons with asthma and heart and lung diseases. For 
long-term exposure to BC there is a correlation to death and respiratory problems in addition to 
reduced lung function. The risk estimates for BC in regard to mortality and sickness are higher 

                                                        
① Source to this section is NIPH: https://www.fhi.no/nettpub/luftkvalitet/temakapitler/svevestov/, last accessed 27. May 2022 
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than for PM2.5 and PM10, for both short- and long-term exposure. 

Combustion particles are measured with various methods and are described in population 
exposure studies as BS, BC or EC. It is common in such studies to use the BS to EC conversion 
of 10 µg/m3 BS equals 1.1 µg/m3 EC. In such studies, WHO recommends that BC is a better 
indicator for harmful components, especially for traffic, than the total mass of PM2.5 or PM10. 

However, there exist few experimental studies on the effect of PM2.5 compared to BC/EC or in 
which the composition of the particles is characterized. The few studies that do exist show that 
BC/EC does not in itself result in toxicological effects, but that the effects of PM2.5 are rather 
attributed to various organic compounds or metals bound to BC/EC. 

Mills et al. (2011) performed a study on the effect of diesel exhaust on the heart and respiratory 
system, in which the health effects were limited with the use of particle filters. Exposure of 
healthy volunteers to two hours of ultrafine carbon particles in an ambient concentration (10 
µg/m3) showed changes in the surface markers on blood cells, something that can represent an 
early stage of an inflammatory reaction (Framton et al., 2006). Further studies of ultrafine 
particles (EC 50 μg/m3 over two hours) show effects to blood circulation (inhibited vasodilation) 
in healthy individuals (Shah et al., 2008). 

NIPH has compiled a figure that shows the various health impacts from PM (Figure 6-7). 
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Figure 6-7  Overview of health effects from PM. (Source: NIPH) 
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6.8  Effectiveness of Policies 

Norway has 24 national environmental goals, several of them dealing with climate and air 
pollution. The goals are detailed on the Environment Norway web pages.① In order to see if the 
country is on track to attain these goals, Norway has developed environmental indicators. The 
environmental indicators for climate and air pollution are related to status for and trends in 
emissions of GHG and concentrations of harmful components. 

6.8.1  Emission Trends and Projections 

Air pollution and climate policies combined have resulted in large reductions of BC and OC 
emissions in Norway. The BC emission trends per sector are shown in Figure 6-1. The emissions 
of BC amounted to 2,841 tonnes in 2019, a total reduction of 41% since 1990 and of 6% since 
2018. In 2019, the most important source of emissions was “other combustion” (NFR 1A4 and 
1A5), contributing to 37% of the total emissions. From this category, 75% of emissions 
originated in 2019 from residential stationary plants, primarily due to wood combustion in 
private households. From 1990 to 2019, emissions from residential stationary plants were 
reduced by 28%.  

In 2019, the second most important source of emissions was transport. It contributed to 34% of 
the total BC emissions. The greatest share of emissions within the transport sector, 57%, stems 
from navigation with 57% of the emissions. That is followed by light-duty vehicles, passenger 
cars and heavy-duty vehicles and buses, contributing to 11%, 12% and 10%, respectively. From 
1990 to 2019, emissions from navigation increased by 15%, while emissions from passenger 
cars increased by 28%. Emissions from light and heavy-duty vehicles have been reduced by 51% 
and 86%, respectively, since 1990.  

Combustion in the energy industries, which in 2019 accounted for 13% of total BC emissions, 
increased by 269% since 1990 due to increased production. The greatest sources of emissions 
within this category are public electricity and heat production, and manufacture of solid fuels 
and other energy industries, which contributed 43% and 56%, respectively, to the sector 
emissions in 2019. From 1990 to 2019, BC emissions from these sub-sectors increased by 
2914% and 134%, respectively (NEA, 2021a). 

                                                        
① www.environment.no  
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Flaring is acknowledged as an important source of BC emissions by many researchers, e.g., in 
the EU-funded Action on BC in the Arctic (Annex Ⅲ). There is little flaring per unit of oil and 
gas produced in Norway compared to other oil producing countries. The Norwegian Oil and Gas 
Association estimated that the global average amounts of flare gas per produced unit were 12 
times higher than in Norway in 2017. The amounts of flared gas per year decreased by 43% from 
1990 to 2019, and BC emissions from flaring decreased by 45% in the same time period. 
Although amounts of flare gas and emissions have fluctuated, there seems to be a consistent 
downwards trend in recent years (Figure 6-8 and Figure 6-9). 
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Figure 6-8  Flare gas amounts (PJ) in Norway 1990-2019 (including Hammerfest LNG) 

(Source: Footprint database with reported data from the operators) 

 

0

100

200

300

400

500

600

700

800

19
90

19
91

19
92

19
93

19
94

19
95

19
96

19
97

19
98

19
99

20
00

20
01

20
02

20
03

20
04

20
05

20
06

20
07

20
08

20
09

20
10

20
11

20
12

20
13

20
14

20
15

20
16

20
17

20
18

20
19

B
C

 e
m

is
si

on
s f

ro
m

 fl
ar

in
g 

/to
nn

es

 
Figure 6-9  BC emissions from flaring in Norway 1990-2019 (tonnes)  

(Source: Footprint database with reported data form the operators) 
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The prohibition of flaring except for safety reasons, together with the CO2 tax and the EU ETS 
has resulted in improvements in technology and emission-reducing measures, e.g., flare gas 
recovery (closed flare system). In the late 1990s, several measures were implemented in Norway 
to reduce continuous flaring through development and use of new technologies (Pederstad et al., 
2015). These measures were considered economically profitable for businesses. A large portion 
of the remaining reduction potential was then associated with limiting flaring at start-up and 
shutdown of installations/facilities and pressure relief of equipment during maintenance and 
breakdowns. Low oil prices and limited investment activity resulted in fewer measures 
implemented during the early 2000s. In recent years, however, there has been renewed attention 
to flaring and its emissions, both politically and within industry.   

Norwegian policies and measures are expected to also reduce emissions of BC in the future. 
According to projections in 2018, when the most important aggregated (GNFR①) sector was 
“Other Stationary Combustion” (mainly residential wood burning) emissions of BC are expected 
to be reduced further towards 2030 (Figure 6-10).  

The second and third most important GNFR sectors, “Shipping” and “Road Transport” are also 
projected to be further reduced towards 2030.  
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Figure 6-10  Historical emissions of BC in Norway 2018, and projections for 2025 and 2030 

(Source: Norwegian Environment Agency and Statistics Norway) 

                                                        
① Gridded Nomenclature for Reporting (GNFR) is the most aggregated format used to report emissions to the Convention on 
Long-range Transboundary Air Pollution (CLRTAP). 
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6.8.2  Health Impact Trends 

The EEA has estimated that in 2018 there were 1,400 premature deaths in Norway from PM2.5 

exposure (Table 6-5). Premature deaths from PM2.5 overall in Europe have been greatly reduced 
in recent years (Figure 6-11). In Norway, the relative reduction in premature deaths from PM2.5 in 
2019 compared to 2009 is between 10% and 20% (EEA, 2018). 

Table 6-5  Premature deaths from air pollution exposure in Norway compared to the EU,  

2018 (Source: EEA, 2018) 

Country Population (×103) Annual mean (PM2.5) Premature Deaths (PM2.5) 

Norway 5,296 6.40 1,400 

EU-28 507,558 13.20 379,000 
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Figure 6-11  Trends in premature deaths from PM2.5 in Europe, 1990-2016 (Source: EEA, 2018) 

 



7  How to Reduce BC/OC 
Emission in China in 
the Future 

China currently focuses its air pollution control efforts on PM2.5 and O3 pollution and is yet to 
formulate specific emission control policy targeting BC/OC emissions. Since 2013, the 
Chinese government has issued a series of policies including the Action Plan on Prevention 
and Control of Air Pollution (2013-2017) (The State Council of the People’s Republic of 
China, 2013) and the Three-Year Action Plan to Fight Air Pollution (2018-2020) (The State 
Council of the People’s Republic of China, 2018) for the purpose of improving ambient air 
quality, especially reducing the concentration of PM2.5 and implemented a number of measures 
including elimination of outdated production capacity, energy transformation for clean heating, 
in-depth control of pollution in key industrial sectors, and prevention and control of mobile 
source pollution. Though not specifically designed for BC/OC emission reduction, these 
measures still have a positive effect on the reduction of BC/OC emissions as important PM2.5 
precursors. To provide a better understanding of China’s efforts on controlling BC/OC 
emissions, this section summarizes China’s air pollution control policies and measures for key 
BC/OC emitting sectors such as coal-fired boilers, residential bulk coal, and motor vehicles. 
To be noted, we’ve reviewed the latest policy implementation progress till 2020, the base year 
of the scenario analysis is 2018 considering the project target assignment and the availability 
of relevant historical emissions and other basic data. 
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7.1  Air Pollution in Northern China 

7.1.1  Overall Air Quality Sees Improvement 

7.1.1.1  National Air Quality 

Since 2013, with the implementation of the Action Plan on Prevention and Control of Air 
Pollution and the Three-Year Action Plan to Fight Air Pollution, China has achieved positive 
results in air pollution prevention and control, with the overall ambient air quality seeing 
substantial improvement. Several studies (Hammer, et al., 2021; Shi, Song et al., 2021; He, Pan 
et al., 2020; Le, Wang et al., 2020) suggested that the decrease in anthropogenic activity level 
had led to positive effects in improving air quality of China during the COVID-19 lockdown 
period in 2020. The annual average measured PM2.5 concentration of 337 cities at or above 
prefecture level (hereinafter referred to as the “337 cities”) in 2020 was 33 µg/m3, down by 
29.1% from 2015; at the same time, the annual average measured concentrations of SO2, CO, 
PM10 and NO2 dropped by 10%-56%; compared with the same meteorological conditions in 
previous years, the peak concentration, pollution intensity, duration and scale of impact on days 
of heavy pollution were substantially reduced; the number of cities meeting air quality standards in 
2020 was nearly three times that of 2015. Unlike the other five criteria air pollutants, O3 concentration 
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Figure 7-1  Changes in national annual average measured concentrations of major  

air pollutants from 2015-2020 in the 337 cities 
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increased. The national average measured 90th percentile of the maximum daily 8-hour average 
O3 concentration (the official metric for evaluating annual O3 pollution status in China) 
increased by 12.2% from 2015 to 2020. Non-optimized reduction rate between NOx (nitrogen 
oxides) and VOC (volatile organic compound) emissions, as well as the weakened aerosol 
uptake of hydroperoxy radicals due to PM2.5 reduction have been proposed as reasons for the 
increment in O3 concentrations. 

7.1.1.2  Air quality in the northern part of China 

The northern part of China is one of the most severely polluted areas in China, where the industrial 
structure is dominated by heavy industry, energy structure is based on coal, transportation mainly 
relies on highways. In recent years, with the intensified implementation of the Action Plan on The 
northern part of China Prevention and Control of Air Pollution and the Three-Year Action Plan to 
Fight Air Pollution, this part of the country has experienced industrial structure transformation and 
upgrading as well as continuous adjustment and optimization of its energy structure, transportation 
structure and land use structure, with the overall air quality improved. From 2015 to 2020, in 
Beijing-Tianjin-Hebei and the surrounding areas (hereinafter referred to as the “2+26 cities” 
region), the annual average measured concentrations of various pollutants, except O3, showed a 
downward trend (Figure 7-2). In 2020, the concentrations of SO2, PM10, PM2.5 and CO dropped by. 
35%-70% compared to 2015, and the concentration of PM2.5 was down by 35%. The annual average 
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measured concentration of PM2.5 in Beijing dropped by more than 50%, a remarkable progress. 
Starting from 2016, all of the 2+26 cities met the national annual standards for SO2 and CO 
concentration (that is, 60 µg/m3 for SO2 and 4 mg/m3 for CO; national air quality standard issued 
by the Ministry of Ecology and Environment, GB 3095—2012) 

The number of days with measured good air quality (air quality index (AQI) less or equal to 
100) in the “2+26 cities” region shows a slight increasing trend (Figure 7-3). The ratio of clean 
days increased from 53.6% in 2015 to 63.5% in 2020. Based on observation-based statistics, 
the number of days with heavy pollution (AQI＞200) shows a decreasing trend. The ratio of 
days of heavy pollution or above (see Table 7-1 for the definition) was down from 8.9% in 
2015 to 3.5% in 2020. 
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Figure 7-3  Changes in ratio of clean days and in ratio of days with heavy pollution or above in the 

“2+26 cities” region in 2015-2020. Days with good air quality refers to days with air quality index (AQI) 

lower or equal to 100; days with heavy pollution refers to days with AQI greater than 200 

7.1.2  Air Pollution Remains Challenging 

With the successive implementation of a series of measures, the compound air pollution 
characterized by high concentration of PM2.5 in North China has been substantially improved, but 
the region is still facing huge air pollution challenges. In 2020, the average annual PM2.5 
concentration in the “2+26 cities” region was 51µg/m3, which was still at a high level, 
equivalent to 1.46 times the national air quality standard (GB 3095—2012, 35µg/m3) and 1.57 
times the national average annual PM2.5 concentration in the 337 cities across the country (Figure 
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7-4), keeping this area the most severely polluted area by particulates in China. In addition, this 
area is still one of the regions in China with frequent occurrence of heavy-pollution episodes. 
The problem of heavy pollution characterized by high concentrations of particulates in autumn 
and winter is still prominent. The PM2.5 concentration in autumn and winter is about twice that in 
spring and summer. At the same time, due to the large consumption of fossil energy in the area, 
the control of greenhouse gas emissions is facing tremendous pressure. It will be an important 
challenge for the northern part of China to coordinate the improvement of air quality and the 
control of greenhouse gases in the management of the atmospheric environment. 

Table 7-1  Annual limits for major air pollutant in the national air quality standard (GB 3095—2012) 

Limit requirements 
Air pollutants 

For Class I area For Class II area 

SO2/(µg/m3) Annual average 20 60 

NO2/(µg/m3) Annual average 40 40 

PM2.5/(µg/m3) Annual average 15 35 

PM10/(µg/m3) Annual average 40 70 

O3/(µg/m3) 
90 percentile of daily maximum 

8-hour average 
100 160 

CO/(mg/m3) 95 percentile of daily average 4 4 

Note: Class I area refers to nature reserves, scenic spots and other areas that need special protection; Class II area refers to 
residential areas, mixed commercial and residential areas, cultural areas, industrial areas and rural areas. 
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Figure 7-4  Average annual PM2.5 concentration in the “2+26 cities” region in 2020 
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7.2  Review of Major Relevant Polices on Prevention and Control 
of Air Pollution 

In order to improve the ambient air quality, the Chinese government has successively 
promulgated and implemented two important policies, the Action Plan on Prevention and 
Control of Air Pollution and the Three-Year Action Plan to Fight Air Pollution since 2013, and 
implemented supporting policies including elimination of outdated production capacity, in-depth 
control of pollution in key industrial sectors (e.g. thermal power, iron and steel, cement), control 
of coal-fired boilers, clean heating and prevention and control of mobile source pollution. The 
policies involve the industrial, residential, transportation and many other sectors. This series of 
measures directly promoted the continuous transformation of China’s energy structure, with the 
proportion of coal in primary energy consumption steadily declining from 67.4% in 2010 to 
56.8% in 2020, while primary electricity and energy other than coal, oil and natural gas 
increasing from 9.4% in 2010 to 15.9% in 2020 (NBS data) (Figure 7-5).  

Table 7-2  Summary of major air pollution control measures implemented since 2013 

Air pollution control measures Description 

Elimination of outdated production 
capacity 

Include overcapacity industry capacity control, elimination of backward 
capacity and other measures 

Scattered pollution enterprise 
governance 

Refer to the rectification of “scattered pollution” enterprises with 
incomplete licenses, illegal construction, illegal operation, environmental 
pollution and non-compliance with local industrial layout planning 

Ultra low emission transformation 
of coal-fired power plant 

Refer to the ultra-low emission transformation of coal-fired power plants 
to meet the new emission limit standards 

Upgrading of industrial source end 
of pipe control 

Refer to the upgrading and transformation of end of pipe control measures 
such as desulfurization, denitration and dust removal in key industries such 
as steel, cement and glass 

Renovation of coal-fired and 
gas-fired boilers  

Include the elimination of small coal-fired boilers, efficient desulfurization 
of coal-fired boilers, upgrading and transformation of dust collectors, and 
low nitrogen combustion transformation of gas-fired boilers 

Civil fuel cleaning 
Include coal washing and processing, clean treatment of bulk coal, coal to 
gas, coal to electricity and other measures 

Traffic structure optimization and 
emission control 

Include measures to control the total number of motor vehicles, eliminate 
yellow-label vehicles and old vehicles, and renovate non road machinery 

Comprehensive control of dust 
sources 

Include construction site dust pollution control, road dust pollution control, 
port and wharf dust pollution control and other measures 
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Air pollution control measures Description 

VOCs control  Refer to VOCs control work in industries involving VOCs emissions 

Comprehensive management of 
agricultural resources 

Include the management of livestock and poultry breeding industry and the 
improvement of comprehensive utilization rate of chemical fertilizer 
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Figure 7-5  Changes in proportion of energy sources in energy consumption in China 2010-2020 

As shown in the following, to better understand the implementation progress of BC control 
related policies in northern China, we’ve reviewed the air pollution control policies targeting 
boilers, residential coal and vehicles, which are closely connected to BC emission control at the 
same time.  

7.2.1  Elimination of Small Coal-fired Boilers 

7.2.1.1  Policy Implementation Progress 

In 2013, China fully initiated the elimination of small coal-fired boilers with a capacity at or 
below 10 ton/hour in built-up areas of cities at or above prefecture level. By 2018, a total of 
more than 230,000 small coal-fired boilers (widely used across the country to provide heat steam 
to various small industrial and residential facilities) had been shut down nationwide. At the same 
time, the Chinese government banned the construction of new coal-fired boilers with a capacity 
at or below 20t/h in built-up areas of cities at or above prefecture level. In other areas, no new 
coal-fired boilers at or below 10t/h shall be built in principle. In the “2+26 cities” region, more 
than 50,000 small coal-fired boilers were eliminated. The elimination of small coal-fired boilers 
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effectively improved the overall efficiency of boilers, because newly-built larger boilers 
generally have higher combustion efficiency and because advanced end-of-pipe control 
measures could be applied to larger boilers. The elimination of small coal-fired boilers thus 
helped reducing BC and OC emissions as well as CO2 emissions, thereby helping to cope with 
climate change. 

7.2.1.2  Case Introduction of Typical Provinces 

Shandong is an important energy consuming province in China, where the energy consumption 
structure is dominated by coal and the proportion of high pollution and high consumption 
industries is relatively high. In order to control the air pollutant emissions from boilers, 
Shandong promulgated a series of local programs, primarily including the “Implementation 
scheme of comprehensive improvement project for energy conservation and environmental 
protection of coal-fired boilers in Shandong Province” in 2015 and the “Guidance on strictly 
controlling total coal consumption and promoting clean and efficient utilization” in 2019.  

Objectives:  

Based on the “Implementation scheme of comprehensive improvement project for energy 
conservation and environmental protection of coal-fired boilers in Shandong Province” in 2015, 
the objectives of the program mainly included: 

“By 2018, promote high-efficiency boilers with the scale of 30,000 t/h and increase the market 
share of high-efficiency coal-fired boilers to 40%. Complete the task of eliminating backward 
coal-fired boilers assigned by the state council. Complete the energy-saving transformation of 
coal-fired boilers with the scale of 20,000 t/h. Accelerate the research and development of 
high-efficiency boilers, cultivate a number of backbone enterprises, increase the average 
operation efficiency of coal-fired industrial boilers by 5 percentage points on the basis of 2013, 
and form an annual energy-saving capacity of 4.5 million tons of standard coal. By 
implementing all the control measures, reduce 112,500 tons of soot, 144,000 tons of sulfur 
dioxide and 27,000 tons of nitrogen oxides.” 

Based on the “Guidance on strictly controlling total coal consumption and promoting clean and 
efficient utilization” in 2019, the objectives of the program relevant to boiler governance mainly 
were: 

“In about five years, the province’s coal consumption will strive for a reduction of 50 million 
tons. The seven cities involved in “2+26” cities strive to basically eliminate coal-fired boilers 
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with a steam capacity of less than 35 t /h by the end of 2019 and achieve total elimination by the 
end of 2020.” 

Main measures: 

Based on the “Implementation scheme of comprehensive improvement project for energy 
conservation and environmental protection of coal-fired boilers in Shandong Province” in 2015, 
the main measures implemented in Shandong for boiler pollution control during 2015-2018 
mainly included: 

(1) Promote the application of high efficiency boilers. Vigorously promote the high-efficiency 
boiler products that have entered the national announcement catalogue and the promotion 
catalogue of key energy-saving technologies, products and equipment in Shandong Province. 
For new reconstruction and expansion of fixed asset investment projects and government 
procurement projects, priority shall be given to products listed in the promotion catalogue of 
high-efficiency boilers or with energy efficiency grade of grade 1. 

(2) Eliminate outdated coal-fired boilers. Outdated old boilers that fail to pass the energy 
efficiency test and have no transformation value shall be eliminated according to law. Except for 
those necessary to be reserved, all coal-fired boilers of 10 t/h and below will be eliminated in 
urban built-up areas. Strictly control obsolete boilers to re-enter the market and prevent outdated 
boilers from being moved to rural or remote areas for continued use. 

(3) Transform inefficient coal-fired boilers. Strengthen the energy-saving transformation of 
boiler combustion equipment, auxiliary equipment and supporting facilities, focusing on the 
transformation of coal-fired boilers with more than 10 t/h in urban built-up areas and within the 
coverage of thermal pipe network and the cogeneration or central heating in industrial parks and 
industrial concentrated areas. Briquette or clean coal transformation shall be carried out in other 
areas not covered by the heating and gas supply network. Implement the industrial green power 
plan, promote the application of solar industrial boilers and actively use new energy to auxiliary 
heat the boiler feed water. Clean coal, biomass and natural gas are used to replace raw coal to 
reduce pollutant emission. 

(4) Strengthen boiler operation management. Strengthen the energy efficiency test of boilers. 
Promote the standardized management of safety, energy conservation and environmental protection 
of boiler system, carry out standard pilot demonstration and promote the construction of 50 
benchmark boiler rooms. Encourage online energy-saving monitoring and diagnosis of boilers. 
Strengthen the management of water treatment and fuel in boiler installation and operation, and 
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improve boiler efficiency. Improve the level of boiler operators, and organize the training of boiler 
energy-saving operation skills in process operation procedures and post operation procedures. 

(5) Improve boiler pollution control level. According to the requirements of comprehensively 
renovating small coal-fired boilers, in principle, no new coal-fired boilers shall be built in the 
built-up areas of cities above the prefecture level. Newly produced and installed coal-fired 
boilers shall be equipped with efficient pollution control facilities. Improve the pollution control 
level of in-service coal-fired boilers to achieve fully up to standard emission. Coal fired boilers 
of 20 t/h and above shall be equipped with on-line monitoring devices and networked with local 
environmental protection departments.  

(6) Promote the industrialization of high-efficiency boilers. Strengthen the research and 
development of basic, cutting-edge and common key technologies for boiler energy conservation 
and environmental protection, overcome key technologies such as efficient combustion, efficient 
waste heat utilization, automatic control and pollution control, and increase support for the 
promotion and application of scientific and technological achievements.  

(7) Promote the optimization and adjustment of fuel structure. Strengthen the quality 
management of coal, realize the utilization of coal by quality and classification, and promote 
clean coal combustion. Promote the use of washed coal. Coal-fired boilers shall not directly burn 
raw coal with high sulfur and high ash. Domestic coal and other small coal-fired facilities shall 
give priority to the use of briquette with low sulfur and low ash and added sulfur fixing agent. 
Build coal storage and distribution base, carry out pilot demonstration of centralized coal 
blending and logistics supply and improve coal washing and processing capacity. 

Based on the “Guidance on strictly controlling total coal consumption and promoting clean and 
efficient utilization” in 2019, the main measures implemented in Shandong for boiler pollution 
control during 2019-2020 mainly included: 

(1) Improve the calorific value of coal and gradually increase the calorific value standard of coal 
from 3700-4300 kcal to about 5000 kcal in 3-5 years. 

(2) Strengthen the transformation of old equipment, promote new coal water slurry and 
pulverized coal boilers, and improve energy efficiency.  

(3) The seven cities in Shandong involved in “2+26” cities strive to basically eliminate coal-fired 
boilers with a steam capacity of less than 35 t/h by the end of 2019 and achieve total elimination 
by the end of 2020. 
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7.2.2  Residential Clean Heating 

7.2.2.1  Policy Implementation Progress 

In 2017, China launched the clean heating program for the northern part of the country in winter, 
replacing the coal used by residents for heating with natural gas, electricity, solar energy, 
geothermal energy and other energy sources, accompanied by safeguarding measures in finance, 
price and energy supply. By the end of 2020, the project had completed the bulk coal substitution 
in 25 million households, the pilot cities had achieved full coverage of the Beijing-Tianjin-Hebei 
and its surrounding areas and the Fenwei Plain (Chinanews, 2021). Residential sources, 
especially rural residential sources, are one of the most important sources of BC and OC 
emissions. The residential clean heating policies and measures substantially reduced BC and OC 
emissions in northern China. During the 14th Five-Year Plan period, the Chinese government 
will continue to promote clean heating in the northern part of the country so as to improve 
people’s living standards and regional air quality. 

7.2.2.2  Case Introduction of Typical Provinces 

In order to implement the national plan for clean heating in winter in northern China published 
in 2017, as one of most air-polluted northern provinces in China, Hebei province released the 
“Implementation Scheme of Clean Heating Project in Winter for Hebei Province” with many 
solid measures in the requirement in 2018.  

Objectives:  

Base on the “Implementation Scheme of Clean Heating Project in Winter for Hebei Province” 
(https://www.sohu.com/a/243282930_760848), the objectives of clean heating campaign in 
Hebei province in 2018 were as follow. 

(1) For build-up area in key cities and counties: focus on promoting clean heating in the main 
urban areas of Xingtai, Handan and Hengshui, as well as the urban-rural junction and plain 
counties of Shijiazhuang, Baoding and Hengshui. 

(2) For rural area: increase central heating capacity and eliminate a number of coal-fired heating 
boilers.  

Main measures: 

(1) Promote the development of central heating. Promote the commissioning and commencement 
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of cogeneration projects. Improve the heating capacity of industrial waste heat. Accelerate the 
development and utilization of geothermal energy. Accelerate the construction of biomass (waste) 
thermal power. Transform and upgrade coal-fired central heating stations and accelerate the 
construction of heating pipe network. 

(2) Optimize the overall layout of clean heating. Orderly carry out the work of replacing coal 
with gas to ensure sufficient gas source. Strictly control all kinds of new coal to gas projects, in 
principle, no new rural gas to replace coal and urban coal-fired boiler to gas projects will be 
arranged. Pay close attention to the comprehensive “look back” work, comprehensively “look 
back” on project construction, operation management and gas source implementation, find 
project loopholes, rectify the problems found, eliminate potential safety hazards and improve 
management services. 

(3) Strive to promote the implementation of electricity instead of coal. In combination with the 
basic conditions of power security and power grid, it is planned to arrange the implementation of 
Hebei South Power Grid in Shijiazhuang, Baoding, Handan, Xingtai, Cangzhou and Hengshui, 
and Hebei North Power Grid in Tangshan, Qinhuangdao and Chengde. All cities shall promptly 
organize relevant counties (cities and districts) to implement tasks, put forward work plans such 
as village identification, household identification and equipment selection and connect with the 
power grid company in advance. Accelerate the construction and transformation of supporting 
power grids and strengthen overall guarantee in the stable operation of power grids. 

(4) Carry out renewable energy pilot projects. Select areas with good conditions, pilot promote, 
demonstrate and drive and promote renewable energy heating according to local conditions. 

(5) Promote clean coal in a transitional way. In rural areas where clean heating has not been 
implemented for the time being, continue to promote the use of clean briquette, blue charcoal 
and high-quality coal. 

7.2.3  Prevention and Control of Mobile Source Pollution 

7.2.3.1  Policy Implementation Progress 

In the past decades, China have been upgrading emission standard of on-road vehicles from 
National I to National V. In 2001, China implemented the National I emission standard for motor 
vehicles and has now fully switched to National V emission standard. In December 2016, China 
issued the Limits and Measurement Methods for Emissions from Light-Duty Vehicles (China VI). 
At present in northern China, Beijing Municipality, Tianjin Municipality, Hebei Province, 
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Shandong Province, Shanxi Province and Henan Province have taken the lead in implementing 
the National VI standard (for new cars only). Compared with the previous National I emission 
standard, the National VI standard has reduced the emissions of pollutants per vehicle by more 
than 90%. Among them, the emissions of particulates from diesel vehicles per 100km have been 
reduced from 293g to 1.5g.  

In China, “yellow-label vehicles” refer to gasoline vehicles that do not meet the National I emission 
standard and diesel vehicles that do not meet the National III emission standard. “Old vehicles” are 
vehicles that fail to meet the National IV emission standard. Since 2013, China has eliminated more 
than 20 million yellow-label vehicles and old vehicles. The proportion of vehicles meeting National 
III and higher emission standards increased from 68.4% in 2013 to 92.1% in 2018. 

While phasing out yellow-label vehicles and old vehicles, China vigorously promoted new energy 
vehicles (that is, battery electric vehicle, plug-in hybrid electric vehicle and fuel cell electric 
vehicle) and promoted the optimization of vehicle types. By the end of 2012, China had only 
17,000 new energy vehicles. In 2019, China produced and sold 1.2 million new energy vehicles, 
with both production and sales accounting for more than 50% of the world’s totals; the new-energy 
vehicle ownership reached 3.81 million, of which 81% are battery electric vehicles (Figure 7-6). 
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Figure 7-6  Number of registered new energy vehicles and battery electric vehicles  

in China by years 2015-2019 

Mobile sources, especially diesel vehicles, have a greater contribution to BC emissions than 
gasoline vehicles. Among them, old vehicles significantly surpass new vehicles in terms of 
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emission factor and have become a source of BC pollution that has attracted international 
attention. The Chinese government’s measures to tighten motor vehicle emission standard and 
phase out old and yellow-label vehicles are expected to directly reduce related BC emissions. At 
the same time, by vigorously promoting new energy vehicles and supplemented with clean 
electricity (e.g., renewable electricity), the country can also achieve synergistic effect in 
pollution reduction and carbon reduction. 

7.2.3.2  Case Introduction of Typical Provinces 

The pollution prevention and control of vehicles have long been a critical task in Beijing’s air 
pollution control. Focusing on new vehicles, in-use vehicles and fuel quality, Beijing has 
implemented a series of local emission standards and comprehensive control measures; as well 
as strengthened traffic management and economic incentives continuously.  

(1) Stricter emission standards and in-use vehicle retrofitting 

Beijing’s motor vehicle emission standards have always led the country. In 1999, Beijing became 
the first city in China to implement the national Ⅰ emission standard for light gasoline vehicles. 
In 2004, 2005 and 2008, Beijing took the lead in implementing the “National Ⅱ”, “National Ⅲ” 
and “National Ⅳ” standards for motor vehicle emissions respectively. In 2013, Beijing continued 
to take the lead in implementing the “Beijing Ⅴ” emission standard equivalent to the European 
phase Ⅴ standard, further narrowing the gap with the motor vehicle emission control level of 
developed countries. In 2019, Beijing has officially issued the notice on Beijing’s early 
implementation of National Ⅵ emission standards, which required to implement National Ⅵ 
emission standards in stages for difference vehicle types. In the past decade, Beijing has achieved 
leapfrog development in new vehicle emission control and led the technological progress of energy 
conservation and environmental protection in automobile industry through standards.  

(2) Phasing out old and high-polluting vehicles 

In Beijing, yellow-labeled vehicles were first restricted within the Second Ring Road in 2003. 
During the 2008 Olympic Games period, they were banned in the whole city. In 2010, the scope 
of the restricted area for yellow-labeled vehicles was extended to within the Sixth Ring Road 
and then to the whole city in December 2015. For light-duty gasoline vehicles, starting from 
2017, those of China National I and National II emission standards have been restricted within 
the Fifth Ring Road of Beijing; for heavy-duty diesel trucks, those of China National III 
emission standard or less have been restricted within the Sixth Ring Road starting from 2017 
(United Nations Environment Programme, 2019). 
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(3) Upgrading fuel quality 

The quality of oil products is also improved simultaneously in Beijing. In 1997, Beijing took the 
lead in using unleaded gasoline throughout the country. In 2004, it formulated and implemented 
the local standard for the stage II of vehicle fuel that was stricter than the national standard. 
Since then, Beijing’s oil standard has continued to lead the country by one or two stages. At 
present, Beijing has implemented the “Beijing VI” oil standard and some indicators have been 
stricter than European standards (BeijingDaily, 2019). 

(4) Developing new energy vehicles 

In 1999, Beijing introduced compressed natural gas (CNG) to the bus fleet and gradually promoted 
clean fuels and new energy buses. Among the 2,306 buses that were updated in 2016, 1,368 were 
electric vehicles, accounting for 59% (United Nations Environment Programme, 2019).  

(5) Integrating a comprehensive “vehicle, oil and road” treatment framework 

Over the past 20 years, by formulating and implementing a series of strict local standards for the 
emission management of new and in-service vehicles and the quality of oil products, adopting 
comprehensive treatment measures and continuously strengthening traffic control and economic 
incentives, Beijing has gradually developed and formed an integrated vehicle emission control 
framework including “vehicle, oil and road”. More important, a large-scale public transport 
system has been built to allow gradual formation of a green and low-carbon in-city travel habit 
by the people. 

Although the number of vehicles increased three-folds in Beijing during the last two decades, the 
total pollutants emissions decreased remarkably. Based on the study report of UNEP (United 
Nations Environment Programme, 2019), compared with 1998, CO, THC(total hydrocarbon), 
NOx and PM2.5 emissions from the transportation sector in 2017 were reduced by nearly 89%, 
64%, 55% and 81% respectively. 

Our review of China’s policies on air pollution prevention and control helps to identify key 
measures that have a positive effect on reducing primary PM2.5, especially on reducing BC/OC 
emissions. The review would also help to identify the shortcomings of existing measures in 
BC/OC control. The experiences and shortcomings summarized could further provide inspiration 
and a basis for future studies on BC/OC control, as well as helping the design of BC/OC control 
strategies by policymakers.  
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n Tightening the quota of new  
light-duty passenger cars;
n Driving restrictions by 
stopping car driving one weekday 
per week;
n Driving restrictions on light-
duty passenger cars of China 1/2  
on weekday.

n Promote CNG buses;
n Promote electric buses and 
taxies.

n Implement the China 5 for light-duty passenger cars and the China V for public fleets in February, 2013;
n Implement the China V for  freight trucks and long-distance coaches in  June, 2015.

n Scrappage of older 
vehicles with subsidies;
n Scrappage all yellow-
labeled vehicles before 2016.

n Enhanced I/M program;
n Restrictive policies on use of 
motorcycles, heavy-duty trucks and 
yellow-labeled vehicles

n Implement the China 5/V fuel quality standards in June, 2012;
n Implement the China 6/V fuel quality standards in January, 2017.

Figure 7-8  Vehicle-fuel-road integrated control system (source: Former Beijing  

Municipal Environmental Protection Bureau, Tsinghua University, UNEP, 2019) 
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Annex 

Annex I: Emission related 

Table 1  the ratios of BC and OC from PM found in the literature 

China 2 and 
before 

China 3 China 4 China 5 Mobile source 
category 

Fuel type 
BC OC BC OC BC OC BC OC 

Diesel 0.51 0.32 0.51 0.32 0.66 0.21 0.70 0.21 
Vehicle 

Gasoline 0.27 0.58 0.27 0.58 0.27 0.58 0.27 0.58 

construction machinery Diesel 0.31 0.44 0.41 0.29 / / / / Off- 
Road agricultural machinery Diesel 0.31 0.44 0.41 0.29 / / / / 

Table 2  PM10 emission factors of vehicles recommended in the guideline (g/km) 

China 1 China 2 China 3 China 4 China 5 

Gasoline 0.029 0.012 0.008 0.003 0.003 
Light-Duty  

Diesel 0.070 0.058 0.036 0.034 0.034 

Gasoline 0.067 0.020 0.012 0.007 0.007 
Medium-Duty 

Diesel 0.516 0.174 0.164 0.118 0.059 

Gasoline 0.177 0.080 0.049 0.049 0.049 

Passenger 
Vehicle 

Heavy-Duty 
Diesel 1.092 0.980 0.439 0.280 0.140 

Gasoline 0.067 0.020 0.012 0.007 0.007 
Light-Duty  

Diesel 0.299 0.290 0.114  0.064 0.013 

Gasoline 0.177 0.080 0.049 0.049 0.049 
Medium-Duty 

Diesel 1.006 0.303 0.190 0.110 0.022  

Gasoline 0.177 0.080 0.049 0.049 0.049 

Truck 

Heavy-Duty 
Diesel 0.692 0.558 0.270 0.153 0.030 
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Table 3  PM10 emission factors of machinery recommended in the guideline (g/kW⋅h) 

Power Range Fuel Type Before China 1 China 1 China 2 China 3 

Power＜37 kW Diesel 1.2 1 0.95 0.55 

Power＞37, ＜56 kW Diesel 1.0 0.85 0.40 0.35 

Power＞75, ＜130 kW Diesel 0.8 0.7 0.3 0.25 

Power＞130 kW Diesel 0.7 0.54 0.20 0.18 

The BC/OC emission factors obtained in the project are listed in Table 5 (on-road vehicles) and 
Table 6 (off-road machinery) with Table 1 multiplied the data in Table 2 and Table 3. 

Table 4  BC factors of inland ships from the literature 

Literature EF/(g/kg fuel) Method 

Lack D.A, Light absorbing carbon emissions from 
commercial shipping, Geophys. 25 Res. Lett., 35, 2008 

0.36-1 Optical 

Agrawal, H., Emission measurements from a crude oil 
tanker at sea, Environmental Science & Technology, 42 
(19), 2008 

0.1 Thermal 

Corbett, J.J., Updated emissions from ocean shipping. 
Journal of Geophysical Research: Atmospheres, 108, 
4650, 2003 

0.37 / 

Petzold, A., Recommendations for reporting ”black 
carbon” measurements. Atmospheric Chemistry and 
Physics, 13, 2013 

0.06(85% load) 

0.36(10% load) 
Thermal 

Naya Olmer, Bryan Comer, et al., Greenhouse gas 
emissions from global shipping, 2013-2015 

Detailed methodology, ICCT, 2017 

stroke, 50%laod 

HFO: 0.49(g/kg fuel) 

Distillate: 0.26(g/kg fuel) 

Average of HFO and Distillate: 0.375 

/ 
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Annex Ⅱ: List of Air Pollutant Emission Standards from 2013 
to 2020 

NO. Name of standard Code of standard 

Stationary sources 

1 Emission standard for air pollutants for electronic glass industry GB 29495—2013 

2 Emission standard for air pollutants for brick and tile industry GB 29620—2013 

3 Emission standard for air pollutants for cement industry GB 4915—2013 

4 Emission standard for pollutants for battery industry GB 30484—2013 

5 Standard for pollution control on co-processing of solid wastes in cement kilns GB 30485—2013 

6 Standard for pollution control on the municipal solid waste incineration GB 18485—2014 

7 Emission standard for air pollutants for boilers GB 13271—2014 

8 Emission standards for pollutants for stannum, antimony, and mercury industries GB 30770—2014 

9 Emission standard for pollutants for petroleum refining industry GB 31570—2015 

10 Emission standard for pollutants for petroleum chemistry industry GB 31571—2015 

11 Emission standard for pollutants for synthetic resin industry GB 31572—2015 

12 Emission standard for pollutants for inorganic chemical industry GB 31573—2015 

13 
Emission standard for pollutants for secondary copper, aluminum, lead, and zinc 
industry 

GB 31574—2015 

14 Emission standard for air pollutants for crematories GB 13801—2015 

15 
Emission standard for industrial pollutants for caustic alkali and polyvinyl chloride 
industry 

GB 15581—2016 

16 Standard for fugitive emission of volatile organic compounds GB 37822—2019 

17 Emission standard for air pollutants for paint, ink, and adhesive industry GB 37824—2019 

18 Emission standard for air pollutants for pharmaceutical industry GB 37823—2019 

19 Emission standard for air pollutants for foundry industry GB 39726—2020 

20 Emission standard for air pollutants for pesticide industry GB 39727—2020 

21 
Emission standard for air pollutants for onshore oil and gas exploitation and 
production industry 

GB 39728—2020 

22 Emission standard for air pollutants for bulk petroleum terminals GB 20950—2020 

23 Emission standard for air pollutants for gasoline filling stations GB 20952—2020 

24 
Technical specification for pollution control of fly-ash from municipal solid waste 
incineration 

HJ 1134—2020 
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NO. Name of standard Code of standard 

 Transportation 

1 
Limits and measurement methods for exhaust pollutants from diesel engines of 
non-road mobile machinery(CHINA Ⅲ，Ⅳ) 

GB 20891—2014 

2 
Technical requirements and measurement methods for emissions from light-duty 
hybrid electric vehicles 

GB 19755—2016 

3 Limits and measurement methods for emissions from motorcycles(CHINA Ⅳ) GB 14622－2016 

4 
Limits and measurement methods for exhaust pollutants from marine engines 
(CHINA Ⅰ,Ⅱ) 

GB 15097—2016 

5 
Limits and measurement methods for emissions of pollutants from mopeds(CHINA 
Ⅳ) 

GB 18176－2016 

6 
Limits and measurement methods for emissions from light-duty vehicles(CHINA 
Ⅵ) 

GB 18352.6—2016 

7 
Measurement method and specifications for exhaust pollutants from in-use diesel 
vehicles by remote sensing method 

HJ 845—2017 

8 
Measurement method and technical specifications for PEMS test of exhaust 
pollutants from heavy-duty diesel and gas fuelled vehicles 

HJ 857—2017 

9 
Limits and measurement methods for emissions from diesel fuelled heavy-duty 
vehicles (CHINA Ⅵ) 

GB 17691—2018 

10 
Limits and measurement methods for emissions from diesel vehicles under free 
acceleration and lugdown cycle 

GB 3847—2018 

11 
Limits and measurement methods for exhaust smoke from non-road mobile 
machinery equipped with diesel engine 

GB 36886—2018 

12 
Limits and measurement methods for emissions from gasoline vehicles under 
two-speed idle conditions and short driving mode conditions 

GB 18285—2018 

13 Measurement methods for non-regulated emissions from methanol fuelled vehicles HJ 1137—2020 

14 Emission standard for air pollutants for petroleum transport GB 20951—2020 

15 Emissions control technical requirements for non-road diesel mobile machinery HJ 1014—2020 
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Annex Ⅲ: EU Policies and Regulations Relevant for Black 
Carbon Mitigation 

 

The EU has issued numerous ambitious climate and clean air regulations and policies. Presented 
here are the most relevant overarching plans and commitments for BC and OC reductions not 
described elsewhere in this report.  

The European Green Deal provides an action plan to boost the efficient use of resources by 
moving to a clean, circular economy to restore biodiversity and cut pollution. The plan outlines 
investments needed and financing tools available. It explains how to ensure a just and inclusive 
transition. 

The EU aims to be climate neutral in 2050. A European Climate Law has been adopted to turn 
this political commitment into a legal obligation. Reaching this target will require action by all 
sectors of the economy, including investing in environmentally friendly technologies, supporting 
industry to innovate cleaner, cheaper, and healthier forms of private and public transport, 
decarbonising the energy sector, ensuring buildings are more energy efficient, and working with 
international partners to improve global environmental standards. 

The EU will also provide financial support and technical assistance to help those most affected 
by the move towards the green economy. This is called the Just Transition Mechanism. It will 
help mobilise at least €100 billion over the period 2021-2027 in the most affected regions. 

In its Member States, the EU has adopted and implemented numerous regulations that also 
reduce emissions of BC/OC. Although not necessarily specified for reducing BC, but other 
pollutants, these implementations also reduce emissions of BC and/or OC.  

Norway is also currently considering implementation of the EU’s National Ceilings Directive 
(NEC Directive), and will eventually also have pursuant reporting obligations for NOx, 
NMVOCs, SO2, ammonia and PM2.5. 

The most relevant EU regulations on emissions of BC are covered in sections 3.3 and 3.4 of this 
report.  

The EU-funded Action on Black Carbon in the Arctic is an initiative sponsored by the European 
Union to contribute to the development of collective responses to reduce BC emissions in the 
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Arctic and to reinforce international cooperation to protect the Arctic environment. It provides 
and communicates knowledge about sources and emissions of BC and supports relevant 
international policy processes. The EU-funded Action on Black Carbon in the Arctic is 
implemented through the EU Partnership Instrument providing 1.5 million EUR of funding 
during 2018-2020. 

The initiative supports processes aimed at setting clear commitments and/or targets for reducing 
BC emissions from major BC sources (gas flaring, domestic heating, maritime shipping), and 
further enhances international cooperation on BC policy in the Arctic region―with a special 
focus on supporting the work of the Arctic Council and Convention on Long-range 
Transboundary Air Pollution and other national, regional, and international initiatives, and 
building strong collaboration with EU strategic partners. Thus far the project has published two 
reviews: Review of Observation Capacities and Data Availability for Black Carbon in the Arctic 
Region (EU, 2019a) and Review of Reporting Systems for National Black Carbon Emissions 
Inventories (EU, 2019b). Working recommendations will be explored further during the course 
of this EU Action on Black Carbon in the Arctic and elaborated in an upcoming Roadmap for 
International Cooperation on Black Carbon. 
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Annex Ⅳ: Fine scale emission models for BC and PM in Norway 

 

The MetVed-2 model calculates emissions (including BC) from wood burning at a high spatial 
and temporal resolution for the entire country (NILU, 2019) Wood burning is calculated from 
residential and recreational housing (Figure 1). 

 

 

 
 Emissions 2019 
MetVed-2 Metric t/a 
SUM_GridConsum 890 
SUM_gEM_PM2.5 11708 
SUM_gEM_PM10 12741 
SUM_gEM_TSP 13135 
SUM_gEM_BC 740 
SUM_gEM_OC 7109 
SUM_gEM_CH4 7716 
SUM_gEM_CO 83107 
SUM_gEM_PAH 18 
SUM_gEM_PAH_O 3 
SUM_gEM_ PAH_4 1 
SUM_gEM_NOx 873 
SUM_gEM_PCB 52 
SUM_gEM_Dioxin 0 
SUM_gEM_CO2 1426367 
SUM_gEM_NMVOC 15747 
SUM_gEM_N2O 28 
SUM_gEM_SO2 36   

Figure 1  Left: BC emissions from wood burning in Southern Norway for 2019 (g/a, 250 m grids). 

Right: emissions total for various components from the model, 2019 (t/a). 
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The UtAgg model distributes AIS emission data (including BC) from shipping at a high spatial 
and temporal resolution (Norwegian Coastal Authority, 2021). These emission data are also 
available for the main 15 ship categories (Figure 2). 

 

 
UtAgg Shipping Metric tonn 2019 
SUM_SUM_fuelco 1547368 
SUM_SUM_CO2 4913857 
SUM_SUM_CO 10583 
SUM_SUM_SO2 8085 
SUM_SUM_NOx 73950 
SUM_SUM_PM 3658 
SUM_SUM_nmVOC 3463 
SUM_SUM_N2O 146 
SUM_SUM_CH4 424 
SUM_SUM_BC 279 
SUM_SUM_OC 856   

Figure 2  Left: BC emissions from shipping in the Oslofjord for 2019 (t/a, 250 m grids).  

Right: emissions totals for various components from the model, 2019 (t/a). 

 

 



The Climate and Air Quality Co-benefits of Controlling Black Carbon and Organic Carbon:  
A Review of Emissions, Impacts and Policies 258 

The NERVE model calculates PM2.5 emissions from road traffic exhaust at a high spatial and 
temporal resolution. The emissions data are presented for selected vehicle categories (Figure 3). 

 

 

 
Emissions exhaust Metric tonn 2019 
NOx cars 17871 
NOx trucks 9915 
NOx busses 1526 
NOx TOTAL 29313 
PM2.5 cars 385 
PM2.5 trucks 1147 
PM2.5 busses 29 
PM2.5 TOTAL 629   

Figure 3  Left: PM2.5 emissions from road traffic exhaust in the Oslo area for 2019 (g/km). Right: 

emission totals for various components and vehicle types from the model, 2019 (t/a). 
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The Tilde database collects emission data reported for industries and includes data for soot and 
total PM (Figure 4). 

  

Figure 4  Left: PM10 emissions from industries in Norway for 2019 (t/a).  

Right: emissions totals for soot, 2002-2019. 
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