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1 Background  

1.1 Project outline  

Within the call EE-12 of the Horizon 2020 programme, the EU funds several projects on "Energy 
Efficiency Research and Innovation". The COMBI project aims at quantifying the multiple non-
energy benefits of energy efficiency together with the research partners University of Antwerp, 
University of Manchester, Copenhagen Economics and ABUD/Advanced Buildings and Urban 
Design, and is coordinated by the Wuppertal Institute for Climate, Environment and Energy. The 
multiple benefits of energy efficiency are gaining relevance in the research and the current policy 
discourse, but scientific evidence is yet scarce and scattered. Therefore, this projects will gather 
existing approaches and evidence from the EU area, develop modelling approaches and come up 
with consolidated data on different benefits such as avoided air pollution (effects on health, 
ecosystems, crops, built environment), resources (biotic/abiotic, metals and non-metals), social 
welfare (disposable income, comfort, health), macroeconomy (labor market, public finance, GDP), 
and the energy system (grid, supply-side, energy security). All project outcomes will be available at 
an open-source online database and be analysable via a graphic online-visualisation tool for 
personalising the findings as to their geographic location and selected benefits. To this end, the 
development of an aggregation methodology is of central importance to avoid double-counting 
and presenting the various benefits on their various dimensions. Finally, insights for policy 
relevance will be derived and policy recommendations will be elaborated to facilitate the 
communication of the non-energy benefits in the relevant policy areas. In addition, the project is in 
touch with on-going processes of how to include multiple energy efficiency benefits into policy 
evaluation. 

1.2 Relevance and importance of avoided air pollution benefits  

Air pollution refers to emissions of various air pollutants from natural and anthropogenic sources 
that affect the composition of air and eventually cause harm to human health, ecosystems, 
agricultural crops and the built environment. Fossil fuel combustion is a major source of 
anthropogenic air pollution. Improvements in end-use energy efficiency would contribute not only 
to climate change mitigation, but also to air pollution mitigation. In this context, avoided air 
pollution stands for a difference between (1) the business as usual trends of energy use and, as a 
result, air pollution emissions, and (2) a projection based on potential improvements in energy use 
as a result of energy efficiency actions and associated reductions of air pollution emissions. The 
difference between the impacts in the case (1) and (2) on human health, ecosystems, agricultural 
crops and the built environment are to be explored in this work package of COMBI.  

There is a relatively large number of studies (compared to other co-benefits to be studied in 
COMBI) investigating avoided air pollution related co-benefits as a result of climate change 
policies. The first studies are dated from the early 1990s. Probably the first record of this topic in 
the academic literature is a scientific article by Amory B. Lovins “Abating air pollution at negative 
cost via energy efficiency” published in 1989 in the Journal of the Air and Waste Management 
Association. He discusses a paradigm shift needed in air pollution management and multiple 
benefits that energy efficiency measures could bring. He started with a domestic example: “”A 
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single 18-watt compact fluorescent lamp, producing the same light as a 75-watt incandescent 
lamp for about 13 times as long, will over its 10000-hour nominal lifetime avoid the emission 
from a typical US coal-powered power plant of about 1 tonne of CO2 and eight kilograms of SO2, 
plus NOx, heavy metals and air pollutants” (Lovins, 1989). 

Between the early 90s and the year 2010, a few literature reviews have been conducted on the 
issue of avoided air pollution as a result of energy efficiency measures and have counted at least a 
few dozens of studies in total (Bell et al., 2008; Corfee-Morlot, Bollen, Jamet, & Guay, 2009; 
Nemet, Holloway, & Meier, 2010; Pittel & Rübbelke, 2008). International organizations involved in 
the discourse of co-benefits lately also devote attention to the issue of air pollution (Corfee-
Morlot et al., 2009; European Environment Agency, 2008; Hosking et al., 2011; International 
Energy Agency, 2014a; World Health Organization et al., 2011). 

In the last few years there has been a noticeable growing interest in air pollution, particularly in 
China. Under the conditions of rapid urbanization and economic growth, the subject has surged to 
the level when not only chronic (a delayed response to long-term smaller doses), but also acute 
(an immediate and severe response to a large dose) air pollution impacts are observed (Chan & 
Yao, 2008; Chen et al., 2012). For the case of China, a number of researchers have been looking for 
win-win solutions for the economy, air quality and human health. It is not surprising that the co-
benefits agenda of energy efficiency has been taken up by researchers for China (some of the 
studies are quoted in Table 3). Europe, on the other hand, has already achieved significant air 
pollution emission reductions in the last few decades (Dronin et al., 2012; Kuylenstierna et al., 
2012), whereas the state of the air quality in China is reaching critical levels only now (D. Zhang, 
Liu, & Li, 2014). The difference in timing is mainly due to a difference in economic development 
trends. Nevertheless, air quality challenges in Europe remain to be one of the priority action areas 
in environmental governance and legislation. The Chinese experience of studying avoided air 
pollution as a result of energy efficiency actions will be of use for COMBI. 

Local decision-makers view air pollution as a more urgent environmental problem than climate 
change. Therefore, a number of studies, not only for China, have looked at the co-benefits 
framework from another angle or at least questioned the implications of looking from another 
angle. The studies ask to what extent air quality policies are (or could be) able to render climate 
change co-benefits (Bollen, van der Zwaan, Brink, & Eerens, 2009; Kanada, Fujita, Fujii, & Ohnishi, 
2013; Morgenstern, Krupnick, & Zhang, 2004; Nemet et al., 2010; Tollefsen, Rypdal, Torvanger, & 
Rive, 2009; van Harmelen et al., 2002; Xu & Masui, 2009). Different policy scenarios, i.e. 
abatement of air pollution using only technical measures of pollution control versus abatement of 
air pollution via energy efficiency, may have very different benefit and cost implications. Some of 
the policy scenarios are explored where air pollution policy goals are given a priority over climate 
change policy considerations and vice versa. Climate change focused scenarios coupled with end-
of-pipe air pollution controls have been proven to be more cost-effective and to bring bigger 
societal benefits (Mao et al., 2013; Zhang, Worrell, Crijns-Graus, Wagner & Cofala, 2014). 

Although air quality has been improved to a great extent in the European Union in the last few 
decades (Dronin et al., 2012) and the “low hanging fruits” have been already picked, there is still 
substantial potential for welfare improvements via reduction of air pollution (Amann et al., 2011).  
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A significant share of European Union’s urban population lives in areas that exceed the air quality 
standards. The World Health Organization recommends even stricter air quality standards than 
those of the EU. According to the WHO norms, up to 83% of European urban population were 
exposed to PM10 concentrations above safe levels in 2011, 91-93% were exposed to unsafe PM2.5 

concentrations in 2010-2012 and 98% were exposed to unsafe O3 concentrations in 2012 
(Guerreiro, Leeuw, Foltescu, Horálek, & European Environment Agency, 2014) (see Table 1). The 
share of urban population increases for some pollutants almost up to 100% for ozone exposure 
according to stricter standards of the (Martin & Europæiske Miljøagentur, 2015). In 2011, 430 219 
premature deaths in the EU were ascribed to the effects of fine particulate matter emissions 
(PM2.5); the figure for ozone stood at 16 160 deaths (Martin & Europæiske Miljøagentur, 2015). 

Table 1: Share of the urban population in the EU-28 exposed to air pollution concentrations above the EU and WHO air quality 
norms and estimated premature deaths in 2011. 

 

Share of urban population 
of the EU-28 exposed to 
air pollution 
concentrations above the 
EU air quality norms (limit 
value) (year) 

Share of urban population 
of the EU-28 exposed to 
air pollution 
concentrations above the 
WHO air quality norms 
(limit value) (year) 

Type of air quality 
limit value 

Premature deaths 
attributable to air 
pollution exposure 
in 2011 in EU-28 
(best estimate) 

PM10 21-30% (2010-2012) 83% (2011) Daily value Not available 
PM2.5 10-14%  (2010-2012) 91-93% (2010-2012) Yearly value 430219 
O3 14% (2012) 98% (2012) Daily value 16160 
NO2 8% (2012) 8% (2012) Yearly value Not available 
SO2 0.5% (2012) 37% (2012) Daily value Not available 
     

Source: (Guerreiro et al., 2014) 

The state of air quality for protection of natural and agricultural ecosystems is also unsatisfactory. 
Critical thresholds (AOT401) for ozone exposure were surpassed in 18% of the agricultural area of 
the EEA member states2 in 2011, while long-term ozone protection target values were exceeded 
in 87% of all agricultural area of the EEA member states in 2011 (Guerreiro et al., 2014). 69% of the 
forest area in the EEA members states in 2011 was affected by ozone concentrations exceeding 
critical loads specified by the Long-Range Transboundary Air Pollution Convention (LRTAP) 
(Guerreiro et al., 2014). 63% of ecosystems in EU-28 were at risk of eutrophication and 7% at risk 
of acidification as a result of atmospheric concentrations of air pollutants in 2010 (Guerreiro et al., 
2014).  

2 Benefit scope: avoided air pollution  

2.1 Definition  

Air pollution is defined by the European Environmental Agency as “the presence of contaminant or 
pollutant substances in the air at a concentration that interferes with human health or welfare, or 

                                                             
1 AOT40 is an indicator that expresses excess critical level exposures to tropospheric ozone concentrations on vegetation. It is 
calculated as a “the sum of the differences between hourly ozone concentration and 40 ppb for each hour when the concentration 
exceeds 40 ppb during a relevant growing season, e.g. for forest and crops” (European Environmental Agency, 2015a) 
2 Member states of the European Environmental Agency are the EU-28 member states plus Iceland, Norway, Switzerland, Lichtenstein 
and Turkey.  
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produces other harmful environmental effects” (European Environmental Agency, 2015a). Air 
pollution can be understood as a deviation from baseline conditions3 of air composition – 
unpolluted composition of air under the circumstances of no human intervention (Vallero, 2008).  

Increased concentrations of certain substances in the air can negatively affect human and 
ecosystem well being, depending on the exposure dose and time. Natural sources affect air quality 
just as anthropogenic sources. Since natural sources in many cases are beyond human control, we 
focus only on anthropogenic air pollution sources.  

The World Health Organization provides universal air quality guidelines for different pollutant 
concentrations based on the current state of knowledge of epidemiological studies (World Health 
Organization, 2006). These are transposed into national legislation and managed primarily by local 
authorities. Surpassing those values puts public health under severe risk. Different maximum 
concentration values are provided to avert risks associated with short and long term exposure. 
Public health is the most studied receptor of the negative air pollution effects. Besides human 
health, air pollution effects are measured on natural ecosystems, agricultural crops and the built 
environment.  

The other term that will be used in this research interchangeably with “air pollution” is “air 
quality”. It refers to the air composition that complies with the norms (or as stated in the EU 
legislation - limit values (for human health) or critical levels (for vegetation) of the regional and 
national regulatory institutions (in this case the European Union and its member states) to avert 
severe damage to the well being of humans and ecosystems (European Parliament & European 
Council, 2004, 2008). 

Anthropogenic air pollution can be caused by stationary and mobile sources from multiple sectors 
of human activity, i.e., industry, energy supply, residential sector, transport, agriculture and etc.. 
Moreover, air pollution can manifest itself via the presence of different air pollutants (sulphur 
dioxide (SO2), nitrogen oxides (NOX), particulate matter (PM10 and PM2.5), F-gases (ozone depleting 
substances), heavy metals, volatile organic compounds (VOCs)) and  on multiple geographical 
scales (indoor, local, regional, continental and global) affecting human well being in different ways: 
from a mix of indoor air pollutants affecting human health to the F-gases endangering the whole 
of biota and humanity with depletion of the protective ozone layer.  

2.2 Air pollution and climate change: complexity of interlinkages  

Fossil fuel combustion causes both – climate change and air pollution and are a dominant primary 
energy source globally (International Energy Agency, 2014b). Fossil fuel combustion releases a 
mix of both – greenhouse gases and air pollutants. Some air pollutants are also greenhouse gases 
with a positive radiative forcing on climate change, e.g. tropospheric ozone (Shindell et al., 2009). 
Other pollutants actually have a negative radiative forcing on climate change, e.g. sulphur dioxide 
and nitrogen oxides (Intergovernmental Panel on Climate Change, 2014; Shindell et al., 2009). 
However, not all greenhouse gases are pollutants, e.g. carbon dioxide or methane. Radiative 

                                                             
3 Such baseline conditions do not exist anymore as humans have been affecting the air composition for thousands of years. Air 
pollution is a global phenomenon affecting even the most remote and uninhabited parts of the Earth. Therefore a proxy of baseline 
condition is taken in a remote location.  
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forcing of particulate matter can be both positive and negative and depends largely on its 
structure (Intergovernmental Panel on Climate Change, 2014) (see Figure 1). 

Some primary air pollutants form secondary air pollutants as a result of chemical reactions in the 
atmosphere. Nitrogen oxides, carbon monoxide, volatile organic compounds and methane form 
troposhperic ozone, which negatively affects human health, ecosystems, agricultural crops and 
warms the climate (Guerreiro et al., 2014). Particulate matter can be a primary and a secondary 
pollutant as a result of chemical reactions in the atmosphere between sulphur dioxide, nitrogen 
oxides, ammonia and volatile organic compounds (Guerreiro et al., 2014). Particulate matter 
affects human health and contributes to the atmospheric transport of pollutants facilitating 
acidification and eutrophication processes (Vallero, 2008; World Health Organization, 2006). The 
complexity of air pollutants and greenhouse gases, atmospheric chemistry and their links to 
human and ecosystem well being is portrayed in Figure 1.  

Figure 1: The Complexity of links between climate change, air pollution and impacts on human well-being, agricultural yields and 
natural ecosystems  

 
Source: Kuylenstierna et al., 2012 

To complicate the matter even more, climate change is likely to have an impact on air quality as 
well via change in climatic patterns that might affect atmospheric transportation and chemistry. 
There is a consensus that air quality management especially with regard to trophospheric ozone 
pollution will be exacerbated by climate change and will require additional efforts if we compare 
climatic conditions now and ceteris paribus in 2050 (Ebi & McGregor, 2008; Jacob & Winner, 2009; 
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Meleux, Solmon, & Giorgi, 2007; Wu et al., 2008). The effect on the formation of secondary 
particulate matter is uncertain and likely to be location-specific with some factors working in 
favour and others against (Ebi & McGregor, 2008; Jacob & Winner, 2009).   

Despite the underlying complexity between air pollution and climate change and the artificial 
separation of these two phenomena in decision-making, there is a potential to reap double 
dividends in tackling those two environmental problems at the same time. On the contrary, 
continuing to tackle those two environmental problems separately may even lead to antagonistic 
outcomes (Kuylenstierna et al., 2012). Some policy solutions and technologies affect only one of 
the problems, e.g. end-of-pipe pollution control or carbon capture and storage. Integrated 
technological and policy solutions that contribute to the mitigation of both climate change and air 
pollution problems at the same time may prove to be a more cost-effective option for the society 
in the long-run. These solutions may also represent different welfare equilibria. These hypotheses 
are at the heart of this working work package of the COMBI research project.  

If fossil fuel combustion is at the core of both environmental problems, then reducing the 
consumption of fossil fuels could yield double dividends for air quality and climate change 
mitigation. Achieving this without a reduction in the total energy services delivered to the society 
(mobility, heating, cooling, hot water, electricity) would not put societal comfort in conflict with 
climate change mitigation and air quality improvement goals. Therefore, a strive for energy 
efficiency may represent a unique opportunity. Energy efficiency can be understood as a wide 
range of efforts that aim to reduce total energy use without reducing the total amount of energy 
services provided (International Energy Agency, 2014a; Patterson, 1996). However, the terms 
‘energy efficiency’ and ‘energy conservation’ need to be distinguished. At this point energy 
conservation is understood as a reduction of energy use via a reduction in energy services.  

In the past, some efficiency improvements have lead to higher energy consumption of end users 
via an increase in affordability of a product or service. This phenomenon is called ‘rebound’ or 
‘takeback’ effect (Greening, Greene, & Difiglio, 2000; Herring, 2006; Sorrell, 2009). Recent energy 
efficiency studies explicitly account for a certain degree of rebound effect (Frondel, Ritter, & 
Vance, 2012; Galvin, 2014; Joyce, Hansen, & Naes-Schmidt, 2013). The rebound effect will have to 
be accounted for in the COMBI research.  

2.3 Air pollution effects  

Following the Drivers-Pressures-State-Impact-Response framework used in the Global 
Environment Outlook assessments by the United Nations Environment Programme (Pinter, 
Swanson, & Chenje, 2008), air pollution may refer to two elements: ‘pressures’ in the form of 
quantities of air pollutants emitted from various sources or ‘state’ in the form of air pollutant 
concentrations in one cubic meter. Avoided air pollution emissions and concentrations result in 
reduced negative effects to the receptors: humans, natural and agricultural ecosystems and the 
built environment. The effect on the receptors can be acute and chronic therefore, air quality 
guidelines aim to prevent both (World Health Organization, 2006). 

Air pollution related human health consequences are cardiovascular and respiratory diseases, 
alteration in some physiological functions, and growth alterations such as low weight at birth or 
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slow development (World Health Organization, 2006). The pollutants responsible for this are 
multiple, but in order to avoid duplications the effects of secondary pollutants - particulate matter 
and trophospheric ozone are measured in the European Union (see Figure 2 and Figure 1).  

Ecosystems, natural and agricultural, suffer acidification and eutrophication as a result of air 
pollution. Acidification refers to a deposition of acidifying substances, mostly SO2 and NOx

4, via 
various forms of atmospheric transport to the soil and a resulting change in the chemical 
composition of soil affecting its fertility (European Environmental Agency, 2015 modified). 
Eutrophication in relation to air pollution effects refers to the airborne deposition of eutrophying 
substances to water bodies, mainly NO5

x, that affect the chemical balance resulting in an 
excessive load of nutrients and causing a disturbance via excess growth of water plants on the 
water ecosystems (European Environmental Agency, 2015a). Although Figure 2 does not map it, 
ground-level ozone also affects plant growth negatively. Vegetation is one of the major sinks of 
ground level ozone, however that manifests in inhibited vegetation growth (Guerreiro et al., 2014). 
Finally, acidifying air pollutant deposition, mainly SO2 and NOx, on buildings may cause building 
structure deterioration depending on the building materials and their sensitivity to acid deposition 
(Brimblecombe, 2003). It is especially important for historical high-value buildings. All of these air 
pollution effects are subject to COMBI.  

Figure 2: Air pollution effects on human health and ecosystems as mapped by the European Environmental Agency 

 
Source: Guerreiro et al., 2014 

Air pollution effects extend throughout the whole energy chain, starting from extraction and 
ending with energy consumption (see Figure 3). COMBI focuses only on end-use energy efficiency 
improvement actions, therefore many avoided air pollution effects will not be accounted for. In 
Figure 3, the expected scope is marked under a straight line, dashed lines represent some aspects 
that fall under COMBI, dotted lines represent elements that are outside the scope of COMBI. 
                                                             
4 Acidification effect of CO2 is documented on mainly oceans, therefore, it is outside the scope of COMBI.  
5 Ammonia (NH3) emissions originate from agriculture, therefore these emissions are outside the scope of COMBI. 
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COMBI includes a few energy efficiency actions that aim to reduce electricity consumption. 
Avoided air pollution impacts in this particular case extend beyond end-use, therefore “secondary 
energy” is marked in a dashed line.  

As the European Union is a net importer of fossil fuels, many air pollution impacts resulting from 
the energy supply chain remain beyond the geographical borders of the European Union, like air 
pollution impacts as a result of gas flaring or transportation of fossil fuels. A part of primary 
energy resource processing happens within the EU as well as a large share of electricity 
production. Industrial sector and electricity saving energy efficiency measures are part of COMBI, 
therefore, it is likely that some aspects of avoided air pollution stemming from secondary energy 
stage will be accounted for.  
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Figure 3: Visualization of interrelations between various stages of energy supply chain and air pollution.  

 
Scope of COMBI is marked under a straight line, dashed lines represent some aspects that fall under COMBI (mainly energy efficiency 
actions related to electricity), dotted lines represent elements that are outside the scope of COMBI. Abbreviations: NOx – nitrogen 
oxides, SO2 – sulphur dioxide, BC- black carbon, NH3 – ammonia, PAH – polycyclic aromatic hydrocarbons, NMVOC – non-methane 
volatile organic compounds , HM – heavy metals, PM – particulate matter, CH4 – methane, CO – carbon monoxide, CO2 – carbon 
dioxide, O3 – ozone. Source: based on Guerreiro et al., 2014; Wilkinson, Smith, Joffe, & Haines, 2007. 

2.4 Evaluation perspectives  

Air pollution is both a global and a local problem. Numerous scales exist for studying air pollution 
and its effects on different receptors. For instance, F-gases are exclusively a global air pollution 
issue. Other pollutants, like particulate matter, can contribute a local scale air pollution problem 
due to emissions from a boiler in a single family house. On a global or regional scale, particulate 
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matter and atmospheric transportation can contribute to the phenomena of arctic haze or 
atmospheric brown clouds (Engling & Gelencser, 2010; Quinn et al., 2007).  

Air pollution can be studied on several levels, e.g.: 

• Indoor air pollution relating to building materials, furnishings, combustion processes and 
inflows of outdoor pollution; 

• Local air pollution relating mostly to small scale local sources of air pollution that contrib-
ute on top of the background levels of air pollution from urban or regional air pollution 
sources; like boilers from individual family houses in a neighbourhood; 

• Urban air pollution is a universal environmental problem across the world. There are only 
worse and worst performers, although much progress has been achieved in the developed 
world in the last decades. It is frequently chosen as a geographical scale of air pollution 
studies due to the concentration of adverse impacts arising from population density and 
also representing a complex mixture of air pollution sources demanding customized action 
on many levels and many sectors. 

• Regional (sometimes a separate level of continental is added) air pollution is enabled by 
atmospheric transportation mechanisms and various dispersion factors and may affect 
receptors hundreds or thousands of kilometers away from the source. The air pollution 
plumes originate usually from large stationary sources or from large agglomerations of air 
pollution sources, like urban areas.  

• Global air pollution relating mostly to persistent air pollutants with a long decomposition 
duration, like F-gases or persistent organic pollutants. Also include phenomena like arctic 
haze and atmospheric brown clouds that have global impacts.  

 

The boundaries between these scales are not strict and represent the multi-layer complexity of 
the air pollution problem. Local air pollution control measures may not be sufficient to avert 
negative effects from taking place. For instance, even if ozone precursors are reduced in Europe, 
to reduce the ground-level ozone concentrations will prove to be difficult due to other rising 
contributions in the northern hemisphere (Williams, 2007).   

Due to the presence of multiple scales, avoided air pollution related multiple impacts as a result of 
energy efficiency improvement actions are distributed also at various scales. For some energy 
efficiency actions the benefits may be larger for the end-user, for instance, measures that result in 
reduced exposure and related effects of indoor air pollution or local air pollution. However, in most 
cases the benefits of avoided air pollution may distribute across the society very often depending 
on the location and volume of emissions, meteorological conditions and atmospheric transport 
patterns (see 4.2). Avoided air pollution effects may extend well beyond the EU-28.  

Societal perspective is the prevalent perspective in studies analysing avoided air pollution impacts 
of energy efficiency actions. Changes in air quality may be induced only by energy efficiency 
actions taking place on a sufficiently large scale. Avoided air pollution impacts are not measured 
from the perspective of the end-user.  

A contrast between end-user and societal perspectives emerges in modal shift studies, where air 
pollution impacts are assessed for both – the individual who chooses to change the mode of 
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transportation and the general society. In these studies, the general society is a recipient of 
avoided air pollution impacts due to modal shift, but the end-user, the individual who changes the 
mode of transportation, eventually receives a bigger dose of air pollution due to more intensive 
respiratory activity  (see Table 5).   

Public budget perspectives have not been encountered among avoided air pollution impact 
studies.  

3 Methodologies and Results  

3.1 Evaluation approaches  

Most of the studies analysing associated air pollution co-benefits of climate change mitigation 
policies employ an ex-ante approach and include scenario building in the methodology (see Table 
3, Table 4 and Table 5). At this point only two studies have been traced to be using an ex-post 
approach with the aim of proving policy effectiveness (European Environment Agency, 2010; 
Kanada et al., 2013). Although COMBI will certainly assume an ex-ante approach, further search 
for such baseline studies should be continued.  

COMBI aims to cover energy efficiency improvement actions in four sectors: residential, 
commercial, industrial and transportation. This literature review focused on analysing sectoral 
approaches in order to illustrate their particularities (see Table 3, Table 4 and Table 5). There is a 
significant amount of literature where single studies address multiple sectors and multiple energy 
efficiency measures. At this stage these have been omitted.  

3.2 Quantification and monetisation  

Energy efficiency is usually discussed within the framework of climate change mitigation. Most 
studies evaluate potentials in greenhouse gas emission and energy demand reductions and rarely 
include wider systemic effects. Potential air pollution emission reductions are discussed only 
within the multiple co-benefits or ancillary benefits framework. 

A multiple methods and multiple steps framework is needed to quantify and monetize the 
associated benefits of air pollution reductions as a result of energy efficiency interventions (see 
Figure 4). Approaches of most studies follow the logic of the impact pathway analysis (Holland & 
European Commission, 1995). The first step is the estimation of the energy demand reduction 
potential in the form of primary energy source savings or electricity savings. In the second step  
avoided air pollution emissions as a result of decreasing energy use are estimated. The third step 
concerns with attributing these avoided air pollution emissions to changes in the air pollutant 
concentrations within the range of the studied receptors. The fourth step involves an estimation 
of changes in air pollution dose and exposure on the receptors – human health, vegetation and 
the built environment. The fifth step is estimation of avoided air pollution impacts as a result 
energy efficiency improvements. Status quo (or business as usual) emission effects are compared 
with the effects of abatement. The difference between them is the net gain or net loss. Finally, the 
net gain or net loss is monetized. Implementing each of these steps involves a degree of 
complexity and each of these steps can be a standalone research study.  
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Figure 4: Multiple methods and multiple steps framework to study avoided air pollution effects as a result of energy efficiency 
measures. 

 
Examination of the baseline situation, evaluating the technical status quo and estimating energy 
efficiency implementation potential via scenario building concludes the first step of research. In 
the case of energy efficiency relating to primary energy resource savings, like natural gas, fuel, 
estimation of emission reductions is relatively straightforward. In the case of electrical appliances, 
emission factors must be adjusted according to the national energy mix. The third step usually 
involves using or developing an atmospheric pollutant dispersion model for the relevant scale 
studied, or estimating changes in emission concentration reductions via generic, not location 
specific mathematical models. The fourth step involves consulting epidemiological (human health), 
environmental chemistry (built environment) and environmental science (vegetation) literature on 
impacts and estimating changes in the effects using exposure-dose-response functions. Finally, 
monetization of the effects is carried out using the health and environmental economics tools, i.e. 
contingent valuation methods. Most studies do not develop original valuation methods, but rely 
on already existing estimates in the literature. Before applying certain cost estimates of air 
pollution, a review of literature on economic valuations is conducted to determine minimum and 
maximum values associated with the studied impact and the appropriateness of derived values is 
evaluated in the studied contexts. Overall very few studies choose to monetize the air pollution 
effects due to ethical reasons and uncertainties related to contingent valuation methods (Azqueta 
& Delacámara, 2006; Spash, 1997) and rather opt for presenting results of avoided pollution via 
non-monetary indicators (see Table 3, Table 4 and Table 5).  

Sectoral review of relevant studies (see Table 3, Table 4 and Table 5) has revealed that there are 
not many studies in Europe evaluating air pollution abatement potentials of specific energy 
efficiency actions. Many of them do not apply the full chain of methodologies and some cease at 
step 2, leading to estimates of avoided air pollution emissions only. Among air pollution effects, 
human health is mostly studied and effects are rarely monetized, but rather expressed in other 
indicators, like disease burden, years of life lost, number of hospital visits etc. Air pollution 
abatement effects are rarely studied. They are mostly studied in European contexts (European 
Environment Agency, 2010) and studies that use European methodologies and modelling tools 
customized to local contexts (Amann et al., 2008; Purohit et al., 2010). Effects on the built 
environment have been evaluated and monetized only in a few cases (for instance Brophy, 
University College, Energy Research Group, University College, & Environmental Institute, 1999).  

The co-benefit research of energy efficiency in the industrial sector is dominated by studies on 
most polluting industries in China – iron and steel and cement (see Table 4). Although emission 
reductions from large combustion plants in European Union have been significant in the past few 
decades, in some countries large emission reduction potentials are still untapped (European 
Environment Agency, 2010). 
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Residential sector holds big potentials for untapped energy efficiency and, as a result, air pollution 
abatement. Only a handful of relevant studies have been identified in general (see Table 4). Most 
of them deal with building retrofits of existing stock. No studies have been identified documenting 
air pollution co-benefits in the commercial sector. Either they form part of whole building stock 
assessments or are in general omitted.  

Studies in the transport sector cover both modal shift and vehicle emission standards (fuel 
economy) (see Table 5). However, most of them either omit or consider freight and train transport 
as a constant. Modal shift studies uncovered an important cross-cutting theme with social 
welfare co-benefits – health related co-benefits of an increased physical activity as a result of a 
switch towards active modes of transport. The benefits of increased physical activity are 
remarkably greater than those of abated air pollution emissions. Traffic related injuries and 
fatalities form another cross-cutting co-benefit or co-impact (depending if it is positive or 
negative) to study under social welfare topic from modal shift studies. Some studies mention and 
some even monetize noise and congestion related co-benefits (de Nazelle et al., 2011; Rabl & de 
Nazelle, 2012) that are to be included in the social welfare literature review in more detail.  

4 Methodological challenges 

4.1 Life-cycle approach 

Some issues related to the applicability of Life Cycle Analysis (LCA) to the estimations of avoided 
air pollution impacts are discussed in 2.3 and portrayed in Figure 3. Application of the LCA 
approach to avoided air pollution impacts would not only expand the geographical scope of COMBI 
beyond EU-28, but also would expand the research scope beyond end-use efficiency. Among the 
studies found to be relevant for COMBI, all of them include only end-use related avoided air 
pollution effects.  

4.2 Distributional aspects and context dependencies 

Energy efficiency measures can help to reduce air pollution problems at different scales (see 2.4). 
Some energy efficiency improvement actions are more relevant at some level than the other 
depending on the context, but their contributions can usually be traced at a few levels. Here are a 
few examples from a few dozen of selected energy efficiency improvement actions to be 
considered in COMBI (some may overlap across multiple levels): 

• Indoor air quality: improvements of building envelopes, passive house standards, im-
provements of ventilation systems in residential and commercial sectors. 

• Local air quality: improvements in efficiency of privately managed heating and hot water 
systems, modal shift in urban transportation, improvements of building envelopes. 

• Urban air quality: vehicle emission standards (fuel economy) of passenger and freight 
transport, improvements in the efficiency of large combustion facilities (power supply or 
industrial), modal shift in urban transportation, improvements in efficiency of privately 
managed heating and hot water systems, the accumulated effect of energy efficiency re-
lated to various electric appliances (boilers, electric appliances, air conditioners, fridges, 
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lightning systems), improvements of building envelopes (effect via district heating and hot 
water plants and privately managed boilers). 

• Regional/continental air quality: improvements in the efficiency of large combustion 
facilities (power supply or industrial), the accumulated effect of energy efficiency related 
to various electric appliances (boilers, electric appliances, air conditioners, fridges, lightning 
and ventilation systems), improvements of building envelopes (effect via district heating 
and hot water plants).  

To complicate the matter even more, not all emission reductions will result in a reduction of 
pollutants concentrations, e.g. ground-level ozone (Baird & Cann, 2012). Reductions in acid rains in 
some localities with alkaline soils may actually decrease soil fertility and vegetation growth.  

The evaluation scale to be adopted for COMBI will take these aspects into consideration. A 
combination of at least two scales may be necessary to cover most energy efficiency actions, 
most likely urban and regional. Aspects of indoor air quality will be covered in the social welfare 
literature review and their source is different from that in most of the cases discussed here. 

4.3 Interrelations of multiple benefits  

A few preliminary interrelations with other work packages of COMBI could be mapped at this 
stage (see Table 2). There is a direct link with the WP5 on social welfare due to a common study 
object – human health. This work package will focus on airborne diseases and associated 
morbidity and pre-mature mortality, while WP5 will focus on diseases primarily arising from 
thermal discomfort in indoor environments. It is likely that both could affect a significant share of 
population, and thermal discomfort may exacerbate any pre-existing human health symptoms 
and diseases. There may be a relationship between indoor and outdoor air quality, however it is 
not sufficiently well explored yet. While some may be relatively easy to quantify and the practice 
of that already exists, e.g. a potentially reduced burden on health care budgets as a result of 
improved status of human health in a population, some may be difficult to estimate or may prove 
to be insignificant.  
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Table 2. Interrelations of air pollution work package with other work packages of COMBI. 

MI Air pollution Type of interaction  

Air Pollution Health  

Eco-system  

Crops  

Built environment  

Resources Organic resources Increased timber and biofuel production as a result of possible reductions in acid 
rain and ozone exposure. 

Non-organic resources  

Energy resources  

Social welfare/ 
commercial 
productivity 

Disposable income/fuel 
poverty reduction 

 

Improved comfort  

Health  Possible links between indoor and outdoor air pollution and related illnesses. 

Productivity in commercial 
buildings 

A need for a multi-location framework to estimate productivity. Multiple 
environments may affect human health condition: residential, commercial, 
industrial, public service related buildings and also outdoor environments. 

Macro Employment  

GDP Possible increases in agricultural harvests and timber stock due to reduced acid 
rains and ozone exposure; possibly also some financial effects as a result of 
reduced eutrophication pressures related to inland fisheries or water supply (?).  

Public budget Reduced burden on public health care budgets as a result of a reduction in 
airborne diseases.  

Energy 
system/security 

Energy system costs Relationships between supply and demand: how fast energy demand reductions 
translate into energy supply reductions (and therefore air pollution emission 
reductions), especially in relation to large-scale centralized energy supply plants 
(related to electricity production and centrally managed hot water and heating 
systems).  

Energy security  
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5 Annex: Review of relevant avoided air pollution studies in the industrial, residential and transport sectors 

Table 3. Relevant studies analysing air pollution co-benefits of energy efficiency measures in the industrial sector. 

Source (reference) Case description Method used Magnitude of the MI, non-monetary, absolute terms 

Magnitude of the MI, absolute terms, 

monetary terms (if available) 

Magnitude of the MI 

(as % of direct benefit, 

or other indicator if this 

is not relevant) 

(Xi, Fei, & Gehua, 
2013b) 

Estimation and monetization 
of the co-benefits of climate 
change mitigation 
technologies in the Chinese 
cement industry and their 
impact on marginal air 
pollution abatement cost 
during 12th Five Year Plan 
period in 2011-2015 

Calculation of marginal GHG 
emission abatement costs and 
comparing those to marginal 
co-benefit of avoided air 
pollution; use of ExternE 
inputs and adjusted WTP 
values from European studies 

Avoided GHG emissions. 13 technologies were found 
to have a negative cost of implementation. If their 
installation rate increased by 30% from 2011 to 
2015, emission of 93 million tons of CO2 could be 
prevented.  
 

The co-benefit of avoided air pollution 
as a result of technologies 
implemented in the Chinese cement 
sector ranges from 3 RMB/ tCO2 to 
267 RMB/tCO2. Annual savings for 
cement producers would be 870 million 
RMB, the total environmental co-
benefit from these technologies would 
be 24.7 billion RMB per year.  

Societal benefit exceeds 
private benefit by 28 
times. 

(Zhang et al., 2014) Estimation of co-benefits of 
implementing energy 
efficiency measures that 
reduce both greenhouse gas 
emissions and air pollution 
emissions, in comparison to 
applying only air pollution 
control technology in the 
Chinese iron and steel 
industry in 2010-2030 

Building energy conservation 
supply curves and four 
scenarios based on them; 
running those scenarios on 
GAINS model.  

Energy efficiency measures are more cost-effective 
to reduce air pollutant emissions than end-of-pipe 
controls. If energy efficiency policy scenario is 
implemented, by 2030 energy saving potential for 
the Chinese iron and steel industry in 2030 is around 
5.7 EJ. This results in avoided GHG and air pollution 
emissions: 463 Mt CO2eq, 253 kt of PM, and 1392 kt 
of SO2 compared to BAU (27%, 3% and 22%). 

Not available Not available 

(European 
Environment Agency, 
2010) 

Ex-post assessment of 
European Union’s air pollution 
control policies targeting large 
industrial combustion plants 
in EEA-32 in 1990-2005 

Scenario building; use of 
LOTOS-EUROS geographically 
specific model to estimate 
different air pollution 
concentrations and impacts 
on YOLL 

Avoided air pollution. Concentrations of acidifying air 
pollutants and particulate matter have decreased by 
around 50% in EEA-32 compared to “no policy” 
scenario. Abatement from large industrial 
combustion plants reduced YOLL from 30-90% in the 
EEA-32 countries (more than transport related 
measures). Despite decreases in NOx emissions, 
ozone levels have not changed or have increased. 
Exposure to vegetation and crops increased. “Full 

Not available Air pollution measures 
for transport in 1990—
2005 reduced YOLL due 
to PM2.5 by 2-25% in 
EEA-32, and measures 
for large combustion 
plants – 30-90% in 
EEA-32.   
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Source (reference) Case description Method used Magnitude of the MI, non-monetary, absolute terms 

Magnitude of the MI, absolute terms, 

monetary terms (if available) 

Magnitude of the MI 

(as % of direct benefit, 

or other indicator if this 

is not relevant) 

application” of best available techniques would 
further reduce YOLL from PM2.5 exposure by 5-30% 
in EEA-32. A small reduction in ozone concentrations 
would be predicted. 

(Mao et al., 2013) Comparison of cost-
effectiveness and co-benefits 
of single pollutant abatement 
strategy versus a multi-
pollutant and GHG abatement 
strategy 

Marginal abatement cost 
curves constructed for each 
technology and pollutant and 
compared to multi-pollutant 
abatement curves; air 
pollutant equivalence 
indicator constructed to 
estimate multi-pollutant 
effects 

Avoided GHG and air pollution emissions. According 
to Chinese environmental policy targets SO2, NOx, 
PM2.5 and CO2 emissions are to be reduced by 39%, 
25%, 50% and 18%. These targets are set separately.  
A theoretical scenario controlling for multi-pollutant 
strategy was constructed with a CO2 goal of 18% 
reduction only and controlling for the same 
abatement costs as in single-pollutant abatement 
strategies. Achieving this target, renders co-benefits 
of achieving even greater pollutant reductions for 
SO2, NOx and PM2.5.  

Achieving these targets by single 
pollutant abatement strategies yield 
these net benefits (abatement cost – 
energy saving benefit): 13.93 billion 
yuan, 12.56 billion yuan, 13.95 billion 
yuan and 10.35 billion yuan per year 
respectively. Environmental benefits of 
these single pollutant abatement 
strategies separately: 78.61 billion 
yuan for SO2; 156.36 billion yuan for 
NOx, 106.42 billion yuan for PM2.5 and 
28.57 billion yuan for CO2.  
According to theoretical scenario, 
bigger abatement would result in 
bigger environmental benefits: 171.97 
billion yuan for SO2; 202.76 billion yuan 
for NOx and 172.08 for PM2.5.  

Multi-pollutant control 
strategy would render 
environmental co-
benefits more than 2 
times larger for SO2, 
30% larger for NOx and 
1.6 times for PM2.5.  

(Xi, Fei, & Gehua, 
2013a) 

Estimation of air pollution co-
benefits and their potential 
incorporation into the climate 
policy of the cement sector in 
China. 

Constructing marginal 
abatement cost curves; 
estimating co-benefits using 
ExternE methods adjusted for 
China 

Not available GHG abatement technologies in the 
Chinese cement sector bring additional 
air pollution abatement related co-
benefits of 3-39 USD/tCO2 (regional 
variation). 

Not available 
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Table 4. Relevant studies analysing air pollution co-benefits of energy efficiency measures in the residential and commercial sector. 

Source (reference) Case description Method used Magnitude of the MI, non-monetary, absolute terms 

Magnitude of the MI, absolute terms, 

monetary terms (if available) 

Magnitude of the MI 

(as % of direct benefit, 

or other indicator if this 

is not relevant) 

(Schweitzer & Tonn, 
2003) 

Assessment of non-energy 
benefits attributable to the 
weatherizing of low-income 
homes as a result of the 
Weatherization Assistance 
Program in the US 

Energy savings converted to 
avoided air pollution and GHG 
emissions and multiplied by 
the established values of 
damage per ton of emissions 
based on existing literature 

Not available A total estimation of non-energy 
benefits per participating household 
was 3346 USD in 2001. Out of this sum 
869 USD were related to avoided air 
pollution and GHG emission related 
environmental benefits. The total figure 
excludes electricity related savings of 
weatherisation programme. Avoided air 
pollution benefits as a result of 
household electricity savings stood at 
974 USD per participating household 
(not included in the total benefits per 
participating household as these 
savings arise from electricity supply 
sector).  

Avoided air pollution 
and GHG emission 
benefits comprise 25% 
of the total non-energy 
related benefits per 
participating household. 

(Levy, Nishioka, & 
Spengler, 2003) 

Estimation of public health 
related co-benefits of 
insulation retrofits in single 
family homes in the USA 

Energy savings estimated 
from a regression model that 
extrapolated findings from an 
energy simulation 
programme; reductions in 
emissions quantified using 
emission factors; pollutant 
dispersion models used to 
estimate changes in air 
quality; health effects drawn 
from epidemiological studies; 
monetization based on 
contingent valuation method. 

Avoided air pollution emissions: 3100t of PM2.5, 
100000t of NOx and 190000t of SO2 from 46 million 
homes. 
Avoided mortality and morbidity: -240 deaths/year; -
6500 asthma attacks/year, -110000 restricted 
activity days 

The benefit of averted mortality and 
morbidity is 1.3 billion USD per year. 

Not available 

(J.Peter Clinch, Healy, 
& King, 2001) 

Assessment of the potential 
for energy saving, avoiding 
GHG and air pollution 

Modelling energy efficiency 
potential and effects, scenario 
building.  

Avoided GHG emissions from the Irish country-wide 
building retrofit programme: 87.1 million t of CO2 
equivalent over 30 years; 2.9 million t annual 

Not available Not available 
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Source (reference) Case description Method used Magnitude of the MI, non-monetary, absolute terms 

Magnitude of the MI, absolute terms, 

monetary terms (if available) 

Magnitude of the MI 

(as % of direct benefit, 

or other indicator if this 

is not relevant) 

emissions in the Irish 
residential building sector and 
estimation of costs 

reduction; 2.6t reduction of CO2 per household per 
year. This represents 30% of residential GHG 
emission reduction and 9% of national emissions 
Avoided air pollution emissions: 16000t annually for 
SO2 or 15% emission reductions required by the 
Gothenburg protocol of LRTAP; 7000t annually for 
NOx or 11% of required reduction; 9000t of PM10 or 
4% of total emissions in Ireland. 

(Brophy et al., 1999; 
J.P. Clinch & Healy, 
2001) 

Cost-benefit analysis of the 
building retrofit programme in 
Ireland 

Cost-benefit analysis Not available The value of avoided GHG and air 
pollution emissions benefit over the 
total lifetime of the project of 10 years 
at 5% discount rate: 310 million Irish 
pounds. To break it down: 149 million 
Irish pounds - avoided GHG emissions; 
12 million – avoided SO2 emissions 
and 6 million – avoided NOx emissions 
(ecosystem damage, damage to the 
buildings and agricultural crops); 145 
milion - avoided particulate matter 
emissions (airborne mortality and 
morbidity.)  
The value of avoided mortality and 
morbidity and other health related 
benefits as a result of increased 
thermal comfort: 912 million Irish 
pounds. 
The value of increased comfort: 363 
Irish pounds.  

Avoided GHG and air 
pollution emissions 8% 
of net social benefits; 
avoided mortality and 
morbidity 25% of total 
social benefits. 

(Joyce et al., 2013) Assessment and monetization 
of multiple benefits of energy 
efficiency programmes in the 
residential building sector of 
the EU-27, Croatia and 

Cost-benefit analysis Not available Under a low energy efficiency scenario 
the value of avoided air pollution 
emissions is 4 billion EUR; under a high 
energy efficiency scenario – 6 billion 
EUR. 

Avoided air pollution 
value is 4% of gross 
benefit of low energy 
efficiency scenario and 
3% of high energy 
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Source (reference) Case description Method used Magnitude of the MI, non-monetary, absolute terms 

Magnitude of the MI, absolute terms, 

monetary terms (if available) 

Magnitude of the MI 

(as % of direct benefit, 

or other indicator if this 

is not relevant) 

Norway The value of avoided mortality and 
morbidity and other health related 
benefits 42 billion EUR under low 
energy efficiency scenario and 88 
billion EUR under high energy efficiency 
scenario.  
 

efficiency scenario.  
Health effects stand at 
40% of gross benefits at 
low energy efficiency 
scenario and 50% at 
high energy efficiency 
scenario. 

Table 5 .Relevant studies analysing air pollution co-benefits of energy efficiency measures in the transportation sector. 

Source (reference) Case description Method used Magnitude of the MI, non-monetary, absolute terms 

Magnitude of the MI, absolute terms, 

monetary terms (if available) 

Magnitude of the MI 

(as % of direct benefit, 

or other indicator if this 

is not relevant) 

(Thambiran & Diab, 
2011) 

Exploration of policy 
interventions that would 
reduce air pollution and GHG 
emissions as a co-benefit 
from road transport in Durban, 
S. Africa via 5 scenarios 

Scenario building and running 
them on COPERT model 

Avoided air pollution and GHG emissions from most 
promising interventions compared to BAU: 
(1) Increase in fuel efficiency of petrol vehicles by 20% 
leads to these changes: 0% CO2; -17% CH4, -8% N2O; 
-17% NOx; -18% CO; -1% PM10; 4% SO2. 
(2) Decrease in vehicle-kilometers by 20% leads to 
these changes: -18% CO2; -21% CH4; -20% N2O; -
21% NOx; -21% CO; -20% PM10; -15% SO2.  

Not available Not available 
 

(Mao, Yang, Liu, Tu, & 
Jaccard, 2012) 

Exploration of policy 
interventions that would 
reduce GHG emissions and air 
pollution as a co-benefit from 
road transport in China via 
multiple scenarios 

Scenario building and running 
them on CIMS model 

Avoided air pollution and GHG emissions compared 
to BAU in 2050 – least promising and most 
promising scenario: 
(1) 100% fuel tax rate: -43.9% CO; -38.9% HC; -24.3% 
NOx; -16.9% PM; around -50% CO2. 
(2) Clean energy vehicle subsidy: - 0.45% CO, -0.24% 
HC, -0.36% NOx and -0.33% PM; around 0%CO2.  

Not available Not available 

(Takeshita, 2012) Exploration of air pollution co-
benefits in road transport 
globally via different climate 
policy scenarios 

Scenario building and running 
them on REDGEM70 model 

Avoided air pollution emissions comparing 400ppm 
CO2 stabilization scenario to “no CO2 constraint” 
scenario during the period 2020-2100: -22.1 SO2; -
10.8 NOx and -14.4 PM. 

Not available Not available 
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Source (reference) Case description Method used Magnitude of the MI, non-monetary, absolute terms 

Magnitude of the MI, absolute terms, 

monetary terms (if available) 

Magnitude of the MI 

(as % of direct benefit, 

or other indicator if this 

is not relevant) 

  
(Zhang et al., 2013) Estimation of air pollution 

emission abatement under 
different energy and policy 
scenarios in China 

Scenario building and running 
them on IVE model 

Avoided air pollution and GHG emissions compared 
to BAU in 2030: 
(1) Advanced fuel economy scenario: -23.8% CO; -
18.6% VOCs; -25.3% NOx; -18.6% PM10 and -24.5% 
CO2. 
(2) Alternative energy replacement: -35.9% CO; -22% 
VOCs; -17.3% NOx; 9.1% PM10; -23% CO2. 

Not available Not available 

(European 
Environment Agency, 
2010) 

Ex-post assessment of vehicle 
emission standards policy on 
air pollution emissions and 
human health in EEA-32 in 
1990-2005 

Scenario building and running 
them on TREMOVE model 

Avoided air pollution compared to “no policy” 
scenario despite an increase in fuel consumption by 
26% in 2005: -80% CO; -68% NMVOCs; -40% NOx, -
60%PM. 
As a result avoided years of life lost (YOLL) EEA-32 
countries: - 2-25% due to PM concentration 
reductions; - 5-25% due to ozone concentration 
reductions.  

Not available Not available 

(Xia et al., 2015) Estimation of co-benefits 
from a partial shift to 
active/alternative 
transportation modes in 
Adelaide, Australia by 2030 

Scenario building; use of 
Motor Vehicle Emissions 
Inventory to calculate 
emission loads and TAPM 
model to simulate air pollution 
concentrations; a health 
impact assessment (HIA) 
based on the comparative risk 
assessment approach (CRA) to 
estimate changes in the 
burden of disease as a result 
of a reduction of particulate 
air pollution, and increased 
physical activity; traffic injury 
matrix approach to estimate 
changes in traffic accidents. 

Avoided air pollution emissions of a 40% shift in 
vehicle kilometers travelled compared to BAU in 
2030: a decline in the annual average urban PM2.5 
by approximately 0.4 µg/m3.  
As a result health effect due to air pollution 
reduction: -13 deaths/year; -118 disability-adjusted 
life years (DALYs) 
As a result due to physical activity increase: -508 
deaths/year; -6569 DALYs. 
As a result due to decrease in traffic: -21 
deaths/year; -960 DALYs. 

Not available Ratio for mortality 
prevention due to (1) 
pollution, (2) physical 
activity, (3) traffic 
1:39:1.6  
Ratio for DALY 
prevention 1: 56:8 

(Grabow et al., 2011) Estimation of co-benefits Changes in air pollutant Avoided air pollution emissions: a decline in the As a result health effect due to air Ratio of health effects 
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Source (reference) Case description Method used Magnitude of the MI, non-monetary, absolute terms 

Magnitude of the MI, absolute terms, 

monetary terms (if available) 

Magnitude of the MI 

(as % of direct benefit, 

or other indicator if this 

is not relevant) 

from a partial 50% shift of 
short travels to 
active/alternative 
transportation modes in 
Midwestern United States 

concentrations estimated 
using Community Multiscale 
Air Quality Model (CMAQ); 
changes in health outcomes 
estimated using U.S. 
Environmental Protection 
Agency Benefits Mapping 
Analysis Program (BenMap); 
changes in health a s a result 
of increased physical activity 
estimated using World Health 
Organization Health Economic 
Assessment Tool (HEAT). 

annual average urban PM2.5 by 0.1 µg/m3, an 
increase in ozone concentrations in urban areas and 
decline of ozone concentrations in rural areas. 
As a result health effect due to air pollution reduction 
and increased physical activity: -1295 deaths/year 
(608 due to air quality and 687 due to physical 
activity) 

pollution reduction: USD 4.94 
billion/year 
As a result health effect due to 
increased physical activity: USD 3.8 
billion/year 

due to reduced air 
pollution and physical 
activity increase are 
around the same 

(Woodcock et al., 
2009) 

Estimation of co-benefits of 
GHG reduction policies in 
London, UK and New Delhi, 
India in 2010-2030 

Scenario building via 
backcasting; air pollution 
emission and dispersion 
modelling using the London 
Atmospheric Emissions 
Inventory, the ERG Emissions 
Toolkit, and SIM-air Version 
1.3; change in health effects 
estimated using Comapartive 
Risk Assessment method, 
modeling of road traffic 
accidents composing a road 
traffic injury matrix, modelling 
physical activity health 
impacts via metabolic 
equivalent time. 

Avoided air pollution emissions of a scenario that 
combines tighter vehicle emission standards and 
increased active transport compared to BAU by 
2030:  a decline in the annual average urban PM2.5 
by 0.8 µg/m3 in London (L), UK and by 18.1 µg/m3 in 
New Delhi (D), India.  
As a result health effect due to air pollution 
reduction, physical activity increase and decrease in 
traffic:-541 deaths/year (L) and -532 deaths/year 
(D); -5295  YOLL (L) and -11448  YOLL (D); -7439 
DALYs (L) and -12995 DALYs (D)  
(per million of population) 

Not available Health effects related 
to physical activity 
increase comprise 
around 95% of health 
effects for London and 
over 50% of health 
effects in New Delhi 

(Maizlish et al., 2013) Estimation of co-benefits of 
GHG reduction policies in San 
Francisco Bay area in 2000-

Scenario building, estimation 
of health effects using 
integrated transport and 

Avoided air pollution emissions of a scenario that 
combines tighter vehicle emission standards and 
increased active transport compared to BAU by 

Not available Health effects related 
to physical activity 
increase comprise 
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Source (reference) Case description Method used Magnitude of the MI, non-monetary, absolute terms 

Magnitude of the MI, absolute terms, 

monetary terms (if available) 

Magnitude of the MI 

(as % of direct benefit, 

or other indicator if this 

is not relevant) 

2035 health impacts model (ITHIM) 
based on comparative risk 
assessment (CRM) 
methodology; modeling of 
traffic related accidents 
separately 

2035:  a decline in the annual average urban PM2.5 
by  0.05  µg/m3 (due to active transport) and 0.1  
µg/m3 (due to vehicle emission standards). 
As a result health effect due to air pollution 
reduction, physical activity increase and decrease in 
traffic: - 308 deaths/year, -3095 YOLL, -5197 
DALYs. 
(per million of population) 

around 95% of health 
effects.  

(Woodcock, Givoni, & 
Morgan, 2013) 

Estimation of health and 
environmental benefits of 
high walking ad cycling 
transportation scenarios for 
urban areas in England and 
Wales with the exception of 
London 

Scenario building; geo-spatial 
modelling of PM2.5 
concentrations and population 
density; estimation of 
emissions and concentrations; 
use of integrated transport 
and health impacts model 
(ITHIM) based on comparative 
risk assessment (CRM) 
methodology; modeling of 
traffic related accidents 
separately.  

Avoided air pollution emissions of a scenario that 
includes a dramatic increase in active transportation 
and increase in energy consciousness (Vision 3) 
compared to BAU by 2030:  a decline in the annual 
average urban PM2.5 by 1.4 µg/m3.  
As a result health effect due to air pollution 
reduction, physical activity increase and decrease in 
traffic: -8606 DALYs 
(per million population) 
Avoided GHG emissions from passenger urban 
transport: -83% 

Not available Health effects related 
to physical activity 
increase comprise 
around 90% of health 
effects. 

(Macmillan et al., 
2014) 

Assessing societal costs and 
benefits of commuter 
bicycling expansion, 
simulating behaviour change 
and necessary policy response 
to accommodate commuter 
bicycling expansion in 
Auckland, New Zealand 

Multi-stakeholder 
consultation, interviews for 
cognitive mapping and system 
dynamics modelling with 
STELLA; scenario modelling to 
2050; use of Health and Air 
Pollution model in New 
Zealand (HAPiNZ), Auckland’s 
Vehicle Emissions Prediction 
Model (VEPM 5.0); cost- 
benefit analysis of policy 
actions.  

Not available Four policy interventions for expansion 
of commuter bicycling are considered: 
regional cycling network; arterial 
segregated bicycle lanes; self-
explaining roads and a combination of 
the previous two. The benefit to cost 
ratio ranges from 6-24 NZ dollar 
increase in physical activity health 
effect driving the benefits up the most. 
Estimates available for all scenarios 
and all effects (see the source) 

Increase in physical 
activity health effect 
driving the benefits up 
the most compared to 
traffic accidents and air 
pollution related health 
effects. 

(Rojas-Rueda, de Estimation of health risks and Scenario building; use of A 40% shift from cars would render an annual health Not available For the traveller who 
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Source (reference) Case description Method used Magnitude of the MI, non-monetary, absolute terms 

Magnitude of the MI, absolute terms, 

monetary terms (if available) 

Magnitude of the MI 

(as % of direct benefit, 

or other indicator if this 

is not relevant) 

Nazelle, Teixidó, & 
Nieuwenhuijsen, 
2012) 

benefits of mode shifts from 
car to cycling and public 
transport with co-benefits of 
GHG emission reductions in 
Barcelona, Spain 

Barcelona Air-Dispersion 
Model to estimate changes in 
air pollution concentrations 
and health effects for the 
city’s population; use of 
Health Impact Assessment 
methodology to estimate the 
effects on health of the 
traveler who changes the 
mode from air pollution, traffic 
injuries and physical activity. 

benefit of to the traveller who changes the mode: 
1.15 deaths from air pollution (an increase due to 
more exposure to air pollution), 0.17 deaths from 
traffic accidents (an increase) and -67.46 deaths 
from increased physical activity (decrease) 
(population 141690). In total -66.12 deaths. If 40% of 
trips were shifted to public transport:- 43.76 deaths. 
The health effect on the general population as a 
result of reduced air pollution would be -10.03 
deaths (1.6 million). Total effect: - 76.15 deaths. If 
40% trips from metropolitan area would be reduced 
to shift to public transport - 40.15 deaths, and to 
cycling -98.5 deaths. Total of these inside and 
metropolitan area scenarios would reduce CO2 
emissions from transport by 1.25% from transport 
sector.  

shifts to other modes 
health effects of 
physical activity 
increase cancel the 
small negative effects 
of air pollution and 
traffic accidents and 
render a significant net 
benefit.  

(Rojas-Rueda, de 
Nazelle, Teixidó, & 
Nieuwenhuijsen, 
2013) 

Quantification of morbidity 
health effects of as a result of 
a mode shift from cars to 
public transport and cycling in 
Barcelona, Spain 

Scenario building; use of 
Barcelona Air-Dispersion 
Model to estimate changes in 
air pollution concentrations 
and health effects for the 
city’s population; use of 
Health Impact Assessment 
methodology to estimate the 
effects on health of the 
traveler who changes the 
mode from air pollution, traffic 
injuries and physical activity. 

A scenario of 40% reduction in long-duration car trips 
and their replacement by public transport and cycling 
rendered morbidity related health benefits in -127 
cases of diabetes, -44 of cardiovascular diseases, -
30 of dementia, -16 minor injuries, -0.14 major 
injuries, -11 of breast cancer and -3 of colon-cancer, 
amounting to a total of -302 DALYs per year for 
travelers. The health benefits to the general 
population as a result of a reduced PM2.5 exposure 
in the general population resulted in -7 cases of low 
birth weight, -6 of preterm birth, -1 of cardiovascular 
disease and -1 of lower respiratory tract infection per 
year.  

Not available For the traveller who 
shifts to other modes 
health effects of 
physical activity 
increase cancel the 
small negative effects 
of air pollution and 
traffic accidents and 
render a significant net 
benefit.  

(Rabl & de Nazelle, 
2012) 

Estimation of the health 
impacts due to a mode shift 
from car to bicycling or 
walking as a result of the 

Assessment of physical 
activity impacts via Relative 
Risk methodology using WHO 
HEAT tool and epidemiological 

The results could be used for CBA analyses for 
Western European countries. 

Health benefits for an individual who 
switches from car to bicycle for a one 
way commute up to 5km 5 days a week 
and 46 weeks per year: 1300 EUR/year 

The benefit of increased 
physical activity per 
person is 43 times 
larger than a public gain 
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Source (reference) Case description Method used Magnitude of the MI, non-monetary, absolute terms 

Magnitude of the MI, absolute terms, 

monetary terms (if available) 

Magnitude of the MI 

(as % of direct benefit, 

or other indicator if this 

is not relevant) 

change in exposure to 

ambient air pollution for the 

individuals who change their 

transportation mode, their 

health benefit due to 

increased physical activity, the 

health benefit for the general 

population due to reduced 

pollution and the risk of 

accidents. 

studies, assessment of health 

impacts of air pollution from 

ExternE and epidemiological 

studies, assessment of the 

impact to the general 

population via COPERT model 

and ExternE, monetization 

based on contingent valuation 

studies in the EU and some 

established values. 

due to physical activity and -20 EUR 

/year due to exposure to air pollution. 

Public benefit of a reduction in air 

pollution is 30 EUR per person per year. 

The value of a reduced noise is 0.76 

EUR per km, reduced congestion 0.75 

EUR per km.  

of a reduced air 

pollution  



Air pollution, health #Enter title here   COMBI   GA No. 649724 

 29 

6 References 
A. Greening, L., Greene, D. L., & Difiglio, C. (2000). Energy efficiency and consumption — the rebound effect — a survey. Energy Policy, 

28(6-7), 389–401. http://doi.org/10.1016/S0301-4215(00)00021-5 

Amann, M., Bertok, I., Borken-Kleefeld, J., Cofala, J., Heyes, C., Höglund-Isaksson, L., … Winiwarter, W. (2011). Cost-effective control of 
air quality and greenhouse gases in Europe: Modeling and policy applications. Environmental Modelling & Software, 26(12), 
1489–1501. http://doi.org/10.1016/j.envsoft.2011.07.012 

Amann, M., Kejun, J., Jiming, H., Wang, S., Wei, W., Jia, X., … Winiwarter, W. (2008). GAINS Asia: Scenarios for Cost-Effective Control of  Ait 
Pollution and Greenhouse Gases in China. International Institute for Applied Systems Analysis. Retrieved from 
http://gains.iiasa.ac.at/gains/download/GAINS-Asia-China-v8_MA.pdf 

Azqueta, D., & Delacámara, G. (2006). Ethics, economics and environmental management. Ecological Economics, 56(4), 524–533. 
http://doi.org/10.1016/j.ecolecon.2005.03.003 

Baird, C., & Cann, M. C. (2012). Environmental chemistry (5th ed). New York: W.H. Freeman. 

Bell, M. L., Davis, D. L., Cifuentes, L. A., Krupnick, A. J., Morgenstern, R. D., & Thurston, G. D. (2008). Ancillary human health benefits of 
improved air quality resulting from climate change mitigation. Environmental Health, 7(1), 41. http://doi.org/10.1186/1476-
069X-7-41 

Bollen, J., van der Zwaan, B., Brink, C., & Eerens, H. (2009). Local air pollution and global climate change: A combined cost-benefit 
analysis. Resource and Energy Economics, 31(3), 161–181. http://doi.org/10.1016/j.reseneeco.2009.03.001 

Brimblecombe, P. (Ed.). (2003). The effects of air pollution on the built environment. London : River Edge, NJ: Imperial College Press ; 
Distributed by World Scientific Pub. Co. 

Brophy, V., University College, D., Energy Research Group, University College, D., & Environmental Institute. (1999). Homes for the 21st 
century: the costs & benefits of comfortable housing for Ireland. [Place of publication not identified]: Energy Action. 

Chan, C. K., & Yao, X. (2008). Air pollution in mega cities in China. Atmospheric Environment, 42(1), 1–42. 
http://doi.org/10.1016/j.atmosenv.2007.09.003 

Chen, R., Kan, H., Chen, B., Huang, W., Bai, Z., Song, G., … , on Behalf of the CAPES Collaborative Group. (2012). Association of Particulate 
Air Pollution With Daily Mortality: The China Air Pollution and Health Effects Study. American Journal of Epidemiology, 175(11), 
1173–1181. http://doi.org/10.1093/aje/kwr425 

Clinch, J. P., & Healy, J. D. (2001). Cost-benefit analysis of domestic energy efficiency. Energy Policy, 29(2), 113–124. 
http://doi.org/10.1016/S0301-4215(00)00110-5 

Clinch, J. P., Healy, J. D., & King, C. (2001). Modelling improvements in domestic energy efficiency. Environmental Modelling & Software, 
16(1), 87–106. http://doi.org/10.1016/S1364-8152(00)00067-0 

Corfee-Morlot, J., Bollen, J., Jamet, S., & Guay, B. (2009). Co-Benefits of Climate Change Mitigation Policies (OECD Economics Department 
Working Papers No. 693). Retrieved from http://www.oecd-ilibrary.org/economics/co-benefits-of-climate-change-
mitigation-policies_224388684356 

de Nazelle, A., Nieuwenhuijsen, M. J., Antó, J. M., Brauer, M., Briggs, D., Braun-Fahrlander, C., … Lebret, E. (2011). Improving health 
through policies that promote active travel: A review of evidence to support integrated health impact assessment. Environment 
International, 37(4), 766–777. http://doi.org/10.1016/j.envint.2011.02.003 

Dronin, N., Mnatsakanian, R., Bernauer, T., Conde, S., Danielyan, K., Emberson, L., … Orlov, A. (2012). Chapter 11. Europe. In Global 
Environment Outlook (GEO-5): Environment for the Future We Want. United Nations Environment Programme. Retrieved from 
http://www.unep.org/geo/geo5.asp 

Ebi, K. L., & McGregor, G. (2008). Climate Change, Tropospheric Ozone and Particulate Matter, and Health Impacts. Environmental Health 
Perspectives, 116(11), 1449–1455. http://doi.org/10.1289/ehp.11463 



Air pollution, health #Enter title here   COMBI   GA No. 649724 

 30 

Engling, G., & Gelencser, A. (2010). Atmospheric Brown Clouds: From Local Air Pollution to Climate Change. Elements, 6(4), 223–228. 
http://doi.org/10.2113/gselements.6.4.223 

European Environment Agency. (2008). Success stories within the road transport sector on reducing greenhouse gas emission and producing 

ancillary benefits. Luxembourg: Publications Office. Retrieved from http://dx.publications.europa.eu/10.2800/33363 

European Environment Agency. (2010). Impact of selected policy measures on Europe’s air quality. Luxembourg: Publications Office. 
Retrieved from http://dx.publications.europa.eu/10.2800/42618 

European Environmental Agency. (2015). Air Pollution. In Environmental Terminology and Discovery Service (ETDS). Retrieved from 
http://glossary.eea.europa.eu 

European Parliament, & European Council. (2004, December 15). Directive 2004/107/EC Relating to Arsenic, Cadmium, Mercury, Nickel 
and Polycyclic Aromatic Hydrocarbons in Ambient Air. 

European Parliament, & European Council. (2008, May 21). Directive 2008/50/EC on Ambient Air Quality and Cleaner Air for Europe. 

Frondel, M., Ritter, N., & Vance, C. (2012). Heterogeneity in the rebound effect: Further evidence for Germany. Energy Economics, 34(2), 
461–467. http://doi.org/10.1016/j.eneco.2011.10.016 

Galvin, R. (2014). Estimating broad-brush rebound effects for household energy consumption in the EU 28 countries and Norway: some 
policy implications of Odyssee data. Energy Policy, 73, 323–332. http://doi.org/10.1016/j.enpol.2014.02.033 

Grabow, M. L., Spak, S. N., Holloway, T., Stone, B., Mednick, A. C., & Patz, J. A. (2011). Air Quality and Exercise-Related Health Benefits 
from Reduced Car Travel in the Midwestern United States. Environmental Health Perspectives, 120(1), 68–76. 
http://doi.org/10.1289/ehp.1103440 

Guerreiro, C., Leeuw, F. de, Foltescu, V., Horálek, J., & European Environment Agency. (2014). Air quality in Europe 2014 report. 
Luxembourg: Publications Office. Retrieved from http://bookshop.europa.eu/uri?target=EUB:NOTICE:THAL14005:EN:HTML 

Herring, H. (2006). Energy efficiency—a critical view. Energy, 31(1), 10–20. http://doi.org/10.1016/j.energy.2004.04.055 

Holland, M., & European Commission (Eds.). (1995). ExternE: externalities of energy:: [studies]. Vol. 1: Summary. Luxembourg: Off. for 
Official Publ. of the Eur. Communities. 

Hosking, J., Mudu, P., Dora, C., Adriazola, C., Welle, B., Herrera, S., … Tirado, C. (2011). Health in the green economy: health co-benefits of 

climate change mitigation: transport sector. Geneva, Switzerland: World Health Organization. 

Intergovernmental Panel on Climate Change (Ed.). (2014). Climate Change 2013 - The Physical Science Basis: Working Group I Contribution 

to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change. Cambridge: Cambridge University Press. 
Retrieved from http://ebooks.cambridge.org/ref/id/CBO9781107415324 

International Energy Agency. (2014a). Capturing the multiple benefits of energy efficiency. Retrieved from 
http://alltitles.ebrary.com/Doc?id=10961846 

International Energy Agency. (2014b). Key world energy statistics 2014. Paris: International Energy Agency. Retrieved from 
http://dx.doi.org/10.1787/key_energ_stat-2014-en 

Jacob, D. J., & Winner, D. A. (2009). Effect of climate change on air quality. Atmospheric Environment, 43(1), 51–63. 
http://doi.org/10.1016/j.atmosenv.2008.09.051 

Joyce, A., Hansen, M. B., & Naes-Schmidt, S. (2013). Monetising the multiple benefits of energy efficient renovations of the buildings of 
the EU. In Rethink, renew, restart: eceee summer study proceedings. Belambra Les Criques, Toulon/Hyères, France. 

Kanada, M., Fujita, T., Fujii, M., & Ohnishi, S. (2013). The long-term impacts of air pollution control policy: historical links between 
municipal actions and industrial energy efficiency in Kawasaki City, Japan. Journal of Cleaner Production, 58, 92–101. 
http://doi.org/10.1016/j.jclepro.2013.04.015 



Air pollution, health #Enter title here   COMBI   GA No. 649724 

 31 

Kuylenstierna, J. C. I., Ajero, M. A., Schindell, D., Zusman, E., Murray, F., Braathen, G., … Nyaboke, E. (2012). Atmosphere. In Global 
Environment Outlook (GEO-5): Environment for the Future We Want. United Nations Environment Programme. Retrieved from 
http://www.unep.org/geo/geo5.asp 

Levy, J. I., Nishioka, Y., & Spengler, J. D. (2003). The public health benefits of insulation retrofits in existing housing in the United States. 
Environmental Health: A Global Access Science Source, 2(4). 

Lovins, A. B. (1989). Abating air pollution at negative cost via energy efficiency. Journal of the Air and Waste Management Association, 
39(11). 

Macmillan, A., Connor, J., Witten, K., Kearns, R., Rees, D., & Woodward, A. (2014). The Societal Costs and Benefits of Commuter 
Bicycling: Simulating the Effects of Specific Policies Using System Dynamics Modeling. Environmental Health Perspectives. 
http://doi.org/10.1289/ehp.1307250 

Maizlish, N., Woodcock, J., Co, S., Ostro, B., Fanai, A., & Fairley, D. (2013). Health Cobenefits and Transportation-Related Reductions in 
Greenhouse Gas Emissions in the San Francisco Bay Area. American Journal of Public Health, 103(4), 703–709. 
http://doi.org/10.2105/AJPH.2012.300939 

Mao, X., Yang, S., Liu, Q., Tu, J., & Jaccard, M. (2012). Achieving CO2 emission reduction and the co-benefits of local air pollution 
abatement in the transportation sector of China. Environmental Science & Policy, 21, 1–13. 
http://doi.org/10.1016/j.envsci.2012.03.010 

Mao, X., Zeng, A., Hu, T., Zhou, J., Xing, Y., & Liu, S. (2013). Co-control of Local Air Pollutants and CO 2 in the Chinese Iron and Steel 
Industry. Environmental Science & Technology, 47(21), 12002–12010. http://doi.org/10.1021/es4021316 

Martin, J., & Europæiske Miljøagentur. (2015). The European environment - state and outlook 2015: synthesis report. European 
Environment Agency. 

Meleux, F., Solmon, F., & Giorgi, F. (2007). Increase in summer European ozone amounts due to climate change. Atmospheric 
Environment, 41(35), 7577–7587. http://doi.org/10.1016/j.atmosenv.2007.05.048 

Morgenstern, R., Krupnick, A., & Zhang, X. (2004). The Ancillary Carbon Benefits of SO2 Reductions from a Small-Boiler Policy in 
Taiyuan, PRC. The Journal of Environment & Development, 13(2), 140–155. http://doi.org/10.1177/1070496503260972 

Nemet, G. F., Holloway, T., & Meier, P. (2010). Implications of incorporating air-quality co-benefits into climate change policymaking. 
Environmental Research Letters, 5(1), 014007. http://doi.org/10.1088/1748-9326/5/1/014007 

Patterson, M. G. (1996). What is energy efficiency? Energy Policy, 24(5), 377–390. http://doi.org/10.1016/0301-4215(96)00017-1 

Pinter, L., Swanson, D., & Chenje, J. (2008). Integrated Environmental Assessment Training Manual. A Training Manual on Integrated 
Environmental Assessment and Reporting. United Nations Environment Programme, International Institute for Sustainable 
Development. Retrieved from http://www.unep.org/ieacp/iea/training/manual/ 

Pittel, K., & Rübbelke, D. T. G. (2008). Climate policy and ancillary benefits: A survey and integration into the modelling of international 
negotiations on climate change. Ecological Economics, 68(1-2), 210–220. http://doi.org/10.1016/j.ecolecon.2008.02.020 

Purohit, P., Amann, M., Mathur, R., Gupta, I., Marwah, S., Verma, V., … Winiwarter, W. (2010). GAINS Asia: Scenarios for Cost-Effective 
Control of Air Pollution and Greenhouse Gases in India. International Institute for Applied Systems Analysis. Retrieved from 
http://webarchive.iiasa.ac.at/Admin/PUB/Documents/XO-10-061.pdf 

Quinn, P. K., Shaw, G., Andrews, E., Dutton, E. G., Ruoho-Airola, T., & Gong, S. L. (2007). Arctic haze: current trends and knowledge gaps. 
Tellus B, 59(1), 99–114. http://doi.org/10.1111/j.1600-0889.2006.00238.x 

Rabl, A., & de Nazelle, A. (2012). Benefits of shift from car to active transport. Transport Policy, 19(1), 121–131. 
http://doi.org/10.1016/j.tranpol.2011.09.008 

Rojas-Rueda, D., de Nazelle, A., Teixidó, O., & Nieuwenhuijsen, M. (2013). Health impact assessment of increasing public transport and 
cycling use in Barcelona: A morbidity and burden of disease approach. Preventive Medicine, 57(5), 573–579. 
http://doi.org/10.1016/j.ypmed.2013.07.021 



Air pollution, health #Enter title here   COMBI   GA No. 649724 

 32 

Rojas-Rueda, D., de Nazelle, A., Teixidó, O., & Nieuwenhuijsen, M. J. (2012). Replacing car trips by increasing bike and public transport in 
the greater Barcelona metropolitan area: A health impact assessment study. Environment International, 49, 100–109. 
http://doi.org/10.1016/j.envint.2012.08.009 

Schweitzer, M., & Tonn, B. (2003). Non-energy benefits of the US Weatherization Assistance Program: a summary of their scope and 
magnitude. Applied Energy, 76(4), 321–335. http://doi.org/10.1016/S0306-2619(03)00003-5 

Shindell, D. T., Faluvegi, G., Koch, D. M., Schmidt, G. A., Unger, N., & Bauer, S. E. (2009). Improved Attribution of Climate Forcing to 
Emissions. Science, 326(5953), 716–718. http://doi.org/10.1126/science.1174760 

Sorrell, S. (2009). Jevons’ Paradox revisited: The evidence for backfire from improved energy efficiency. Energy Policy, 37(4), 1456–
1469. http://doi.org/10.1016/j.enpol.2008.12.003 

Spash, C. L. (1997). Ethics and Environmental Attitudes With Implications for Economic Valuation. Journal of Environmental Management, 
50(4), 403–416. http://doi.org/10.1006/jema.1997.0017 

Takeshita, T. (2012). Assessing the co-benefits of CO2 mitigation on air pollutants emissions from road vehicles. Applied Energy, 97, 
225–237. http://doi.org/10.1016/j.apenergy.2011.12.029 

Thambiran, T., & Diab, R. D. (2011). Air pollution and climate change co-benefit opportunities in the road transportation sector in 
Durban, South Africa. Atmospheric Environment, 45(16), 2683–2689. http://doi.org/10.1016/j.atmosenv.2011.02.059 

Tollefsen, P., Rypdal, K., Torvanger, A., & Rive, N. (2009). Air pollution policies in Europe: efficiency gains from integrating climate effects 
with damage costs to health and crops. Environmental Science & Policy, 12(7), 870–881. 
http://doi.org/10.1016/j.envsci.2009.08.006 

Vallero, D. A. (2008). Fundamentals of air pollution (4th ed). Amsterdam ; Boston: Elsevier. 

van Harmelen, T., Bakker, J., de Vries, B., van Vuuren, D., Elzen, M. den, & Mayerhofer, P. (2002). Long-term reductions in costs of 
controlling regional air pollution in Europe due to climate policy. Environmental Science & Policy, 5(4), 349–365. 
http://doi.org/10.1016/S1462-9011(02)00043-6 

Wilkinson, P., Smith, K. R., Joffe, M., & Haines, A. (2007). A global perspective on energy: health effects and injustices. The Lancet, 
370(9591), 965–978. http://doi.org/10.1016/S0140-6736(07)61252-5 

Williams, M. L. (2007). UK air quality in 2050—synergies with climate change policies. Environmental Science & Policy, 10(2), 169–175. 
http://doi.org/10.1016/j.envsci.2006.11.001 

Woodcock, J., Edwards, P., Tonne, C., Armstrong, B. G., Ashiru, O., Banister, D., … Roberts, I. (2009). Public health benefits of strategies 
to reduce greenhouse-gas emissions: urban land transport. The Lancet, 374(9705), 1930–1943. 
http://doi.org/10.1016/S0140-6736(09)61714-1 

Woodcock, J., Givoni, M., & Morgan, A. S. (2013). Health Impact Modelling of Active Travel Visions for England and Wales Using an 
Integrated Transport and Health Impact Modelling Tool (ITHIM). PLoS ONE, 8(1), e51462. 
http://doi.org/10.1371/journal.pone.0051462 

World Health Organization (Ed.). (2006). Air quality guidelines: global update 2005: particulate matter, ozone, nitrogen dioxide, and sulfur 
dioxide. Copenhagen, Denmark: World Health Organization. 

World Health Organization, Dora, C., Röbbel, N., Fletcher, E., World Health Organization, & World Health Organization (Eds.). (2011). 
Health co-benefits of climate change mitigation: housing sector. Geneva, Switzerland: Public Health & Environment Department, 
Health Security & Environment Cluster, World Health Organization. 

Wu, S., Mickley, L. J., Leibensperger, E. M., Jacob, D. J., Rind, D., & Streets, D. G. (2008). Effects of 2000–2050 global change on ozone air 
quality in the United States. Journal of Geophysical Research, 113(D6). http://doi.org/10.1029/2007JD008917 

Xia, T., Nitschke, M., Zhang, Y., Shah, P., Crabb, S., & Hansen, A. (2015). Traffic-related air pollution and health co-benefits of alternative 
transport in Adelaide, South Australia. Environment International, 74, 281–290. http://doi.org/10.1016/j.envint.2014.10.004 



Air pollution, health #Enter title here   COMBI   GA No. 649724 

 33 

Xi, Y., Fei, T., & Gehua, W. (2013a). Incorporating environmental co-benefits into climate policies: A regional study of the cement 
industry in China. Applied Energy, 112, 1446–1453. http://doi.org/10.1016/j.apenergy.2013.03.040 

Xi, Y., Fei, T., & Gehua, W. (2013b). Quantifying co-benefit potentials in the Chinese cement sector during 12th Five Year Plan: an 
analysis based on marginal abatement cost with monetized environmental effect. Journal of Cleaner Production, 58, 102–111. 
http://doi.org/10.1016/j.jclepro.2013.07.020 

Xu, Y., & Masui, T. (2009). Local air pollutant emission reduction and ancillary carbon benefits of SO2 control policies: Application of 
AIM/CGE model to China. European Journal of Operational Research, 198(1), 315–325. 
http://doi.org/10.1016/j.ejor.2008.07.048 

Zhang, D., Liu, J., & Li, B. (2014). Tackling Air Pollution in China—What do We Learn from the Great Smog of 1950s in LONDON. 
Sustainability, 6(8), 5322–5338. http://doi.org/10.3390/su6085322 

Zhang, Q., Sun, G., Fang, S., Tian, W., Li, X., & Wang, H. (2013). Air pollutant emissions from vehicles in China under various energy 
scenarios. Science of The Total Environment, 450-451, 250–258. http://doi.org/10.1016/j.scitotenv.2013.01.098 

Zhang, S., Worrell, E., Crijns-Graus, W., Wagner, F., & Cofala, J. (2014). Co-benefits of energy efficiency improvement and air pollution 
abatement in the Chinese iron and steel industry. Energy, 78, 333–345. http://doi.org/10.1016/j.energy.2014.10.018 

 

 


