
sustainability

Review

Challenges of a Healthy Built Environment: Air Pollution in
Construction Industry

Antonija Ana Wieser, Marco Scherz , Alexander Passer and Helmuth Kreiner *

����������
�������

Citation: Wieser, A.A.; Scherz, M.;

Passer, A.; Kreiner, H. Challenges of a

Healthy Built Environment: Air

Pollution in Construction Industry.

Sustainability 2021, 13, 10469. https://

doi.org/10.3390/su131810469

Academic Editors: Weixin Yang,

Guanghui Yuan and Yunpeng Yang

Received: 20 July 2021

Accepted: 15 September 2021

Published: 21 September 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Working Group Sustainable Construction, Institute of Technology and Testing of Construction Materials,
Graz University of Technology, Waagner-Biro-Straße 100/XI, 8020 Graz, Austria;
antonija.wieser@tugraz.at (A.A.W.); marco.scherz@tugraz.at (M.S.); alexander.passer@tugraz.at (A.P.)
* Correspondence: helmuth.kreiner@tugraz.at; Tel.: +43-(316)-873-7154

Abstract: Air pollution is a global concern, especially in cities and urban areas, and has many
implications for human health and for the environment. In common with other industrial sectors, the
construction industry emits air pollutants. In scientific literature, the contribution the construction
industry makes to air pollution is underexposed. This systematic literature review (SLR) paper gives
an overview of the current literature regarding air pollution within the construction industry. Air
pollution is discussed focusing mainly on three levels: (i) buildings and their building life cycle
stages, (ii) construction processes and components, and (iii) building material and interior. The final
sample of the SLR comprises 161 scientific articles addressing different aspects of the construction
industry. The results show that most articles address the use stage of a building. Particulate matter in
different sizes is the most frequently examined air pollutant within the SLR. Moreover, about a third
of the articles refer to indoor air pollution, which shows the relevance of the topic. The construction
industry can help to develop a healthier built environment and support the achievement of cleaner air
within various life cycle stages, e.g., with optimized construction processes and healthier materials.
International agreements and policies such as the Sustainable Development Goals (SDGs) can support
the sustainable development of the construction industry.

Keywords: air pollution; construction industry; sustainable development goals; sustainable construc-
tion; healthy living environment

1. Introduction

Urbanization is a global megatrend. According to the United Nations (UN), around
68% of the world’s population will live in cities and urban areas by 2050 [1]. Urban areas
also need sustainable development, as reflected in the Sustainable Development Goals
(SDGs), especially in SDG11—Sustainable Cities and Communities. All UN member states
have committed themselves to implement the global development agenda of the SDGs [2].
One of the issues reflected in the SDGs is air pollution. The importance of this is highlighted
by its mention in the following SDG targets:

1. SDG target 3.9.: Reduce illnesses and deaths from hazardous chemicals and pollution;
2. SDG target 7.1.: Universal access to modern energy sources;
3. SDG target 11.6.: Reduce the environmental impacts of cities.

In target 11.6, emission-related environmental pollution is addressed via the indicator
particulate matter with the indicator 11.6.2 Annual mean levels of fine particulate matter
(e.g., PM2.5 and PM10) in cities (population weighted) [1].

Particulate matter (PM) is one of the most common air pollutants globally together
with nitrogen oxides (NOx), photochemical oxidants incl. ozone (O3), carbon monoxide
(CO), lead (Pb), and sulfur dioxides (SO2) [2]. Numerous people suffer from diseases such
as acute respiratory diseases, chronic obstructive pulmonary disease, lung cancer, heart
disease, and strokes due to air pollution. Others even die due to household and ambient

Sustainability 2021, 13, 10469. https://doi.org/10.3390/su131810469 https://www.mdpi.com/journal/sustainability

https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0002-7827-4074
https://orcid.org/0000-0001-8773-8507
https://doi.org/10.3390/su131810469
https://doi.org/10.3390/su131810469
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/su131810469
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su131810469?type=check_update&version=1


Sustainability 2021, 13, 10469 2 of 29

air pollution and its consequences; the number of these fatalities was around 7 million
in 2016 [3]. All regions worldwide are affected by air pollution, and the air pollution
limits set by the World Health Organization (WHO) are met for only 9% of the world’s
people [4]. Most at risk are people living in low- and middle-income countries, where 94%
of all pollution-related deaths occur [5]. According to the European Environmental Bureau,
air pollution is also the reason for over 400,000 premature deaths in the European Union
(EU) [6]. In addition, the health-related economic cost of air pollution is estimated between
330 and 940 billion euros just for Europe [7].

Air pollutants occur e.g., not only in the transport, industry, or coal combustion
sectors [6,8] but also in the construction sector [9–13]. Thereby pollutants have different
sources of origin within the construction sector or the built environment. Outdoor sources
include, e.g., construction activities, which can lead to dust production [14,15], or the
use of construction machinery at sites [16,17], production of building materials [18,19], or
pollutant emergence at other different life cycle stages of buildings such as the end-of-life
stage [20,21]. Pollutants from indoor sources such as the emissions from glues and paints
used for interiors [22], the emissions during cooking [23], heating [24,25], or the emissions
caused by ventilation systems [26], however, are also of great significance in terms of
air pollution.

Due to the authors’ knowledge, there is no research article addressing explicitly
construction industry and air pollution in a comprehensive way in just one literature
review paper. Therefore, this article analyzes the air pollution caused by the construction
industry and gives an outline of trends based on a systematic literature review (SLR). The
aim is to determine the current state of research and thus to present an up-to-date status
of current work in the field. The results of the article facilitate the work of researchers in
this field in a new, comprehensive way and help to identify research gaps or further topics
for discussion in this area. Four research questions (RQs) are addressed to achieve the
defined goals:

• RQ1: How has the number of publications changed in recent years and in which
regions are the most research results published? What are the scientific journals that
cover the area of air pollution in the construction industry?

• RQ2: What have been the most widely used research designs in recent years that have
been applied in current research practice in the field of air pollution in the construction
industry?

• RQ3: What are the most addressed building types in current research on air pollution
in the construction industry? Is a classification in detailed construction processes
possible and how can the research articles be divided according to life cycle stages?

• RQ4: Is the current research focus on indoor or outdoor pollution? Which pollutants
within the construction industry are the most addressed in the published scientific articles?

2. Materials and Methods
2.1. Literature Selection

By using the Preferred Reporting Items for Systematic reviews and Meta-Analyses
(PRISMA) guideline, in this section, the literature selection with the method of systematic
literature review (SLR) and its steps are presented.

2.1.1. Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) and
Systematic Literature Review (SLR)

Following the reporting guideline PRISMA, an SLR about air pollution in the con-
struction industry was conducted. The SLR is a systematic process for identifying relevant
published sources in a special field to provide syntheses of the state of knowledge with
the aim to identify future research priorities, to identify problems in primary research that
should be addressed in future studies, or even for identifying relevant published sources
to obtain a broad and comprehensive review of the literature that has been published for
a given RQ [27–29]. While conducting the SLR and data analysis, the 27 items checklist
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of the PRISMA reporting guideline was followed to conduct a transparent, complete, and
accurate review [27] shows the entire review process using the PRISMA flowchart.

2.1.2. Search Strings and Constraints

Referring to the formulated RQs, relevant search strings are identified and conducted
in a scientific database. This article aims at answering the RQs mentioned in Section 1. In
addition to the defined RQs, the starting point for the SLR is the definition of the keywords
within the search strings. Based on the objectives of the research, the search strings consist
of two term areas.

The database selected for the SLR was ScienceDirect. The search results were restricted
to the English language only and excluded grey literature such as reports, books/chapters,
conference papers, master’s and/or doctoral theses. In addition, a constraint was set for
the year of publication, which only includes articles in the period from January 2000 to
April 2020. To avoid biases, all steps of the SLR were double-checked by the authors. The
search strings used with the associated Boolean operators as well as the constraints are
shown in Figure 1.

Figure 1. PRISMA 2020 flow diagram for new systematic reviews which included searches of databases, registers, and other
sources supplemented by detailed information about the SLR and the snowball approach [27].

2.1.3. Data Analysis and Research Approach

As shown in Figure 1, the SLR results obtained after the first step were filtered in three
further phases: (1) relevance by title, (2) relevance by abstract, and (3) relevance by full
paper. In the first SLR phase, 724 papers were identified as relevant research articles. By
filtering by title in phase two, the scope was limited to 500 papers. After reviewing the
abstracts in phase three, 220 papers were left, and after reviewing the full papers in the last
phase, 118 articles for in-depth analysis of papers were gathered. In addition, we collected
further relevant literature using the “snowball” approach, proposed by Wohlin et al., by
reviewing the references of the collected articles [29]. The identified research articles



Sustainability 2021, 13, 10469 4 of 29

after applying the “snowball” approach were also sorted according to the three phases
(title, abstract, full paper). After completion of the SLR and after applying the “snowball”
approach, the final sample for the in-depth analysis included 161 records.

2.2. Literature Background

Air pollution is recognized as serious health and environmental problem for the world
and as a strong risk factor for health [30]. Inhaling particulate matter (PM) of varying sizes,
e.g., can lead to a range of health problems and early death [31]. It was estimated in 2017
that the cause of death for 8.7% of the world population was air pollution, meaning in total
around 4.9 million deaths globally [32]. The global community thus has clear ambitions to
improve the global situation with regard to cleaner air.

2.2.1. Policies for Clean Air and Air Pollution Reduction

Many different international institutions, organizations, and nation-states have issued
policies and roadmaps to address this serious issue.

The United Nations Economic Commissions for Europe is addressing air pollution
through the Geneva Convention on Long-range Transboundary Air Pollution; with this con-
vention from 1979 health and environmental impact of air pollution should be reduced [33].
Another important resolution is the Stockholm Convention on Persistent Organic Pollu-
tants, which was adopted in May 2001. Its goal is to restrict the use of persistent organic
pollutants (POPs) [34].

On the EU level, an important regulation policy has been issued to reduce air pollution
in the Clean Air Policy Package adopted in 2013, which was the result of the evaluation
of the European air policy [35]. Amongst others, the Clean Air Policy Package included a
proposal for the National Emission reduction Commitments directive [34,35]. Moreover,
the Ambient Air Quality Directive and source-specific legislation also play an important
role in European air-related policies and regulations [36,37].

The Agenda 2030 of the United Nations (UN), also known as the Sustainable Devel-
opment Goals (SDGs), was adopted by the UN in 2015 [38]. SDG 3—Good health and
well-being, SDG 7—Affordable and clean energy, SDG 11—Sustainable Cities and Commu-
nities, and SDG 13—Climate action are explicitly addressing the importance of reducing
air pollution within their targets [33].

Moreover, the World Health Organization (WHO) has put in place the initiative The
Global Platform on Air Quality and Health to build up capabilities for monitoring and
assessing air pollution, enhance research and policies addressing and reducing air pollution
and its health consequences [39]. Additionally, the WHO adopted the resolution Health
and the environment: addressing the health impact of air pollution, and a draft road map
for an enhanced global response to the adverse health effects of air pollution by its assembly
in 2016 [33,39].

In December 2017, the UN Environmental Assembly of the United Nations Environ-
ment Programme (UNEP) adopted the resolution for preventing and reducing air pollution
to improve air quality globally [40,41]. The European Commission issued the Action Plan:
“Towards a Zero Pollution for Air, Water and Soil” as part of the European Green Deal called
Pathway to a Healthy Planet on 12 May 2021 [42,43]. The action plan is explicitly referred
to air pollution in the context of buildings as well as indoor air quality.

Two further important global initiatives are the Climate and Clean Air Coalition to
Reduce Short-Lived Climate Pollutants (CCAC) and the BreathLife campaign, issued by
the WHO, CCAC, UNEP, and the World Bank [44,45].

2.2.2. Air Pollutants

The definition of limits for air pollution differs in various countries [46]. The present
article has taken the six defined air pollutants of the U.S. Environmental Protection Agency
(EPA) as the basis for air pollution categories applied for researching and categorizing
literature within the SLR. According to the National Ambient Air Quality Standards of the
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EPA six pollutants are defined as air pollutants: carbon monoxide (CO), lead (Pb), nitrogen
oxides (NOx, mainly nitrogen dioxide-NO2), photochemical oxidants (mainly ground-
level ozone, O3), particulate pollution (often referred to as particulate matter), and sulfur
oxides (SOx, mainly sulfur dioxide (SO2) [2]. Furthermore, volatile organic compounds
(VOC), ultrafine particulate matter (UFP), and ammonia were included in the article as
significant pollutants because they often occur within a building, when addressing indoor
air pollution.

Air pollution and climate change influence each other by complex correlations in the
atmosphere. For example, increasing greenhouse gas (GHG) emissions (i.e., CO2-eq.) can
lead to significantly higher ozone (O3) pollution in the future [47]. Moreover, Steinemann
2017 explicitly addressed climate change in combination with GHG emissions and their
implications for indoor air quality in the context of green buildings [48]. The findings
show that the link between air pollution and GHG emissions is complex and that there
are various GHG emission effects on indoor air quality, whether on indoor pollutants
themselves, building factors such as reduced ventilation rate, or behavior of occupants.
In this context, many articles qualitatively describe the influence of air pollution on GHG
emissions and often state that a reduction of air pollutants also reduces GHG emissions.

Detailed descriptions regarding the most common origin in general as well as about
the effects of air pollutants can be found in [10,16,49–53].

2.2.3. Outdoor (Ambient) Air Pollution

Outdoor air pollution occurs in many different sectors, in cities, and in rural areas.
Air pollution has various health implications for the global population and around 91% of
people on the globe are affected by air pollution according to WHO standards. The WHO
thus suggests reducing air pollution by means of improvement measures in transport,
energy-efficiency, power generation, industry, and municipal waste management in order
to contribute to clean air and better air quality globally [54]. The EU Air quality in
Europe—2020 report shows that the main emission sectors for air pollutions in Europe
are (i) transport (road and non-road), (ii) the residential, commercial, institutional sector,
(iii) energy supply, (iv) manufacturing and extractive industries (including heavy and light
industry), (v) agriculture, and (vi) the waste sector (including wastewater management) [6].

2.2.4. Indoor (Household) Air Pollution

Indoor pollution plays an important role as people are spending most of their lifetime,
according to studies up to 90%, indoors [55,56]. In this context, the sick building syndrome
describes health effects on occupants due to indoor air pollution and poor air quality during
their time spent in buildings, respectively [12,57–60]. Indicators can be e.g., “complain of
symptoms associated with acute discomfort, i.e., headache, eye, nose, or throat irritation;
dry cough; dry or itchy skin; dizziness and nausea; difficulty in concentrating; fatigue; and
sensitivity to odors”. Causes can be inadequate ventilation, chemical contaminants from
indoor or outdoor sources, or biological contaminants. Possible solutions and measures for
better air quality within buildings can include the removal or modification of pollutants,
higher ventilation rates, air cleaning, and education as well as better communication [61].
Further anthropogenic causes for indoor air pollution can include such important and
essential everyday activities as cooking or heating with solid fuels (e.g., wood, charcoal,
animal dung, etc.) [61,62].

2.3. Air Pollution within the Construction Industry

The construction industry emits air pollutants in various life cycle stages of buildings.
In general, it can be stated that the construction industry causes both outdoor air pollution
and indoor air pollution [17,57,63–65]. The construction sector is a major contributor
to air pollution in different countries [10,66,67], and a contributor to particulate matter
pollution [10,68–70]. Air pollution emerges within the construction industry and occurs
within all stages of the building life cycle according to EN 15804 and EN 15978 [71,72].



Sustainability 2021, 13, 10469 6 of 29

From the authors’ point of view, the challenges should be differentiated according to
production, construction, the end-of-life stage, and the use stage in the construction sector.
Production, construction, and the end-of-life phase involve direct air pollution caused by,
e.g., construction site works, construction site transports (fuel combustion and tire wear), or
other dust generation. The construction sector is responsible for nearly 40% of global GHG
emissions. Current studies have shown a significant air-pollutant potential (O3) induced by
increasing GHG (i.e., CO2-eq.) emissions. In order to significantly reduce GHG emissions
in the construction sector, for example, a growing number of countries have put in place
policies to improve buildings' energy performance in recent years. However, a rapidly
growing building sector, especially in developing countries, has offset those improvements.
In other words, efficiency gains are not sufficient to compensate for the increase of total
energy consumption caused by parameters as e.g., increasing population, increasing floor
area, and/or other activities. To overcome these burdens a systemic view and consistency
approach (instead of an efficiency approach) will urgently need to be considered in future
policy strategies.

The European Parliament’s EU policy on air quality presents policy measures for
European cities to improve air quality. In the context of the construction industry and its
contribution to air pollution, the energy efficiency of construction projects is outlined. Con-
tinuous improvement of the energy efficiency of buildings not only reduces the operating
energy in the use phase but also tries to take into account the embodied energy from the
manufacturing, construction, and deconstruction phases.

In the individual best practice recommendations of the European cities, measures for
the construction site and for reducing air pollution during the construction and demolition
of buildings are particularly relevant [73].

European guidelines do not specify mandatory construction requirements for indi-
vidual air pollutants. However, a connection can be made through the mandatory energy
standards [74]. In this context, according to the European Directive on the Energy Perfor-
mance of Buildings (EPBD) new buildings in Europe may only be built to the lowest energy
standard [75].

In addition to the building regulations in the individual countries, numerous building
certification systems have been established in the last two decades, which, for instance,
check criteria such as indoor air pollution or various environmental impacts as part of a
life cycle assessment (LCA) on a voluntary basis.

2.3.1. Product Stage (A1–A3)

Within the product stage, air pollution can occur within the raw material supply,
transport, or manufacturing. Additionally, the production of building, materials such
as cement adds to air pollution and the emission of hazardous gases [19]. Within this
stage transportation from the mining of raw materials to the production plant of building
materials and their pollutants can also have an important role. In this context, construction
machinery and the construction methods used in the extraction of raw materials, as well
as the choice of transport vehicles (air pollution from fuel or tire abrasion), influence the
effect on air pollution.

2.3.2. Construction Process Stage (A4–A5)

During the construction process stage, construction sites and construction-related
traffic play a major role in air pollution. Construction activities and operations emit huge
amounts of particles to the environment, putting both construction workers and people
living in the surrounding construction sites at risk. Moreover, construction machinery and
equipment can also add to air pollution at construction sites [17]. Part of the operation and
supply of construction sites are traffic-related emissions [3].
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2.3.3. Use Stage (B1–B7)

Buildings consume a lot of energy in their use stage and emit pollutants throughout
this period. Heating, ventilation, and air-conditioning (HVAC) systems thus also play an
important role within the use stage and can affect especially indoor air pollution.

Factors that additionally influence indoor air pollution concentrations are building
physics and indoor airflows, ventilation rate, outdoor pollution concentration, and indoor
emission sources [76]. Ruan and Rim state that the ventilation rate affects indoor air
quality especially in polluted urban areas [17]. Furthermore, HVAC systems and their
setup influence indoor air quality [77,78].

Another source for indoor air pollution can be the material used and its specific
functions or interior design, e.g., furniture or decoration [79]. Common indoor air pollu-
tion sources are household products, building materials, or plasticizers [57]. Depending
on the different variables such as the choice of materials, material properties, and the
material-specific function or material treatment (e.g., chemical treatments, coatings) the
built substance itself can also release emissions and can considerably contribute to (indoor)
air pollution [77]. Moreover, the right materials can also favor or reduce pollutants or even
compensate and degrade them [80–82].

For a healthy living environment of tenants in terms of hygienic-sanitary conditions
in the use stage, buildings and rooms need to be properly designed and executed as well
as operated. Energy performance certificates could be a possible instrument to improve
the regulations and energy management to better, comfortable, and healthy well-being of
inhabitants as well as a better building performance. Another solution towards a healthier
interior can be the application of evaluation and monitoring [83].

2.3.4. End-of-Life Stage (C1–C4)

After the use stage of the buildings, building materials, e.g., after demolition, can be
recycled and used in a second (building) life cycle [84]. In practice, however, challenges
regarding circularity and recycling still need to be solved [85]. Moreover, transport is
also a source of pollution in the end-of-life stage of buildings. Additionally, air pollutants
can be emitted during de-construction or the demolition of buildings and infrastructure,
respectively [69,86]. Proper demolition management can decrease air pollution [10,87].

3. Results
3.1. Development of Publications over Time (RQ1)

To give an introductory (metadata) overview of the chronological development of
the research area as well as the geographical distribution of the universities investigating
the addressed research area, the articles were analyzed by their year of publication and
by the affiliation of the first author. In Figure 2, the number of published research articles
in the field of air pollution in the construction industry according to the publication year
is presented. There is a rising trend of relevant research articles published on the topic of
air pollution in the construction industry. The number of research articles published rose
from two in 2001 to a total of 161 by the end of April 2020. In the years 2001 to 2011, the
number of published research articles identified as relevant within the SLR in the field was
less than six research articles per year. In the years 2012 to 2020 publications continued
to increase regularly. This trend clearly shows the increase in relevance of the topic of air
pollution within the construction sector.
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Figure 2. Development of published research articles in the field of air pollution and construction
within the last years (until April 2020).

3.2. Geographic Distribution of Publications (RQ1)

Figure 3 presents the geographic distribution of the first author’s affiliation on a world
map. Most articles of the conducted SLR are published by authors from universities in
China (36), in the United States (19), the United Kingdom (10), in Germany (9), Italy (9), and
Hong Kong (6). It can be deduced that countries facing the challenge of air pollution, such
as China, the United States, and the United Kingdom, are also publishing more scientific
articles about air pollution in the construction industry.
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3.3. Distribution by Publication Journal (RQ1)

For the identification of scientific journals that frequently address and support the
mentioned field of research, the research articles are classified by journals. This represen-
tation supports prospective scientists in their search for suitable journals in context with
the addressed research area. In Table 1, the distribution of articles on air pollution in the
construction industry according to the publication journals is shown.

Table 1. Overview of research articles and their distribution by publication journals.

No. Journal Title Amount (%)

1 Building and Environment 29 18.0
2 Atmospheric Environment 18 11.2
3 Science of the Total Environment 16 9.3
4 Journal of Cleaner Production 9 5.6
5 Energy and Buildings 6 3.7
6 Environmental Pollution 5 3.1
7 Sustainable Cities and Society 5 3.1
8 Environment International 4 2.5
9 Indoor Air 4 2.5
10 Procedia Engineering 4 2.5
11 Sustainability 4 2.5
12 Applied Energy 3 1.9
13 Energy 3 1.9
14 Energy Procedia 3 1.9
15 Journal of Environmental Management 3 1.9
16 Journal of the Air & Waste Management Association 3 1.9
17 Renewable and Sustainable Energy Reviews 3 1.9
18 Urban Forestry & Urban Greening 3 1.9
19 American Society of Civil Engineers 2 1.2
20 Atmospheric Pollution Research 2 1.2
21 Construction and Building Materials 2 1.2
22 Ecotoxicology and Environmental Safety 2 1.2
23 Environmental Research 2 1.2
24 Journal of Building Engineering 2 1.2
25 Journal of Hazardous Materials 2 1.2
26 Acta Polytechnica Hungarica 1 0.6
27 APCBEE Procedia 1 0.6
28 Applied Geography 1 0.6
29 Atmospheric Environment 1 0.6
30 Atmospheric Research 1 0.6
31 Chemosphere 1 0.6
32 Ecological Indicators 1 0.6
33 Energy Conversion and Management 1 0.6
34 Energy Policy 1 0.6
35 Environmental Chemistry Letters 1 0.6
36 Environmental Monitoring and Assessment 1 0.6
37 Environmental Modelling & Software 1 0.6
38 Environmental Science & Policy 1 0.6
39 Environmental Science & Technology 1 0.6
40 Frontiers of Environmental Science & Engineering 1 0.6
41 IFAC PapersOnLine 1 0.6
42 Indoor Built Environ 1 0.6

43 International Journal of Hygiene and Environmental
Health 1 0.6

44 Journal of Environmental Engineering 1 0.6
45 Journal of Cultural Heritage 1 0.6
46 Journal of Transport & Health 1 0.6
47 Safety Science 1 0.6
48 Urban Climate 1 0.6

Total 161 100.0
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Most of the reviewed research articles were published in the scientific journals Building
and Environment (29), Atmospheric Environment (18), and Science of the Total Environ-
ment (16). Nine articles were published in the Journal of Cleaner Production, six in Energy
and Buildings, and five in the Journal Environmental Pollution and Sustainable Cities
and Society. Environment International, Indoor Air, Procedia Engineering, Sustainability
followed by four published research articles each.

3.4. Research Designs for Air Pollution Research in Construction Industry (RQ2)

In this RQ, the articles of the final sample are classified according to research designs
and an overview of applied methods is presented. Therefore, the articles were assigned to
the defined research designs in Table 2.

Table 2. Overview of research designs.

Research Design Description

Literature reviews
With the application of a literature overview in the study, a summary of the most
relevant scientific literature to the research topic of the study is provided. Moreover, an
introductory chapter with literature references is also considered as a literature review.

Measurement/Method development

Measurements of the air pollutants that occur are conducted in various experimental
and study setups. Moreover, the theoretical development of existing methods,
methodological approaches, or measurement instruments can be advanced to improve
existing (evaluation) methods, methodologies, or measurement instruments.

Model development The development of modeling approaches for air pollution are advanced in the course
of the study to improve existing models.

Case study
(field experiment)

The subject of the study is demonstrated resp. tested with specific case studies, using
(field) experiments on-site to test the hypothesis resp. to answer the research
question(s) posed.

Case studies based on virtual simulation
The topic of the study is demonstrated resp. tested, with specific case studies based on
virtual simulations (such as air flow simulations) to test the hypothesis resp. answer
the research question(s).

Surveys
The study method comprises the conducting of a survey, meaning the relevant topic is
examined through a series of questions (=questionnaire) and sent out to the
appropriate target group to receive answers and, therefore, results.

Interviews The study method is conducting interviews (e.g., with experts, semi-structured or
guideline-based interviews).

Other methods All other methods and methodologies which are not mentioned above are subsumed
within this category.

Figure 4 presents a pie-chart with the number of published research articles assigned
to different research designs.

Some of the research articles are based on several research designs. Since multiple
answers were possible, the sum of the research articles in the pie chart (n = 345) exceeded the
number of identified articles (n = 161). On this basis, 35% of reviewed research articles can
be classified in the category Case study (field experiment), and 28% used Measurement/Method
development to reach their results and findings. In about 10% of the articles Model development
was used and in 9% Case studies based on virtual simulation were the preferred research
design. Literature reviews were conducted in 7% of the overall sample of the SLR and 4%
used surveys as their research design. 1% of the research articles chose interviews as their
preferred research design and 1% used other methods, which cannot be assigned to any of
the defined research designs.
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Figure 4. Overview of articles and applied research designs.

Many papers used field experiments in case studies to illustrate air pollution in cities
or rural areas. In some studies, using case studies (field experiments), construction sites and
construction activities, as well as their polluting influence on air, are the focus. Amongst
others, De Moraes et al. have researched construction sites with a focus on air pollution
in the context of concrete and masonry works [69]. Font et al. studied local air pollution
at road construction works, which occurred as a result of road widening projects [88].
Giunta et al. also examined construction activities in a motorway construction project,
and they identified the most significant air-polluting emissions during this process [89].
They also identified measures to reduce emissions and projected them for the future [89,90].
Moreover, air pollution (particulate matter) at bicycle lanes was researched by Thai et al.,
whereas it was shown that cycle roads were especially polluted next to construction sites
with air pollutants (PM2.5 + PM10) [91]. Furthermore, Yan et al. also investigated the
field of construction activities and dust pollution in China, showing that this topic has
importance also in China [92]. In addition, indoor air quality was measured using case
studies with field tests [9,93].

Tang et al. evaluate building materials and their potential to reduce urban air pol-
lution, specifically the NOx abatement capacity of TiO2-coated granules used in roofing
products and there the method of use measurements [94]. Furthermore, measurements are
applied as well, e.g., in the study Bossa et al. about Titanium dioxide nanomaterial within
photocatalytic cement and its potential to reduce air pollution [95].

Air flow simulations are used e.g., by Bai et al., where ammonia in concrete walls
is evaluated [96]. Moreover, Schripp et al. studied air flow simulations interaction of
ozone (O3) and wooden building products as well as their emissions (e.g., volatile organic
compounds or terpenes) [97].

The study of George et al. used a laboratory, field studies, and a smog chamber to
test the potential of depollution of photocatalysis within construction materials and can be
classified within the category different methods [98].

Surveys were applied, e.g., within a study that examined health problems of office
clerks after relocation to a new office building [99]. The study found that the floor coating
was the source of the air pollutant, with the consequence that it was removed afterward.
Moreover, a survey was also conducted to investigate households in China and to compare
regional differences in heating and air pollution in the different regions [100]. Also, Lind-
gren examined indoor air quality, specifically ammonia pollution in a new office building
in Beijing [12]. Zhao et al. examined indoor air quality in residential buildings [79], and
Sun et al. focused on the perception of public buildings by the occupants and users in the
context of air quality using questionnaires [101].
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Next to the building level and indoor air pollution, dust pollution control and mit-
igation measures were also researched with a survey [14], and also the indoor-outdoor
association of NO2 was examined [102]. Moreover, Chiesa et al. examined PM and NOx
reduction measures and policies in Italy using questionnaires [50]. Summing up, it can
be said that in many papers indoor air quality and its consequences were studied using
surveys. Furthermore, some scientific articles also addressed mitigation measures and
policy with surveys or questionnaires, respectively. Literature reviews were also used
in some of the articles. Cheriyan and Choi give a detailed overview of the construction
industry and its particulate matter pollution using a literature review [10]. Tham reviewed
the past 30 years of indoor air quality research and its and impacts on people [59]. Steine-
mann presented a literature review in the format of 10 questions and addressed green
buildings and indoor air quality [56]. Mukherjee gives an overviewed of global PM sources
and their occurrence and impacts on health in his literature review [53]. Furthermore,
Fan gives a short literature review on silica exposure, its limits, and the most important
guidelines as well as dust control measures connected to concrete drilling, the main topic
of his article [103].

3.5. Addressed Sub-Sectors and Building Types within the Construction Industry (RQ3)

The results based on this RQ present a distribution of the investigated research arti-
cles to sub-sectors in construction sectors. In addition, the research articles are assigned
to different building types and to the life cycle stages according to EN 15978 and EN
15084 [71,72]. In the process of the result analysis, the construction sector was divided into
the sub-sectors buildings and infrastructure.

As shown in Figure 5, 6% of the examined research articles are addressing the sector
infrastructure, most articles (94%) are referring to the sector building. In the sector building,
residential buildings are addressed the most (27%), followed by the category office buildings
(13%), educational buildings (11%), and healthcare buildings (1%). In 34% of the research
articles referring to buildings, no specific building type was mentioned. 14% of the research
articles examined were assigned to the category Others. This category includes buildings
such as shopping centers, factories, or cultural buildings such as museums or theatres.

Figure 5. Addressed sub-sector and building types within the identified research articles.

Articles in the SLR which refer to infrastructure focused mainly on road construction
works. For example, Faber et al. found that construction sites in Germany produce
PM10 emissions and represent a high share (17%) of the overall PM10 emissions of the
country [104]. Font et al. examine air pollution from a road widening scheme during
and after construction [82]. Fuller and Green examined road and construction works and
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addressed PM10 emissions, and Giunta and Giunta et al. refer to gas and dust emissions
of road construction and road works or pavement materials and technologies for urban
roads [89,90,105].

Pollutants within residential and office buildings were examined in detail, as offices
and residential buildings represent the two most important building types according to the
SLR [17,26,50,55,106,107]. Within residential buildings, the most addressed pollutants are
particulate matter (UFP, PM2.5, and PM10), followed by NO2 and NO2 as well as CO. For
office buildings, PM2.5 is mentioned most often, followed by OC and O3 as well as NO2
and CO (see Figure 6).

Figure 6. The most common pollutants in residential buildings and office buildings.

Healthcare buildings are addressed by Jing and Aung [108,109]. The study of Aung,
a medical university, referred to as a healthcare building, is one of the sampling sites of
Yangon, where air pollution measurements are conducted to close data gaps of indoor and
outdoor air pollution [109]. In the study of Jing, the category hospital is among one of the
five research building categories within the Chinese study, which offers supervision and
an approach for evaluation of solid oxide fuel cell-based, combined cooling heating, and
power demonstrations [108].

Educational buildings, which are largely schools, were the context for several different
studies [57,64,65,110,111]. Moreover, Zanoletti’s study was conducted at a university labo-
ratory and proposes a new hybrid material for the sequestration of PM [82]. Additionally,
Kozlovtseva’s study refers to indoor air pollution with PM2.5 and PM10 in academic
buildings at the Volgograd State University of Architecture and Civil Engineering in the
Russian Federation [112].

Industrial construction was not addressed in detail, although one article by Bozkurt
referring to air pollution in an industrial city in Turkey and Ekinci examined cement
production and its implications for urban air pollution measures connected to growing
urban air pollution with growing demand in the construction sector [19,113].

3.6. Construction Processes and Components

A further detailed breakdown was made for construction sites and construction
activities, construction equipment (including machinery), and building components.

Figure 7 shows how many research articles address construction sites and construction activ-
ities (49), construction machinery (7), and building components (157). Articles addressing building
components are again divided into the four sub-categories (i) building envelope, (ii) building
materials, (iii) interior, and (iv) heating, ventilation, and air conditioning (HVAC) systems.
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Figure 7. Overview of construction processes and (technical) components.

The results indicate that the building envelope is addressed 13 times, the building
materials 57 times, the interior 29 times, and the HVAC systems 58 times in the research
articles. The sub-category HVAC systems is again divided up into five more sub-fields,
which are (i) ventilation system (34), (ii) energy system (31), (iii) heating/cooling system (27),
(iv) water system (1), and (v) others (2).

Many studies of the final SLR sample are looking into construction sites and activi-
ties [14,114–116]. Alvanchi et al. are addressing construction management in their study
and how improved construction schedules within infrastructure projects can improve the
situation of urban air pollution [117]. Hassan et al. evaluated fugitive particulate matter
emissions from construction sites in the Middle East, and Kinsey et al. examined fugitive
dust and its relationship to mud or dirt discharge from a particular construction site in
Kansas City [11,70]. Construction dust emission in a motorway project is the focus of
Giunta et al. [89]. Faber et al. examined among other issues road construction in Germany
and its emission effects on local air quality; one of the conclusions drawn from this study
is that there are significant effects on air pollution [104]. Cheriyan and Choi reviewed
PM in the construction industry and provided a summary of this issue in a literature
overview [10]. Moreover, Liu et al. addressed construction activities in terms of construc-
tion as an economic sector. Their sector analysis shows that construction is the major source
for CO2, SO2, NOx, PM2.5, and BC emissions from a consumption perspective [118].

The following articles were referring to construction machinery [10,21,92]. The study
of Faber et al. is looking into local air quality and aerosol emissions from construction sites,
whereby the role of construction machinery is explicitly mentioned and researched in the
study [104]. It shows that construction machinery is adding to air pollution, especially
through organic particles and trace gases. The article of Giunta et al. studied emissions from
construction activities for motorways. In this study, construction machinery was also a part
of the overall emissive balance sheet. The study shows that trucks transit on unpaved or
paved roads has the highest share of particulate emissions in the construction process [90].
Moreover, machinery and plant are responsible for CO pollution in construction activities.
Heidari et al. conducted a cross-exanimation of the measured and the predicted emissions
in their study. They found that significant discrepancies appeared between real-life data
and the forecast emissions from different models [115].
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In Figure 8, air pollutants in the context of the building envelope were examined. The
results show that particulate matter (PM2.5—6 times, PM10—5 times) in various sizes is
mainly addressed in the relevant articles focusing on the building envelope. Furthermore,
also NO2 and SO2 emissions, as well as the category others, are each mentioned 4 times.
Ozone (O3) is addressed 3 times, and the air pollutants UFP, CO, and VOC 2 times each.

Figure 8. Overview of the pollutants mentioned in the building envelope context.

Building materials are addressed in 57 articles of the final sample. The pollutants most
found in these articles were PM2.5 (84 times), PM10 (64 times), and VOC (57 times). Other
pollutants such as CO (34 times), SO2 (32 times), and NO2 (31 times) also play a significant
role. As shown in Figure 9, UFP and O3 are mentioned 26 times. Lead (Pb) and ammonia
(NH3) are of less relevance and are each mentioned only 7 times.

Building interiors are referred to in 29 scientific articles. Figure 10 indicates that
the most significant pollutant in these articles is VOC. VOC was mentioned in 26 out of
29 articles, suggesting a strong correlation between interiors and VOCs. The category
Others is addressed 11 times, ozone 4 times, and PM2.5 3 times. UPF, PM10, and CO are
addressed 2 times each. NO2 and Pb play an even less significant role, while SO2 and NH3
are not mentioned at all.

HVAC, as part of the studies reviewed, is mentioned, e.g., in the study of Che et al.,
who focused on a retrofitted HVAC system and its effects, and where in an office build-
ing, energy consumption and indoor air quality respectively environment are examined
together [77]. Azuma et al. examined building-related symptoms and indoor air quality,
which could affect human health in office buildings equipped with air conditioning in
Japan. One result of the study was the finding that greater quantities of suspended particu-
late matter could enter the building via air conditioning systems in winter and that it is
spread throughout the building with the indoor air. They suggest implementing filters for
an improved air conditioning system and point out that correct maintenance is part of the
solution for air pollution reduction [119].
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Figure 9. Overview of pollutants mentioned in the context of building materials.

Figure 10. Overview of air emissions mentioned in the context of interiors.

Moreover, HVAC systems are targeted in the studies of Gabbe et al. and
Asere et al. [106,120]. Moreover, Asere et al. are assessing indoor air quality in build-
ings in Latvia with an improved energy efficiency of the buildings. One of the results of
the study is that ventilation systems and air exchange rates could be improved, which
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then on the other hand need more energy and contradict the original intention of energy
efficiency measures [120]. Indoor air pollution is also caused by the interior and building
materials with high emission potential [121]. For example, particle boards that are often
used for furniture or floors are sources of formaldehyde and VOC emissions [122]. Ad-
ditionally, decoration or interior elements such as floors or coatings can cause indoor air
pollution [79,99,123].

3.7. Life Cycle Stages of Constructions

A further result of this RQ presents the assignment of the investigated research articles
to the life cycle stages according to EN 15978 and EN 15084 [71,72].

The standard EN 15978 and EN 15084 classify the life cycle of construction works in
the production stage (A1–A3), the construction stage (A4–A5), the use stage (B1–B7), the
end-of-life stage (C1–C4) and benefits (D).

Figure 11 shows that by far the main life cycle stage addressed within the reviewed lit-
erature can be assigned to stage Use (module B1) with 73 mentions, followed by Operational
energy use (module B6) with 31 mentions, and Construction-installation process (module A5)
with 30 mentions. Life cycle modules Transport (module A4) and Manufacturing (module
A3) are mentioned 23 times. Further important stages are Maintenance (module B2) and
Refurbishment (module B5), as well as Raw material supply (module A1). All other life cycle
modules are addressed 5 times or less.

Figure 11. Addressed life cycle stages within the final sample.
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Transport is the most important air emission sector in Europe [6]. Transport occurs in
different phases and modules during the lifecycle of a building [13,104,124]. It is part of the
production stage (module A2) as transport of raw material to the manufacturing company,
as well as part of the construction stage itself, e.g., for the transport to the construction-
installation process/construction site (module A4). Moreover, it can also be part of the
end-of-life stage of a building, i.e., as the transport needed for delivering the demolition or
de-construction material to waste processing (module C2).

The production stage (module A1–A3) is part of the study of Asim et al., where catalyst
geopolymers as a depolluting alternative to the concrete are studied and discussed [125].
Furthermore, Bossa et al. researched building materials, more specifically photocatalytic
cement, as a possible pollution reduction option in the context of TiO2-nanomaterial re-
lease [95]. The study of Guttikunda et al. addressed air pollution and potential air pollution
control measures for brick kilns with cleaner technology for brick production [126], among
others. Böhm et al. are analyzing formaldehyde emissions from wooden products, i.e.,
solid wood, plywood, flooring, and block board [49]; the emissions were different for
various products but highest in the first week after production for all.

The construction stage (module A4–A5) mainly refers to construction sites and con-
struction work as well as the associated air pollution, especially particulate matter. In the
course of the one-year study by Juda-Rezler et al., construction work is identified as one of
the six main origins of everyday PM2.5 pollution in Poland [127]. Further to this, Ahmed
and Arocho compare PM pollution (PM1.0, PM2.5, PM4.0, PM10) on two construction sites,
one using steel and the other cross-laminated timber [128]. In addition, Guttikunda et al.
are mentioning construction activities as important dust and particulate matter source
(PM10 and PM2.5) within the city of Bengaluru [129].

The most widely addressed modules in the use stage (B1–B7) for the final SLR sample
are B1 as the general use stage and B6 as the operational energy use stage.

Järnström et al. researched indoor air pollution concentrations, and measure VOC,
ammonia, and formaldehyde concentrations during the first year of recently erected res-
idential buildings [130]. Asere et al. have studied the effects of energy efficiency on air
quality during the use stage of a building [120]. Du and Sun analyzed the correlation of
regional characteristics of building heating systems and local air quality in China with
different methods [100]. Among others, Guariso and Sangiorgio examine how the residen-
tial building stock should be renovated in terms of energy, looking to environmental and
economic benefits and targets [131]. Additionally, local (air) pollution in the Italian region
of Lombardia is addressed, as well as energy consumption and heating systems [125]. Do-
minikovic et al. are integrating and applying the aspect of air pollution in their optimization
model for the planning of energy systems in tropical regions [126]. The study shows with
its case study Singapore, that integration of energy systems helps to reduce air pollution
and socio-economic costs of energy supply on the city level. Next to that, energy efficiency
is identified as a part of the measures on the building level [48]. Additionally, Tunno et al.
are looking into the topic of wood smoke during days and nights in Christchurch, New
Zealand, which is, amongst others, a source for PM2.5 concentrations [132].

Besides that, Tong et al. are examining a tool, which helps to quantify impacts of
retrofitting measures for buildings, which help to reduce the problem of air pollution in
Ulaanbaatar in Mongolia [133]. Moreover, Shafique et al. investigate potential benefits
of green roofing on air pollution reduction (in terms of CO2) and CO2-sequestration, and
Karteris et al. are researching benefits for Greek large-scale green roof tops [134,135]. Next
to air pollution by CO2, green roofs, respectively their plants, can absorb also other air
pollutants such as ozone, PM10, or NO2.

Fuller et al. referred to the end-of-life phase (module C1–C4) in the context of air
pollution (PM10 and PM2.5) by examining the demolition works for a chemical factory
building and also a road case study in London [108]. Wu et al. also examined in their
study about dust prevention and control, one construction site out of three in the stage of
demolition [14].
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3.8. Distribution by Indoor and Outdoor Pollution (RQ4)

Air pollution can be divided into indoor and outdoor pollution. In a pie chart, the
proportions are shown and then analyzed in more detail.

Figure 12 presents which kind of air pollution is addressed in the analyzed research
articles. Around half (51%) of the articles are addressing outdoor pollution, almost a third
(31%) of the articles are addressing indoor pollution and a further 14% are addressing
indoor and outdoor pollution.

Figure 12. Classification of articles by indoor, outdoor, and indoor/outdoor pollution.

In several cases, indoor air quality (IAQ) measurements were conducted for differ-
ent materials or building elements such as walls or different laboratory tests to better
understand the functions and developments of indoor air pollutants [94–97,136].

Indoor or outdoor air pollutants were also researched in schools or cities such as
the Yangon City in Myanmar [20,57,63,109,111]. As an example, PM2.5. concentrations in
schools were researched in the studies of Amato et al. and Cancha et al. The use of materials
and their effect on air pollution was measured within the study of Rella et al. [65,66,113].
Furthermore, the studies of Vervoort et al. focussed on a decrease of particulate matter in a
school [27,111]. Wargocki and Wyon show in their study that the indoor (air) environment
in schools matters because it can have a significant effect on the performance of school chil-
dren [62]. Additionally, Yang et al. investigated the concentration of various air pollutants
(CO, CO2, PM10, total microbial count, total volatile organic compound, formaldehyde)
in Korean school buildings. It was shown that furnishings, building materials, and insuf-
ficient ventilation were all sources of bad indoor air quality. Moreover, indoor/outdoor
ratios of air pollution were measured [20]. The study of Kim et al. focussed on indoor air
pollution in the pre-occupancy stage of flats [93]. As a reduction measure for VOCs, the
authors suggested better ventilation within the apartments, and the alternative could be
decomposing agents.

Furthermore, office buildings and their indoor air quality were investigated in several
studies. For example, Ruan and Rim examined two office building case studies in the US
and in China [17]. They measured indoor O3 and PM2.5 concentrations in offices in Los
Angeles and in Beijing and the effect of ventilation flow rates from the outside as well as
the efficiency of filters. Hutter et al. investigated the health implication of office workers in
a new office building. One of the findings was that tris-(2-butoxyethyl)-phosphate (TBEP)
pollution developed mainly from floor coatings (90%), which as a result were removed in
order to reduce health issues connected with this material [65,99].
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3.9. Pollutants Analyzed in the Investigated Research Articles (RQ4)

Air pollutants addressed in the research articles are shown in a pie chart in Figure 13
below. The population of investigated research articles (n = 451) exceeds the number of
identified research articles (n = 161) due to multiple answers.

Figure 13. Overview of addressed air pollutants within the final SLR sample.

Particulate matter (PM) in different sizes can be identified in most of the air pollutants
in the examined research articles. Particulate matter (PM2.5) represents a share of 19%,
Particulate matter (PM10) 14%, and Ultrafine particle (UFP), which is PM < 1, constitute 6%
of the population. With 17%, the category of Others is the second biggest category after
PM2.5, which comprises of, e.g., black carbon, NOx, and SOx. The third-largest group is
represented by Volatile Organic Compounds (VOCs). With 7%, Sulphur dioxide (SO2), Nitrogen
dioxide (NO2), and Carbon monoxide (CO) are addressed with equal frequency. Ozone (O3)
with 6% is mentioned as often as UFP. Ammonia (NH3) is only examined in 7 research
articles, which represents a 2% share of the analyzed research articles. Lead (Pb) represents
2% of the overall research articles and is covered in 7 research articles. In 1% (6 research
articles), No pollutant is addressed explicitly

PM of different sizes in construction sites was addressed in the article of Ahmed and
Arocho, which provides clear confirmation that construction sites emit PM in different
sizes (PM1.0, PM2.5, PM4, PM10) [128]. Saliba et al. investigated PM and its composition
at urban sites in Beirut [137]. The study found that construction debris is also a source of
pollution with fine PM. In the study of Azuma et al., air quality and effects on the health
(building-related symptoms) of office workers in offices were examined, whereby UFP, in
particular, had an effect on building-related symptoms, and VOCs or toluene were linked
with health effects on upper respiratory symptoms [119].

In the study of Liu et al., a structural path analysis was conducted, the authors
looked at the embodied emission of supply chains such as NOx or SO2, where on the
consumption side, construction contributed a larger share to this emission (20–38%) [118].
The construction sector and building materials were among the leading areas regarding
important emissions [90,118].
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4. Discussion

The aim of the study was to gain a comprehensive overview of how the construction
industry contributes to air pollution, where air pollution occurs, and what topic-related
research has been conducted in the various fields of the construction industry—in all
its aspects.

Three main areas were analyzed with the final sample of the SLR. Firstly, the building
level and its life cycle stages, secondly, the construction processes and elements (e.g.,
construction sites and building components), and thirdly, construction materials and the
interiors of buildings. Only one review article of the SLR provides a review of PM air
pollution in the explicit context of the construction industry. PM is a prime focus of this
article with particular emphasis on the health impacts due to PM exposure for construction
workers. The second focus of this study was put on construction dust and especially the
monitoring of construction dust from construction activities [10].

Therefore, the first step was to identify important journals and research fields (RQ1).
Their variety shows the multi- and interdisciplinarity of the research topic (air pollution in
the construction industry), which is rooted in building science, air pollution research, and
environmental research. It is in the nature of that topic that no one single research method
or methodology can be used to cover this diverse field. Therefore, the articles conveyed
a variety of methods and research designs (RQ2) from different disciplines and journals.
Another trend observed was that the number of publications in the field of construction
is rising (RQ1). In geographical terms, most of these papers are published by Chinese
universities. The intense research on air pollution is most probably a reflection of the
attempt that is being made to tackle the huge air pollution problem in China. Chinese
publications are followed by publications originating from the United States.

One research interest of the SLR study was to identify types, activities, and stages of
the built environment or buildings in the current literature (RQ3). The research articles
were assigned to different building types and life cycle modules according to EN 15978 and
EN15804. The analysis showed that most of the reviewed articles addressed buildings (94%
of articles) and that only a small percentage addressed infrastructure (6%). Residential
buildings, office buildings, and educational buildings are the most intensively represented
of the building types addressed. Additionally, construction processes and construction
components were addressed. A classification was thus made in the analysis according to
construction component types. Many of the research articles addressed building compo-
nents (157), construction sites and activities (49), or construction machinery (7). In detail
the components were divided into four sub-categories: (i) building envelope, (ii) building
materials, (iii) interior, and (iv) heating, ventilation, and air conditioning (HVAC) systems.

Particulate matter (PM) in various sizes is among the most frequently addressed air
pollutant in the final sample with 17%, the category Other (this category includes, e.g.,
black carbon or NOx and Sox) being the second largest category after PM2.5. As the
third-largest group, Volatile Organic Compounds (VOCs) can be identified. Air pollutants
can be found indoors, outdoors, and in both. Moreover, indoor pollution articles comprised
almost a third of the final sample and in this light, could be regarded as an independent
(sub) research field. Building materials and interiors both play important roles in this area.

Moreover, one of the implicit set questions is how to improve the situation of air
pollution reduction in the construction industry and furthermore to include air pollu-
tion reduction measures for fulfilling international agreements and policies such as the
Agenda 2030, in order to contribute to sustainable development and transformation of the
construction industry.

In the SLR, the scientific articles were also screened for their connection with different
sustainable development goals (SDGs). Measures for cleaner and better air in the con-
struction industry can be set either on a technical and operational level or on a policy
level. The Agenda 2030 can provide a framework for policy instruments and measures for
transforming the construction industry in the interest of a more sustainable and healthier
built environment. As the SDGs are interrelated and there are systemic interactions among
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the SDGs in the construction industry [138,139], some SDGs and their targets refer to air
pollution. The topic of health is addressed in SDG target 3.9. and is also reflected in the
articles, e.g., through the sick building syndrome or the topic of well-being in buildings,
in schools and offices among others, and in the research field of indoor air pollution and
indoor air quality. Sustainable urbanization and air pollution are addressed in SDG target
11.6 with UN indicator 11.6.2., which for example, includes only PM (e.g., PM2.5 and PM10)
in cities but does not address other relevant air pollutants such as NOx, O3, Pb, or SO2,
although they are relevant air pollutants, as outlined in the Section 3. This emphasizes the
need for tackling the challenge of air pollution in the construction industry especially in
cities and urban areas.

As with other sustainability aspects that need to be taken into account at an early
stage in the construction industry, a holistic and systemic view of the influencing criteria is
also required in connection with the reduction of air pollution, as well as awareness-raising
among the stakeholders involved [140,141]. On a technical and operational level, various
measures within the entire life cycle of a building or even an infrastructure contribute
to ensuring cleaner air and to both healthier people and a healthier planet. Measures
for achieving these goals could be e.g., a reduction of transport activities together with
a better management of construction sites or construction schedules in a city in order
to optimize distances and avoid traffic jams, which can contribute to higher emissions.
Further measures include shortening the distances for the transport of building material
by using local enterprises and services and using regional building materials. Technical
measures and improvements such as the humidification of tires on construction sites
to prevent dust emissions or the optimization of construction site equipment to protect
residents and neighbors from dust and noise can be helpful. One possible measure at
the legal and administrative levels is the increased integration of dust and air pollution
control measures into official tendering and awarding procedures, e.g., the use of hybrid or
electrical construction machinery. Measures can be implemented by different actors such
as construction companies or owners of buildings on the level of cities and communities or
even on policy level on a national or international scale. The international and national
guidelines should be implemented at the regional level by local government or at the
individual level, e.g., by building owners and construction companies.

In addition, the cooperation of stakeholders from science to industry can also be
helpful for the creation of knowledge and the implementation of cleaner air measures.
In this context, the Austrian UniNEtZ project can be pointed out, in which a total of
17 universities co-operate in order to implement the SDGs in Austria [142]. One goal of the
project is to propose an options paper to the Austrian government as a recommendation
for the implementation of various measures to achieve the Agenda 2030 goals.

In this context, all of the 161 screened articles contribute directly or indirectly to
sustainable development. However, none of the articles explicitly mentioned the SDGs.
The results of the SLR show that air pollution is receiving increasing attention in the
scientific community. This is probably due to its environmental, economic, and social
implications. Nevertheless, the number of comprehensive reviews on air pollution in the
construction industry could be increased, for example by examining certain specific aspects
or subtopics such as specific pollutants in different life cycle stages or the linkage of air
pollution reduction measures in general or in combination with greenhouse gas (GHG)
emission reduction measures and emphasizing synergies between these two topics. Several
SLR articles mentioned GHG emissions in the construction industry context [56,63,141].
The relationship between air pollutants and GHG emissions, however, is not quantified
in the SLR papers reviewed. It is striking, however, that the connection between GHG
emission (i.e., CO2-eq.) and air pollution is not addressed.

Finally, it can be shown that in both the SLR articles and in policy, e.g., the Agenda
2030 and its SDG targets, a special emphasis on PM can be identified. Other problematic
emissions and air pollutants, which are also heavily burdening the environment, are
underexposed in scientific literature.
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In this context, the question is whether this is because PM is the most harmful air
pollutant in construction, or because it is one of the easiest to measure and research. An
allocation of air pollution to the construction industry is difficult due to the overlapping
system boundaries. Air pollution itself does not consider the construction industry as a
separate sector but is interwoven in different sectors such as transport, industry, or energy.
It is apparent from the SLR that the formulated RQs are not yet being addressed with great
frequency in specific academic fields and universities, or in specific geographical areas
such as African or South American countries.

Limitations

A thematic limitation of the study and the conducted SLR is that it focuses mainly
on buildings and infrastructure. Literature focusing on other topics such as urban forms,
urban planning, the urban built environment in general, and urban greenery such as green
walls, green roofs or trees, was excluded. Moreover, the effect air pollution has on buildings,
building materials, and the built environment is not yet being addressed. Further articles
focusing on cooking, which also contributes to air pollution, were not part of this literature
review. Additional constraints are shown in Figure 1.

5. Conclusions and Future Perspectives

This article is the first comprehensive overview of the literature specifically on air
pollution in the construction industry and its various aspects. It can be concluded that air
pollution is a relevant environmental issue in the construction industry and in the whole
construction process.

The research field of air pollution related to the construction industry still has a lot of
potentials, because, mostly, only single topics or aspects of “air pollution” and “construction
industry” are treated and investigated in individual articles. According to the SLR, the
number of articles on air pollution in the construction industry has been rising in the last
few years. That the combination of both research issues is a broad field can also be seen in
the variety of the journals addressed. There is not just one overall method or methodology
set to explore this interdisciplinary research area, even if case studies with field experiments
and measurements/method development are most often used in the studies of the final SLR
sample. Residential, office, and educational buildings stand out the most in the category
of building types and particulate matter in different sizes represents the most common
pollutant within the SLR. In addition, one of the results is that both outdoor and indoor air
pollution can be considered important for air pollution, the construction industry, and a
healthy living environment.

The implementation of a systemic view (i.e., the consideration of a set of sustainable
development performance indicators in assessing the appropriateness of air pollutant
reduction measures) involves a crucial increase in complexity. The current (scientific) lack
of reliable data, the choice of meaningful system boundaries, and the current prevailing
reductive thinking approaches of air pollution reduction strategies in the construction
sector are the chief limiting factors from the authors’ point of view.

According to the Austrian Federal Environment Agency, the sectors of industry (34%),
small-scale consumption (21%), agriculture (20%), and transport (18%) are responsible for
the generation of particulate matter. In the small-scale consumption sector, combustion
processes (stoves, heaters) and in the transport sector, the operation of engines (mainly
diesel engines), through brake and tire abrasion as well as dust whirling up on the road
are responsible for the emissions. From the point of view of the construction industry,
emissions from domestic heating (due to old solid fuel heating systems) and construction
sites are particularly relevant.

However, the distinction between the sectors industry and transport, which should
be partially within the system boundary of the construction industry, is unclear. Another
obstacle is the insufficient understanding regarding the relocation of “dirty” technologies
to countries that already are struggling with their bad air quality conditions.
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There are different areas, where measures and activities can be taken to reduce air
pollution within the various stages of a life cycle of a building. Building materials also
influence clean air, especially inside a building. In this way, taking measures against air
pollution and for cleanliness, a decrease of premature mortality and different diseases can
be achieved. With the right measures and policies, (co-) benefits and synergies between
health, climate, air quality, and the environment can be used, and, in this way, the building
occupants can also profit. Appropriate actions can achieve and contribute to various
policy agendas such as the SDGs and their targets. This will require better planning and
management of construction projects and buildings by taking their life cycles and the
built environment into consideration. In addition to this, improved materials that are both
reusable and recyclable, together with thoroughly adequate technologies and approaches
will help us to generate a reduced environmental impact.

Possible ways to give an overview about environmental impacts or to reduce the
impact on the environment are methods such as life cycle assessment (LCA), which can be
integrated as a decision tool in the construction planning process at an early stage. Green
and sustainable public procurements policies, which consider social and environmental
criteria and make every effort to avoid negative social and environmental impacts should
be considered and implemented from the beginning of the life cycle.

Furthermore, it is important to integrate findings from different disciplines to provide
a holistic view of sustainable construction practices and construction materials for clean
air and to avoid air pollution in the future. To these terms, the construction industry can
contribute cleaner building practices and help to achieve cleaner air.

In this context, the key remaining question will be how to create a systemic under-
standing of air pollution effects (induced by the construction sector) across all 17 SDGs.
Therefore, and as a basis, the consideration of transdisciplinary effects within the policy-
making process is of particular importance in order to raise awareness between various
sectors and stakeholders.
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