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Preface

the 9th highway and urban environment Symposium (9hueS) was held on 9–11 
June 2008 in Madrid, Spain. hueS is run by Chalmers university of technology 
within the alliance for global Sustainability (the agS). the symposium was 
hosted by universidad Politécnica de Madrid (uPM).

hueS was initiated by Professor ron hamilton at Middlesex Polytechnic (now 
university) in the early 1980s and had the title “highway Pollution”. the initial 
aim was to measure and assess challenges in highway pollution, with a strong 
emphasis on urban photochemical smog, ozone formation and particle release. 
after the first symposium, the emphasis on air pollution issues continued through 
to Munich in 1989 where diesel particulate issues and the relevance to health 
through measurements of PM10 emerged. the focus on air quality issues was also 
strengthened by the co-organisation of the symposium with Professor roy hamilton 
at the university of Birmingham from 1986 to 1998. In parallel, the symposium 
started to receive an increasing number of scientific contributions from the area of 
urban run off, indeed to the extent that the title of the symposium was changed to 
“highway and urban Pollution”. also at this time the importance of science in 
support of policy was emerging as a key aspect of the symposium.

8hueS was held in nicosia, Cyprus in 2006 and was hosted by the Cyprus 
Institute. For this 8th symposium, we decided to evolve the name of the symposium 
to “highway and environment” to provide a positive view of our common future 
looking to a positive environment. that said, paper addressing pollution issues in 
the highway and urban environment remain a central part of the symposium as they 
help to raise awareness around issues to be solved. 8hueS was also marked by an 
organizational change with Chalmers university of technology taking over the 
organization of the symposium. For the first time, the proceedings of the sympo-
sium were published as a book in the agS book series.

For 9hueS we worked with tranSyt – universidad Politécnica de Madrid, 
Spain to provide a professional and scientific forum on global examples of the science 
required to support pathways to a positive and sustainable future in the highway and 
urban environment.

ana Botella Serrano, Delegada del Área de gobierno de Medio ambiente y 
Segunda teniente de alcalde del ayuntamiento de Madrid opened the symposium 
with a keynote speech on the efforts done by the Municipality of Madrid to keep 
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their environment sustainable. Plenary presentations were given by José María 
López from uPM, Spain; Stefan norra from university of Karlsruhe, germany; 
thomas Pettersson from Chalmers university of technology, Sweden; Maryse 
Labriet from CIeMat, Spain and alfredo tolón Bercera from universidad de 
almeria, Spain. Presentations covered air pollution, soil and water contamination, 
pollution control technologies, land use and mobility, urban climate and climate 
change. Best poster awards was given to ana estela Barbosa from LneC, Portugal 
and adalgiza Fornaro from the university of Sao Paulo, Brazil.

the following facts provide a background for 9hueS:

eighty-two delegates (37 female) from 26 countries, including all continents
one hundred and seven abstracts for papers and posters were received
Fifty oral presentations and 20 poster presentations at the symposium

we would like to take this opportunity to thank all who have contributed to the 
success of 9hueS. we would especially like to acknowledge alexandra Priatna, 
Jonna Bjuhr and yvonne young at Chalmers’ agS office and emilio ortega and 
Patricia rico at uPM whose organizational skills were essential to the success of 
this symposium. Maria Svane at Chalmers’ agS office is acknowledged for putting 
together the proceedings. Finally we would like to thank the delegates for the many 
valuable contributions and a highly enjoyable symposium. we would particularly 
like to acknowledge the continued participation of Paul höglund of transforsk-
transearch, Sweden.

the next symposium, 10hueS is planned for 9–11 June 2010 and will be held 
in göteborg, Sweden.

göteborg, Sweden Sébastien rauch
göteborg, Sweden gregory M. Morrison
Madrid, Spain andrés Monzón
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Introduction

The objective of this research is to introduce a new perspective to sustainable 
mobility strategic planning for small European municipalities – a framework for 
Strategic Sustainable Development (FSSD) – where back casting from a sustainable 
vision in the long-term future is central to the process. This vision portrays mobility 
in an efficient, safe and economic manner, where the use of private cars has been 
substituted by attractive and reliable integrated sustainable transportation modes. 
It is a holistic approach based on systems thinking, which provides a structure for 
organizing analysis and strategic planning in complex systems from the perspective 
of the mobility issue and the global socio-ecological system.

Continuing economic development and the consequent increase in atmospheric 
pollution from motorized transport emissions (particularly in urbanized areas) have 
transformed cities into one of the big contributors to the climate change issue 
around the planet.

Renewable energy for fuels and advanced technology mobility systems are 
already in place to mitigate undesirable effects of existent transportation systems. 
However, it has been proved that only mitigating the impact will not solve the problem, 
and the need for a long-term solution is urgent.

Besides its downstream impacts on the environment due to greenhouse gas emis-
sions, car dependency has been causing several other problems to human society in 
the biosphere. The most impacting are time wasted in congestions, accidents, noise 
pollution, the need of raw materials to produce vehicles that do not have a suitable 
end of life destination, and the enormous infrastructure needed to support all of this.

In order to reach the vision of sustainable mobility in the future, offering excellent 
public transport capable to compete with cars was the primary target. Moreover, beha-
vior change, integrated urban development and energy planning, and economics are also 

A. Lichtenberg (), P. Guimarães and H. Podsedkowska 
Department of Mechanical Engineering, Blekinge Institute of Technology,  
SE-37179 Karlskrona, Sweden 
e-mail: alexandra@ecohouse.com.br

Planning for Sustainable Mobility with Personal 
Rapid Transit in Small European Cities

Alexandra Lichtenberg, Patrícia Guimarães, and Heleen Podsedkowska
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important issues related to the transportation system which deserve careful systemic 
(integrated) analyses when planning for sustainable mobility. Personal Rapid Transit 
(PRT) systems were analyzed in this study as a suitable and attractive alternative trans-
portation system, offering the advantages of private cars while avoiding its negative 
sides, leading urban areas towards zero car dependency contributing to a sustainable 
mobility vision in the future. Through Karlskrona municipality’s case study a specific 
strategic planning method for sustainable mobility was defined: the Framework for 
Strategic Sustainable Development – Sustainable Mobility (FSSD-SM).

Throughout this paper the terms Personal Rapid Transit (PRT) and Podcar are 
used interchangeably and have the same meaning.

Method

Literature review on the issues of economics, behavior change, energy, land-use 
and transport modes related to sustainable mobility, as well as analyses of research 
projects (especially European Union funded and commissioned) and best practice 
cases on sustainable mobility and land use planning around the world.

The Framework for Strategic Sustainable Development (FSSD) approach, devel-
oped by Dr. Karl-Henrik Robèrt for planning in complex systems, is used here as a 
main tool informing the achievement of Strategic Sustainable Development in 
Karlskrona’s Mobility System. The core elements of this methodology are the back 
casting process and the four sustainability principles which guide to a complete 
understanding of the unsustainable current reality as well as to serve as constraints 
for development of the vision of success in the future [1].

Compliance with these four principles was the basis for planning for a sustain-
able mobility society in Karlskrona in 2050, using the ABCD tool in order to perform 
its sustainability analysis, identifying its mobility current reality, a vision for its 
sustainable mobility in 2050 with zero car dependency, and compelling measures to 
reach this vision. Back casting from Karlskrona’s mobility vision assisted the strat-egic 
planning process, ensuring that the actions will lead the municipality closer to its 
sustainable vision, bridging the gap between the current reality and the envisioned 
future. External advisors reviews and peer reviews completed the methods.

Results

Sustainable Mobility and Car Dependence

Car dependence is a persistent problem of our present society. The car is the domi-
nant form of maintaining personal mobility in a very attractive manner. Its benefits 
are difficult to match: it is a door-to-door transportation system available at any 
time, the means to gaining access to life necessities and employment, and a source 
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of pleasure and social status. So are its disadvantages, including local air pollution, 
greenhouse gas emissions, road congestion, noise, mortality and morbidity from 
accidents, and loss of open space to roads, parking lots and urban sprawl. Many 
people are aware of the disadvantages but see no comparable substitutes to the 
automobile. The dilemma of an automobile owner is similar to that of a herd owner 
described in the classic case of the “tragedy of the commons”[2]. In the EU car use 
is on the rise (in Fig. 1).

As stated in a report by the Low Carbon Vehicle Partnership [3], voluntary 
agreements made by the European Commission in 1998 with automobile manu-
facturers in Europe, Japan and Korea to reduce average emissions to 140 g/km 
CO

2
 emissions by 2009 are far from being achieved – and an EU regulatory 

framework has therefore been proposed, to be ready by mid-2008. There are a 
number of reasons as to why progress has been slower than anticipated: (i) consumer 
preference has been towards higher performance and larger cars; (ii) progress 
with tax incentives for low carbon vehicles across the EU has been mixed; and 
(iii) the three trade bodies have been unable to influence the CO

2
 emissions of 

vehicles produced by their members and there has been no clearly laid out system 
of burden sharing.

Part of the analysis is to suggest ways to revert the car dependence trend, 
through evidencing its intricate relation to urban and energy planning, behavior 
change campaigns, and a shift in the perception of how to account for the externali-
ties of road transport. Car-Free development encompasses a range of ideas that 
places humans before cars and stresses a new urban order based first on quality of 
life. To better understand sustainable mobility, causes and effects of transportation 
activities must be identified and its upstream issues dealt with accordingly.

Fig. 1 Passenger transport – growth of traffic by mode of transport EU-15: 1970–1999 [4]
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What is Sustainable Mobility ?

Sustainable Mobility is the ability to meet society’s need to move freely, gain 
access, communicate, trade and establish relationships without sacrificing other 
essential human or ecological values, today or in the future [5]. All of this must be 
achieved in a cost-effective manner.

Interaction Between Mobility, Land-Use, Energy  
and Behavior Change

Development is closely related to movement. To undertake commercial exchange, 
access public services, or engage in recreation and entertainment, society relies upon 
the ability to move persons, goods, or information from one location to another. Cities 
are a deliberate concentration of these exchange opportunities in order to increase 
both the diversity and accessibility of exchange opportunities.

Planners have long known that land use and transport are intertwined and cor-
relate with energy consumption, particularly in urban areas. There is an inseparable 
link between establishing locations for human functions, the use of space, and 
the impact on the way people travel. Nevertheless, land use, transport and energy 
issues are too often viewed and addressed separately [6]. As a result, opportunities 
to collectively address individual concerns in each sector are lost. Planning 
approaches are often described as adversarial or lacking in proper representation 
[7]. Forrester states that “a systematic approach to analyzing and managing urban 
land use, transport, and energy systems requires systems thinking: the evaluation of 
interrelated and complex systems over time” [8].

Sustainability Principles

In the late 1980s Dr. Karl-Henrik Robèrt led a network of leading Swedish scientists 
from a variety of disciplines, which came up with a principle-based and systemic 
definition of sustainability. Over the years these principles have been successfully 
adopted by several organizations and communities. As basic or first order principles (SPs), 
they intend to be: (i) based on a scientifically agreed upon view of the world; (ii) necessary 
to achieve sustainability; (iii) sufficient to achieve sustainability; (iv) general to structure 
all societal activities relevant to sustainability; (v) concrete to guide action and serve 
as directional aides in problem analysis; (vi) non-overlapping or mutually exclusive in 
order to enable comprehension and structured analysis of the issues [9].

Sustainability Principle #1: IN A SUSTAINABLE SOCIETY, NATURE IS NOT 
SUBJECT TO SYSTEMATICALLY INCREASING CONCENTRATIONS OF 
SUBSTANCES EXTRACTED FROM THE EARTH’S CRUST.
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We dig up substances from the Earth’s crust – various minerals, oil and gas, etc. – and use 
them in products and processes, and then release them into nature. We do this at a faster 
pace than nature re-deposits these substances back into the Earth’s crust. And as a result, 
they accumulate in natural systems and eventually cause problems if their concentrations 
get too high. The first principle does not say a sustainable society requires that we not use 
any material at all from the Earth’s crust. It does not say that there is no mining in a sustain-
able society. It does say that whatever materials we use from the Earth’s crust, we must use 
them in a way that prevents their accumulation in natural systems. This means using them 
efficiently, and using them in products and processes where they can be recaptured and 
reused, rather than released into the atmosphere, water or soil [10].

There are thresholds beyond which living organisms and ecosystems are 
adversely affected by increases in substances from the earth’s crust. Problems may 
include an increase in greenhouse gases leading to global warming, contamination 
of surface and ground water, and metal toxicity which can cause functional distur-
bances both in humans and animals.

Sustainability Principle #2: IN A SUSTAINABLE SOCIETY, NATURE IS NOT 
SUBJECT TO SYSTEMATICALLY INCREASING CONCENTRATIONS OF 
SUBSTANCES PRODUCED BY SOCIETY.

Humans combine molecules into new, more complex molecules that nature has never seen 
before, and use these complex molecules in products and processes that eventually allow 
them to be released into natural systems. Because nature has never seen them before, it 
cannot break them down within its regular cycles, and so they accumulate. Note that the 
second principle does not say that there are no chemicals in a sustainable society. Rather, 
it says that a sustainable society will require that we be efficient in our use of them, and 
most importantly that we use them in ways that allow them to be captured and re-used, 
rather than dispersed into nature where they can accumulate [10].

Synthetic organic compounds such as DDT and PCBs can remain in the environ-
ment for many years, bio accumulate in organisms and cause harmful effects in 
many species. Freon and other ozone depleting compounds may increase the risk 
of cancer due to added UV radiation in the troposphere. The solution includes 
gradual substitution of certain persistent and man-made compounds with ones that 
are normally abundant or break down more easily in nature, and use all substances 
produced by society in an efficient manner.

Sustainability Principle #3: IN A SUSTAINABLE SOCIETY, NATURE IS NOT 
SUBJECT TO SYSTEMATICAL DEGRADATION BY PHYSICAL MEANS.

“We physically degrade nature’s ability to run natural cycles by encroaching into 
natural areas, over-harvesting renewable resources, and eroding nature’s ability to 
process our waste” [10]. Humans must avoid taking more from the biosphere than 
can be replenished by natural systems, safeguarding nature’s ability to regenerate. 
Preserving the integrity of any living system requires that society understands that 
what effects one part of a system may ultimately impact the system as a whole. The 
downstream effects we witness nowadays – climate change, acid rain, deforesta-
tion, depletion of fish stocks, toxics in toys that accumulate in tissues – can be 
traced back to one or more of these three ecological mechanisms. They are all 
“downstream” symptoms of more fundamental problems in how our societies are 
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designed. An “upstream” approach to planning anticipates and avoids problems before 
they occur, as opposed to a “downstream” approach, where resources are used to 
deal with the results of the problems.

Sustainability Principle #4: IN A SUSTAINABLE SOCIETY, PEOPLE ARE 
NOT SUBJECT TO CONDITIONS THAT SYSTEMATICALLY UNDERMINE 
THEIR CAPACITY TO MEET THEIR NEEDS.

In order to achieve the first three sustainability principles and have a thriving 
human society, we must also consider the barriers that exist to people meeting their 
needs worldwide. If human needs are not met then increasing poverty, conflict and 
other forms of social stress will result in more environmental degradation. All 
forms of political oppression need to be overcome and human rights respected for 
people to have any chance of meeting their own needs.

Backcasting × Forecasting

Far too much time and money have been invested to date in discussing and accom-
modating the movement of vehicles rather than the movement of people. Most of 
these projects use forecasting to solve mobility problems and address behavior 
change without much innovation in the services provided. Back casting starts with 
a desirable future situation, usually described by a set of goals or targets established 
by assumed events between the current and future situations. Therefore back cast-
ing is capable of highlighting discrepancies between the current and desirable 
future, and incorporating large and even disruptive changes.

A key obstacle to achieving a mode shift from private to public transport is that PT 
lacks the attractiveness and reliability. Low quality has a tendency to discourage users 
who have an alternative and very attractive option. It may be easier to deter people 
from using public transport via low quality than to attract them back via improved 
quality. Insufficient attention to improve the quality of public transport and raise 
awareness about these improvements could restrict the use of public transport to users 
who do not have a choice due to factors such as age or economic status [11].

PRT Systems Technology

PRT systems have been in development and proposed as an alternative to the use of 
private cars for over 30 years, against a wide range of vested interests in the automo-
tive and public transport industries. They have the potential for contributing signifi-
cantly to the solution of fundamental problems of modern mobility including 
congestion, harmful emissions, dependence on a dwindling supply of cheap oil, and 
most recently terrorism. It is a concept that can enable public transport to compete 
with the car in urban areas. Apparently, the main barrier to its implementation seems 
to be the imbalance between risks and financial support: No local authority buys a 
system, due to the development risks as long as it is an unproven technology; and no 
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developer invests fully in development, as long as there is no market for the end 
product [12, 13]. Only one system has been fully implemented (1972, in Morgantown, 
West Virginia). It has successfully demonstrated the viability of key PRT technology 
components, including off-line stations, on-demand service, nonstop origin-to-
destination transport and fully automated control systems [14]. Since it began 
operating, the system has demonstrated very high reliability of 98% or greater.
The fundamental elements of a PRT system are:

On demand, origin to destination direct service: the service is available on 
demand rather than on fixed schedules. In most cases a pod will already be at the 
station, available 24 h a day at all stations on the network to meet individual travel 
needs. Its size allows for the passenger to choose to have his or her own ride. Non-stop 
travel service ensures short trip times (the stations are placed off of the main guide-
way). In this system, traffic is adapted to the passenger, instead of the passenger 
having to adapt to traffic – and that is what makes the difference [15, 16].

Small, fully-automated vehicle: PRT vehicles are intended to operate under com-
puter control and require no operator or driver, which considerably lower operating 
costs. The system will automatically route the vehicle to the desired destination 
within the shortest possible time and without the need for further user interaction 
with the system. Operations involve staff to support central control, network man-
agement and vehicle flow systems, maintenance, security, and station services [16]. 
Due to the need to provide a high degree of safety, speed and accuracy to effectively 
manage potentially large fleets of vehicles over complex networks, PRT networks 
have a number of unique operating and control system requirements.

Exclusive-use guide ways: designed as elevated systems with beams and support 
structures sized for lightweight two-four passenger vehicles. The light weight of 
each vehicle allows for economic construction of the guide-ways, and less land-use. 
PRT systems use networked and separated guide ways to permit higher transportation 
capacity and safety levels as the system will not interfere with current modes of 
transportation [17, 18].

Off-line stations: these are a major breakthrough, designed with a “siding” track 
or guide way. Vehicles not stopping at a particular station can bypass that station 
and are not delayed by other vehicles boarding and alighting passengers; the PRT 
station should be sized according to the necessary number of loading berths needed 
to handle the demand at each station.

Low-emissions and resource efficiency: electric power is used primarily for pro-
pulsion and vehicle amenities. Beyond the need for propulsion, a PRT vehicle needs 
power for on-board systems and passenger comfort. It should support limited 
HVAC services as well as vehicle control and communications. The electric power 
can come from many different, preferably renewable sources (Fig. 2).

Some power is used to move around empty seats. With PRT, empty vehicles are 
sometimes routed to another station with a higher demand.

Figure 3 shows that the power required per seat to move a PRT pod is very low 
compared to a bus or a car. The efficiency of the system depend on many other 
factors, most of all on the occupancy of the vehicle [19].

Vehicle and Passenger Accommodations: for urban environments, studies have 
shown that the typical private automobile has 1.63 occupants for all trips, 1.14 
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occupants for work trips, and over 93% of urban trips have three or fewer  
co-travelers [18], corroborating the need for individual PT services to compete 
with car use. PRT vehicles are designed for accessibility, including wheelchairs or 
other assistive devices (Fig. 4). 

Adapted Framework for Strategic Sustainable Development  
in Karlskrona Municipality’s Sustainable Mobility System

Back casting from a desirable future is the core element of this methodology. 
“The major benefit of the back casting approach is that it provides a clear sense 
of how things need to be, instead of just aiming at making things better than they 

Fig. 3 Power per seat installed for various types of transport (kW/seat) [19]

Fig. 2 Ultra vehicle, test site in Cardiff, Whales (Department of Rail and Public Transportation, 
2008)
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are now. There is an emphasis on an upstream versus a downstream approach, 
which helps to address problems before they occur rather than after the fact.”[21]. 
Table 1 show the working process to apply the FSSD to achieve Karlskrona 
municipality’s sustainable mobility. The working process for developing the 
FSSD-SM consists in:

Acknowledgments of the system•	
Building a mobility vision•	
Backcasting from Karlskrona sustainable mobility vision – strategy: analyses •	
of Karlskrona mobility system – current reality, C step, strategic guidelines, 
D step
Suggested actions; suggested tools•	

The research team facilitated an ABCD workshop with politicians and employees from 
the municipality of Karlskrona, which resulted in:

A list of present barriers to sustainable mobility – B list•	
The beginning of the construction of a vision for sustainable mobility in the •	
municipality in 2050
Brainstormed measures to get to this vision within the constraints of the 4 SPs –  •	
C list
Thorough understanding of how complex systems work, the need for acknow-•	
ledging the systems involved and for the creation of guidelines for prioritization 
of measures

Total (producer & User) cost per passenger-journey 

(10 km) for various transit modes

City Street Bus
Bus Way
LRT
Metro
Commuter rail
AGT
PRT

per Passenger journey

PRT

Street Bus

Bus Way

AGT

LRT

Metro

Commuter rail

5

–

10

15

20

25

30

35

40

5 000 10 000 15 000 20 000 25 000 30 000 35 000 40 000 45 000 50 000

Fig. 4 Total cost per passenger–journey for transit modes [20]
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Conclusion and Discussion

Sustainable mobility in a small municipality where car riding is rising can only be 
achieved with the supply of a new technology system, attractive enough to compete 
with the use of cars [I. Andrèasson, 2008, personal communication1]. PRT systems 

1 Adjunct professor in Transport and Logistics; Director for the Centre for Traffic Research at the 
Royal Institute of Technology in Stockholm Sweden.

Table 1 FSSD-Sustainable Mobility Framework for Strategic Sustainable 
Development for Sustainable Mobility in Karlskrona
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were compared with the use of private cars, and not with other PT modal systems. 
The fact that it provides personalized on demand service 24 × 7, and is driverless 
(therefore allowing for the extended service hours with no extra cost) must be added 
to the careful step-by-step introduction of the system with the clear aim to supplant 
car use, where additional infrastructure for the private car will not be accepted. The 
Karlskrona case study highlighted several benefits which the implementation of 
PRT systems would ensure: (i) increased competitiveness for the municipality; (ii) 
attracting investment and visitors; (iii) direct and indirect employment effects; (iv) 
access benefits to citizens marginalized by poor PT and no access to cars; (v) con-
gestions elimination; (vi) emissions and pollution reduction; (vii) accident and 
noise reduction. Thus, the municipality can and should go ahead to plan for the 
implementation of PRT systems in the medium term. Unless it decides to embrace 
this new technology and plans accordingly, it will go on investing time and 
resources into “dead-end” strategies, and not be prepared for issues like peak oil, 
ever more severe EU and National regulations concerning emission, etc. The next 
step would be to contract expert advice to develop a thorough feasibility study for 
the integrated implementation of a PRT system in the city.

PRT systems are not the only magical solution to sustainable mobility – they will 
only be an effective solution when properly integrated to the existing modal infra-
structure. The integration will vary from region to region. In smaller cities it must 
be integrated to the existing bus (road) and train infrastructure, as well as to the 
shorter distance mobility systems like walking and cycling. The bus service must 
be reshaped to provide reliable and timely scheduling and routing to attract more 
customers. This might be more productive than trying to substitute the fuel the 
buses presently run on (if bus ridership raises, emissions per capita will lower 
considerably). Bus stops must be redesigned to provide necessary shelter; bike 
paths must be planned and implemented. Once planning is completed and imple-
mentation is under way, a marketing campaign can be launched in consonance with 
the implementation lead times.
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Introduction

The European Union in the Green Book on Urban Transport notices that in order 
to foster urban and suburban sustainable mobility among citizens, they should be 
provided with transport services with quality that is efficient and reliable. However, 
to provide good services, it is essential to develop and adequately maintain and 
operate the necessary infrastructure facilities. The report intends to establish 
different strategies for sustainable urban transport, giving special emphasis in the 
need to rely on important economical resources to invest in transport infrastructure. 
Those strategies take shape in a group of measures related to budgets, regulations 
and different financial instruments such as specific local taxes, in order to accom-
plish the goals.

On the other hand, urban economics states that if a property has the opportunity 
to access to better benefits than the others, the demand for it will be higher, increasing 
its value.

A new station generates a benefit around it, which people living or working 
close to it take special advantage from. This benefit is noticed in the real estate 
market increase, especially in the areas close to the stations. The above is because 
people prefer to live close to a public transport station that will facilitate their 
commuting trips and lower their transportation costs. Likewise, retail stores and 
offices are benefited in its location by the number of people that uses this means of 
transport and by the facility that means of transport implies to the employees to 
commute.
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It is convenient to comment that in some cases negative externalities are 
produced around the buildings close to the transport lines. It is important to differen-
tiate between the externalities produced by being close to a station and the ones 
produced by being close to the transport line, especially when the line is at ground 
level. The negative externalities are produced principally by noise, vibrations and 
landscape affection, but nowadays due to new materials and new technology, these 
negative effects can be minimized and are topics taken into account when designing 
the infrastructure.

If the benefits produced by the infrastructure exist and can be accounted, it is 
necessary to question to whom theses benefits belong to. It is true that a new trans-
port line provide a general benefit to the neighborhood but especially to the closest 
buildings. This value capture could be used to fund part of the transport infrastruc-
ture construction, operation or maintenance in order to diminish the contribution of 
public resources.

In the following part, some mechanisms used in different places are presented, 
that contribute to transport infrastructure funding.

Case Studies

There are many examples of value-capture due to a transport infrastructure. We 
discuss some of them in the following sections.

Los Angeles, California

To repay construction costs of the Los Angeles Metro Red Line, private businesses 
located half or one third mile close to the station, contribute by an assessment rate. 
This rate takes into account the benefited area, plus the last 3 years’ delinquency 
rates. Furthermore, the price is fixed, therefore properties, independently of the 
type of business, pay the same for each square meter. It was a very long process to 
establish this mechanism, faced a lot of resistance but nowadays this rate is equal 
to the 9% total investment cost of this line [1].

France

This country has established a public transport funding system known as “Versement 
Transport (VT)”. It is a specific tax paid by public or private companies with more 
than nine workers, located within a 10,000 habitant’s urban transport perimeter. 
This tax is used to fund either operational costs or new transport infrastructure. The 
Urban Transport Authorities (AOTU) are in charge of establishing this tax as well 
as the rate, with a maximum contemplated by the law [2].
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The VT represents around the 33% from all the urban transport’s operational and 
investment costs without taking into account the Paris region. In this region, the 
companies also contribute with the 50% of the monthly ticket of their employees, 
therefore, the companies’ final contribution increases to the 43% [3]. Hence, this 
tax is the main permanent funding source that allows vehicle modernization, to 
have new infrastructures been built and other operational costs.

Munich, Germany

The mechanism used is based on the interest of the urban developer. If he is inter-
ested in obtaining the license to construct a neighborhood, first he has to obtain the 
land value from a real estate experts’ panel. After the land has the license and it has 
started to being constructed, the land value will increase. The difference between 
those two values is a measure that local authorities may claim, even till two third 
parts of this difference, as a source to construct public infrastructure. The rest of the 
value corresponds to the land developer [4].

Hong Kong

The train system in Hong Kong is known for its high quality and by its self-financing 
mechanisms without using public resources. To achieve so, they have implemented 
different mechanisms such as the “Railway-Property Development Model”. This 
model gives the rail companies the right to build urban developments around 
the stations or even underneath or over the stations [5]. This mechanism allows 
maximizing the urban use around stations. Therefore, people could access very 
easily to the transport system and much more properties are benefited by the 
transport service.

The above implies that urban developments work as financial organisms of 
transport projects.

This kind of financial schemes have been used to develop 6 million square 
meters of housing and 5 million square meters of office and retail areas [5]. That 
explains in part their self-financing transport system.

Spanish Situation

Taxes and Tributes

In the next paragraphs there are briefly explained the most important property taxes 
as well as the Special Contribution tribute case.
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Property Tax (IBI)

This tax is paid once a year; the value is established and paid to the city council as 
a percentage of the properties official value.

Urban Land Value Increase Tax

It has to be paid by whoever sells urban land, house, apartment, parking space, etc. for 
the land value increase it has got while being proprietary. Nonetheless, this tax does 
not take into account the reason of that value increase and its objective is not exactly 
to contribute to public transport funding. The taxes above, like all taxes in Spain, are 
not earmarked. On the other hand, there are as well other mechanisms to collect funds, 
such as fees and special contribution that may have self-financing purposes.

Special Contributions

The Spanish law contemplates this tribute as “those tributes where the taxable event 
consists in obtaining by the party who executes the event, a benefit or a value 
increase in his properties, as a consequence either of public works, or establishment 
or extension of public services” [6]. The Highways Law contemplates this financial 
mechanism as well, either for physical persons or with corporate identity that 
become especially benefited by the property value increase due to the public works 
carried out. The problem is how to justify this benefit, the benefit amount and the 
impact area. The above has made this tribute difficult to put into practice.

Spanish Experiences

Special contributions are covered in the legislation; however, most of the times are 
not used because it might take a long legal process. Nevertheless, there is an initia-
tive to start using them. For example; Parla’s light rail, where the city council 
invested 87 million euros to finance it. They look forward to recovering part of the 
investment by special contributions from private housing developers, around 10% 
of the invested [7].

Other simpler schemes have been put into practice, to fund transport infrastructures, 
most of the times through negotiations with developers. This is the case, long time 
ago, of the “Cuatro Caminos” metro station in Madrid. The transport company built 
a new neighborhood in order to collect money to construct the infrastructure. The same 
happened years latter with line 1 expansion in the “Ensanche de Vallecas” zone 
where 37% of tunnel total costs were paid by urban developers using the increase 
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in property values generated to those properties close to the stations, approximately, 
25 million euros.

Another interesting example is the metro line known as Metronorte, where the 
company “Telefonica” has funded part of the line to get to their new offices, in “Las 
Tablas” neighborhood, called “Ronda de la Comunicación”. Through an agreement 
with the state government, the company contributed with 9 million euros to build 
the new station plus 5 million to construct the metro tunnel that crosses the building, 
around 260 m long.

Proposals for Spain

Developer’s Fee

The simplest way to achieve value-capture, it saves time and it is based in looking 
for Transport Oriented Development (TOD) projects since the very beginning. It is 
recommended to legislate in this matter and specially to apply the existent mecha-
nisms, like special contributions. If the developers are demanded to build part of the 
transport infrastructures, that will definitely improve the quality of the area, there-
fore increasing the benefits of the buildings, this implies a higher sale’s price. It 
would have a high acceptability because society would not perceive this charge, it 
could be said that this is a win-win strategy.

It is a measure that has already been applied, either to developers or companies; 
however, until now it has depended on the good will of the benefited parts to con-
tribute to the construction. As an example we have Telefonica Company in 
Metronorte facing the situation of “La ciudad financiera” of the Bank SCH, that 
did not have the willingness to contribute to the light rail construction so it could 
reach their new offices in order to benefit their 5,000 workers to encourage the use 
of public transport, in contrast, they built a parking lot for 3,500 places.

The main problem is that this scheme could be used to new housing develop-
ments but not in existent neighborhoods even though new transport infrastructure 
would be provided, for these cases additional mechanisms should be established.

A Modification to the Urban Land Increase Value Tax

This tax is established by the city council and they are the ones that manage it. The 
law says that the tax rate is based on the value increase between the value when 
the property was bought and the sale’s price with a 30% maximum. Nonetheless, the 
collected taxes go to the general budget resources; hence it is impossible to differ-
entiate which part belongs to transport value-capture.

It is proposed that an infrastructure fund is established by the city councils in 
order to capture the tax’s proportional part due to transport infrastructure.
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This is a very simple solution that would have neither acceptability, nor collecting 
problems. The main problem is that it has to be fulfilled that the city councils spend these 
funds only for public transit. It should be legislated in order to achieve this matter.

Office and Retail Fee

If retail and business centers are well communicated through different means of 
transport, the landlord as well as the tenant are benefited by the opportunities they 
have. Therefore, they should be asked to contribute to the infrastructure.

For that sake it is proposed to establish a fee where the companies or stores 
settled within a perimeter of 1,000 m from the transport station contribute to the 
transport infrastructure’s operational costs or exchanging it by their employees’ 
monthly transport ticket (100% or 50% of it). It would have a very good social 
acceptability because the fee would not be paid directly by the society and the 
companies located close to stations would receive a better amount of clients, they 
would contribute to improve the environmental quality of the cities, they would also 
diminish their employees’ transportation costs, promoting the use of sustainable 
transport and improving their corporate image. Likewise, the benefits captured by 
this measure would be transferred directly to the transport authority and thereby 
they would be directly reinvested only in transport infrastructure.

In Madrid some private and public companies already offer this incentive, for 
example the Transport Administration in Madrid, most of the public administrations 
in Madrid city and in the region of Madrid as well, that provide to their employees 
the annual transport ticket. Some national ministries and public organisms like the 
Universidad Complutense give this incentive.

Finally, very few private companies provide this incentive, around five or ten and 
most of them are small companies.

Private Transport Fee

A similar measure has been proposed in London, Sydney and Perth, but through 
taxes to parking lots in business centers. These types of initiatives are very questioned 
although they may raise an important amount of money as well as may diminish the 
use of private transport.

It is proposed that if people that live in an area benefited by public transport still prefer 
to use private transport (at least that their condition turns it to be indispensable), they should 
be penalized through a private vehicle fee registered in that property. The objective is 
to reduce the number of cars per family, improving each home’s mobility.

It seems to be a very complicated measure to establish because it has to be 
defined a border between the zones that are benefited by public transport from the 
ones that are not. It seems to be a measure with low social acceptability. Nevertheless, 
it would diminish each family’s number of vehicles as well as promoting either 
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public transport or a better mobility culture. Finally, it would induce people’s relo-
cation by their means of transport. Those who prefer private transport would move 
towards areas where this fee has not to be paid, giving priority to live close to the 
stations to the people that prefer to use public transport.

Conclusions

Nowadays, it can be said that value capture has not been taken advantage of to 
fund transport infrastructure. In order to achieve the goals set by the EU in the 
Urban Transport Green Paper, it is necessary to propose new financial mechanisms 
to reinvest in public transport projects in such a way that justice, feasibility and 
social acceptability are accomplished.

On the other hand, it is necessary to adapt the current fiscal system to capture 
the benefits produced by the transport infrastructures to use them to fund and main-
tain these infrastructures. Likewise, an effort should be made to apply the existent 
measures, especially those related to special contributions in Spain.

The presented proposals intend to promote the use of public transport as well as to 
penalize the use of private transport in areas close to train or metro stations, in order to 
promote that people that work or live close to the stations change to public transport.

It is important to notice the importance of urban densification especially in the 
closest zones to stations to attract as much people as possible to fulfill the optimum 
operational standards, where value-capture measures would be best exploited.
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Assessment of Environmental Costs in Urban Areas

Achieving sustainable mobility in urban areas means to reconcile environmental 
protection with social well-being and economic development. These targets include 
reducing the negative impacts from transport, including pollution, noise and 
congestion, while ensuring affordable, accessible and safe mobility, without affecting 
the living conditions of future generations [1, 2].

To measure how sustainable mobility is achieved we need to settle a number of 
indicators [3]. However, the assessment methods of transport policies more often 
use time and cost indicators rather than environmental ones [4].

The approach adopted to analyze transport sustainability is to develop the socio-
environmental account of transport means for each specific city or region [5]. This 
integrated approach considers all transport externalities in a comparative way and is 
a good tool for planning taken into account social fairness [6–8]. We have used these 
concepts making the travelers transport account of Madrid. In this account, we have 
worked with social costs like a way for analyzing the sustainable transport.

This kind of assessment has been improved over time (decades) by including 
more factors [9, 10]. Thus, in Europe we can find several transport studies dealing 
with counts of general social cost or externalities at a national, regional or urban 
level [11, 12].

In this paper, we show the importance of urban and metropolitan environmental 
cost among various diverse transports modes. We will analyze the results of the 
Madrid case study and we will point to guidelines for a more sustainable develop-
ment in cities.
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Social Transport Account: How to Measure

Environmental costs and externalities allocation are necessary to calculate the optimum 
social costs and sound basis to reduce global car mobility in cities [13].

Sustainable mobility is linked to the model for urban development in each city 
[14–17]. Suburban sprawl causes trips that are cheaper for user but generate more 
global mobility and less social welfare. The internalization of externalities can 
correct this process [18].

To deal with this kind of effects we need to know the social cost of all kind of 
trips, for each city zone and transport mode [19]. In the transport account presented 
here, we have used disaggregated data to provide detailed results for different 
geographical zones which influence the costs of trips: urban and metropolitan.

Transport social cost is the cost paid for an individual trip by the whole society. 
These costs have two components, one is internal and the other external. The cost 
structure is different for every transport mode, so we can use that cost account for 
comparing the performance of trips made with different modes. In this study we have 
taken into account the following modes: urban bus, suburban bus, metro, suburban 
train, car, taxi, and walking (in Madrid bikes are not representative nowadays).

The kind of costs we took into account include: infrastructure, operating cost, 
travel time, accidents, noise, air pollution, global warming and land taken. We have 
given special attention to externalities within social cost, although we have not 
taken into account some externalities such as downstream processes because they 
are still not significant [12] (Table 1).

We have made use of different cost methodologies, developed for previous studies, 
for each cost category [11, 12, 19, 20]. Then we had to adapt them to the specific 
case and values of the Madrid Metropolitan Area. Several previous studies have 
already been carried out in Spain on transport externalities costs in urban areas, 
both in Barcelona [21] and Madrid [22]. This study is based in the latter, but its 
methodology has been improved and applied to the 2004 Madrid Region mobility 
survey [23].

Table 1 Costs appraised in the study

Cost Cost elements

Infrastructures Capital costs of investments and replacement of assets, running 
costs for maintenance

Operating costs Vehicle related costs, cost of personnel and administrative costs
Travel time Time spent in traveling: access, waiting, trip and dispersion
Accidents Risk value, human capital losses, medical care, administrative costs, 

damage to property
Noise Human health impact, damage to property
Air pollution Human health impact, environmental damage, damage to building 

structures
Global warming Climate change, impact of energy use, impact of environment
Land taken Loss of habitat, landscape charge
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Madrid Metropolitan Area Case Study: Structure  
and Mobility Patterns

Madrid is the capital city of Spain. It is a city of 3.1 million inhabitants, surrounded by 
its Metropolitan Ring with a population of 2.3 million. Demographic density and job 
distribution varies considerably (see Table 2 and Fig. 1), where the core part (CBD) 
plays a big role. These differences have substantial effects on mobility patterns.

For the purpose of this study we have considered two different types of trips:

•	 Urban trips: origin and destination in Madrid City (either CBD or periphery)
•	 Metropolitan trips: origin and/or destination in the Metropolitan Ring

The use of different transport modes is rather different between Madrid City and its 
Metropolitan Ring (Table 3). Public transport (PT) is the most important transport 
mode in the denser central city districts whereas the car is dominant in the suburbs. 
The number of walking trips is on the rise in the city centre and is falling in favor 
of car use in the Metropolitan Ring. Very few trips are made by bicycle, just 0.1% 
in the urban area. Madrid City has a good mobility performance rating but car trips 
are increasing at a faster rate than trips by public transport or on foot. Car trips 
predominate in the Metropolitan Ring and are growing very rapidly, which is a 
clear threat for the future [24]. According to the 2004 mobility survey [23] PT 

Table 2 Social Indicators. Madrid Metropolitan Area, 2004

Inhabitants
Surface  
area (km2)

Density 
(inh/ha) Jobs

Jobs/1,000 
inh

Madrid 
municipality

CBD 1,018,732 42 243 959,877 942
Periphery 2,116,513 564 38 815,648 385

Metropolitan Ring 2,328,494 2,086 11 893,982 384
Total 5,463,739 2,692 20 2669,507 489

Fig. 1 Madrid Metropolitan Area zones
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accounts for 38% of trips in Madrid City and only 24% in the Metropolitan Ring; 
car patronage was 29%, and 45% respectively; while 32% are walking trips in 
Madrid City and 30% in the Metropolitan Ring. Comparing data from the two last 
mobility surveys 1996–2004, the first observation to make is that the mobility rate 
has been on the rise a lot. In Madrid City, it has increased from 2.13 to 2.44 (15%) 
trips per person over the 1996–2004 period [23, 25]. In the Metropolitan Ring the 
rate has grown even more: from 2.04 to 2.61 (28%) trips per person.

This is mainly due to the increase of car trips in the Metropolitan Ring by 75%. 
This change in mobility patterns has a big environmental impact and it is causing 
a vicious circle which will produce more car dependency and again more environ-
mental costs.

Transport Costs in Madrid

The transport costs evaluated in this study are €21.7 billions for the whole Madrid 
Metropolitan Area (Table 4). Trip time is two third of this total, and economic costs 
explain another 28%. This explains why in the assessment process of transport projects 
is given very low importance to externalities, including accidents and environmental 
costs. Externalities account only €883 million, which means about a 4%. Analyzing 
trip costs according to transport mode we can see big differences for all kinds of 
costs and for the Area where trips are made [5]. Table 5 shows the results in costs 
per passenger–kilometer according to urban and metropolitan modes. In urban trips, 
collective public transport is the most competitive. Car cost is practically twice metro 
cost, and the metro is the most efficient transport mode in urban trips. However, in 
metropolitan trips, costs for different transport modes are more similar.

Table 3 Modal split in Madrid Metropolitan Area, 2004

Mode Urban trips Percent
Metropolitan  
trips Percent

Urban bus 1,186,588 15.5 7,535 0.1
Metro 1,525,463 19.9 224,268 3.7
Suburban bus 33,835 0.4 735,463 12.1
Suburban train 173,052 2.3 513,909 8.5
Public transport 2,918,938 38.2 1,481,175 24.4
Car 1,716,583 22.4 2,700,828 44.5
Taxi 508,319 6.6 24,804 0.4
Motorbike 52,818 0.7 30,469 0.5
Walking 2,449,839 32.0 1,835,742 30.2
Total 7,646,497 100.0 6,073,018 100.0
Trips/inhabitants 2.44 2.61
Trips/inhabitants 

(1996)
2.13 2.04
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In other words, car is more competitive from the social point of view. Suburban 
train and bus trips are less costly from a social point of view, but differences are not 
big enough to influence a move in trips from car use.

We have to bear in mind also the average trips distances in each Area. Urban 
trips made by public transport have an average distance of 7.1 km while car trips 
are 7.9 km. This means that unitary costs in public transport are lower than in car, 
and also trips distances are more competitive. In the Metropolitan Area we find the 
opposite situation: average public transport trip is 21.4 km long, while in car it is 
16.3 km.

The conclusion is that in urban areas it is possible to attract more trips towards 
public transport modes, but in the suburbs this is quite difficult. Public transport is 
a good competitor against cars in denser central areas both from the travelers and 
from the social point of view. On the contrary, it has clear disadvantages when it is 
operating in urban sprawl zones. In these Areas it is less competitive: longer trips 
distances and higher social and economic costs [15].

Table 5 Costs by transport mode, 2004 (€
2004

/100 passenger–kilometer)

Urban trips Suburban trips

Urban bus Metro Car Taxi
Suburban 
bus

Suburban 
train Car

Infrastructures 0.35 2.71 1.90 2.10 0.07 1.69 0.37
Operating costs 16.31 9.14 52.68 37.55 5.78 5.87 12.15
Travel time 56.71 44.26 42.79 48.60 23.29 23.68 23.18
Economic costs 73.37 56.11 97.37 88.25 29.14 31.24 35.70
Accidents 0.67 0.08 1.07 1.24 0.14 – 1.06
Noise 0.19 – 0.82 0.90 0.08 – 0.31
Air pollution 0.76 0.03 1.94 2.12 0.30 0.03 0.67
Global warming 0.09 0.06 0.52 0.56 0.05 0.06 0.52
Land taken – – 0.01 0.01 0.04 0.05 0.24
Externalities 1.71 0.17 4.36 4.83 0.61 0.15 2.80
Total 75.08 56.28 101.73 93.08 29.74 31.39 38.50

Table 4 Transport costs distribution (million €
2004

)

Economic costs Externalities

Total
Infra- 
structures

Operating  
costs

Travel 
time Accidents Noise

Air 
pollution

Global 
warming

Land 
taken

Urban trips 229 3,431 7,325 124 56 137 33 1 11,335

Metropolitan 
trips

154 2,358 7,322 239 53 118 82 40 10,366

Total 382 5,789 14,647 363 109 255 115 41 21,701
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Externalities of Transport Modes in Madrid

If we focus our analysis only on the accidents and the environmental part of the 
total costs of transport, we see a very different picture both for urban and for met-
ropolitan trips [26].

In both areas, rail modes (metro and suburban rail) present the lowest rate of 
externalities. Then buses came second, and the highest externalities correspond 
to cars.

In urban trips metro account only €1.7 per 1,000 passenger–kilometer (Table 6). 
Urban buses externalities are about €17.2 that is 10 times higher. Car and taxi reach 
more than €43.7, almost 25 times more. Among externalities, air pollution is the 
most important for urban trips. It accounts for about half of the car externalities and 
a high share of the buses.

In the case of metropolitan trips (Table 7), suburban rail accounts only €1.5 per 
1,000 passenger– kilometer, the same cost as metro in urban trips. The other modes 
have lower unit costs than in the urban part, due to less congestion in the suburbs. 
However, trip distances are more than doubled: 18.1 km in the suburbs against 7.4 
km for Madrid City trips. Comparing costs among suburban trips in the different 
modes, rail based trips have again the best performance in externalities. Bus exter-
nalities are four times higher and those related to car trip externalities are 19 times. 
The share of externalities corresponding to air pollution is still the most important, but 
lower than in urban Areas. On the contrary, accidents are more relevant, with a cost 
of €10 per 1,000 passenger–kilometer made by car.

Table 6 Urban trips. Externalities costs (€
2004

/1,000 passengers–kilometer)

Urban bus Metro Car Taxi

Accidents 6.75 0.76 10.75 12.35
Noise 1.88 – 8.22 8.97
Air pollution 7.64 0.33 19.41 21.19
Global warming 0.87 0.62 5.16 5.63
Land taken 0.01 – 0.11 0.11
Total 17.15 1.71 43.64 48.26

Table 7 Metropolitan trips. Externalities costs (€
2004

/1,000 passengers–kilometer)

Suburban bus Suburban train Car

Accidents 1.39 – 10.64
Noise 0.79 0.02 3.07
Air pollution 2.96 0.32 6.69
Global warming 0.54 0.58 5.16
Land taken 0.37 0.54 2.44
Total 6.05 1.46 28.00
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Recommendations for More Sustainable  
Transport Policy in Madrid

The results of this study have two main findings. The methodology developed to 
assess social and environmental costs of transport modes has proved to be useful. 
Firstly, it enables us to compare mobility impacts on different type of city develop-
ments: low and high density Areas, good and poor Public Transport supply, etc [8]. 
Secondly, its application to Madrid Metropolitan Area point out a number of policy 
guidelines to achieve more sustainable mobility patterns in each part of the city.

The urban development of Madrid City has a clear benefit both from the 
economic and environmental point of views. Denser developments are more PT 
oriented than those in the Metropolitan sprawl. Costs for the user, for society, and 
for the environment clearly fosters a higher concentration of activities in the city. 
The length of trips in dense city centers is about 2.5 times than those in the 
Metropolitan Ring. City centre trips could be made on foot, cycling or by PT, while 
trips in the Metropolitan Ring are more convenient for car.

Therefore we can conclude two urban policy guidelines. The revitalization of 
city centers brings economic and environmental benefits. They improve the life of 
the citizens, because they are less dependent on car trips. On the contrary low 
density developments bring more costs in the long term, resulting in less sustainable 
forms of city development [16].

Finally, big cities profit from the good supply of rail modes: metro in the central 
part and suburban rail in the suburbs. Although they require big investments, there 
are clear benefits in the long run. They produce much less operating and environ-
mental costs because their capacity is higher and their technology is less harmful.

In summary, decision-makers in cities can use social and environmental trans-
port cost accounts to help them with decisions in providing urban transportation. 
The socio-economic and environmental points of view provide complementary 
views on their duties. Technicians who help them also benefit from transport accounts. 
They provide a clear valuation of all transport costs in a comparative way [5, 13].
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Introduction

Strategic Environmental Assessment (SEA) research has made little progress in 
developing analytical methodologies to resolve technical problems and to incorpo-
rate new findings into the landscape planning process. Therefore, the complex and 
interdisciplinary nature of environmental problems requires the development of a new 
class of GIS, integrating mathematical models, databases and expert knowledge 
based on conceptual models [1–3].

Screening is defined by the European Commission as ‘the process by which a 
decision is taken on whether or not SEA is required for a particular programme or 
plan’. Screening models have been proposed [4, 5], whose results have been effectively 
integrated into the decision-making process of two Spanish infrastructure plans: 
PIT 2000–2007 and PEIT 2005–2012 [6, 7]. These screening models are based on 
a prior GIS raster model containing an assessment model of environmental quality 
for the whole of a country, which classifies the Spanish territory.

The objective of the present work is to show the possibilities of this GIS model 
for assessing the value of the natural environment of a territory, for use in extensive 
geographic areas, and focusing on SEA and planning of infrastructure plans. We have 
selected as the main criteria ‘the preservation of territorial environment quality’. 
This aims to ‘conserve and improve the quality of the environment… based on the 
precautionary principle’ (Articles 6 and 174 of the EU Treaty), and proposes ‘the 
integration of conservation and sustainable use of biodiversity into the various plans 
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and programmes’ (Convention on Biological Diversity 1992, Rio Earth Summit). [8, 9] 
also indicate that environmental quality is becoming recognised as a critical factor 
that should constrain landscape planning. The environmental quality of the territory 
may be defined as the ‘degree of excellence or merit warranting the conservation of 
the essence and structure of the environment or of any of its elements’, as proposed by 
[10]. We have chosen this concept, as this author has a markedly practical focus.

However, the author proposes environmental quality assessment models focused 
on landscape planning projects applied to territories which range from a small 
extension (a municipal district) to an average extension (region). Nevertheless, SEA 
procedures require methodologies which enable the assessment of plans affecting 
large territories (on a national scale). For this reason we propose a model which 
evaluates the environmental quality of large extensions of land; we have called this 
model LATINO (LArge Territory Integrated eNvirOnmental model).

Methods

The proposed model is used to compare territorial units [10], and it is combined 
with a multi-criteria method which uses six forest structure evaluation criteria to 
assess the quality of forest landscapes [11]. We also examine other evaluation cri-
teria based on previously existing environmental information on a national scale. 
We consider that with 12 variables it is possible to assess the environmental quality 
of the Spanish territory. However, this model is an open system that allows continuous 
incorporation of new quality scores.

The map projections, GIS and mathematical software, scale and level of detail 
used are described in [4]. As enormous amounts of information are analyzed, it is 
impossible to use vector-type GIS operations, and we thus chose to use a GIS 
raster-type model. We use GIS models based on logical operations of reclassifying 
and combining the raster layers, and numerical vector operations based on the 
vector module. [12, 13] propose that the vector module is a suitable method for 
integrating multiple indicators into a single index, for practical operating reasons 
in planning procedures.

Inventory of 12 Environmental Qualities  
on a National Scale in Spain

Based on the available digital environmental information on a national scale, we 
use five digital maps: Corine Land Cover 1990 [14]; Spanish Landscape map [15]; 
Soil map [16]; Habitats map [17]; and Spanish Forestry Vegetation map [18]. 
These five maps allow us to generate, either directly or by deduction, a set of 12 
raster layers (pixel: 100 m): naturalness and singularity of the 50 units in the 
Corine Land Cover map; naturalness, singularity and fragmentation of the units in 
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the Habitats map; quality and singularity of the units in the Landscape map; quality 
and singularity of the units in the Soil map; total vegetation and forest cover; and 
forest fragmentation.

A basic panel of 15 experts (from the Technical and Complutense Universities of 
Madrid) was consulted in order to obtain a set of four raster layers: naturalness of the 
units in the Corine Land Cover and Landscape maps; and quality of the units in the 
Soil map. A raster layer of naturalness of the units in the Habitats map was generated 
using the naturalness value for each polygon on the map, which were previously 
assigned by the experts who participated in the European Habitat Project.

We assess the territorial basic singularity of the different categories or classes in 
these maps, using an objective index of basic singularity Eq. 1 [10].

 
  − = − × +     − 

1 100 1
Max x

S Ln
Max Min

 (1)

where S = territorial basic singularity index; Max = ha of the map’s largest cate-
gory; Min = ha of the map’s smallest category; x = ha of the map category being 
evaluated.

This continuous scale is then transformed into a discrete scale of five classes 
(rounding each decimal value up to the next whole number). We thus obtain a 
higher singularity value for the least represented classes in the territory, in order to 
safeguard biodiversity.

We evaluate the degree of territorial basic fragmentation of the different catego-
ries in the Forestry and Habitats maps, using an objective classification calculated 
with the GIS [10]:

1. We calculate the surface area of each of the polygons on these maps.
2. We assign a scale of four discrete values which correspond to each of the four per-

centiles of the numeric distribution of frequencies of surface sizes: Fragmentation 
class 1 = those sizes of polygons corresponding to the first percentile (0–25%)… 
fragmentation class 4 = those sizes of polygons corresponding to the fourth 
percentile (75–100%). The greatest value of the fragmentation variable is assigned 
to the polygons in the fourth percentile.

Normalisation of the 12 Variables

The 12 variables are normalised (transformed into a common final continuous scale 
from 0 to 1) to avoid overlapping during their subsequent integration into the 
model. Formula 2 is used to convert the discrete scales.

 − =   
0.5x

Xn
Max

 (2)
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Equation 3 is used for the transformation from a continuous scale into another 
normalised continuous scale.

 
− =   −

x Min
Xn

Max Min
 (3)

Integration of the 12 Variables into the Model

The 12 normalised raster variables are integrated using GIS combine operations. 
Each pixel of 1 ha of territory is assigned a vector with the 12 natural variables 
valued. We obtain n vectors distributed among the 50 million 1-ha pixels in 
Spain.

The next step is to order the n vectors using the modulus, to assign a synthetic 
value of theoretical environmental quality. The vector modulus equation (Eq. 4) is 
used to order the n vectors obtained based on their components.

 = + + + + =2 2 2
1 12.... ... 1...12iv v v v i  (4)

where n is the vector modulus; and ni is a vector component. Then the values 
obtained for each of the n Euclidean distances are normalised into m equivalent 
classes of theoretical territorial environmental quality required (from 1 to m), 
applying the formula (5).

 Theoretical natural quality class = ((n–n
MIN

) / (n
MAX

–n
MIN

)) * (m + 0.5) (5)

where n is the vector modulus of each of the n vectors obtained; n
MIN

 is the 
minimum vector modulus obtained; n

MAX
 is the maximum vector modulus 

obtained. In our example, we use five environmental quality classes (m = 5), 
therefore, the higher territorial environmental quality class is obtained when 
4.5< n <5.5. The uses of 5 to 100 classes are considered sufficient to assist 
the SEA and screening models of the two Spanish infrastructure plans: PIT 
and PEIT (to distinguish clearly extreme cases of environmental quality in 
territory).

Verification of the Model

The goodness of fit is checked against the real model of the five classes of envi-
ronmental quality by integrating our environmental quality map with a map of 
protected natural areas in Spain (30% of Spanish territory). We apply a contin-
gency table with the corresponding chi squared test, which enables us to analyse 
whether there is a statistically significant distribution of squares with greater 
territorial environmental quality inside the protected areas.
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Results and Discussion

The common premise governing environmental assessment and landscape planning 
procedures should be “to devote the greatest possible effort to the most signifi-
cant problems”. Therefore, [10] recommends using evaluation criteria to identify 
critical environmental areas in order to limit the area involved in the landscape 
planning. We use the criteria of environmental quality to identify critical areas 
in Spain.

In our example, a total of 102,240 different vectors are obtained with 12 compo-
nents, assigned to each of the 50 million 1-ha grid squares for Spain. The classifica-
tion of the vectors (vector modulus) provides a raster map with 100 classes of 
territorial environmental quality (Fig. 1). The raster layers and the combining and 
reclassifying operations are able to deal with enormous amounts of information 
with no difficulty at all.

The distribution frequency for each of the quality classes is very suitable for 
the development of landscape planning procedures (Table 1). The model shows that the 
planning of land-use activities would be acceptable in 48.28% of Spanish territory, 

Fig. 1 Assessment model of territorial natural quality in Spain (LATINO model – 100 natural 
quality classes). Metadata: European projection standard Lambert Equal Area and Datum 
ETRS89. One hundred metres pixel-raster maps. Model scale: 1:500,000. Colour codes: low 
natural quality classes 1 to 39 = light grey; natural quality classes 40 to 59 = grey; natural quality 
classes 60 to 79 = dark grey; greatest natural quality classes 80 to 100 = black



36 L.G. García-Montero et al.

as this would affect grid squares with low environmental quality values (classes 1 
to 39). However land-use activities should be minimised in 20.58% of the territory, 
as this would affect grid squares with high values (60 to 100).

Finally, a check against the environmental quality map shows that these results 
have a good fit with the actual situation (in relation to the scale and level of detail 
used). Thus a second test showed that there is a high frequency of squares with high 
environmental quality in protected natural areas, and that this is significantly 
greater than in the rest of the Spanish territory (p < 0.0001) (Table 2).

In our example of an environmental assessment model focused on SEA and infra-
structure planning procedures (LATINO model), we analyse the environment in the 
Spanish territory as a whole. However, this objective contrasts with the availability 
and actual capacity, for handling environmental information in a country with an 
area of some 506,000 km2. Spain has a low population density (81 inhabitants/km2 
compared to the EU 15’s average of 115 inhabitants/km2) and many largely undis-
turbed natural areas. These factors make Spain an exceptional and unique place in 
Europe for natural resources. There are, for example, more endemic plant species in 
Spain than in the rest of Europe. Moreover, due to its geographic situation and the 
complexity of its climate, geology, geomorphology and history, the Spanish territory 
is an interrelated mosaic of rich and diverse landscapes and ecosystems, of great 
natural value and quality [19].

Spain thus represents a good starting point for developing this type of environmental 
assessment model – which would also be valid in other countries – and this model 
must take into account Spain’s vast biodiversity and natural richness.

In summary, the GIS raster model developed (LATINO model) has proved to be 
a simple and effective tool which provides a useful environmental quality assessment 

Table 1 Territorial natural quality in Spain. Application of a new GIS raster 
model (LATINO model)

Classes of territorial natural quality Area (ha) Area (%)

Quality 1 to 19 9,110,329 18.27
Quality 20 to 39 14,962,451 30.01
Quality 40 to 59 15,522,632 31.13
Quality 60 to 79 9,673,891 19.40
Quality 80 to 100 588,741 1.18
Total 49,858,044 100.00

Table 2 Distribution frequency of grid squares with different territorial natural quality (1 to 5 classes) 
inside and outside the protected natural spaces in the whole of the Spanish territory

Classes of territorial 
natural quality

Quality percentage outside 
protected natural areas

Quality percentage inside protected 
natural areas

Quality 1 87 13
Quality 2 85 15
Quality 3 70 30
Quality 4 51 49
Quality 5 33 67
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for a large territory, based on panels of experts and on objective GIS calculations, 
and focusing on SEA and infrastructure planning procedures. This GIS model is an 
open system that allows continuous incorporation of new environmental data.
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This paper presents some experiences around Europe: Holland, Spain, France, UK, 
etc., and their legislative and policy framework. These good practices show how to 
combine the right level of provision of infrastructures to attend mobility demand, 
but taking care for quality of life and environmental standards in new urban and 
business developments. The paper points out which are the key elements of a 
mobility plan, its phases, measures and the importance of a well designed public 
participation procedure.

Introduction

Some facts [1]:

Europe is one of the most urbanized continents. Approximately 75% of its  –
population lives in urban areas; by 2020, this will be 80% (EEA).
EU-27 greenhouse emissions would have fallen (1990–2005) by 14% instead of  –
7.9% (TERM). Short term projections indicate that 2010 greenhouse gas emissions 
will be the same as in 2005.
Urban transport contributes to 40% of transport related CO –

2
 emissions and is 

responsible for 70% of emissions of other pollutants arising from road transport.
The number of road traffic accidents in cities is growing each year: one in three  –
fatal accidents happens in urban areas.
According to the World Health Organisation, about 100,000 deaths a year could  –
be linked to ambient air pollution in cities in Europe.
NO –

2
 and PM

10
 concentrations at selected traffic monitoring stations indicate that 

cities are at or above European quality air limits.
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With this panorama, it is not surprising to consider transport as the villain of the 
movie, guilty of almost every wrong things regarding environment and, all in all, 
quality of life. But the transport sector may be seen from different perspectives, 
each on them, obviously, depending on which side are we. So, from an economic 
point of view, transport contributes for more than 10% of the GDP of the European 
Union, and gives employment to more than ten million people in the same context. 
On the other side, as a social cohesion and land integration factor transport means 
other interesting and by no means insignificant key aspect for economic competi-
tiveness of the different countries, fostering a number of associated activities, such 
as auto-propulsion industry, assets, etc.

This said, transport has a dark but not hidden side, linked to the sustainable devel-
opment of our societies, focused on one of the three pillars of what we have called 
“sustainability”: the environment, in such a way that being the results positive in the 
other two – social and economic –, not the same can be said regarding this third one. 
In other words: transport, and most of all, urban transport, is one of the main respon-
sible of pollution and climate change, not to mention the high energy consumption, 
noise, dead and injuries, illness, congestion [2], etc. Only road traffic congestion 
amounts to 0.50% of EU GDP, and business as usual, will increase to 1% for 2010 
[2]. In fact, in Spain road traffic congestion meant 0.2% of the GDP [3].

Since the aim of this paper is not to provide detailed information on issues that are 
well known – emissions, climate change, etc., – we will focus on how some cities have 
faced this problem through integrated strategies which take into account the interrela-
tions among land use patterns, transport supply and the role of the different modes of 
transport, individual and collective, benefiting from the co-modality promoted by the 
European Union in one of its most recent documents, the Green Paper: Towards a new 
culture for urban mobility that, obviously, includes walking and cycling as well [4].

That integrated approach, searching the balanced coordination of land use and 
mobility, is well expressed through the Local Transport Plans (LTP, UK), Plans de 
Déplacements Urbains (PDU, France), Piano de Mobilitá Urbana (PUM, Italy), 
Planes de Movilidad Urbana Sostenible (PMUS, España), and the generic umbrella 
for them all: Sustainable Urban Transport Plans (SUTP) [5]. This apparently tongue 
twister (PDU, LTP, PUM, PMUS, etc.), has a common set of features through 
which many cities have proven that, simple solutions are the most effective:

Covers the whole urban area –
Aims to reduce the negative impacts of transport and tackle the rising volumes  –
of traffic and congestion
Should be linked to national/regional strategies –
Cover all modes of transport –
Include people and goods –
Modal shift in favor of “soft” and alternatives modes –

Furthermore, those strategies involve the coordination and efficient use of the 
different modes of transport, to enhance the shift to more energy efficient transport 
modes, to foster the reduction of transport demand and the implementation of 
technological measures.
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From PDU to PUM and PMUS, Going Through LTP:  
The Tongue Twister of Urban Mobility

France. French PDU’s are in the origin of the urban mobility planning with 
sustainability criteria. They are based on three laws, the first one from 1982 (Loi 
d’Orientation des Transports Intérieurs (LOTI)-Inland Transport Law); the second, 
from 1996, was environmentally oriented: the Loi sur l’Air et l’Utilisation 
Rationnelle de l’Energie (LAURE) and make PDU compulsory for cities with more 
than 100,000 inhabitants. The last one, the Loi relative à la Solidarité et au 
Renouvellement Urbain (SRU), from 2000, was issued by the Transport Ministry 
as the first one, and in the framework of the territorial coherence scheme, obliges 
to set road safety objectives and to be compatible with the land use planning [6].

PDUS – time horizon, 10 years – are elaborated, passed and implemented by the 
Public Transport Authority, after a public survey process. Local Authorities inside 
the performance perimeter of the Transport Authority are responsible for the 
funding (except for Île de France (Paris). Nowadays, the Regions and Departments 
fund the plan.

As main results, PDU’s have put the urban transport plans on the political 
agenda and that has been translated into the implementation of a lot of tramways, 
the construction of exclusive bus lanes, a decisive parking policy), the deep involve-
ment of the stakeholders and the increasing in the number of travel plans, among 
others important outcomes [7]. Nevertheless, is always difficult to assert to what 
extent the good effects on urban mobility are only due to PDU’s, since population 
ageing or price of fuel, for instance, can also influence [8, 9].

More recently, in France have been also launched the so-called “micro PDU”, 
made of specific proposals around the local PDU, such as areas 30, pedestrianisation, 
parking schemes, bike lanes, etc. Sometimes those micro plans realized in green 
commuter plans or company transport plans, usually through soft measures such as 
public transport, on foot and bicycle.

United Kingdom. LTPs are landmark documents that require authorities to plan a 5 
year programme for managing transport services within a comprehensive and multi 
modal strategy to achieve local and national objectives [8], that is, must be consistent 
with the national plans and goals, both in transport and other issues. After the 5 years 
period, the plan is evaluated by the Local Transport Authorities [10].

The first round of LTPs were launched for the period 2000/2005, following the 
Transport Act issued in year 2000, that gave to the local authorities the competencies 
to implement those plans and, in order to help the authorities to do so, the Government 
launched a guide that sets the following objectives: to protect the environment, 
to improve passengers safety, to promote the sustainable growth of the economy, to 
provide global accessibility, especially for those without a car and to integrate land 
use and transport policies [11]. The objectives must be coherent with the national 
goals. Time horizon: 5 years. One of the key aspects of the LTPs is the existence of a 
set of indicators to evaluate the outcomes against the objectives. An annual progress 
report is required as a basis for the national funding that could be increased if the 
objectives are reached.
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Funding: National Government, if the annual report is positive. Then, the Local 
Authority can be eligible for 75% of the investment, plus 25% depending on the 
quality evaluation and level of achievement. A new guide for the second round of 
plans (2006/2011) has been launched.

Italy. Italian PUM’s [12] starts in 1996, with a Law from the Public Works Ministry 
on Urban Traffic Plans for cities with more than 30,000 inhabitants. The law 
340/2000 and the National Transport Plan defined the methodology for its imple-
mentation. Stricto sensu only the traffic plans are compulsory (i.e., appropriate 
disciplinary measures are taken), since the mobility plans are responsibility of those 
cities and regions with more than 100,000 inhabitants which can obtain funds from 
the National Government (up to 50% of the investment costs of the measures 
planed in the PUM).

There are a set of national guidelines for the implementation, even if the region 
produce its own. These guidelines define a set of indicators to measure the effec-
tiveness of the programme. Anyway, the goal is to integrate the PUM at sectoral 
levels, that is, with the PUT and with the urban and environmental planning. Time 
horizon: 10 years, with a bi-annual review.

Funding: National Government 60% of the investment (as a maximum), and the 
rest between municipalities and regions.

Objectives: to satisfy the citizen’s mobility needs, reduce pollution, noise, energy 
consumption and private car use, to increase the road safety, to foster car-pooling 
and car-sharing as mechanisms to reduce congestion in urban areas.

Spain. The Sustainable Urban Mobility Plans (SUMP) [13] were launched in the 
framework of a strategic and well defined plan, made up of the Master Plan for 
Infrastructures and Transport and the Energy Saving and Efficiency Strategy. Apart 
from that, and with the remarkable exception of the Mobility Law issued by the 
Catalan Government in 2003, there is not any compulsory rule to implement them.

But in 2006 a guide for the elaboration and implementation of Sustainable 
Urban Mobility Plans (SUMP) was launched. The guide explains in a clear and 
accessible way the main characteristics that a plan must have; measures, implemen-
tation methodologies, stakeholders, public participation process, good practices, 
etc. There is national funding foreseen to foster its implementation as well.

The guide recommends to those municipalities with more than 50,000 inhabitants 
the adoption of a SUMP, within a time horizon depending on the kind of measures 
to be implemented, 2 to 8 years.

Regarding the objectives, the guide does not provide a list beyond those that the 
word “sustainable” suggests: it will depend on each case, since the needs of each 
city differs. It recommends keeping the plan within a regional strategy, coordinating 
both municipal and regional levels.

Very schematically, those are some measures to be implemented by means of a 
SUTP, grouped by intervention areas [13]:

Traffic management and control (TMC)
Parking management (PM)
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Fostering public transport (PT)
Recovery urban quality (UQ)
Mobility management through specific measures (MM)
Improvement mobility for impaired people (MIP)
Urban freight transport (UF)
Integrated mobility and land use policies (MLU)
Environmental quality improvement and energy saving (EQ/ES)
Mobility plans for large companies (MPC)
Safety improvement (SI)

Some Strategies and Measures

There are four basic policy categories in SUTP: (1) Reducing the need for motorized 
transport, (2) enhancing modal shift, (3) developing clean and silent transport 
systems, (4) improving transport efficiency (Sustainable Urban) [14] (Table 1).

The lack of space prevents this paper from showing the analysis of cases which 
would result on a more detailed benchmarking exercise. So, let’s say that each 
country has developed its legislation, rules or guidelines having in mind the different 
needs of their municipalities. The monitoring process carried out by and in each 
one of them, shows different results against the specified objectives of the plan. 
It is important to remark that, despite the long list of cities analyzed; only a few 
provide data regarding the quantitative reduction of emissions (Table 2).

Almost all of the plans give information about the impact of the measures on 
congestion and modal shift, which obviously have positive effects on urban envi-
ronment, but it is not enough, since detailed consideration of local circumstances 
would be needed.

Results and Discussion

Each country names its urban mobility plans in a different manner: PDUs, PTUS, 
PUM, LTP are all different names given to the same reality. But, as “head document” 
above all of them the UE is remarkable the recent Green Paper Towards a new 
culture for urban mobility (COM 2007), that claims for integrated urban mobility 
approaches, expressed in Sustainable Urban Transport Plans (SUTP). This docu-
ment proves that it is time to act and, so, the European Commission committed 
itself to produce guidelines to implement those plans, not yet published. Indeed, if 
in 2001 the White Paper European Transport Policy first came out under the title 
“time to decide”, maybe this Green one should be called as “time to act”.) These 
guidelines should be the umbrella that covered the different national plans, suggest-
ing a minimum content for each one in such a way that all of them had a common 
evaluation framework, with a set of indicators and goals that allowed, through a 
benchmarking exercise, the dissemination of good practices. Anyway, it is indifferent 
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the use of the term “transport” or “mobility” as long as the plan reflect the concept 
of mobility regarding objectives, policies and measures (Expert Working Group on 
SUTP, Rupprecht Consult, 2004).

On the other hand, if is true that there is nothing new under the sun, we could 
ask then which could be the added value of the EU initiative derived from the 
Green Paper. The answer is written on it, adopting different forms: promoting the 
exchange of good practice at all levels (local, regional and national); underpinning 
the establishment of common standards and the harmonization of standards if 
necessary; offering financial support to those who are in greatest need of such 
support; encouraging research the applications of which will make it possible 
to bring about improvements in mobility safety and environmental; simplifying 
legislation and, in some cases, repealing existing legislation or adopting new 
legislation. Not certainly minor questions to put into practice, although none of 
them are a big novelty.

The cases analyzed in this paper show that regardless the existence or not of 
a specific law, and the different names adopted, there are some countries where 
successful urban mobility plans are implemented. In Spain for instance, these plans are 
not compulsory. Many municipalities that have started to implement them benefiting 
from the national subsidies, what is, at last, the main problem: funding.

Regarding funding schemes, it is very important to link it to the achievement 
of the objectives (as in the UK). Closely related is the importance of a good set 
of homogeneous key indicators, available and clear that allow calculating the 
effectiveness and level of achievement of the measures implemented. This in turn, 
will allow the design of alternatives and become a key support of the decision 
making process.

Another important aspect is the need of coordination between the different levels 
of the administration, both hierarchical and horizontal, that is, National Government/
Region/Department/Local, and between departments of the same administration, 
beyond informal cooperation agreement. The coordination is especially visible in 
France and the UK, where the urban plans must be coherent and consistent with the 
national and regional land use planning, and with the air quality legislation. In the 
UK, integration with sectoral policies (disabled, social inclusion, noise) is required 
as well.

Plans must be realistic, since in some cases it seems obvious that the objectives 
are clearly Utopian, and public institutions seems more interested in “sell” it than 
implement (at last, are the citizens who vote). Sometimes, results may be better 
acting on a small area, such as universities, whose mobility is half a commuter plan 
and half an urban mobility plan.

Finally, it is highly recommended to avoid the temptation brought about by the 
language tricks: pompous names do not turn into better what is not and, all in all, 
it is the same a Sustainable Urban Mobility Plan that a Local Development Strategy 
… as long as it is sustainable, of course.



47Sustainable Mobility in Metropolitan Areas

References

 1. European Environment Agency (2008) TERM 2007: Indicators tracking transport and 
environment in the European Union Report 1/2008

 2. European Commission (2001) White Paper European Transport Policy for 2010: time to 
decide COM 370 final

 3. INFRAS-IWW (2004) External costs of transport
 4. European Commission (2007) Green Paper: Towards a new culture for urban mobility COM 

551
 5. European Commission (2006) Communication from the Commission to the Council and the 

European Parliament on Thematic Strategy on the Urban Environment. SEC 16
 6. Loi d’Orientation des Transports Intérieurs (LOTI) (1982) Loi sur l’Air et l’Utilisation Rationnelle 

de l’Energie (LAURE) (1998) Loi Solidarité et Renouvellement Urbain (SRU) (2000)
 7. Centre D’etudes sur les reseaux, les transports, l’urbanisme et sur les constructions publiques 

(CERTU) (1996) Les Plans de déplacements Urbains. Guide Méthodologique
 8. Thevenon J (2007) (CERTU) The urban travel plan in France: 25 years on. From UTP to SUTP? 

IDAE, Espacios Urbanos Espacios Humanos…hacia una movilidad sostenible Madrid
 9. Benoît T (2001) Local public transport organisation in France: A new deal? Seventh 

THREDBO Conference, Molde (Norway)
10. Department for transport (DfT) (2004) Full Guidance on Local Transport Plans (online) 

Second Edition. Draft for consultation. London http://www.dft.gov.uk/pgr/regional/ltp/
guidence/fltp/fullguidanceonlocaltransport3657

11. Ministerio de medioambiente (2005) Planes de Movilidad Urbana. Tecnologías de Reducción 
de Emisiones en el Transporte. Madrid

12. Expert group in group on sustainable urban transport plans (2004) Final Report
13. Instituto para la diversificación y el ahorro de energía (2006) Guía práctica para la elaboración 

e implementación de Planes de Movilidad Urbana Sostenible, IDAE Madrid
14. Sustainable urban transport plans and urban environment: Policies, effects and simulations 

(2005) Final Report



49

To achieve these objectives, we recommend using an iterative cycle of the indicator: 
generation and selection, technical construction, application, development and finally, 
communication, transfer and use. As examples of the methodology, we show:

An example of two blocks of indicators of a social nature•	
The development of a subset of road accident indicators, which have been •	
applied in several geographic areas throughout Europe and Spain

Introduction

In recent years the range of transport systems, infrastructures and services available 
in Spain has grown in response to social demand, within a climate of economic 
growth. This increasing trend in transport use – both for passengers and freight – has 
been a contributing factor to the rise in energy use and carbon dioxide (CO

2
) emissions. 

The current transport system is based on transport modes with high energy intensity 
such as road transport. It has a serious impact on the environment, including air 
pollution and noise, as well as contributing to global warming [1].

Both transport demand and greenhouse gas emissions are constantly increasing, 
and at a greater rate than the GDP. On the other hand, there has been some decrease 
in air pollution, although to a lesser degree [2]. Unless we can dissociate transport 
activity from income, the use of energy in the transport sector will continue to grow 
[3]. However, we have already reached the maximum elasticity of greenhouse gases 
in relation to the GDP, and this implies that future increases in GDP will entail more 
minor changes in emissions [4].
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Technological innovations can create a transport system that is sustainable from 
an environmental point of view, and there is evidence of an improvement in energy 
intensities, which has drastically reversed pollution trends [5]. However, it is not 
enough to rely on technology to obtain a sustainable transport system, and far-reaching 
shifts in policy and current regulations are required [6].

The direct usefulness of a system of indicators is that it can provide information 
from processes where major mobility policies are formulated and implemented [7]. 
A direct link between environmental indicator systems and policies will provide a 
solid mechanism for integrating the criteria of environmental sustainability into the 
decision-making process within the area of transport. This link is not only important 
for following up trends, but also for designing the measures themselves [8].

The general increase in transport activity has gone hand in hand with a rising 
concern of the potential threat that our current lifestyle poses to the environment 
and to human health [9]. Therefore, a sustainable transport system needs to address 
the balance between economic, social and environmental considerations in order to 
define transport policy objectives. In particular, this system must be cost-efficient 
while respecting the environment (pollution, land use, energy consumption and 
natural elements), but also safe [10] and provide society with sufficient quality of 
service throughout the whole territory (fairness, social integration, etc.).

Transport Indicator Systems

The European Environment Agency’s TERM (Transport and Environment Reporting 
Mechanism) indicator system is a tool which responds to the European transport 
policy and to the concept of sustainable mobility. It currently comprises 40 indicators, 
which are primarily economical and environmental. Only four of these indicators, 
however, involve social aspects, and deal with accident rates, access to the service 
sector and to modes of transport.

The transport and environmental indicator system in Spain (TRAMA) is designed 
to measure the degree of sustainability of the Spanish transport system, and specifi-
cally analyzes the demand for transport in relation to environmental quality indicators. 
This makes it possible to analyze trends and to formulate transport policies over the 
long term. It has the declared objective of reducing external effects. Furthermore, it is 
based on key sustainability indicators; and it follows the guidelines and methodology 
of the TERM [11]. TRAMA provides a model of transport and trends, and a photo-
graph of the environmental pressures and impacts in the sphere of transport, thus 
enables identification of causal factors (basically technological and socio-economical). 
This system measures the effectiveness of the policies, commitments and objectives 
adopted with regard to transport and the environment.

Finally, the Spanish Observatory for Sustainability (OSE) compiles indicators 
for the transport sector which deal almost exclusively with economic and environ-
mental implications of sustainability [12]. The 2007 report has a structure which 
mirrors the European Union’s indicator system and it dedicates one section to the 
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transport sector. The report includes 17 indicators, but only one of them deals with 
the social dimension (fatal road accidents by age group), which is a response to the 
European Commission’s proposal to reduce by half the number of fatalities from 
traffic accidents during the period 2000–2010 [13].

Generally speaking, we can identify three stages in the process of generating and 
applying sustainability indicator systems. This have led to first, second and third 
generation systems [14]. First-generation systems originated in the 1980s from the 
work done by the OECD, and are characterized by being very theoretical, and exclu-
sively environmental. They include an environment-based approach (air, water, earth 
and biodiversity), an objective-based approach (in response to legal and administra-
tive requirements, Agenda 21), and a sector-based approach (transport, tourism, 
industry, etc.). Second-generation systems were developed in the 1990s on a national 
scale, and pursue a multidimensional approach (economic, environmental and 
social) to sustainable development. In recent years, the need to link aspects of devel-
opment together with its indicators has given rise to systems where the indicators are 
grouped, transversally and systematically, into themes or multidimensional areas 
(third-generation systems).

In summary, the transport indicator systems developed presently (TERM, 
TRAMA, OSE, ….) basically address economical aspects (demand, growth, invest-
ments, …), environmental aspects (emissions, clean technologies, …) and the 
interaction between economy and the environment (eco-efficiency…). However, a 
balanced solution needs to be found to the conflicting objectives of economic, 
environmental and social sustainability. So far, social aspects have been very super-
ficially addressed.

Moreover, the proliferation of sustainability indicator systems has led to a 
certain disparity and confusion among the different methods which makes them 
difficult to integrate. Greater homogeneity and uniformity is required when building 
indicator systems, in order to improve comparability, adjust to the structure of the 
current observatories, and make it easier to integrate the various sectorial systems 
(transport, urban planning, energy, social well-being, …).

Methodological Bases for Building a System  
of Transport Indicators

We establish the methodological bases for building an indicator system in phases with 
which to monitor the sustainability of the transport sector in its three aspects: eco-
nomic, environmental and social. We recommend using the following iterative cycle:

1. Context of the indicator system. This must include at least a definition of the 
geographic scope of application; political-administrative context; and the 
key time periods, given that sustainable development involves constant 
change [15].
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2. Generating and selecting the indicators. This will be done on a structure classified 
into areas, subsystems, blocks or levels, in order to facilitate their analysis 
by specialization [15]. The indicators will be selected based on their previous 
characterization according to their suitability (significant, mature, not redundant, 
with adequate geographical coverage and integrable), the quality of the data 
required (available at a reasonable cost, reliable, and methodologically consistent), 
and their social impact (interest, resonance, whether they are understandable and 
easy to communicate).

3. Technical construction and application of the selected indicators. This will allow 
them to be quantified and compared on different scales for specific years (synchronic 
comparison) and to analyze trends over time (diachronic comparison). In doing 
this, it is important for the selection of relative indicators to include not only 
trends (percentage of variation over time) and the relativization of the indicator 
by population and by area, but also other data and variables which help to provide 
a better understanding of the indicator, and to qualify its complexity.

4. Establishing critical and desirable threshold values, and objectives for realistic 
progress towards the desirable objectives. This will be done using reference 
values which allow a preliminary estimation or approximation in terms of 
distance.

The threshold values are considered limit; this means that in principle, there 
could be a negative limit or critical value, and another optimal or desirable value. 
The critical value indicates the minimum or maximum value that an indicator 
may have, below or above which there is clearly a situation of unsustainability, 
which is therefore the direct opposite of the desirable values corresponding to the 
optimal – albeit utopian – situation to be attained. As there is no official operative 
measurement of sustainable development, in most studies this is estimated based 
on the best existing situation in the scope of the study, or greater [16].

The objective values must establish some pragmatic progress towards the 
desirable values; this progress will be more accelerated the further they are from 
the desirable values in order to reach a rapid convergence. Greater efforts will 
be required towards the end, as we come closer to reaching the desirable values. 
These values or intervals are the ones we wish to attain as the ultimate objective 
of the policy to be applied, and they are estimated in terms of distance and 
convergence.

5. Communicating and using the indicator system. This involves transferring the 
indicators to the users (politicians, public managers, society, …) to enable the results 
to be used in the decision-making process, thereby legitimizing the indicators. 
In order to ensure their usefulness, they must be expressed and then submitted to 
debate at different levels of complexity (the most complex for experts, through 
to the simplest). There should be a limited number of indicators per debate (about 
five), with one predominant and other secondary indicators.

6. Generating new indicators. These will become progressively more complex, 
dense and transversal between the sectors (e.g., accessibility and social well-being) 
and between different scales.
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Results

To illustrate the methodology, we show part of the results from the beginning of the 
stage for generating and selecting a non-exhaustive list of indicators grouped into 
two blocks: accessibility to social services (Table 1), and road accident rate (Table 2). 
These two blocks correspond to the initial structure of the sub-system of social indi-
cators for the transport sector ordered into a framework of pressure-state-response.

The “accessibility to social services” block shows the beginnings of integration 
of two blocks belonging to two indicator subsystems of different nature: transport 
and social well-being. Some of the proposed response indicators recommend 
improving transport infrastructures (road network, public or private transport, …) 
whereas others opt to build more service centers and to reduce average distances. 
This highlights the need to integrate the indicator systems. As an example of the 
application of indicators, priority has been given to the “road accident rate” block, 
because this is the means of transport that causes most deaths.

Table 1 “Accessibility to social services” block

Pressure (causes) State (social) Response

Distance to social centers. Quality of 
transport infrastructures: distance 
to depots for each service (train, 
bus, service area, taxi)… Quality 
of public and private transport 
services: no. of lines, no. of 
services per day, waiting time 
between services, schedules,…

Average travel time to 
social centers, hospitals, 
health centers, schools, 
universities and 
colleges, administrative 
centers…

Investment in transport 
infrastructures, 
investment in 
public transport 
systems, building 
new social centers 
closer by…

Table 2 “Road accident rate” block (European Road Safety Action Programme” (2003). “Mid-term 
review of the European Commission’s 2001 Transport White Paper” (2006))

Pressure (causes) State (social) Response

Quality of the road 
network: curves, state 
of repair, signposting… 
Causes attributable to 
drivers: traffic offences; 
driving while under the 
influence of alcohol, 
drugs or medicines; 
driving licence obtained 
by fraud; age-related 
problems; and physical 
condition of driver… 
Causes deriving 
from vehicles: age of 
the vehicles, design 
defects…

No. of accidents 
involving victims, 
without victims, with 
fatalities… Total no. 
of fatalities broken 
down by sex, age 
groups… No. of black 
spots: per area, length 
of road network… 
Time taken by 
emergency services to 
reach victims…

Improvement in vigilance 
and control: no. of police 
officers, frequency of official 
technical inspection of 
vehicles, licenses incurring 
penalty points, fines… 
Improvements and new 
designs in vehicle safety… 
Correct use of legal drugs 
and medicines, rehabilitation 
programmes for those 
involved in accidents… 
Publicity: campaigns to 
encourage good driving 
practices… Improvement of 
emergency services…
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We first approach the indicators of state before addressing the indicators of 
pressure and response. We have selected the number of fatalities in traffic accidents 
as the main indicator, as one of the priorities within the EU is to decrease this figure 
to half between 2000 and 2010. The values have been updated to 2000, and figures 
for 2010 have been estimated by quadratic minimum regression (Fig. 1). It can be 
seen that the objective is being met, although generally more satisfactorily in the 
EU-15 (72 in 2006 and 51.7 in 2010) than for the EU-25 (75 and 58), and that Spain 
is following a similar trend (71 and 54). However, this progress is not homoge-
neous, either in European countries (68 and 46 in Germany, compared to Lithuania, 
where fatalities increased to 118 and 132), nor in Spanish cities. Barcelona or 
Madrid (with 60 and 36, and 69 and 44, respectively) shows greater progress than 
Almería or Cadiz (with 100 and 94, and 96 and 99, respectively).

In addition to measuring the rate of progress, it is also necessary to measure 
the current situation, and to compare areas on different scales. For this reason we 
consider that this primary indicator should be complemented with other secondary 
indicators, expressed in relative terms. The first of these relativizations is by 
population (Fig. 2).

In this case it can be seen that although there has been a similar rate of progress, 
this progress has been more irregular, and particularly there is considerable difference 
between the different areas. If we take 2006 as the year for synchronic comparison, 
we can see that the EU-15 value (76) is also lower than the EU-25 value (85), but 
here it is more disperse with both extremely low values (Malta, 25) and extremely 
high values (Lithuania, 223). In Spain, the value is slightly higher (92) than for the 
EU, and widely dispersed by province (from values around 36 in Vizcaya, through 
to shockingly high figures, 330 in Cuenca, with an ongoing upward trend).

Fig. 1 Number of fatalities in road accidents updated to 2000 (%). Evolution 2000–2010 (CARE 
2008, DGT 2007)
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Other relative indicators worth mentioning are the percentage of victims, when 
broken down into urban and country roads, in comparison with the total number of 
traffic victims. These indicators underscore the fact that the value is always higher for 
country roads than for urban roads, although the values are heterogeneous (57% in 
Barcelona and 72% in Madrid, compared to 97% in Avila and 94% in Cuenca, 
for 2006). Also worth noting is the relative indicator regarding number of fatalities 
for every 1,000 accidents with victims (fatal and non-fatal), which is decreasing in 
Spain (41 in 2006 compared to 57 in 2000) and even more disperse (14 in Barcelona, 
17 in Madrid and 25 in Vizcaya, compared to 99 in Almería and 83 in Ciudad Real).

Conclusions and Discussion

Generally speaking, the accident rate is decreasing, albeit unevenly, and with very 
heterogeneous values. A certain more or less pronounced negative correlation can 
be seen, depending on the relative indicator analyzed, between the accident rate and 
the characteristics of the geographical area considered, according to whether it is 
densely-populated, developed, urban, flat, coastal, … But the great dispersion of the 
results highlights the need for micro-investigations which would make it possible to 
detect local situations (black spots…), and to break down the indicators by sex, age, 
proximity to major urban areas etc. and to determine their causes. This would enable 
non-linear and de-concentrated decisions to be taken by provincial delegations of the 
Interior Ministry, regional governments and local councils, among others.

In any case, the desirable value for all road accident indicators should be zero, 
while the critical and objective values may vary according to the geographical area 

Fig. 2 Number of fatalities in road accidents per million inhabitants. Evolution 2000–2010 
(CARE 2008, DGT 2007, EUROSTAT 2008, INE 2008)
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considered. The critical values must be obtained in terms of distance, and the objective 
values in terms of distance and convergence, also expressed in absolute terms, or 
percentage of improvement.

Given that the objective value has been fixed at a reduction coefficient of 0.5 
(fatalities in 2010/fatalities in 2000) for the EU, greater progress should be seen in 
more local areas, as the distance is greater with regard to the value of the highest 
scope (in this case the EU).

Therefore the objective reduction coefficient should be modulated using a 
normalized multi-criteria function depending on the population of the area 
considered and the distance of the relative accident rate compared to the average 
value for the EU. This coefficient may vary between 1 (hypothetical case of an 
initial accident rate of practically zero), and 0 (theoretical case of total initial 
accident rate for the population).
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Introduction

Biodiesel is defined as “a fuel comprised of mono alkyl esters of long chain fatty 
acids derived from vegetable oils or animal fats” [1]. Transesterification (also called 
alcoholysis) of triglycerides [2] and jojoba oilwax [3] for biodiesel manufacture 
has been studied in our research group in the past few years. The European Union has 
issued Directive 2003/30/EC, which mandates the use of biofuels in a percentage 
ranging from 2% in 2005 to 5.75% in 2010 (calculated on the basis of energy 
content), for all transportation fuels marketed within the member states. It is 
expected that a significant portion of this amount will be biodiesel. However, 
although the literature concerning the production of biodiesel has increased 
dramatically in the last 5 years [4, 5], data related to the kinetics of transesterifica-
tion are rather scarce: [6] presented the kinetics and final state of methano-, ethano- 
and butanolysis of cottonseed, peanut, soybean and sunflower oils catalyzed by 
sodium hydroxide and methoxide or sulphuric acid, and [7] studied the kinetics of 
methanolysis of sunflower oil catalyzed with KOH. The effect of water on the 
kinetics of cotton oil ethanolysis catalyzed by KOH [8], and the kinetics of the non-
catalytic transesterification of soybean oil at 220°C and 230°C [9], was described. 
The kinetics of transesterification of rapeseed oil to biodiesel fuel in supercritical 
methanol without any catalyst was described [10], and [11] described the kinetics 
and mechanism of the KOH catalyzed methanolysis of rapeseed oil for biodiesel 
production. Moreover, the kinetics of methoxide base-catalyzed methanolysis of 
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soybean oil at 40°C was studied [12]. To the best of our understanding, any data 
have been published to date on the kinetics of the transesterification of used olive 
frying oil catalyzed by sodium methoxide at 60°C to produce biodiesel, which is 
the first aim of this paper.

In Spain, edible vegetable oil consumption is approximately 600 ML/year. Most 
of this oil (70%) is olive oil that is mainly used for deep-frying processes. According 
to the Spanish National Institute of Statistics, about 74 ML of waste olive oil are 
collected per year, which is an approximate value since most of the household 
waste frying oil is thrown through the drainage. Transesterification of waste olive 
oil to produce biodiesel could decrease the waste disposal problem. Studies con-
cerning the exhaust emissions produced by the combustion of pure waste olive oil 
biodiesel have been published recently [13], but no data exist to date on the emis-
sions produced by the combustion of blends of waste olive frying oil biodiesel in 
5% vol and fossil diesel fuel. The Spanish Government allows petroleum product 
operators to blend biodiesel up to 5% vol with conventional diesel fuel without the 
need to legally declare this blending.

Nitric oxide (NO) and nitrogen dioxide (NO
2
) are very important in polluted air. 

Collectively designated NO
x
, high NO

x
 concentrations can cause severe air quality 

impoverishment. NO
x
 enters the atmosphere as a result of the combustion of fossil 

fuels in internal combustion engines. Like carbon monoxide, NO attach to haemo-
globin and reduces oxygen transport efficiency. Particulate matter (PM) exhaust 
emissions are also of great concern, since they are involved in acid rain processes 
and respiratory diseases. Substantial reduction in PM emissions can be obtained by 
addition of biodiesel to diesel fuel. The PM reduction appears to be related to the 
amount of oxygen content in the fuel blend [14]. This paper also reported the 
exhaust emissions from ternary blends of waste olive oil biodiesel (5% vol), ethanol 
(5% vol) and fossil diesel fuel, the so called BE-diesel.

Although some studies have been published recently on exhaust emissions of 
BE-diesel [15], no data exits on the use of the blends described in our paper, espe-
cially with the use of waste olive oil biodiesel. Ethanol is a low cost oxygenate of 
vegetal origin with high oxygen content. However, there are many technical barriers 
to the direct use of ethanol in diesel fuel due to the low cetane number of ethanol, 
and the poor solubility in cold climates. In fact, diesel engines cannot operate 
normally on ethanol-diesel blends without special additives [16]. Biodiesel is known 
to act as an emulsifier for ethanol, and blending biodiesel and ethanol into a con-
ventional diesel fuel greatly improved the solubility of ethanol in diesel fuel over a 
wide range of temperatures [17].

Experimental

Methanol, tetrahydrofuran (THF), sodium, hydrochloric acid and anhydrous sodium 
sulphate were all commercial grade and used without further purification. The oil 
transesterified in all the experiments was waste olive frying oil of domestic origin.
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For the production of biodiesel from waste olive oil, the method of transesterifi-
cation with methanol and basic catalyst (sodium methoxide) was used in the following 
conditions: molar ratio methanol/oil: 7.85/1; 60°C; 600 rpm, amount of catalyst 
from 1.4 to 2.8% wt of the oil. The total quantity of the oil 760 mL (700 g) was 
placed in the reactor with part of the methanol, 155 mL (120.9 g, 3.78 mol). 
The stirring and the heating were switched on. The rest of the methanol, 100 mL 
(78 g, 2.44 mol) was used for the preparation of the catalyst by reaction with 4.35 g 
(0.189 mol) of metallic sodium. After total dissolution of the sodium, the catalyst 
was added to the reactor were the desired temperature was already achieved. 
A slight increase of temperature to 64°C was observed after the addition of the cata-
lyst which was soon controlled to 60°C. The reactor was left for the time specified 
for the reaction, and then the heating and the stirring were switched off. One hour 
after the refrigerating water was also switched off, and the two phases were decanted 
overnight. After the distillation of the methanol in both phases, the glycerine phase 
was neutralized with 14.5 mL of concentrated (37% wt) hydrochloric acid. 
The biodiesel phase was neutralized in a decanting funnel with two washings with 
diluted aqueous solution of hydrochloric acid, and afterwards it was washed with 
diluted aqueous solution of sodium chloride and three times with water. The biodiesel 
was then dried with anhydrous sodium sulphate and filtered. For the analysis of the 
content in glycerol and mono-, di- and triglycerides according to the European 
standard EN 14105 [18], a gas chromatograph Hewlett Packard HP 6890 series 
GC system was used, in connection with a mass spectrometer Hewlett Packard 
5973 Mass Selective Detector, including an automated system of sample injection. 
The results of these analyses are summarized in Table 1.

The kinetics experiments have been carried out with the same amounts of reagents, 
using the same procedure. 10 mL samples, taken at 2, 5, 10, 15, 25, 40 and 60 min 

Table 1 Properties of the biodiesel of waste olive oil

Analysis Biodiesel Max Min Units Standard

Free glycerol 0.03 0.02 % Mass EN 14105
Monoglycerides 1.29 0.80 % Mass EN 14105
Diglycerides 0.17 0.20 % Mass EN 14105
Triglycerides <0.05 0.20 % Mass EN 14105
Total glycerol 0.36 0.25 % Mass EN 14105
Water and sediments <0.05 0.05 – % Vol ASTM D 1796
Density at 15°C 880 900 860 kg/m3 ASTM D 4052
Sulfated ash content <0.005 0.02 % Mass ASTM D 482
Copper strip corrosion 1a Class 1 Class ASTM D130
Total contamination 24.0 24.0 mg/kg EN 12662
Flash point 141.9 – 120 °C ASTM D 92
Cloud point 5 °C ASTM D 2500
Cold filter plugging point −5.0 °C EN 116
Kinematic viscosity at 40°C 5.44 5.00 3.50 mm2/s ASTM D 445
Higher calorific value 9748.6 cal/g ASTM D240
Cetane number 57.9 51 ASTM D 613
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were immediately neutralized with 1:1 hydrochloric acid (2 mL). Methanol was 
evaporated from the sample using a rotary evaporator. 10 mL of THF were added, 
and this solution was dried with anhydrous sodium sulphate. 200 mg (exactly 
weighed) were used for the analysis of free glycerol, and mono-, di- and triglycerides 
according to the standard EN 14105 [18] (instead of the 100 mg to balance for the 
addition of the THF). The Fatty Acids Methyl Esters (FAME) content was calculated 
from the analyses and the mass balance in each kinetic sample.

Some physicochemical properties of the biodiesel prepared according to this 
recipe were determined in a preliminary study of the feasibility of use this biodiesel 
as a fuel in diesel engines. The higher calorific value was measured after the ASTM 
standard D 240.

The cetane number was calculated from the time needed for the rise of the 
pressure by 2 mbar in the fuel ignition chamber, (ASTM D 613). The equipment 
was from Fuel Tech. Co. and the cooling water circulation (Circulating System 
253) from the Precision Co.

The fossil diesel was mixed with the waste olive oil biodiesel. Blends containing 
5% vol biodiesel, were chosen in order to prepare samples to fulfill the requirements 
of EN 590 specification (max. biodiesel content 5% vol) and because it was a reason-
able percentage within the requirements of Directive 2003/30/EC (maximum 5.75% 
based on lower heating value). The engine tests were made in a single cylinder diesel 
Petter AVL-LAB engine; operating characteristics are given in Fig. 1. Apart from 
the engine, the system consists of an electric dynamometer, some heat exchangers 
for the lubricants and a control panel. The dynamometer was connected with the rotor 
and was originally moving the same way in order to help the engine to start, but later 
the dynamometer was used as a power generator transforming the mechanical power of 
the engine to electrical power. In this way we were able to adjust the charge of the 
engine by changing the potential in the dynamometer. The parameters controlled 

Fig. 1 Test AVL-LAB engine used in the emissions and fuel consumption experiments. Type: 
single cylinder direct injection, speed: 1,500 rpm, compression: 19:1, volume: 533 cm3, maximum 
power: 5 hp (3.8 kW)
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from the control panel are the charge (resistance) of the dynamometer, the temperature 
of the air at the inlet and the outlet, and the temperature of the inlet and outlet of the 
lubricant and the cooling water. The experiment consisted of measurement of NO

x
 

and PM emissions and fuel consumption for different charges of the engine from 0% 
to 100% (3.8 kW).

The analyzer (MEXA-754 GE, Horiba) was used to calculate the amounts of 
NO

x
 in the exhaust gases. The most important aspects of this analyzer were: exhaust 

gases measured, NO, NO
2
; units, ppm; range, (0–5,000) ppm; accuracy, ±1%. The 

analyzer was connected to the engine through heated lines of exhaust transport 
from Signal Instruments Co (type 530/540) and a pre-filter unit (Signal Instruments 
Co, Pre-filter Unit 333).

For the analysis of particles in the exhaust gases, the equipment of Joy Manufacturing 
Co.; recommended by the Western Precipitation Division was used. The filters where 
of Whatman type 934-AH.

Results and Discussion

Biodiesel Quality

The composition of biodiesel after the EN 14214 [1] specification is summarized in 
Table 1. The transesterification reaction rate is much higher than it was originally 
estimated. After the first 10 min of the addition of the catalyst to the reactor, an 
almost quantitative conversion of TG to FAME and glycerol takes place. All the time 
that the reactor is left running after this initial time, the reactions are reversible 
reactions, and the reaction mixture is slowly moving towards equilibrium. The chro-
matograms of the kinetic samples show an initial quantitative conversion of TG to 
FAME but after the first minutes the monoglycerides MG (1.29% wt) and diglycerides 
DG (0.17% wt) reappear. However, only MG are out of the specification (1.29% wt, 
max. 0.80% wt), and consequently also the total glycerol G (0.03% wt, max. 0.02% wt). 
The biodiesel produced meets most of the specifications required by the Technical 
Regulation EN 14214.

Kinetic Experiment

The % wt of TG, DG, MG, G and FAME are plotted against time in Fig. 2. The 
transesterification reaction is very quick at 60°C and almost all TG were converted 
after the first 5 min; MG and DG were transient intermediate species, always at 
very low concentrations.

The transesterification reaction could be considered as an irreversible second 
order reaction (first order in TG and first order in methanol) which had been solved 
as follows. The transesterification reaction had the general form:



66 L. Canoira et al.

 →kA + bB products  

Here the function that expresses the rate of reaction vs. time was [19]:
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The simplified reaction was:

 →k
3TG + 3CH OH G + 3FAME  

Here C
A
 was the concentration of TG, C

B
 the concentration of methanol, b = 3. 760 

mL (699.2 g) of waste olive oil (mean mw 885.43 g/mol), and 255 mL (201.45 g) of 
methanol (a total of 1015 mL) was introduced to the reactor. Thus, the mol number 
n and the initial concentrations C

I0
 are: n

A0
 = 0.79 mol; C

A0
 = 0.78 mol/L; n

B0
 = 6.3 

mol; C
B0

 = 6.20 mol/L. M = 2.65.
Consequently, the second order reaction equation remains as follows:

 ( )k· t ·3·0.78· 2.65 1 ln
3·2.65·

B

A

C

C
− =  

This second order kinetic equation was solved using the mass fractions of TG and 
methanol. The mass fraction of methanol was calculated in every point from the 
difference of the measured mass fractions of G, MG, DG, TG and FAME. The 
kinetic plot of ln(C

MeOH
/aC

TG
) vs. time gave a straight line (Fig. 3). The 95% confidence 

limits for the intercept and slope of the straight line are:
Slope: 0.2245 ± 0.0521
Intercept: −0.8571 ± 0.1621
The resulting rate constant k is 0.2245 L·mol−1·min−1. The transesterification 

reaction of used olive frying oil with methanol catalyzed with sodium methoxide, 
follows the equation:

Fig. 2 Concentrations of mono-, di-, triglycerides, FAME and glycerol vs. time in the kinetic 
experiments
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 [ ][ ] − −− = 1 1
TG  0.2245 · (mol·L ·min )r TG MeOH

 

Exhaust Emissions and Fuel Consumption

The fossil diesel was mixed with the waste olive oil biodiesel, and blends contain-
ing 5% vol biodiesel were prepared. Also, samples were prepared that contained 
5% vol of ethanol to compare the performance of BE-diesel fuel with fossil diesel 
and biodiesel-fossil diesel blends. The results of these tests are summarized in 
Tables 2 through 4.

The effect of oxygenated fuels blends on NO
x
 emissions is complex and not 

conclusive. Cetane number, fuel density and aromatic fuel composition can influ-
ence NO

x
 emissions. Many studies indicate that oxygenated fuel blends could cause 

slight increases in NO
x
 emissions [17]. However, in our work the reduction of NO

x
 

exhaust emissions was significant when using blends of fossil diesel and waste 
olive oil biodiesel (−11.7%), and in good agreement with previous results [13]. It was 
very interesting with ternary blends of BE-diesel (−32.7%) although previous 

Table 2 NOx Exhaust emissions reduction (%)

Sample Base fuel Base fuel + 5% waste olive oil biodiesel

Diesel 0 −11.7
Diesel + 5% vol ethanol −15.3 −32.7

Ln
 (

C
M

eO
H

 / 
aC

TG
)

–0.9
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y = 0.2245x – 

0.8571
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Fig. 3 Kinetic plot of Ln (C
MeOH/

a C
TG

) vs. time for the second order kinetics transesterification 
reaction

Table 3 Particulate matter (PM) exhaust emissions reduction (%)

Sample Base fuel Base fuel + 5% waste olive oil biodiesel

Diesel 0 −6.1
Diesel + 5% vol ethanol −13.1 +2.0



68 L. Canoira et al.

results with BE-diesel fuel showed an increase in NO
x
 emissions, albeit for a different 

ethanol-biodiesel-diesel fuel ratio [15]. Oxygenate diesel fuel blends are known to 
reduce total PM emissions, although the mechanisms are not clear. Soot formation 
mainly takes place in the fuel-rich zone at high temperatures and pressures, specifically 
within the core region of the fuel spray.

It is commonly assumed that oxygenates blended with diesel fuel effectively 
deliver oxygen to the pyrolysis zone of the burning diesel spray, resulting in reduced 
PM generation. The blends of fossil diesel + biodiesel and fossil diesel + ethanol 
shows good results in the reduction of PM (−6.1% and −13.1%, respectively), but 
the ternary blends of BE-diesel shows an increase of PM (+2.0%), in contrast to 
previous reported results [15]. This difference could be explained by the lower 
amount of biodiesel used in our experiments that described in the literature [15]. 
From a practical point of view, the advantage of reducing NO

x
 emissions by one third 

should be balanced against a slight increase in the PM emission when using this 
ternary BE-diesel fuel blend.

The binary blends of fossil diesel and biodiesel show a decrease in the consumption 
from −16.6% at the lowest engine power to −9.1% at the highest power. On the con-
trary, the binary blends of fossil diesel and ethanol always show an increase in fuel 
consumption. However, the ternary blends of BE-diesel fuel show a reduction 
in the fuel consumption at all engine powers tested. This, coupled with the reduction in 
the NO

x
 emissions, makes this fuel a good promise for diesel cars in a near future.

Conclusions

The transesterification reaction of waste olive oil with methanol, catalysed with 
sodium methoxide, to produce biodiesel follows a first order kinetics in methanol 
and in triglycerides, with a rate constant of k = 0.2245 L mol−1 min−1. The reaction 

Table 4 Mass consumption (g/h) and energy consumption (MJ/h) vs. engine charge (kW) of 
blends of diesel and diesel + 5% vol ethanol with waste olive oil biodiesel

Sample  0 kW  0.08 kW  0.95 kW 1.90 kW  2.85 kW  3.80 kW

Diesel g/h 485.9 472.4 556.1 638.4 710.1 783.4
MJ/h 21.7 21.1 24.9 28.5 31.8 35.0

Diesel + 5% vol  
waste olive  
oil biodiesel

g/h 405.2 408.1 512.8 571.0 617.4 713.1
MJ/h 18.1 18.2 22.9 25.4 27.6 31.8
% −16.6 −13.7 −8.0 −10.9 −13.2 −9.1

Diesel + 5%  
vol ethanol

g/h 482.6 473.9 558.0 663.8 704.3 826.1
MJ/h 21.7 21.4 25.2 29.9 31.8 37.3
% 0 +1.4 +1.2 +4.9 0 +6.6

Diesel + 5% vol  
ethanol + 5%  
vol waste olive  
oil biodiesel

g/h 426.1 418.8 504.3 588.4 624.6 688.4
MJ/h 19.1 18.8 22.7 26.4 28.0 31.0
% −12.0 −10.9 −8.8 −7.4 −11.9 −11.4
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time should be optimized to avoid the reversible reactions that increase the amount 
of monoglycerides in the final products.

When added in a 5% vol to conventional fossil diesel, biodiesel fuel reduces NO
x
 

and PM emissions, especially when using ternary blends of fossil diesel, biodiesel 
(5% vol) and ethanol (5% vol), BE-diesel fuel. It also significantly reduces the fuel 
consumption of the engine.
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Introduction

Intake fraction (iF) is defined as the integrated incremental intake of Bz released 
from a source (or source category) and summed over all exposed individuals during 
a given exposure time, per unit of emitted pollutant [1].

  
 =

∑
,

mass intake of pollutant by an individual ( )

mass released into the environment (mass)
people time

mass

iF  (1)

The intake fraction concept has been developed as a metric which can be useful 
in both screening-level order-of-magnitude estimates and more detailed policy 
modeling [2]. For instance, an intake fraction of 1 in a million (10–6) means that for 
every ton of a pollutant emitted, 1 g is taken in by the exposed population. Intake 
fraction takes into account the dispersion of pollutants, locations and activity of 
population and human breathing rates. The calculated intake fraction for benzene 
is directly applicable to any other inert substance emitted by the traffic, for example 
CO, NO

X
, so the calculations also provide a ready-to-use tool for health effect studies 

concerning other pollutants and emission scenarios. However, for chemically active 
urban pollutants like NO

2
 and O

3
, the presented intake fraction results are not appli-

cable, thus a model run accounting correctly for the most important chemical 
mechanism must be performed for these substances.

Intake fractions have been most frequently calculated for whole populations, 
rather than for individuals. Population intake fraction is the sum of individual 
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intake fractions, and understanding the spatial and temporal variability across a 
population for individual intake fractions provides useful information about which 
exposure factors dominate the inter-individual intake fraction variation.

Methodology

This study examines spatial distributions of benzene from local vehicular traffic, in 
the Helsinki Metropolitan Area (HMA), using different methods of intake fraction 
calculations. The first method incorporates both spatial and temporal information 
on population activity patterns as spatial concentration distribution for 1 year, and 
subsequently examine the spatial distribution of intake pattern in an urban area, 
using the exposure model EXPAND model [3]. This model was further developed 
to calculate iF for several substances. The spatial benzene concentration distribu-
tions were obtained by using dispersion models: CAR-FMI [4] and OSPM [5]. For 
HMA CAR-FMI was used for the emission calculations and the results were com-
pared with previous studies conducted in HMA by [6]. OSPM was used for the 
street canyon calculations in a segment of Hämeentie Street. The activity patterns 
available for EXPAND are for HMA working age population (25–55 years old), 
representing 46% of the whole HMA population [3]. The microenvironment activity 
data in EXPAND is divided into four categories: home, workplace, traffic and other 
activities. Note however, that EXPAND does not calculate an individual’s personal 
intake fraction, but rather the intake fraction per unit area, averaged over the number 
of people that are located within that area for all or some portion of the averaging 
time. Although several activities are comprised in the EXPOLIS database, the 
EXPAND model accepts a single breathing rate only, so we assumed a constant rate 
of 1 m3/h, based on the U.S. Environmental Protection Agency’s (USEPA’s) Exposure 
Factors Handbook [7]. In order to include the air exchange rates between outdoor 
and indoor, an infiltration efficiency of 0.8 for buildings [8] and 4 for vehicles [9] 
was used to calculate intake fractions for indoor environments, acknowledging that 
concentrations inside vehicles are higher [10].

The second method uses data from Air Pollution Exposure Distributions of 
Adult Urban Populations in Europe (EXPOLIS) project to estimate intake fractions 
for individuals in different environments. The data describes the adult population 
between 25 and 55 years old when exposed to different pollutants, including benzene, 
in different micro-environments: home, workplace and outdoor. Detailed descrip-
tions of the EXPOLIS study design and methods have been published previously 
[11–13]. We assume that the residual personal benzene exposure, not accounted for 
by residential indoor, outdoor, and workplace exposures is due primarily to exposure 
while commuting. Since EXPOLIS did not measure in-vehicle benzene concentra-
tions, individual intake fraction while commuting was estimated. The method to 
calculate individual iF while commuting is described in [14]. An individual’s intake 
fraction is computed from:
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where Cv,k = the benzene concentration in microenvironment k due to vehicular 
sources (mg/m3), tk = the time spent in microenvironment k (h), Qk = the breathing 
rate while in microenvironment k (m3/h), and Ev = benzene emissions (mg) over the 
time evaluated. Thus, each EXPOLIS participant’s intake fraction (iFi) is:
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where C
b
 = residual benzene concentration; C

o
 = the concentration measured outside 

the participant’s home while the participant was at home; t
c
 = time spent commuting 

(h); t
hi
 = the time spent indoors at home; t

w
 = the time spent at work; t

oi
 = time spent 

in other indoor microenvironments (h); t
o
 = time spent in all outdoor microenviron-

ments; p = the infiltration efficiency for benzene from outdoor air into the indoors; 
Q

l
 = light activity breathing rate; Q

r
 = resting breathing rate; Q

m
 = moderate activity 

breathing rate; E
v
,
y
 = emissions from vehicles in the Helsinki metropolitan area 

in y = year 1996 or 1997, depending on when the participant was sampled [15]. 
The terms on the right-hand-side of Eq. 3 represent exposure while commuting; 
at home, at work, in other indoor microenvironments and in all outdoor microenvi-
ronments. We assume here that the outdoor contribution is predominantly from vehicular 
emissions and that other sources (including long-range transport) are negligible. The 
times spent in each microenvironment were taken from participants’ time-activity 
diaries and breathing rates were from the U.S. EPA’s Exposure Factors Handbook [7].

Results and Discussion

The results obtained for 2000 and 2005 show the same spatial distribution pattern, 
though a decrease of concentration for the year 2005 was noticed (~factor 0.5). This 
might be a result of the European legislation to reduce benzene content in fuel 
(Directive 98/70/EC) and setting limit values for benzene ambient air concentrations 
(Directive 2000/69/EC).

The modeled traffic contribution to benzene concentrations in the in HMA in 2000 
vary between 0 and 2.7 mg/m, as depicted in Fig. 1. Previous studies in HMA in 2000 
[6] show traffic benzene concentrations varying between 0.2 and 2.2 mg/m3.

The higher concentrations are situated closer to the line sources, where the benzene 
is emitted, and decreasing for receptors further away from the streets. The centre of 
Helsinki, due to a denser and highly trafficked road network, including main high-
ways, has the highest concentrations ranging between 1.5 and 2.5 mg/m3. For the 
street canyon calculations the differences between the calculated yearly average 



74 J. Soares et al.

benzene concentrations were not substantially high, varying from 0.2 to 0.5 mg/m3. 
These concentrations are considerably lower than the results for the HMA which is 
mainly attributable to the low height/width (0.66) ratio of the studied street canyon.

The annual average benzene intake results for the working-age population within 
HMA during 2000 and 2005 were calculated using the EXPAND model. Only results 
for 2005 are shown in Fig. 2, as the results for both years were almost identical.

Higher values of total intake fraction, ranging between 10−10 and 10−7, are concen-
trated in residential and commercial areas, where people spend most of their time. 
Therefore, there is an increase of receptors but also sources (traffic amount increases) 
in these specific grid cells. The average intake fractions due to exposure in home, 
work, traffic, and other microenvironments for the working-age population within 
the HMA are 2.5 × 10−6, 1.4 × 106, 5.9 × 10−6 and 0.2 × 10−6, respectively. The total 
intake fraction that corresponds to the exposure of the working-age population 
summed across these different microenvironments in the HMA is 1.0 × 10−5. 
Population exposure was higher during commuting, because of the relatively higher 
concentrations in the vicinity of the main roads and streets, and subsequently higher 
concentrations of benzene inside vehicles. People are also more exposed to benzene 
traffic related emissions in the home and work environments, since these account for 
around 90% of people’s time. About 20% of the subjects have an intake fraction of 
zero from combined exposure in traffic and outdoor microenvironments. These null 
values can be attributed to either no reported time spent in these microenvironments 
or nonexistent traffic related benzene concentrations, according to the dispersion 
computations. Additionally, a total intake fraction of 3.7 × 10−5 was calculated for 
the street canyon. Using measured data from EXPOLIS as the average, individual 
intake fraction of benzene from traffic sources over a 48-h period was 8.0 × 10−11, 

Fig. 1 Spatial distribution of benzene emissions from mobile sources in 2000
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with a total intake fraction for these 129 people of 1.0 × 10−8. If we extrapolate from 
the 129 EXPOLIS people to the working-age population (i.e., by multiplying this iF 
with the ratio of the total working-age population within the area to the EXPOLIS 
population, [3]), we estimate a population intake fraction of 3.9 × 10−5. The intake 
fraction values computed using the EXPAND model and based on EXPOLIS data are 
not directly comparable, as the location of the populations and the years considered 
are different, and due to methodological differences. However, they both provide 
useful information about the patterns of exposures across space and individuals, and 
the results obtained by the two methods are fairly similar.

In a densely trafficked street canyon, such as the segment of Hämeentie considered 
in this study, about 40 mg/g of benzene emitted on that road is inhaled by the people 
living, working, and passing through that road segment. It can be seen that due to the 
longer amount of time spent in the area, the intake fraction for residents is largest 
and the in-traffic intake fraction is smallest (Table 1).

Fig. 2 Spatial distribution of total intake fraction for benzene from mobile sources in 2005. 
Helsinki city centre is marked with the black ellipse

Table 1 Intake fraction by inhalation in Hämeentie Street (2000)

Groups
Breathing rate 
(m3/day) No. of people

Time of 
exposure (days) iFi

Inhabitants 1 176 0.56 1.6 E−05
Working and costumers 1 113 0.37 2.0 E−05
In traffic 1 20,380 1.04 E−04 1.1 E−06
Total iF 3.7 E−05
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However, the intake fraction per unit time and per individual in traffic is actually 
larger compared to that of residents and others. Thus, if the time spent in each of 
these microenvironments was equal per person, exposure in traffic would be 
responsible for the greater part of the intake fraction.

The intake fraction results from both modeled and measured data are in the same 
order of magnitude and are generally within an order of magnitude range of those 
found in the most previous mobile source intake fraction studies.

Conclusion

Intake fraction is useful measure to evaluate and compare different sources catego-
ries that can be used a health decision support tool. Assuming that the spatial and 
temporal patterns of emissions and population activity remain unchanged in differ-
ent emission scenarios, the calculated intake fraction allows for direct estimate of 
total population exposure in all these scenarios. We evaluated the benzene traffic 
related emission intake fraction for the MHA for different domains and years. 
The spatial variation of the intake fractions and especially the very detailed calcula-
tions for the smallest domain, street canyon, demonstrate clearly how crucial it is to 
have access to detailed information on traffic patterns and locations and activities 
of the people in order to get a reliable estimate on the real burden of pollutants on 
human exposure and health.

The highest values of 100 × 100 m2 grid cell iF’s (10−10–10−7) are concentrated 
in residential and commercial areas where the density of receptors and sources is 
higher. In other words, between 0.1 ng and 0.1 mg are inhaled in each 100 × 100 m2 grid 
cell per gram of benzene emitted from mobile sources in the whole HMA. The intake 
fraction of the same population summed across these different microenvironments 
in the HMA is 10−5. Population exposure to benzene was higher during commuting 
due to higher concentrations in the vicinity of the streets as well as inside vehicles. 
The same population is also exposed at home and workplace as a result of spending 
a large fraction of time indoors.
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Introduction

As new European Community member Hungary is obliged to harmonize its transport 
sector according to the European rules. The harmonization process concerns among 
others road network development, transport security as well as environmental 
issues. Due to the lack of suitable technical tools the difficult contradictory issues 
related to the environmental matters were not rationally managed. For the accom-
plishment of such concept a sophisticated environmental model is necessary consid-
ering all traffic related atmospheric pollutant emission of major roads. Implementing 
such an environmental model Hungary could optimize its transport sector in 
conformity with the EC rules.

The present work aims to provide decision makers the necessary technological 
support and scientific information on air quality of highway roads. To achieve this 
goal a road dispersion model will be used to estimate the possible effects of road 
traffic on ambient air.

Emission

The expressway network in Hungary was in 2004 comprised of 650 km of motorway, 
205 km of clearways and highways (which are comprised of highways serving as 
expressways, highways with expressway features later converted to expressways, 
and highway sections with expressway features) as well as 188 km of junction point 
sections, 52 km of roads leading to rest areas, and 106 rest areas (see Fig. 1).

The Hungarian CO and NO
x
 emissions from mobile sources have been investi-

gated by Merétei [1]. Emission of nitrogen oxides from road traffic continuously 
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increased (Fig. 2), while the emission of carbon monoxide from the same sources 
decreased during the last 20 years (Fig. 3). The NO

x
 emissions from road traffic is 

growing (growing rate is 20%) due to the increase in traveled kilometers by cars 
and duty vehicles. In the same time NO

x
 emissions from the European member 

countries decreased by 20% due to the application of three steps catalysts in new 
cars and the changes of the compound of the fuel.

Source emissions are a function of both the vehicle emission factors and the 
vehicle activity (usually measured in vehicle kilometers traveled). The vehicle 
emission factors can differ greatly depending on the type of road, vehicle fleet mix, 
and traffic flow encountered. As a result, emission factors were determined specifi-
cally for each roadside location to ensure that the appropriate input was used for the 

Fig. 1 Expressway network in Hungary in 2004
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Fig. 2 NO
x
 emission from road traffic in Hungary, determined by [1]
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modeling of subsequent roadway emissions. These site-specific emission factors 
were then combined with the vehicle kilometers traveled data to give a total emission 
rate for the road.

Diffusion Processes in Road Modeling

The total diffusion is divided into primary diffusion affected by the traffic and dif-
fusion caused by ambient meteorological conditions (see Fig. 4). Contaminants 
outcome from the tailpipe take part in the primary process, on one hand by the 
thermal turbulence caused by differential surface heating and by eddy movements 
created by the buoyant exhaust plume, on the other hand by mechanical turbulence 
from wind flow and the traffic wake induce turbulence. Thermal influences interact 
with mechanical effects. There are interactions between the ambient wind speed, 

CO emission from road traffic
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Fig. 3 CO emission from road traffic in Hungary, calculated by [1]

Fig. 4 Diffusion processes in road traffic modeling. Arrows represent interactions
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exhaust velocities of the tailpipe emissions and the traffic wake-induced turbulence. 
Primary turbulence is meaningful only in stagnant conditions (especially in the case of 
cold-running) otherwise the atmospheric turbulence dominates the process. The plume 
is transported with the wind speed at the emission height. A well-mixed zone can 
occur behind a vehicle due to the thermal and mechanical turbulence.

To sum up the effects of initial and atmospheric turbulence a coordinate system 
transformation has to be carried out [2]. A horizontal component of the initial 
diffusion parameters is directed to the road axis, and a horizontal component of 
atmospheric dispersion is directed to the wind flow.

Description of CALINE4 Model

CALINE4 is a Gaussian type dispersion model for predicting air pollution concen-
trations near roadways [3]. Each roadway link analyzed in the model is treated as a 
sequence of short segments (Fig. 5). Each segment is treated as a separate emission 
source, which produce a plume of pollutants dispersing downwind. Pollutant con-
centrations at any specific location are calculated using the total contribution from 
overlapping pollution plumes originating from the sequence of roadway segments. 
CALINE4 use the mixing zone concept (Fig. 6). The model treats the region 
directly over the highway as a zone of uniform emissions and turbulence. This is 
designated as the mixing zone, and is defined as the region over the traveled way 
(traffic lanes; not including shoulders) plus 3 m on either side.

Fig. 5 Gaussian plume and roadway segments
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The additional width accounts for the initial horizontal dispersion imparted to 
pollutants by the vehicle wake. Within the mixing zone, the mechanical turbulence 
created by moving vehicles and the thermal turbulence created by hot vehicle 
exhaust is assumed to be the dominant depressive mechanisms.

The chemical transformation is modeled by the so-called receptor-oriented discrete 
parcel method. The model includes the basic reactions of nitrogen oxides, oxygen 
and ozone, but the influence of other compounds is neglected. The influence of 
plume dilution has been accounted for according to the receptor oriented Discrete 
Parcel Method [4], which is a modified version of the original method.

The CALINE4 requires relatively minimal input from the user. Input data are 
traffic volume, emission factors, roadway geometry, wind speed and direction, 
ambient air temperature, mixing height, atmospheric stability class and coordinate 
of receptors.

Model Experiments and Results

By using CALINE4 dispersion model, hourly and 8-h average concentrations can 
be obtained. The CO and NO

2
 concentrations have been calculated at 100 m away 

from the road axis for the Hungarian motorway network. NO
2
 concentration is 

shown in Fig. 7 for worst-case meteorology, where input is the combination of the 
worst wind speed, wind direction, and stability class. The highest concentrations 
occur around Budapest, which is explained by arterial roads structure in Hungary 
and by urban sprawling.

Fig. 6 Main characteristics of the mixing zone concept
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Fig. 7 Worst-case 1-h NO
2
 level at 100 m away from road axis

Fig. 8 Hourly average NO
2
 concentration around an intersection near Budapest
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A sensitivity analysis of CALINE4 model was also carried out. CO concentra-
tion was estimated to the distance from a roadway for typical daytime conditions. 
Wind was perpendicular to the roadway. It was established that good results could 
be obtained at receptors located within 500 m from the roadway.

CALINE4 model provides a possibility to predict air pollutants near intersections. 
Spatial distributions of hourly averaged CO and NO

2
 concentrations are shown in 

Figs. 8 and 9 for an intersection near Budapest. The distance between receptors 
(indicated by crosses in the figures) is 100 m. Air pollutants are transported by 
the most frequent airflow to the SW direction. At this intersection the traffic of 
motorway M7 is dominant.

Conclusion

Examples simulated by a road dispersion model showed that acceptable results 
could be obtained in order to consider detailed effect of traffic flow. Using a dispersion 
model connected to an emission model is a good tool to estimate air quality where 
ground based measurements are not available or not possible.

Fig. 9 Hourly average CO concentration around an intersection near Budapest
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Introduction

Approximately 15 million people currently are living in Beijing, the capital of China. 
The rapid economic growth comes along with a rapid growth of the urban population 
and a huge increase in energy consumption. Beijing faces severe anthropogenic air 
pollution caused by an intense increase of traffic, coal combusting power plants, 
heavy industry, huge numbers of household and restaurant cookers, and domestic 
heating stoves. Additionally, each year especially in spring, dust storms carry par-
ticulate matter over long distances from the deserts of Gobi and Takla Makan and 
other semi-arid areas in the northwest of Beijing towards the city. Other sources of 
particulate matter such as bare soils, coal heaps and construction sites occurring in 
and around Beijing contribute to the air pollution. The single shares of the specific 
aerosol sources are not known, neither are the mixing processes of these aerosols 
within the area of Beijing.

Currently, the air pollution due to particulate matter in Beijing exceeds by far the 
pollution in cities of Western Europe as well as national and international threshold 
values. The high atmospheric pollution is reflected in a severe reduction of visibility 
at many days in Beijing. This situation also affects the public health with regard to 
respiratory diseases [1]. Water-soluble ions are easily released to the environment 
and are known to have negative effects on human health [2, 3]. Furthermore, anions 
such as nitrate and sulphate, cause acidification of rain. Therefore, this study 
focuses on water-soluble ions in Beijing dust samples.
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Sampling and Methods

Five PM
2.5

 (particulate matter £2.5 mm) sampling sites were positioned along a 
transect from NW to SE through the city of Beijing (Fig. 1). Sampling was carried 
out with mini-volume-samplers at a flow rate of 200 L/h separately for day and night 
on a weekly basis. Day-time samples were taken from 7 a.m. to 7 p.m. and night-
time samples from 7 p.m. to 7 a.m., respectively. Site 1, 4 and 5 were installed at 1.5 m 
above ground – a height especially relevant for the exposure to humans. Site 2 and 
3 were set up on building roofs at heights of about 20 and 7 m, respectively.

At site 4 TSP samples (total suspended particles £100 mm) were taken additionally 
with a TSP-Sampler at a flow rate of 1 m3/h. TSP samples were also collected weekly, 
but without distinction between day and night. All samples were collected on quartz 
fiber filters (MN QF 10, Macherey-Nagel, d = 50 mm). The sampling period 
presented within this paper comprises 1 year, from January to December 2006.

Fig. 1 City map of Beijing with the locations of the five sampling sites (from beijing2008.
go2map.com)
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Analysis

For determination of total mass concentration, the filters were weighted using 
a microbalance (Sartorius SE 2-F, readability = 0.1 mg) before and after sampling. 
In each case the mean value of five weightings was used for calculation. The standard 
deviation was kept smaller than 0.1 (in most cases £0.05). Additionally, the weighing 
was controlled by blank filters.

Water-soluble ions were analyzed by ion chromatography (IC). For this analysis, 
one quarter of each of the collected filters was shaken for 45 min in 15 mL ultrapure 
deionized water (Milli-Q) and additionally extracted ultrasonically for 30 min in 
order to release the water-soluble parts.

For anions, a Dionex ICS-1000 with ASRS-ULTRA suppressor, Ion Pac AS4A-SC 
column and a Na

2
CO

3
/NaHCO

3
-eluent was used. Cations were analyzed with a Dionex 

DX-120 with CSRS-ULTRA suppressor, Ion Pac CS12, using a 0.1 M H
2
SO

4
-eluent. 

Standard solutions of both anions (Multi ion anion IC standard solution Specpure, 
Alfa-Aesar) and cations (Multi-component Cation Mix 2, Acculon) were used in dif-
ferent concentrations for quality control.

Results and Discussion

Particle Mass Concentration

In 2006 the average total mass concentration for PM
2.5

 samples from all five sampling 
sites was 90.7 ± 57.3 µg/m3 for day samples and 91.6 ± 67.9 µg/m3 for night samples 
(all mean values in this paper are expressed plus/minus standard deviation). Site 4 
showed highest annual PM

2.5
 concentrations with 114.7 ± 79.1 µg/m3 (average for day 

and night). The average TSP concentration (sampled only at site 4) was 371.4 ± 141.9 
µg/m3 in 2006. These values exceed even the Chinese class III standard for annual 
TSP concentrations. China has three classes for air quality standards which are the 
following for TSP: class I – 60 µg/m3, class II – 120 µg/m3, class III – 150 µg/m3. No 
threshold value exists for PM

2.5
 in China until now. The yearly average PM

2.5
 concen-

trations for all five sites are shown in Fig. 2.
The mass concentration varied considerably over the course of the year. Highest 

concentrations, both in PM
2.5

 and TSP, were found in winter with 113 ± 72 and 448 ± 
165 µg/m3, respectively. Summer values showed lowest particle concentrations; 72 
±44 and 235 ± 60 µg/m3, respectively. Spring and autumn concentrations were also 
quite high (spring: 94.3 ± 53.8 and 405.3 ± 126.3 µg/m3, autumn: 76.3 ± 38.4 and 
396.5 ± 103.0 µg/m3).

In this study, the seasons were defined as follows: winter – Dec, Jan, Feb, spring – 
Mar, Apr, May, summer – June, July, Aug, autumn – Sept, Oct, Nov.
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Figure 3 illustrates the average seasonal concentrations for TSP and PM
2.5

 
concentrations at sampling site 4 whereas the average seasonal PM

2.5
 concentrations 

for all five sites can be seen in Fig. 4. Site 1, which is located northwest of the city 
centre (Fig. 1), displayed the lowest PM

2.5
 concentration throughout the whole year.

Site 2–4, which are central sites situated within the fifth Ring Road, proved to 
have higher particle mass concentrations. The seasonal course is illustrated in Fig. 5 
with the results of TSP and PM

2.5
 concentrations from site 4. The high spring 

Fig. 2 Average PM
2.5

 concentrations for all five sampling sites in 2006

Fig. 3 Average TSP and PM
2.5

 concentrations for each season (2006) at sampling site 4 in Beijing 
and the corresponding threshold values
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concentrations occur especially in the coarse fraction (TSP £100 µm). This supports 
the assumption that the high amount of particulate matter during this time of the year 
mainly originates from long-distance transport from arid areas northwest of Beijing. 
During so-called dust storms days these geogenic particles accumulate in the city 
[4–6]. The high particle concentration in wintertime, however, is reflected both in the 
coarse and fine fractions. During this period, heating activities, which include a high 
amount of coal combustion, contribute noticeably to the high aerosol pollution.

Fig. 4 Average PM
2.5

 concentrations (mean day and night) for each season (2006) at all five 
sampling sites in Beijing

Fig. 5 PM
2.5

 and TSP concentrations at site 4 for the course of the year 2006



92 N. Schleicher et al.

Water-Soluble Ions

With ion chromatography (IC) four water-soluble anions (i) and five water-soluble 
cations (ii) could be detected:

1. Sulphate, nitrate, chloride and fluoride
2. Sodium, ammonium, potassium, magnesium and calcium

Sulphate (SO
4

2−) was the prevalent anion with an average concentration of 16.2 ± 
10.2 µg/m3 for PM

2.5
 and 33.9 ± 14.7 µg/m3 for TSP samples in 2006 (all mean 

values in this paper are named plus/minus standard deviation). The mean sulphate 
concentrations for the different seasons are displayed in Fig. 6 for TSP samples 
from site 4. The highest sulphate concentrations occurred in winter with an average 
concentration 41.6 ± 17.4 µg/m3 and a maximum weekly value 70.4 µg/m3. Summer 
values are also quite high with 35.6 ± 12.5 µg/m3, on average. In summer, a strong 
secondary formation of sulphate, caused by the strong solar radiation and high 
humidity, is assumable. In winter, the burning of fossil fuels, and especially of coal, 
probably contributes considerably to the high sulphate concentrations.

Nitrate, the second most abundant water-soluble anion, showed a different seasonal 
trend. Lowest nitrate concentrations were reached in summer time (8.2 ± 4.5 µg/m3 for 
TSP), whereas winter and spring concentrations were high (winter: 16.2 ± 7.5 µg/m3, 
spring: 11.5 ± 5.9 µg/m3 for TSP). The seasonal mean concentrations of TSP samples 
(site 4) are plotted in Fig. 6. The annual course for nitrate concentrations in TSP 
samples was similar to the course of total mass concentration (r = 0.72, n = 53).

Sulphate mainly originates from stationary sources (industrial or household burning 
of fossil fuels/coal), whereas the main source for nitrate are mobile sources (especially 
traffic emissions) [7, 8]). In this regard, the sulphate/nitrate ratio is crucial (Fig. 7). 

Fig. 6 Concentration of water-soluble sulphate and nitrate from TSP samples at site 4 for the 
different seasons in 2006
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The ratio is lowest in summer time when most rain occurs in Beijing. In this time, as 
mentioned above, the secondary formation of sulphate is high due to the high humidity 
and strong solar radiation. The temperature plays an indirect role to that effect and 
the long cold winters account for a long heating period in Beijing (usually from 
mid-November to mid-March [9]).

Fluoride and chloride concentrations were very low in PM
2.5

 samples and therefore 
not detectable with IC (detections limits: 0.2 and 0.4 mg/L, respectively) in many 
samples. In TSP samples, the mean annual concentrations were 0.8 ± 0.6 µg/m3 for 
fluoride and 3.3 ± 3.9 µg/m3 for chloride.

The annual courses for selected cations in TSP samples are presented in Fig. 8. 
Calcium was the most abundant water-soluble cation with an annual mean concen-
tration of about 13.4 ± 5.0 µg/m?. Usually, Ca can be seen as a geogenic element. 
In Beijing, however, Ca is also closely connected to construction activities. As a 
consequence of the fast growing city and lots of building activities for the Olympic 
Games in August 2008, there is a high density of construction sites in Beijing. 
Ca-rich particles in Beijing aerosols have been related to dust from construction 
sites [10]. Ca has also been used as an indicator element for construction dust in 
Beijing [9]. In contrast to the coarse particles, PM

2.5
 samples showed lower Ca 

concentrations which partly could not be detected by IC. For fine particles, ammonium 
was the most important cation.

The percentage of measured water-soluble cations with respect to total dust 
concentrations of the according element varies between 35% and 72%. Total element 
concentrations were measured with ICP-MS after total digestion of one quarter of 
the filter.

Finally, the comparison between water-soluble anions and cations suggested a 
strong correlation between ammonium and sulphate (r = 0.77, n = 53) whereas 

Fig. 7 Annual course for the ratio nitrate/sulphate from TSP samples at site 4 with additional 
meteorological data
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ammonium and nitrate showed no correlation (r = 0.10, n = 53). Therefore, ammonium 
in Beijing’s aerosols seems to be mainly present in the form of ammonium sulphate.

Conclusion

All over the year 2006, particulate matter concentrations in Beijing were high and 
thus atmospheric pollution was severe. PM

2.5
 and TSP mass concentrations as well 

as the concentrations of the different ions analyzed revealed a different annual 
course. Seasonal differences are caused by meteorological influence, different air 
mass origin and different source contributions. Also spatial differences could be 
detected with higher particle concentrations in the city centre and lowest concentrations 
in the outskirts northwest of the city.

Water-soluble ions displayed an important part of particulate matter in dust 
samples from Beijing. Sulphate was the most abundant anion with highest concen-
trations in winter. Calcium was the dominant water-soluble cation in TSP samples. 
Further knowledge of the temporal and spatial aerosol distribution and the corre-
sponding sources is important for the detailed assessment of the pollution of 
Beijing’s atmosphere.
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Fig. 8 Annual course for selected water-soluble cations in TSP samples from site 4 (missing 
values due to analytical problems)
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Introduction

Lateral long period fluctuation (meandering) of wind direction affects significantly 
on the results of dispersion models [1]. Anfossi et al. showed that meandering exists 
under all meteorological conditions [2]. Meandering seems to be independent on 
stability conditions, but is especially important in low wind speed conditions.

Line source dispersion modeling results are particularly sensitive to meandering 
because of the geometry of receptor – finite line source system. One may imagine 
that lateral fluctuation of wind direction during the averaging time changes effec-
tively the real distance between the receptor point and line source as illustrated in 
Fig. 1. This influences substantially on the computed concentration at the receptor 
point, because the concentration is a strongly nonlinear function of the distance 
between point source S(x,0) and receptor R(x,y).

The aim of this work is to develop and test a specific meandering function 
applicable to analytical line source dispersion models in local scale when nearly 
parallel flows to the road are problematic.

Experimental Method

The measured NO
x
 data includes 1,038 cases from 1 January to 15 April 2002 near 

Oslo. The monitoring site with three monitors and the background monitor (B) is 
shown in Fig. 2.

J. Härkönen, M. Kauhaniemi, J. Nikmo and A. Karppinen 
Finnish Meteorological Institute, Air Quality Research, Erik Palmenin Aukio 1, P.O. Box 503, 
FI-00101 Helsinki, Finland

J. Berger 
Norwegian Institute for Air Research (NILU), P.O. Box 100, NO, 2027, Kjeller, Norway

Utilization of Meandering in a Receptor-
Oriented Solution of the Line Source  
Dispersion Equation

Jari Härkönen, Janne Berger, Mari Kauhaniemi, Juha Nikmo,  
and Ari Karppinen

S. Rauch et al. (eds.), Highway and Urban Environment,  
Alliance for Global Sustainability Bookseries 17,
DOI 10.1007/978-90-481-3043-6_11, © Springer Science+Business Media B.V. 2010



98 J. Härkönen et al.

R(x,y)

α1α2 WD

U

S(x,0)

R = receptor point
.

S = point on the line source
U = mean wind vector

. 
WD = mean wind direction.
α1 an α2 = view angles 

.     
x, y = coordinates with origo at
the center, x  parallel and y
perpendicular  the line source  

Fig. 1 Illustration of a finite line source – receptor point geometry
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Average peak traffic volume ≈
3-4000 vehicles per hour

1 2 +M 3

B

M = Met. mast with Wind speed
and direction (10 m) + Temp. &
Temp. difference (10 - 2 m)  

Fig. 2 The monitoring site Nordbysletta. The road is oriented approximately 60° due north
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Nordbysletta is located north-east of Oslo in a rural, relatively flat environment 
with average roughness length estimated to be 0.25 m. The road segment used in 
the campaign is ~850 m long with four lanes orientated ~60° due north (in the N-NE 
and S-SW sectors). Three stations measuring concentrations of NO

x
 and one back-

ground station were located at different distances from the road. The measurement 
height was 3.5 m. At station 2, there was also a meteorological mast measuring 
hourly wind speed data, wind direction data, temperature and vertical temperature 
difference between the heights of 10 and 2 m. In addition, hourly traffic counts and 
average speeds of light and heavy duty vehicles separately were available. The traffic 
flow is on average 36,000 vehicles/day, and the speed limit is 90 km/h [3].

Distributions of wind speed and stability are presented in Fig. 3. The mean meteo-
rological wind direction is parallel to the road with values 0° and 180°. Minimum 
wind speed at 10 m height is fixed to 0.5 m/s. The histograms show that there are a 
lot of low wind speed cases distributed evenly over the directions. Near neutral stability 
prevails, but also the peak of very stable conditions is observed. The meteorological 
conditions, with many cases of flows nearly parallel to the road, are rather demanding 
for the purposes of dispersion modeling.

Computational Methods

The Gaussian fine line source model CAR-FMI used in this work is described, for 
example in [4]. The model is based on the general solution of [5]. The current 
version allows the use of separate emission data. The lowest wind speed in the 
plume is restricted to 0.3 m/s.
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Fig. 3 Hourly wind speed and stability distributions against mean meteorological wind direction, 
with corresponding histograms at Nordbysletta monitoring site
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The objective of this work is to test a new method, where the influence of meandering 
on the dispersion could be accounted for. The new function described below is 
called by CAR-FMI after reading the meteorological time series. Computed receptor-
oriented wind direction, effective distance, and probability are assigned to the 
computation of dispersion parameters and concentration. Only NO

x
 concentration 

is treated in this study.

Emission Computation

The Norwegian emission dataset is calculated using the AirQUIS emission module 
[6], which consists of an area source module, a point source module, and a line source 
module. The latter module needs information such as annual daily traffic, speed limit, 
road data and classification of vehicles. The emission is calculated as traffic based 
(function of fuel type, vehicle classes, driving speed, etc.) or as fuel based (with 
regard to CO

2
, SO

2
 the emission is calculated based on mass balance, fuel consump-

tion and the content of carbon, sulphur, and lead in the fuel). In addition, factors 
describing the age of the vehicle, road gradient, the share of NO

2
 in the total NO

x
 

emissions are included. The emission factors are based on COPERT III [7].

Receptor-Oriented Mean Wind Direction

In the treatment of lateral fluctuation of wind direction, temporal and hourly mean 
values are presented with sub- and superscripts, correspondingly. Normal distribu-
tion is assumed for temporal wind direction wd with mean value WD and standard 
deviation s

m
. Chosen critical value for c, c(crit) = 3.21, corresponds to p-value 

< 0.001 in two tailed distribution. Standard deviation s
m
 of meandering is grouped 

as a function of wind speed [8] and is applied to all stability regimes, because stability 
seems to have a minor influence on crosswise oscillations [2]. The range for temporal 
wind direction is accordingly

 wd = WD ± cs
m
 (1)

The range of the view angles (a1, a2), as illustrated in Fig. 1, is transformed to (HI, 
LO) determining the allowed wind sector, where HI = a1 + c s

m
 and LO = a2 – c 

s
m
. From the mean wind direction WD we calculate the probability P for the 

flow to be in the (HI, LO) sector according to Eq. 2. Standardized values (x 
= (x − WD)/ s

m
) and cumulative normal distribution F(x) is applied to determine 

the probability P.

 P = Ф[HI – WD)/s
m
] – Ф [(LO – WD)/s

m
] (2)

The probability P is assumed to be independent from short term fluctuations being 
outside the integrand and becomes directly proportional to concentration. The 
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expected wind direction EWD in the receptor-oriented (HI, LO) sector is defined 
according to Eqs. 3a and 3b. Consequently, the deviation from the meteorological 
mean wind direction WD is zero for winds perpendicular to the road, but the devia-
tion increases as WD turns parallel to the road.

 F = Ф{0.5[HI + LO)/2 – WD]/s
m
} (3a)

 EWD = WD + s
m
 Ф –1(F) (3b)

As illustrated in Fig. 1, the distance between receptor R and the point source S on 
the line source changes with meteorological mean wind direction WD. Mean wind 
direction WD is now replaced by EDW. The effective distance DIS (Eq. 4), where 
y is the perpendicular distance of R from the line source, determines the distance 
of the receptor from the road in the expected mean wind direction EWD. As EWD 
becomes never 0° or 180°, the distance DIS has always a finite value allowing 
always an analytical solution of the line source dispersion model.

 DIS = |y / sin (EWD)| (4)

The probability (Eq. 2) is directly used to scale the emissions. Expected wind direction 
(Eq. 3b) and effective distance (Eq. 4) are applied to the computation of vertical and 
lateral dispersion parameters s

z
 and s

y
. The modification of the line source disper-

sion equation is restricted to the dilution term Q/[U*sin(WD)* s
z
], which is now 

presented as P*Q/[U*sin(EWD)*s
z
], where Q is emission strength and U is the 

mean wind speed.

Results and Discussion

The distributions of the parameters defined above against meteorological mean 
wind direction WD are graphically illustrated at the nearest monitoring site ST1 
using the meteorological time series of Nordbysletta. In the second phase we compared 
the observed measurements with predictions (backgrounds subtracted) by CAR-FMI 
when meandering was accounted as defined in Eqs. 1–4.

Dependence of Probability, Expected Wind Direction  
and Effective Distance on Meteorological Mean Wind Direction

The mean flow is oriented perpendicular to the road when the meteorological mean 
wind direction WD is 90°. Probability of the plume reaching the receptor decreases 
to 0.5 when mean wind turns parallel to the road and is roughly 1.0 with nearly 
perpendicular flows, as seen in Fig. 4a. If WD is nearly parallel to the road, the 
probability may be slightly below 0.5 in case of finite line sources, which indicates 
that the allowed wind sector (HI, LO) is smaller than half of the temporal wind 
direction range defined in Eq. 1.
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Correspondingly, the expected wind direction (EWD) is equal to the meteorological 
mean wind direction (WD) for perpendicular winds, while in other cases EWD turns 
away from the road direction (Fig. 4b). As a consequence, the effective distance 
(DIS) has a finite value also in the case of mean wind direction WD being parallel 
to the road as seen at the station ST1 in Fig. 4c. Variations of the computed parameters 
with a fixed meteorological mean wind direction associate with the changes of 
wind speed.

The statistical agreement between the measured and modeled concentrations is 
best at the nearest monitoring site (ST1), but decreases with the distance of monitoring 
from the road. Similarly the slope decreases with distance, indicating increasing 
overestimation at more distant sites. According to our analysis linear regression 
seems not to be sensitive to wind direction, but depends strongly on wind speed.

The influence of wind speed on the predictions was studied by computing relative 
bias RB defined as (pred  – obs) / obs in four groups of wind speed. The results are 
presented in Table 1, where overestimation is limited to wind speeds <2 m/s, while 
stronger wind speeds associate with underestimation at all monitors. Remarkably 
high overestimation is found at the most remote monitor ST3 during very weak 
winds (<1 m/s at 10 m height). Surprisingly, the best performance of the model is 
observed just by the road side (ST1). The overestimated low wind speeds and 
underestimated higher winds are responsible to the moderate constants k

0
 and 

slopes clearly below 1 in Table 2.
The results suggest that the mixing by the traffic flow cannot be described 

merely by an initial constant in vertical and lateral dispersion parameters as is the 
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current practice in CAR-FMI. On the other hand, the lowest wind speed regime is 
clearly outside the application area of analytical solutions of dispersion equations 
as commented by several authors.

Conclusion

We propose a procedure for line source dispersion modeling in low wind speed 
conditions, when meandering has a strong effect on the dispersion. The comparisons 
between predicted and observed NO

x
 concentrations show that the suggested mean-

dering procedure applied to an analytical line source model:

Improves predictions in situations of nearly parallel winds to the road, which are •	
caused by lateral fluctuation of wind direction
Wind speed limit for over- or underestimation regimes is about 2 m/s at 10 m •	
height
Allows temporal diffusion to the upwind side of the road by lateral fluctuation, •	
which is important at receptor points locating within the first tens of meters from 
the road
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Introduction

In Metropolitan Area of São Paulo (MASP), the air contamination is caused mainly 
by gases and particulate matters released by the large fleet of light and heavy 
vehicles, but also by industrial processes [1]. Besides environmental consequences, 
the particulate matters, (PM), have been linked to health damage because they 
contain a wide range of toxic metals and organic contaminants. Among the (PM) 
constituents, heavy metals have been investigated due to the elevated toxicity to 
living organisms. Some metals, like copper and zinc, are essential nutrients but they 
can cause harmful effects depending on their concentration levels. Cadmium is 
considered very toxic, classified as potential carcinogenic. Lead is also recognized 
by the World Health Organization (WHO) as one of the most dangerous chemical 
element for the human health. In MASP, epidemiological studies show that 
increases in hospital admissions and mortality have been associated with air 
pollution episodes [2]. Aerosols can be removed from the atmosphere by two main 
pathways: dry and wet deposition, depending on their physical characteristics such 
as particle size, vapor and solubility pressure in water, and chemical composition 
[3]. In this study the concentrations of zinc, copper, cadmium and lead in fine 
(PM

2.5
) and coarse (PM

2.5–10
) particle material in São Paulo rainwater were 

determined. The aim is to evaluate the extension of the contamination of the São 
Paulo city atmosphere as well as to identify the main deposition route of heavy 
metals in this urban area.
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Site Sampling

São Paulo City, with a territorial area over 1,528 km2, is located in the southeastern 
region of São Paulo state, Brazil, ~45 km from the coast and 780 m above sea level. 
With almost 11 million inhabitants, it is the largest part of the Metropolitan Area of 
the São Paulo (MASP) with more than 17 million inhabitants. The main sources of 
pollution in the city are vehicular and industrial emissions. Diesel, hydrated ethanol, 
natural gas and gasohol (a mix of 22–25% in ethanol + gasoline) are the most 
common fuels used in more than 7 million heavy and light vehicles. The vehicular 
fleet was responsible for 40% of the 67,000 t PM

10
 emitted in the MASP in 2003. 

From this, 10% is released by industrial processes, 25% by secondary aerosol formation 
and the remaining by resuspended road dust [1]. The site sampling was located in 
the center of São Paulo City (23°32¢ SE 46°39¢ W) surrounded by large avenues 
with intense flux of vehicles.

Experimental

Rainwater samples were collected on the top of a building (15 m above ground) 
within the campus of Mackenzie University, by an automatic wet-only rainwater 
collector G.K. Walter model 211. After collection, the rainwater samples were 
filtered through a 0.22 mm cellulose acetate membrane and then acidified with HNO

3
 

(pH = 2) and stored in 50 mL high-density polyethylene flasks at 4°C until the 
analysis. The aerosol particles were sampled by a portable sampler called “Mini-Vol” 
(Airmetrics, USA) during the winter season; July 7 to September 5, 2003. The particle 
sampler separates the aerosol particles as coarse (2.5–10 mm equivalent aerodynamic 
diameter, EAD) and fine (<2.5 mm EAD) using Nuclepore filters with 8 and 0.4 mm 
pore size, respectively. The particle mass loading on the filters was determined 
gravimetrically. The soluble metals were extracted under mechanical shaking in 25 mL 
ultra-pure water for 1 h, followed of acidification with 0.1% HNO

3
.

Reagents and Solutions

All reagents were of analytical grade. The ultrapure nitric acid used for conditioning 
the samples was prepared by sub-boiling distillation using Marconi system 
(Piracicaba, Brazil). The solutions were prepared by using ultrapure water obtained 
from a Nanopure® system (resistivity >18 MW cm). Copper, lead, cadmium and 
zinc stock solutions (0.010 mol/L) were prepared by dissolution of its nitrate salts 
in 10 mmol/L HNO

3
 solutions. The solutions with lower metal ion concentration 

were diluted daily from the stock solution in 10 mmol/L HNO
3
, which was also 

used as carrier electrolyte for copper, lead and cadmium. A 10 mmol/L acetate 
buffer solution (pH 4.5) was used as electrolyte for zinc determinations. Mercury 
was chemically purified and bi-distilled under vacuum.
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Analytical Instrumentation

Pulse differential anodic striping analyses, DPASV were carried out by mAutolab 
Type II Potentiostat (Eco Chemie B.V. – Utrecht, Netherlands). A GPES 4.5 
software was used for electrochemical instrumentation control, acquisition and data 
treatment. The flow injection analysis (FIA) system consisted of carrier reservoir, 
an Ismatec peristaltic pump model REGLO to propel the electrolyte carrier at 
220 mL/min flow rate, a manually operated injector based on three solenoid 
valves which was provided with a loop of 200 mL, and microdegasser system to 
remove the interference of the dissolved oxygen in flowing solutions on Hg drop 
electrode, and the electrochemical detector. A 20-cm long flexible fused silica capillary 
(i.d. = 0.53 mm) was used to carry the degassed solution to the flow detector. 
The batch electrochemical cell from VA STAND 663 (Metrohm), provided with 
multimode mercury electrode, Ag/AgCl reference electrode and glassy carbon 
auxiliary electrode, was converted for flow measurements by using a PTFE adaptor 
in “L” shape fixed on the glass capillary and with its tip positioned ~0.5 mm apart 
from the mercury drop surface [4]. A siphon prevents the cell from flooding. It was 
connected to the outlet tubing which, together with the inlet channel from the FIA 
system, leaves the cell through a hole in the top of cell lid.

Procedure

After assuring a constant level of the electrolyte solution in the flow cell, the sample 
solution was injected into the FIA system. The deposition potential for cadmium, 
lead and copper on Hg drop electrode was applied (45 s after the sample injection) 
for 3 min at −0.8 V. The pre-concentration of zinc amalgam was carried out at −1.1 V 
also for 3 min. After this step, a 10 s rest period was observed, and then a 10 mV/s 
differential pulse anodic stripping voltammogram scan was started. The heavy 
metals quantification was made by standard addition method using three spikes of 
each element. The analytical detection limits were 0.50 mg/L for copper, 0.40 mg/L 
for lead, 0.010 mg/L for cadmium and 0.95 mg/L for zinc. The analytical precision 
was typically about ±5%. All measurements were carried out at 25 ± 1°C room 
temperature.

Results and Discussion

Wet Deposition

The amount of rainfall recorded from January to December 2003 was 720 mm. 
The dissolved metal concentrations were evaluated for 47 events of rain which 
represents a precipitation of 616 mm. The rainy period occurred between October 
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and March (spring and summer). During these months, the precipitation totalized 
632 mm, which was equivalent to 88% of the total rainfall registered. The pH values 
in the rainwater ranged from 4.80 to 7.18, with a VWM of 5.4, indicating a slightly 
acidic precipitation. The lower pH values were observed in summer and spring 
seasons, corresponding to the rainy period. In São Paulo city, ammonia is the main 
neutralizing agent of the wet precipitation [5]. The dissolved metal concentrations 
showed great variability between the individual samples, as indicated by the extent 
of the standard deviations (Table 1). A large fraction of the measurements, espe-
cially in the case of Cd, was below the analytical detection limit of the FIA-DPASV 
technique. No significant correlation was found between the dissolved metal 
concentrations and the rainwater pH, or the rainfall quantity and rate. Higher metal 
concentrations were obtained from rainwater collected after long dry periods, 
usually over 15 days. This was evidenced in some rain events between April and 
August. (Autumn and winter seasons – dry periods). On August 7, 2003, a 370 mL 
rain sample was collected after 27 days without precipitation. The mean concentra-
tions determined for copper, lead, cadmium and zinc were 8.5, 4.3, 0.24 and 30, 
respectively. In comparison with the mean concentration (Table 1), the Cu, Pb, Cd 
and Zn concentration found in rainwater sample collected on August 7 had enrichment 
factors of 136%, 152%, 41% and 206%, respectively, suggesting a significant 
accumulation of pollutants in the atmosphere during the period without precipita-
tion. The comparisons of mean dissolved metal concentrations with literature data 
is presented in Table 1.

Cadmium concentration found in the present study was comparable with that found 
in Athens [6]. Lead concentration was not significantly different from a previous 
study carried out at the same site in São Paulo during January to May 2000 [8], and 
was higher than that observed in the capital of Greece. The mean concentration of 
copper observed in São Paulo Metropolis was usually lower than those recorded in 
Athens and Guaíba [7], and higher than in Candiota [9]. Values for dissolved zinc 
concentrations in this study were lower than those obtained in Athens and Guaíba, 
and much lower than in Candiota, a region where a large thermoelectric power 
plant, using mineral coal as fuel, is established.

Table 1 Mean concentrations (standard deviation) and volume weight mean (VWM) values of 
the trace metals and hydrogen ion in 60 wet-only precipitation samples in downtown São Paulo 
(Feb–Dec 2003) and in other urban areas

São Pauloa Athens [6] Guaíba [7] São Paulo [8] Candiota [9]

Mean (sd) VWM Mean (sd)

mg/L mg/L

Cd 0.17 (0.19) 0.17 0.20 (0.14) – –
Pb 1.7 (1.2) 1.5 0.88 (1.0) – 1.5(1.0) –
Cu 3.6 (3.4) 2.8 15.4 (14.5) 6.8 (8.5) 2.00 (1.51)
Zn 9.8 (9.9) 9.9 33.5 (40.8) 29.6 (18.8) 51.5 (22.8)
pH 5.6 5.4 6.46 5.7 5.0 5.4
a Present study.
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Dry Deposition

The average mass concentrations of fine and coarse particle material were 31 ± 13 
and 33 ± 22 mg/m, respectively [10]. The dry deposition was evaluated for copper, lead 
and cadmium. Tables 2 and 3 show the mean concentrations (standard deviation), 
minimum and maximum values of copper, lead and cadmium in fine (d < 2.5 mm) 
and coarse mode aerosol (2.5 < d < 10 mm) for diurnal and nocturnal periods. 
The results show high variability, suggesting influence of emissions and meteoro-
logical conditions. During the aerosol sampling period, the meteorological conditions 
in São Paulo showed 31 days with unfavorable conditions for pollutant dispersion 
and 59 days with thermal inversion (height < 400 m). The mean metal concentra-
tions were higher in aerosols collected during night compared to samples collected 
during the day. This might be explained by the evolution of a stable nocturnal 
boundary layer and with intense vehicular traffic at the beginning of evenings.

Lead was the predominant metal, followed by copper and cadmium in the fine 
particle fraction (Table 2). On the other hand, in the coarse fraction, copper was the 
metal found in higher concentration (Table 3). The relative contribution of Cd, Pb 
and Cu in fine and coarse particulate matter is presented in Fig. 1, suggesting that 
metals are emitted from different sources. Lead contamination in the atmosphere 
can be attributed to industrial emissions, mainly non-ferrous smelters; while 
copper can be associated with emissions from motor vehicles using ethanol and 
gasohol (mixture of 22–25% in ethanol + gasoline) as fuels. In urban areas, like 
São Paulo, cadmium sources can be associated with both worn out tires and the white 
paint used for marking lines on pavement (asphalt) on streets and avenues [11]. 
The significant contribution of lead to PM

2.5
 may be an indicative of the toxicity of 

inhalable particle matter, which has been correlated with pulmonary diseases.

Table 2 Average concentrations (standard deviation), and minimum and maximum values of the 
metals in fine particle (d < 2.5 mm) samples

Diurnal Nocturnal

Average (sd) Min. Max. Average (sd) Min. Max.

ng/m ng/m

Cd 0.61 (0.81) 0.13 2.4 1.5 (2.7) 0.17 8.2
Pb 13 (6.6) 5.7 27 25 (33) 4.5 111
Cu 4.7 (4.1) 1.7 14 12 (19) 1.9 63

Table 3 Average concentrations (standard deviation), and minimum and maximum values of the 
metals in coarse particle samples (2.5 < d < 10 mm)

Diurnal Nocturnal

Average (sd) Min. Max. Average (sd) Min. Max.

ng/m ng/m

Cd 0.49 (0.77) 0.17 2.4 0.60 (0.83) 0.17 2.3
Pb 8.6 (7.9) 2.1     27  10 (14) 2.6    48
Cu  11 (6.8) 2.3     26  18 (17) 8.2    62



110 A.P.G. Fontenele et al.

Similar results of metal concentration distributions in fine and coarse dry depo-
sition were observed in other studies carried out in the MASP during the winter 
1997. The aim was to characterize the chemical composition of aerosols in São 
Paulo city by using proton induced x-ray emission (PIXE) technique [12].

Table 4 compares the results obtained in the present study with those previously 
obtained in the same area but also from other places.

Lead and copper concentrations in fine particles were higher in the present study 
than those found in Tubarão [13] and comparable with those obtained in MASP in 
1997. For Cd, Pb and Cu concentrations in coarse particles, our results were also 
comparable with those obtained in Rio de Janeiro [14] but they were much 
lower than those found in Volta Redonda [15], an area of high industrial activity. 
In MASP, the lead aerosol contamination in fine and coarse modal has been declining 
since 1993 when the addition of tetraethyl lead to gasoline was prohibited in Brazil. 
In two decades, the contamination by lead has been reduced by 60% in fine, and 
more than 62% in coarse particles (Table 4).

Table 4 Avarege atmospheric levels of Cu, Cd and Pb compared with other results reported in 
the literature

Fine aerosol Coarse aerosol

ng/m

Cd Pb Cu Cd Pb Cu

Tubarão (winter) [13] – 5.7 1.2 – 3.9 1.6
Rio de Janeiro [14] 0.4  16  22
Volta Redonda (2004–2005) [15] 4 140 263
MASP (1983–1985) [16] 94 11  51  19
MASP (1997) [12] – 42 19 –  38  44
MASP (2003)* 2.1 38 17 1.1  19  29
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Comparison Between Wet and Dry Deposition Fluxes

In order to evaluate the transport route for removal of trace metals from the 
atmosphere, wet and dry deposition rates were estimated. The wet deposition was 
calculated by using Eq. 1, according with what was previously described.

 
( ) ( )

d
d

m
W

A d
=

×
 (1)

where W
d
 is the trace metal deposition flux (mg m−2 day−1), m

d
is the collected trace 

metal mass at the sampling day, A is the deposition sampler collection area and d 
is the number of days with rain event. The dry deposition flux was estimated [3] by 
using Eq. 2:

 D
d
 = C

i
 · vd

  (2)

where D
d
 is the dry deposition flux (mg m−2 day−1), C

i
 is the metal concentration 

(mg/m3) for each day of sampling and v
d
 is the deposition velocity of particles 

(cm/s) [3]. Considering that the deposition velocity of particles depends on their 
size, a v

d
 ranging from 0.5 to 2 cm/s was used for coarse particles, while a 0.5 cm/s 

deposition velocity was adopted for fine particles. The deposition velocity of 
aerosols reflects a combination of experimental uncertainties and patterns which 
are obtained by various models such as the curves of the deposition velocity versus 
the diameter of the particle [3]. The wet and dry deposition fluxes are presented in 
Table 5. The order of the wet deposition fluxes for trace metals was Cd < Pb < Cu 
< < Zn. The wet deposition fluxes were 1.4–1.9 times larger than the dry deposi-
tion. Therefore, the precipitation plays an important role in trace metal deposition 
in this large urban area. For dry deposition, the coarse particulate matter showed 
higher deposition rates for cadmium and copper. A comparison of our dry deposition 
results for coarse aerosols with data from other urban areas reported in the literature 
shows that Cd, Pb and Cu levels in São Paulo are higher than those measured 
in Tokyo [17] but lower than those in Chicago, IL and South Haven, MI [18]. 
Furthermore, they were found to be extremely low compared to those recorded in 
Izmir, a highly industrialized area in Turkey [19].

Table 5 Wet and dry deposition flux during 2003 in São Paulo

Deposition

Wet Dry (fine) Dry (coarse)

mg m−2 day−1

Zn 118 – –
Cd   1.8 0.04 0.02–0.95
Pb 15 0.82 0.42–17
Cu 34 0.35 0.6–24
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Conclusions

The pH measurements indicate that the rainwater in São Paulo is slightly acidic, 
showing 5.4 pH

VWM
 values. The heavy metal concentrations in wet and dry deposition 

were comparable with others in large cities around the world. In wet deposition, the 
metal concentrations follow the order: Cd < Pb < Cu < Zinc. For fine and coarse 
dry deposition, higher metal concentrations were observed during nocturnal 
periods, associated with the evolution of the stable nocturnal boundary layer and 
with the intense vehicular traffic in early evenings. Lead was the predominant metal 
in fine particles while copper was found in higher concentrations in coarse particles. 
In conclusion, the main transport route to remove heavy metals in São Paulo was 
the wet deposition.
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Introduction

Health research has sufficiently demonstrated that regular physical activity is beneficial 
for health and lowers medical risks associated with a sedentary lifestyle. Commuter 
cycling conveniently combines both the level of activity and the frequency neces-
sary to improve fitness [1]. A popular review of evidence can be found in [2]. 
On the other hand, many people worry over the possible negative health effects of 
commuter cycling: the accident and injury risks and the exposure to traffic related 
air pollution. All of these possible negative effects, as well as their geographical 
distribution, are studied simultaneously in the Belgian SHAPES research project 
on cycling and health. In the SHAPES project we collect data on the exposure of 
cyclists to particulate air pollution. A novel measuring strategy was developed 
using small battery driven optical sensors which allows us to collect data on levels 
of Particulate Matter (PM) while cycling in real traffic. Traffic is generally blamed 
for high PM levels in urban regions.

Initial work focused on simultaneous measurements of PM10, PM2.5, PM1 and 
Ultra Fine Particulate (UFP) matter. A combination of both weight based PM mea-
surements and particle numbers proves to be very useful because both are related 
to distinct sources which we can identify from simultaneous video recordings [3].

In this paper we report UFP levels measured while cycling on a cycling track 
and the effect of the distance of the cycling track to the road on the exposure 
of cyclists.
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Experimental Method

In the present study a bicycle equipped with a number of different instruments 
(collectively called AeroFlex II) was used to measure aerosol concentrations in the 
ambient environment and to evaluate personal exposure of cyclists. It is used here 
to capture the time-activity exposure patterns of individuals in an urban transport 
microenvironment. It consists of four different instruments: a GRIMM 1.108 Dust 
monitor, a TSI P-TRAK, a commercial GPS and a video camera. The GRIMM 
1.108 spectrometer is a portable environment dust monitor which can simultane-
ously measure PM1.0, PM2.5, PM10 and TSP. It has two optical sensors which 
provide near real-time particle number concentration measurements at a maximum 
logging rate of 1 min. The size range covered by the instrument is 0.3–20 mm over 
15 channels. The design features of the GRIMM 1.108 provide ease of portability: 
a rechargeable Li-Fe battery (providing 6 h of runtime) and 4 MB of internal data 
storage [3]. This makes the GRIMM 1.108 readily deployable in the field and useful 
for mobile measurements in the SHAPES project.

Ultrafine particle counts at 1-s resolution were made, using P-TRAK Ultra 
fine Particle Counters (TSI Model 8525), for particles in the size range 0.02–1 mm. 
The P-TRAK is a hand-held field instrument based on the condensation particle 
counting technique using isopropyl alcohol. It has a relatively robust performance 
while in motion, rapid warm-up, battery-powered, and it has an operation time 
which is longer than more sophisticated instruments. The P-TRAK has the ability 
to detect high concentrations (maximum detectable limit: 500,000 cm−3). Moreover, 
it has a high data-logging resolution and a fast response time [3].

Initial pilot tests revealed that the P-TRAK was rather sensitive to shocks leading 
to temporary gaps in the data collected. This was circumvented by designing a shock 
absorbing suspension and by manually bypassing the electronic shock detection 
mechanism. This final set-up was used for all later measurements.

All measurements discussed in this paper were executed while cycling in real 
traffic in and around the city of Mol, Belgium. A test trajectory was chosen that 
includes a cycling track parallel to a major regional road N18 (two lanes, ~13,000 
vehicles/day including buses and trucks, 70 km/h speed limit). The cycling lane is 
between 1.8 and 2 m wide and is mostly separated from the road to the left by a 1.8 m 
wide parking lane except at a signalized intersection (see Fig. 1). There is also some 
traffic on parking places around the shops situated to the right of the cycling track.

During the test there was a light wind blowing from NW at a 30° angle to the 
road (which is oriented N-S). Meteorological data was not measured at the site 
shown in Fig. 1, but at the nearby VITO campus.

A first set of validation tests was conducted to test the reliability of the P-TRAK 
instruments, as well as the set-up on the bicycle. Two P-TRAK instruments were 
carried in a pannier and supplied with sampled air through two tubes of variable 
length fitted to an extendible post so that any sampling height and direction could 
be chosen (see Fig. 2).

It was first tested whether the two available P-TRAK instruments can provide 
identical results when sampling tubes are placed at the same location (Fig. 2a).
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Subsequently the effect of sampling height (Fig. 2b) and sampling direction 
(Fig. 2c) were tested. Subsequently the bicycle was set-up to measure UFP concen-
trations on a cycling track in the city of Mol. Simultaneous measurements were 
taken at a horizontal distance of 2 m while cycling (Fig. 2d). Measurements were 
taken during trips in both directions on three different days in November 2007 
(N = 6). The main purpose was to determine the set-up and number of replicates 
necessary to resolve the expected difference.

Fig. 1 Case study site along the N18 in Mol, Belgium

Fig. 2 Experimental set-up for validation of the methodology. (a) Sampling at 1 m above the 
ground for both instruments. (b) Sampling at 0.8 and 1.6 m above the ground. (c) Sampling in 
different directions at the same height. (d) Set-up to determine the effect of distance on UFP 
exposure on the cycling track. The horizontal distance between both sampling tubes was 2 m in 
the pilot test and 1 m during the final test
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After analysis of the initial results it was decided to reduce the horizontal 
distance between sampling points to just 1 m to improve maneuverability and safety 
while measuring. A new set of ten trips in both directions were made on the 3rd and 
4th of April 2008 under similar meteorological conditions. Part of the trajectory is 
shown in Fig. 1. The total trajectory is exactly 4 km long and was cycled in about 
12 min with an average speed of 19.6 km/h (SD 1.4 km/h). Measurements were 
compared by subjecting average particle numbers per trajectory for each device to 
a Wilcoxon matched pairs signed ranks test.

Results

The ratio and 95% CI between measurements taken during the pilot test by both 
instruments were 1.00 (0.94–1.05) for case a, 0.98 (0.86–1.09) for case b and 1.01 
(0.94–1.09) for case c respectively.

We concluded that the set-up was reliable and reproducible although a small 
correction was sometimes needed to off-set systematic differences between instru-
ments. There is no effect of either sampling height or sampling direction on the 
results. The results of the measurements will therefore adequately reflect the con-
centration in the breathing zone of the cyclist and his/her external exposure to UFP. 
The facts that results are independent of sampling direction confirm the results in 
[4]. Here it is also demonstrated that results are not influenced by cycling speeds 
below 21 km/h.

Comparison of UFP with PM10 and PM2.5 Measurements

Results from one of the preliminary tests shown in Fig. 3 clearly indicate that peaks 
of PM10 and UFP often occur at different sites on a test trajectory. Analysis of the 
video footage revealed that PM10 peaks were often related to construction activities 
while UFP was more closely related to traffic (although UFP peaks attributed to 
construction equipment also can be seen at construction site 1).

Exposure of UFP to Cyclists on a Cycling Track

The pilot test revealed an unexpected, but important difference over a horizontal 
distance of 2 m. Measurements taken at the side of the road were on average 10% 
higher than those taken simultaneously at the other side of the bicycle (Ratio 1.096; 
stdev 0.044). Average particle numbers during the 3 days of the pilot test were 
around 30,000 cm−3. Non-parametric tests revealed a difference that was barely 
significant (Critical value of 0 for p = 0.05 at N = 6 in the Wilcoxon Matched pair 
signed ranks test) and only after correction for an unusually large systematic difference 
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Fig. 4 Number of particles on the cycling track (P1 closest to the road, P2 1 m further away from 
the road). Six trips on April 2, 2008

(~4%) between both instruments. It was therefore decided to repeat the test with 
N = 10 which should allow us to determine the significance of the difference at the 
p = 0.01 level.

The preliminary results were confirmed in the second test although average 
particle numbers (~20,000 cm−3) were significantly lower than during the pilot test 
(t-test p < 0.001). Some results are shown in Fig. 4.
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The measurements are characterized by an important number of high peaks 
coinciding with motorized traffic on the road and alternating with much lower values. 
Values around 10,000 particles per cm3 are most common while frequent peaks over 
100,000 particles per cm3 have been recorded. The highest values are in excess of 
the P-TRAK range (500,000 cm−3). P1 (closest to the road) frequently records 
higher values than P2 does (only 1 m further away from the road). Although occa-
sionally P2 values are marginally higher than P1, values of P1 are often three to five 
times as high during peak UFP events (right axis in Fig. 4).

On average, 1,150 (stdev: 722) more particles cm−3 were measured closest to the 
road. Although there is a lot of variation and data is obviously not distributed nor-
mally, non-parametric tests reveal that the average P1 values for each trajectory are 
significantly higher (Wilcoxon matched pairs signed ranks test: p < 0.005 one-sided 
test). The average P1/P2 ratio is 1.06 (stdev 0.04).

We could not demonstrate an effect of wind direction on the measured concen-
trations. Measured particles numbers are not significantly different and indepen-
dent of whether the wind is blowing emissions towards the cycling track (trips in 
northern direction) or to the opposite side of the road (away from the cyclist, trips 
in southern direction).

Discussion

These limited sets of measurements resulted in two surprising conclusions. Firstly, 
our validation measurements revealed that UFP concentrations at the cycling track 
are independent of height. The exposure of children should therefore not be higher 
than that of adults, although the opposite is often claimed. Future studies should 
however confirm if heavier particles such as TSP (Total Suspended particles) or 
PM10 (e.g. from re-suspension) and exhaust UFP behave differently.

Our results also highlight the surprising fact that concentrations of UFP may 
decrease significantly over a small distance from the emission source even though this 
distance is of the same order of magnitude as, e.g. the width of the cycling track or 
the variation in the exact position of the exhaust pipes relative to the cycling track.

We can see three distinct reasons why particle numbers can be different for both 
instruments. The first possibility is “dispersion and dilution” where particles are 
transported by wind and at increasing distances are diluted in a larger volume of 
air. This process certainly occurs at larger scales but at this scale level we do not 
see a consistent difference between both measurements that would be in line with 
this explanation. Possibly this pattern may emerge during measurements at higher 
wind speeds.

The second possibility is that particles are not yet uniformly mixed and erratic 
turbulence (caused by traffic itself) causes the exposure of one of the instruments 
(but not the other) to the emission plume. This would explain why differences are 
occasionally very large and differences in the other direction (although smaller) can 
also occur. The fact that there appears to be no significant effect of cycling direction 
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(i.e. the side of road) on the number of particles measured, may imply that the 
process is not primarily driven by wind dispersion but by turbulence.

The third possibility is that due to high local concentrations and turbulence during 
peaks, particles collide and coagulate thus reducing the number of particles but not 
the mass. This assumption will be tested in a future experiment.

Simplified dispersion models can be used to demonstrate that under stable meteo-
rological conditions, as was the case during our study, dispersion over short ranges 
is only determined by distance and the initial mixing volume which depends on the 
size and wake of the vehicles. This is entirely consistent with our measurements.

Further studies are required to corroborate the tentative conclusions of this 
experiment. In this paper we have focused on mobile measurements in real traffic 
because these are most relevant for exposure of UFP to cyclists, and also of interest 
to policy makers. Unfortunately the GPS readings are not accurate enough to deter-
mine the exact distance between the emission and the P-TRAK sampling tube. 
To test which explanation effect best accounts for the measurements, we will use 
fixed monitors at different distances from the road, measuring both UFP and PM 
mass. In addition, this will allow us to confirm the results for different wind speeds 
and directions and determine the rate of decrease at different distances. This decay 
function will then be used to construct a CFD model in ENVI-met (www.envi-met.
com) that will allow us to make more general predictions as well as study scenarios 
that may modify exposure of UFP on the cycling track (such as separation distance, 
provision of physical separation by parked cars, sound screens or green hedges) [5, 6].

True exposure to cyclists should be defined as a combination of concentrations and 
inhalation. Therefore (in other parallel experiments) simultaneous measurements are 
taken of physical load (breathing rate, oxygen consumption and power output). These 
combined measurements will allow us to determine the exact quantity of particulate 
matter that is inhaled. This quantity is important to determine accurately because in 
the end it determines whether cyclists are exposed to a higher internal dose of PM 
than car drivers are. No other project has ever designed such simultaneous measure-
ments and most authors have either used rough estimates to account for the higher 
breathing rate of cyclists [4] or used modeled PM levels [7]. Given that the ultimate 
goal of the SHAPES project is to provide conclusions and recommendations for all 
Belgian regions, it is important to take the effects of slopes on breathing rate into 
account. All test trajectories therefore include sections with slopes.

Conclusion

A P-TRAK device can conveniently be used for making UFP measurements 
while cycling. UFP measurements prove to be a very useful supplement to PM10 
and PM2.5 measurements as they are more closely related to emissions of 
motorized traffic.

Measurements show that at least under some conditions UFP fall rapidly 
with increasing distances from the emission source. This reveals important new 
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possibilities to decrease the exposure of people to PM in the light of the new 
European directive that calls for a 20% reduction of the exposure of the population. 
Modifications to the design criteria for cycling infrastructure and motorized 
vehicles as well as changes to the organization of traffic and the highway code may 
all contribute to this objective.

Future research should confirm these results for other particle sizes (PM10) at 
different locations and under different meteorological conditions to elucidate the 
mechanism explaining our observations.

In the next phase of the SHAPES project the amount of UFP and PM10 that is 
actually inhaled by cyclists will be compared to the exposures to car drivers.
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Introduction

Traffic emission is known as the major source of air pollution in urban areas, 
which contribute substantially to ambient levels of particulate matter and a range 
of gaseous pollutants. The continual traffic growth has raised concerns over the 
impact of traffic emissions on human health and urban environmental quality. 
Roadside concentrations of ultra-fine particles, NO and other pollutants can be up 
to 20 magnitudes greater than at residential locations. Such spatial variations are a 
factor of traffic volume, driver behavior, fleet composition, meteorological and the 
surrounding built environment. Canyons and tunnels, along with other road features 
are known potential pollution hotspots [1–4]. In canyons and tunnels, exposures to 
pollutants are often elevated in comparison to elsewhere so that individuals may 
gain a significant contribution to daily total exposure [2].

Particles have been documented to increase mortality, morbidity and decreased 
lung function [5]. Industry and vehicular traffic are major anthropogenic sources 
of particles. Most of the studies have linked health effects to mass concentration of 
particles under 10 µm (PM

10
) in size. However, there is considerable uncertainty 

about which physical and/or chemical characteristics of PM are most important of 
determinants of health effects. Recent studies have shown that ultrafine particles 
(with d < 0.1 mm) are more toxic than larger particles [6, 7]. Ultra fine particles 
(UFP) are important because of their larger surface area and the ability to deposit 
in high alveolar region and the ability to induce inflammation [8–12]. Particle number 
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concentrations (PNC) are dominated by UFPs [2, 13] suggesting that this metric 
could be more indicative of potential health impacts of particles. Because of this 
reason many researchers have paid increasing attention to UFP in the atmosphere, 
especially close to road traffic which contributes significantly to particle number 
concentrations [9, 13, 14].

Exposure of drivers and passengers in vehicles and in restricted environments 
(e.g. tunnels and canyons) is of particular concern because of elevated levels of 
particle concentrations in these situations compared to elsewhere [15, 16].

This study thus aimed to investigate the exposure of drivers and passengers 
travelling through a tunnel on a busy urban motorway in Leeds, UK. This study also 
aimed to investigate if the particle levels were higher inside the tunnel than the 
outside. Spatial and temporal variations in PNCs in the tunnel and car cabin 
were determined to quantify personal exposures. This study also helped to test if 
mobile measurements can be used to investigate temporal and spatial exposure to 
ultrafine particles. Currently, there are no limit or guideline values for particles. 
This study could help in understanding personal exposure of commuters and thus 
help in developing legal standards for UFPs.

Experimental Method

Study Area: The Westgate tunnel (Fig. 1) in Leeds, UK is one of the longest unven-
tilated tunnels in Europe, and relies solely on natural ventilation generated by wind 
movements and the piston effect of moving vehicles forcing the movement of air. 
The eastbound bore is 392 m in length and the westbound bore slightly shorter at 
380 m due to the curvature of the tunnel’s alignment (Fig. 2); however both bores 

Fig. 1 Westgate tunnel, 
Leeds, UK
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are greater than the advised maximum 240 m in length for unventilated tunnels 
[ASHRAE 1999 cited in 17]. The tunnel is also on a slight gradient with the 
westbound traffic flowing downhill. The tunnel forms part of the Leeds Inner 
Ring Road, and was constructed within a vertical cutting to limit its intrusion into 
the surrounding environment.

Monitoring Setup: TSI Model 3007 Condensation Particle Counter (CPC) was 
chosen in this study for ultrafine particle measurements. This model has success-
fully been used in a previous study to measure UFPs on a mobile vehicle platform 
[18]. This is a portable unit and is capable of detecting particles in the range of 10 
nm to >1 mm [19].

Prior to each session the alcohol cartridge was replaced, and the CPC allowed to 
complete a full 600-s warm up, before carrying out a 15 s zero test using the factory 
supplied zero filter. The internal clock was updated to GPS time, which was available 
from car’s CAN (Computer Aided Network) tablet interface. The logging interval 
for all sampling was set to one second to ensure the highest resolution of data was 
available for analysis. A 2003 Ford Mondeo hatchback (2.0 TDCi LX) was used as the 
platform for the monitoring equipment. The car was fitted with a data acquisition 
PC with wireless tablet interface, which logged data from the onboard Differential 
GPS receiver and CAN at 10 Hz.

Two sampling locations were chosen to monitor PNCs; the roof rack of the 
car for external and the back of the driver’s headrest for internal measurements. 
Two sampling lines were used to connect to two CPCs which were located in the 

Fig. 2 Sampling route (© Crown Copyright/database right 2007. An Ordnance Survey/EDINA 
supplied service)
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boot space of the vehicle with rubber foam used to provide shock dampening as 
experience by [20]. Both sample lines were 2.66 m long, and made from an appro-
priate anti-static material to minimize the effect of the tubing walls [20]. The sample 
line for internal measurements was threaded through the left corner of the parcel 
shelf and the inlet was located within the breathing zone of the front passenger, and 
fixed to the headrest. The sample line for external measurements was threaded 
through the right corner of the parcel shelf and passed through the partially open rear 
driver-side window and secured to the roof rack assembly using zip ties, 155 cm 
from the road surface with the inlet directed forward. The rear window was sealed 
using adhesive tape, and the lines secured with care being taken to avoid kinking.

The standard set up for ventilation inside the monitoring vehicle was as follows; 
windows closed, vents open, fans set to ‘recirculate’ (level 2 setting) and air condi-
tioning off. To discount obvious non-combustion sources of particles both driver and 
passenger were instructed not to make excessive or abnormal movements, which 
could re-suspend dust particles from within the seats. As this was a fleet vehicle 
there was no need to consider issues associated with smoking identified by [21]. 
After each run the boot and all doors were opened to ventilate the car and bring 
the internal environment back to background.

The route (Fig. 2) chosen for this study was 4.2 km long and was selected to 
facilitate efficient passage through both the east and westbound bores of the 
Westgate tunnel whilst also providing a suitable location to stop and pre-condition 
the cabin before each run. This was a small lay-by (marked as A in Fig. 2) behind 
a car park. All measurements from within the tunnel were taken from the right-hand 
lane as it had been identified that pollution concentrations varied with distance across 
the carriageway [22]. As well as the tunnel microenvironment, the route encountered 
other urban highway features such as; open carriageway, covered carriageway 
(bridges), slip roads and two busy gyratories.

Results and Discussion

Sampling was conducted on Tuesday 26th and Wednesday 27th June 2007, with 
07:30–09:30 and 12:30–14:30 representing the peak and inter-peak periods respec-
tively. The duration of each sampling period was limited to 2 h as this was a con-
servative estimate of the lifespan of the battery powering the onboard computer 
hardware. A total of 21 trips were completed, with 11 carried out during the peak 
period and ten during the inter-peak period. All particle number counts (PNCs) 
were measured in particles cm−3.

External concentrations: Figure 3 shows external PNCs as recorded by the CPC 
measuring air at the roof rack of the car. PNCs are presented in four groups; the first 
group of data indicates averaged concentrations for the whole route, while the 
second set indicated concentrations for the non-tunnel part of the route; and lastly 
the third and fourth sets present concentrations in the East and West bores of the 
tunnel. Concentrations in each set are separated for peak and non-peak periods. 
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As displayed in Fig. 3, irrespective of the location, average PNCs are higher during 
the peak period, with the greatest actual variation between sampling periods evident 
within the two tunnel bores, showing decreases of between 42,000 and 45,000 
particles cm−3. This clearly shows the influence of road traffic on UFP levels. 
Levels within the eastbound bore are 4.86 and 4.76 magnitudes greater that the 
rest of the non-tunnel section of the route and greater by a slightly smaller factor 
of 4.11 and 3.86 for the westbound bore. This demonstrates that absence of any 
ventilation and the restricted topography has resulted in more than fourfold increase 
in UFP concentration. A comparison between the two bores shows that PNC levels 
within the eastbound bore are 1.2 magnitudes greater than those of the westbound 
bore for the peak and inter-peak periods, with an average difference of 48,400 
particles cm−3. Interrogating the CAN data showed that the average speed of the 
monitoring vehicle through both bores was recorded as being similar; however, 
during sampling, the driver commented that whilst traversing the westbound bore 
it was not necessary to use the accelerator to maintain the vehicle’s momentum. 
Interrogation of the CAN data showed that the accelerator pedal is further depressed 
whilst ascending the eastbound bore and ‘hardly depressed’ whilst in the west-
bound bore. It is therefore probable that an increased load on the engine and associ-
ated increase in emissions is the contributing factor. During the inter-peak, traffic 
flows are the same in each bore and this explanation therefore still holds.

The highest maximum particle concentration level was within the eastbound 
bore during the peak period, measuring 397,604 particles cm−3 (Table 1). This can 
be directly compared to [18], who also used a TSI Model 3007 CPC, and recorded a 
maximum value of 800,000 particles cm−3; however this was sampled along highways 
and attributed to high polluting diesel vehicles, not tunnels. Within the Westgate 
tunnel, highest mean concentrations are seen during the peak period, measuring 

Fig. 3 External peak and inter-peak PNC concentrations
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304,731 particles cm−3, whereas [9] found that measurements within the Grande 
Mare tunnel were higher during the afternoon period, averaging in excess of 
400,000 particles cm−3. This difference is likely to relate to the different lengths of 
the two tunnels, different diurnal profiles and fleet composition. To put these values 
into perspective, [23] sampled PNCs within residential flats near a busy road and 
measured indoor concentrations of approximately 10,000 particles cm−3. Assuming 
this observation is typical of indoor environments, particle concentrations within the 
Westgate tunnel are therefore up to 30 magnitudes greater than an indoor environment, 
where sources of particles are controlled and limited to infiltration through the 
infrastructure of the building.

Spatial variation in external concentrations: Averaged external PNC profiles 
along the route for the peak and inter-peak periods are presented in Figs. 4 and 5. 
Although similar shaped profiles can be seen for the two sampling periods, concen-
trations are higher within both tunnel bores during the peak period. Steep increases 
are seen prior to entering both tunnel bores, starting on average 124 m from the 
tunnel entrances, with the greatest relative increase seen at the westbound tunnel 
where concentrations rise by a factor of 3.43 and 5.35 for peak and inter-peak peri-
ods respectively, representing an increase of 1,361 and 1,892 particles cm−3 m−1 
travelled for these periods. For the eastbound bore, concentrations increase by a 
factor of 2.35 and 2.60 for the two periods - representing an average increase of 1,264 
particles cm−3 m−1 travelled. Away from the tunnel, other PNC events are evident in 
both peak and inter-peak periods at similar distances (and therefore geographical 
locations) along the route.

Internal concentrations: Figure 4 shows the variation in internal exposure levels 
for both the peak and inter-peak periods (plotted on secondary axis). Averaged over 
the entire route, internal concentrations are 6.1 and 5.2 magnitudes less than the 
corresponding external concentrations for the peak and non-peak period respectively 
(Table 1). This shows that keeping windows closed and recirculating air in the vehicle 
period considerably reduce in-cabin exposure of particles along the entire route. 
Within the tunnel microenvironment, during the peak period internal concentrations 
are up to 22 to 27 magnitudes less than external levels. This ratio is less during the 
non-peak period (14–15.2 for West and East bores respectively).

Table 1 Internal and external UFP concentrations

Description Session

Internal PNC (#/cm−3) External PNC (#/cm−3) Ratio – 
external/
internalMean Max SD Mean Max SD

Entire Route Peak 14,108 41,624 5,650  85,711 397,604 94,366  6.1
Non-tunnel only Peak 14,130 41,624 5,738  62,664 391,874 65,616  4.4
East bore Peak 10,931 19,987 2,843 304,731 397,604 64,715 27.9
West bore Peak 11,434 28,874 2,366 257,625 388,860 68,885 22.5
Entire route Inter-peak 14,036 47,627 4,954  73,539 394,952 79,755  5.2
Non-tunnel only Inter-peak 13,933 47,627 4,855  55,102 383,408 54,857  4.0
East bore Inter-peak 17,302 17,777 4,319 262,221 394,952 61,043 15.2
West bore Inter-peak 15,205 30,996 4,997 212,507 318,803 52,152 14.0
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Fig. 4 External and internal peak and inter-peak PNCs

Fig. 5 External inter-peak PNCs

Figures 4 and 5 show that internal PNCs do not exactly track external PNCs 
temporally and spatially. A delayed penetration of particles into the vehicle cabin 
is evident when spatial profiles (Figs. 5 and 6) of external and internal 
PNCs are compared. This effect is markedly evident from internal profiles in Fig 4. 
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In the case of the West bore, internal concentrations peaked when the vehicle was 
about to exit the tunnel indicating a spatial delay of 190 m. In the case of East bore, 
the delay is 400–500 m. This could be due to a time lag in external air penetrating 
inside the cabin. This delay was prolonged due to the fan in the car set to recircula-
tion mode.
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Introduction

Beijing, the capital of China, comprises about 15 million inhabitants. This megacity 
is highly affected by atmospheric pollution from various sources, such as combustion 
processes in industry, households and traffic, further industrial emissions, abrasion 
processes in traffic, and construction activities. These anthropogenic sources are 
superimposed by dust storms episodically occurring in spring and transporting 
particles from western deserts towards Beijing.

Typical characteristics of Beijing influencing the air pollution are a high popula-
tion density and high energy use intensity (Beijing covers 1,040 km2; on 6% of this 
area 50% of the population, 80% buildings and 80% energy consumption are con-
centrated), an intensive coal consumption (about 70% of the energy is provided by 
coal) and the number of vehicle increased very rapidly in recent years. Soil borne 
dust contributes to a high amount to the TSP: Statistically, about more than 5,000 
construction sites are underway at the same time. It is predicted that more and more 
construction sites will be under way during the preparation period of the Olympic 
Games in 2008, so it makes the TSP high due to the effects of demolishing and 
removal of buildings, of uncovered bulk material piles, of material loss during the 
transportation, and of uncovered earth. Industrial air pollutants affect local districts, 
such as Shi Jingshan District with power plants, cement plants, iron and steel plants. 
Fa Tou is another district with intense air pollution caused by chemical factories, 
where odor and harmful gas pollution are serious.

Aerosols are considered to harm human health in various ways, especially via 
the respiration tract and the cardio-vascular system [1]. The impact of aerosols on 
human health is currently assessed mainly by the total mass concentration, although 
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special regards are spent to soot and sulphate containing particles [2–6]. However, 
also metals are considered to contribute to the negative health impacts of particles 
[7–13]. Epidemiological studies often refer to the general mass concentrations of 
particles because of the complexity of the specific toxicities of relevant substances 
in atmospheric particles, which are for large parts still not known [6, 14]. Since the 
total PM

2.5
 mass concentration and the concentrations of metals in PM

2.5
 are impor-

tant to assess the air quality of megacities, this study aims to investigate exemplarily 
their spatial distributions over two years in Beijing.

Methods

Samples of PM
2.5

 were taken at five stations established along a 50 km long transect 
running through Beijing from North-West to South-East. The specific locations are 
presented in [15]. PM

2.5
 was taken during day and night time, from 7 a.m. to 7 p.m. 

and 7 p.m. to 7 a.m., respectively. Each sampling interval lasted for 1 week. For 
sampling, mini-volume samplers were used pumping 200 L air per hour. Samples 
were collected on quartz fiber filters of 50 mm in diameter. Gravimetric analysis 
was performed after at least 48 h equilibration with a microbalance (Sartorius MP2) 
for five times.

Chemical Analyses

For the analysis of trace metals, one quarter of the filters were digested in Teflon 
vessels with concentrated HNO

3
 (Merck, subboiled), concentrated HF (Merck, p.a) 

and concentrated HClO
4
 (Merck, p.a). Determination of elements was performed 

with HR-ICP-MS (Axiom). Quality control was performed by additional analysis 
of reference material SRM 1648 (urban particulate matter) acquired from NIST 
(National Institute of Standards, USA). Results of standard material are within 
±10% of the certified values for element concentrations.

Results and Discussion

Average PM
2.5

 mass concentrations at all five stations are presented for each meteo-
rological season in Fig. 1. It is obvious that the lowest PM

2.5
 mass concentration 

occurred during summer time, although this concentration is still far above the 
newly introduced PM

2.5
 threshold value of 15 mg/m3 in the US. Nevertheless, with 

respect to the Olympic Games taking place in Beijing in August 2008, it is at least 
good information. Up to more than 120 mg/m3 PM

2.5
 mass concentration was 

observed during other seasons, especially during winter time.
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Fig. 2 Average mass concentrations of PM2.5 sampled during daytime and nighttime between 
2005 and 2007

In winter time, emissions from combustion processes for heating and industry 
accumulate and produce high concentrations of PM

2.5
, especially in cases of low 

wind speed and southern and eastern wind directions [16]. Figure 2 presents the 
mean PM

2.5
 concentrations of all five stations calculated as moving average.

This was calculated according to the formula: ac
wn

 = (c
wm

 + 2c
wn

 + c
wo

)/4; ac
wn

: 
moving average of mean aerosol concentration of all five sites of week n, c

wm
: mean 

aerosol concentration of all five sites of week m, which is the week before week 
n
, 
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c
wn

: mean aerosol concentration of all five sites of week 
n
, c

wo
: mean aerosol 

concentration of all five sites of week o, which is the week following week n.
Especially the winter 2006/2007 showed very high concentrations with maxima 

values of up to 300 mg/m3. However, reasons causing such high concentrations are 
complex, and will comprise temperatures, wind speed, wind directions and general 
meteorological regional conditions. Those concentrations are higher than the con-
centrations during the previous winter and they are even higher as the concentrations 
occurred during the dust storm seasons in spring. Thus, further investigations are 
necessary to eluidate the various variations of PM

2.5
 mass concentrations along the 

year. Generally, the average PM
2.5

 mass concentrations observed in Beijing exceed 
those investigated in various cities of Europe [17] or in New York [18] but are still 
in the range of PM

2.5
 concentrations measured in Beijing in the years 1999 to 2003 

[19–21]. Thus, although many measures to reduce the aerosol concentration took 
place during the last years, PM

2.5
 mass concentration could not be reduced to 

concentrations similar to that found in cities of Europe and the US. Most probably, 
the economic development with all its consequences of enormous construction 
activities or growing number of vehicles counteracts aerosol reducing measures.

The Meaning of Selected Metal Loads  
for Aerosol Origin and Pollution

Concentrations of indicator elements within the aerosol can help to understand the 
reasons for those variations in more detail. Indicator elements are chemical elements, 
which mainly are associated to specific sources or source groups, such as anthro-
pogenic and geogenic sources. Such indicator elements are for example Pb and Ti. 
Lead mainly indicates anthropogenic sources, such as combustion of petroleum 
based fuel, where Pb is naturally abundant, and industrial metal processing activities. 
Nevertheless, Pb also can occur in geogenic particles, but in most cases to a lesser 
degree, compared to anthropogenic particles. Titanium indicates mainly geogenic 
sources, although also used in some colors. Since humans nowadays almost use any 
chemical element for some technical material, elements purely indicating geogenic 
sources are hardly to be found [22, 23].

However, in Beijing, Pb can be used as a good indicator for anthropogenic and 
Ti for geogenic sources as shown in Fig. 3. The ratio of Pb/Ti indicates periods 
dominated by anthropogenic or geogenic sources of particles. A high TSP mass 
concentration during autumn 2005 only shows a relative low ratio of Pb/Ti, indicat-
ing a predominance of geogenic particles whereas during winter 2005/2006 a high 
ratio indicates the peak of the heating time. Again, in spring 2006, during the period 
of dust storms, the ratio drops to its minimum within the period of observation 
because of the predominating geogenic origin of the particles. For the rest of 2006, 
Pb/Ti is more or less constantly increasing, indicating predominant anthropogenic 
emissions as the cause for increasing TSP mass concentrations.
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Besides Pb, also Zn indicates the ubiquitous anthropogenic aerosol pollution in 
urban systems, since it is released during various combustion and abrasion processes. 
For the PM

2.5
 fraction, Pb and Zn mass concentrations calculated as µg/m3 stay 

below 0.5 mg/m3, but are considerable higher than what is found in New York and 
Baltimore [18, 24–26]. Up to more than twofold of Pb and Zn concentrations (µg/m3) 
in PM

2.5
 were observed in the TSP fraction. However, Pb and Zn concentrations 

calculated as µg/g were lower in TSP than in PM
2.5

.
Thus, the particle size fraction above 2.5 mm considerable contributes to the 

overall particle mass, but dilutes the metal concentrations within the particle mass. 
Nevertheless, within the TSP fraction, Pb and Zn concentrations still reach on average 
1,000 and 2,500 mg/g, respectively. Lead and Zn concentrations in PM

2.5
 exceed up 

to more as twice as much those in TSP. It is noteworthy to highlight the situation at 
site three located just near to the central Tienamen Square. Here the Pb and Zn mass 
concentrations expressed in µg/m3 are less than at the sites northwest and southeast, 
but highest if expressed in µg/g. Those high concentrations might contribute to the 
health harming potential of aerosols although no standards are set for harmful metal 
concentrations in µg/g, yet (Fig. 4).

Conclusions

This study demonstrated that PM
2.5

 concentrations are varying in the Beijing area. 
Lowest aerosol concentrations occurred during summer, whereas spring show high 
aerosol concentrations predominantly caused by geogenic particles, and winter is a 
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time of high aerosol concentrations caused by anthropogenic emission processes. 
PM

2.5
 concentrations during night are in average equal to those during day. Indicator 

elements help to understand the different roles of geogenic and anthropogenic 
sources contributing to the aerosol pollution in Beijing. Futhermore, beside 
the PM

2.5
 mass concentrations, health studies should consider harmful metal con-

centrations, but not only calculated as µg/m3 but also as µg/g. This kind of relation 
provides important additional information for the assessment of the particular 
chemistry of single particles.
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Introduction

The emission certification for heavy-duty applications is done by running engines 
in an engine dynamometer, not with the complete vehicle. The rationale for this is 
that a certain engine can be used for a number of different vehicle applications.

However, the interest to carry out dynamic emission testing with complete 
vehicles, either on a chassis dynamometer or on the road is increasing. According 
to the current directives, the measurement of emissions for the official approval of 
Euro IV industrial vehicle diesel engines must be performed in accordance with 
three types of test: ESC, ELR and ETC; the maximum acceptable emission values 
for these tests are shown in Table 1.

ESC: European Steady Cycle•	
ELR: European Load Response Test•	
ETC: European Transient Cycle•	

Data Collection

Vehicles Description

The refuse collection trucks are lateral loaders. Due to the severe service operation 
high engine rating are required. The trucks used have difference power output, but 
the same curb weight. Some of the specifications for the instrumented trucks are 
presented in Table 2.

The CNG engine was turbocharged in stoichiometric ratio with multipoint port 
fuel injection and equipped with a three-way catalyst.
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Measurement Equipment

The “on-board” measurement equipment is a Horiba OBS 2200 device (Fig. 1). 
It can acquire data under real-driving conditions of vehicle use. Such data are instan-
taneous, and accumulated CO, CO

2
, THC and NO

x
 emissions, fuel consumption, 

and the speed at any one instant are recorded. The set of gas analyzers provides real 
mass emission results (g/s) and instantaneous emissions (expressed as percent or ppm, 
depending on the gases involved). The analyzers are:

Multiple CO, CO•	
2
 and H

2
O analyzer based on the Heated Non-Dispersive Infrared 

Detection (HNDIR).
THC analyzer based on the Heated Flame Ionization Detection (HFID).•	
NO•	

x
 analyzer based on the Heated Chemiluminescent Detection (HCLD).

The equipment also incorporates an exhaust gas flow meter that includes a calibrated 
pipe with its Pitot tubes, the sample gas outlet and the temperature sensor.

Table 1 Maximum acceptable emission figures for ESC, ELR and ETC tests 
on Euro IV industrial vehicles

EURO IV

European heavy-duty emission limit values

ESC and ELR ETC

CO g/kW h 1.50 4.00
HC g/kW h 0.46 –
NMHC g/kW h – 0.55
CH

4
a g/kW h – 1.10

NO
x

g/kW h 3.50 3.50
PM g/kW h 0.02 0.03
Smokes m−1 0.50 –

ESC, European Steady Cycle; ELR, European Load Response Test; ETC, 
European Transient Cycle.
a Only for CNG engines.

Table 2 Instrumented Trucks Specifications

Diesel truck CNG truck

Engine type

Diesel engine (ID) Otto engine

Turbocharged with intercooler Turbocharged with intercooler

Displacement 7,790 cm3 7,790 cm3

Cylinders Six, in line Six, in line
Bore/stroke 115/125 mm 115/125 mm
Compression ratio 16:1 11.5:1
Engine power rating 228 kW (310 CV) at  

1,950–2,400 rpm
200 kW (272 CV) at  

1,100–1,800 rpm
Engine torque rating 1,300 N m (133 kg m) at 1,200–

1,675 rpm
1,100 N m (112 kg m) at 

1,100–1,800 rpm
Curb weight 26,000 kg 26,000 kg
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By using the carbon balance method, fuel consumption can be very accurately 
determined from the mass emissions of CO, CO

2
 and THC. Also, given that the 

exhaust gas and fuel flow rate is known (calculated by carbon balance), the lambda 
factor can be accurately calculated.

The equipment also includes sensors for measuring humidity and ambient 
temperature and a GPS system for measuring the speed and position at every 
instant. It also has a laptop with specific software for system control, data collection 
and display and for generating test result reports.

Also integrated is an EIU (External Input Unit) with free analog ports to con-
nect other equipment such as smoke opacity meters, thermocouples, etc. These 
analog inputs have allowed a MAHA particle measurement device to be connected 
(Fig. 2). This device provides the amounts of particles in mg/m3 measured by 
laser technology.

The installation of the instrumentation equipment inside a vehicle is shown in the 
following images. Figure 3 shows the installation of the on-board emission measure-
ment device – Horiba OBS 2200-, and the MAHA particle measurement equipment. 

Fig. 1 Emissions measurement equipment Horiba OBS 2200

Fig. 2 MAHA particle measurement equipment
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The installation of the exhaust gas flow meter is also shown in Fig. 3, with its Pitot 
tubes, sample gas outlet and exhaust temperature sensor.

Analysis Methodology

On-board emissions measurements were conducted in real-world driving conditions 
on a specific driving route in the city of Madrid. Although chassis dynamometer 
drive cycles exists for heavy duty vehicles [1, 2], on-road test represent the field 
evaluation of the exhaust after-treatment system development, under real-world 
operating conditions in the vehicle [3–5].

Driving Cycle

The first step in the data analysis was the separation of in-use vehicle data into a 
number of distinct operational segments or categories specific to the refuse applica-
tion. Figure 4 shows a sample of vehicle speed data based on which the operational 
categories were defined [6]. Route segment include:

Approach•	
Collection•	
Transfer to Dump•	
Dump•	
Return•	

Data sequences for each segment were analyzed to determine their emission 
contributions. The characteristics of all the segments significantly differ. For example, 
the Approach, Transfer to Dump, and Return segments involve no refuse compac-
tions (i.e., no use of body hydraulics or power-take-off operation). Collection 
segment is a combination of kinematic and hydraulic operation. The Dump category 
does not involve significant vehicle motion, basically power-take-off operation.

Fig. 3 Installation of the measurement equipment in a refuse truck with lateral loading
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Results

The comparative study is carried out with regard to CO, HC, NO
x
, PM and CO

2
 

emissions and fuel consumption for each segment of the driving cycle, in respect of 
two types of engine with three different fuels [7]. Figures 5–10 show the comparative 
results obtained in a real-world driving cycle emissions measurement.

The results for CO are given in Fig. 5. CO emissions have decreased with 
increasing amount of methyl ester in the blend. The most notable decrease was 
demonstrated during the Dump process. The CNG vehicle has higher CO emissions 
than the diesels.

Figure 6 presents tailpipe THC emissions. THC emissions have decreased with 
increasing amount of methyl ester in the blend. The differences among the selected 
segments are not relevant. The CNG vehicle had the same or even lower HC emissions 
than diesels except Transfer to Dump.

Fig. 4 Vehicle sample speed collection route data
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Figure 7 shows that with increasing amount of biodiesel in the blend, NO
x
 

emissions present a noticeable increase. The CNG vehicle has lower NO
x
 emissions 

than the diesels.
The results for PM are given in Fig. 8. PM emissions have decreased with increasing 

amount of methyl ester in the blend. The most notable decrease was demonstrated 
during the Dump process. The CNG vehicle did not emit PM emissions. Fossil fuel 
combustion is the main source of global CO

2
 levels. Figure 9 shows the CO

2
 emissions 

in g/s of the vehicle when operated under the driving cycle. It can be observed 
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that CO
2
 was increased with increasing amount of methyl ester in the blend. The CNG 

vehicle results in lower CO
2
 emissions than the diesels during Transfer to Dump and 

Approach and slightly the same during the rest segments.
Fuel consumption presented an increase for biodiesel fuel blends in all categories. 

These results are calculated using a carbon balance and measured emission data. 
The heating value of the methyl ester and the blends was lower than the reference 
diesel fuel, while the density was higher. Since the fuel is delivered to the cylinders 
on a volumetric basis, a higher mass flow is pumped to the cylinders with the 
biodiesel blends for the same fuel volume. Table 3 shows the results for a complete 
driving cycle.
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Table 3 Results for complete driving cycle

B50 B100 CNG

CO g/km  2.528  1.521  1.369  5.044
HC g/km  1.009  0.857  0.699  1.151
NO

x
g/km 18.185 24.783 25.538  3.807

PM g/km  0.295  0.169  0.140 –
CO

2
g/km  1,859.067  2,105.778  2,164.077  2,017.089

Fuel g/km    590.535    731.727    801.550    698.318

0.0
2.0
4.0
6.0
8.0

10.0
12.0
14.0
16.0
18.0
20.0

Household Collection Transfer to Dupm Dump Approach

C
O

2 
(g

/s
)

Diesel B50 B100 GNC

Fig. 9 CO
2
 emissions results



148 J.M. López et al.

Conclusions

This study has presented the state-of-the-art data collection instrumentation and 
techniques used to evaluate pollution emissions in real-world driving. It will be used 
with proven data analysis procedure to develop a detailed drive cycle representative 
or residential refuse collection operation in the city of Madrid.

The emission model will be a very useful tool to compare complete fleet, different 
fuels and new technologies: advanced engines and hybrid configurations. The experi-
mental results may lead to the following conclusions:

For the diesel vehicle, NO•	
x
 and CO

2
 emissions increased with the addition of 

biodiesel when the vehicle was operated over the specific driving test. CO, HC 
and PM emissions showed an opposite trend.
For the CNG vehicle, NO•	

x
 and PM emissions were lower than diesels.

Fuel consumption for the driving cycle was higher as the concentration of •	
biodiesel in the blend increased.
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Introduction

More than 50% of platinum (Pt) and palladium (Pd) and more than 80% of rhodium 
(Rh) is now used in the manufacture of catalytic converters fitted to vehicles [1]. 
There have been several reviews of the accumulation of Pt, Pd and Rh in the urban 
environment as a result of emissions from catalytic converters fitted to vehicle 
exhaust systems [2, 3]. However there have been relatively few investigations of the 
abundances of these precious metals in small towns. The concentrations of Pt, Pd 
and Rh in road dust are thought to be dependant on traffic flow, vehicle speed [4, 5] 
and weather conditions [6]. These precious metals are dispersed from roads into 
natural and artificial drainage [7–10] and have been found concentrated in sewage 
and sewage ash [11, 12]. Within large cities it is difficult to be certain whether 
platinum-group elements (PGE) in urban wastes are derived from diffuse sources 
from catalytic converters fitted to vehicles, or from people with, for example, 
Pd-bearing dental fillings, or point sources such as hospitals or industry [13, 14].

The aim of this study was to examine the values of precious metals in the town 
of Hathersage, 7 km west of the western edge of the city of Sheffield. Hathersage 
lacks any industry and its inhabitants mainly work in Sheffield. It has one major 
road (the A6187) traversing the centre of the town and it is situated on the north 
side of the Hope Valley. It is drained by a small (2–3 m wide) stream (with minor 
tributaries) that flows southwards to join the river Noe which flows from west to 
east along the main valley. In this small town the study of precious metals is much 
less complicated than in large cities, which can be sub-divided into residential, 
commercial and industrial. The town is almost exclusively residential with a few 
shops along the main road. There are no major point sources for PGE and very little 

Platinum-Group Element Distribution in 
Hathersage, a Small Town Near Sheffield, UK: 
Evidence for a Single Source  
from Catalytic Converters

Hazel M. Prichard, Jean Sampson, and Matt J. Jackson

H.M. Prichard (*), J. Sampson, and M.J. Jackson
School of Earth and Ocean Sciences, Cardiff University, Main Building,  
Park Place, Cardiff, CF10 3AT 
e-mail: Prichard@cf.ac.uk

S. Rauch et al. (eds.), Highway and Urban Environment,  
Alliance for Global Sustainability Bookseries 17,
DOI 10.1007/978-90-481-3043-6_17, © Springer Science+Business Media B.V. 2010



152 H.M. Prichard et al.

Hathersage

Sheffield

ERNO

Fig. 1 Location of Hathershage in the 
United Kingdom

potential for location of point sources of PGE higher up in the drainage catchment 
for Hathersage which is small and occupied by moor land (Figs. 1 and 2). Therefore 
this study identifies the distribution of PGE derived predominantly from catalytic 
converters in this small town with a population of nearly 2,000 inhabitants (1,867 
people) [15]. In addition, the analyses of samples for gold (Au) allows a compari-
son of the distribution of Au with Pt, Pd and Rh and analyses of osmium (Os), 
iridium (Ir) and ruthenium (Ru) provide a complete record of the PGE content in 
these samples. Any values above 2 ppb for the PGE are above background values 
of natural abundances, which are extremely low away from the major geological 
sources of PGE in South Africa and northern Siberia [16].

Sampling and Methods

Eleven sites on roads (A–K) were chosen for collection of paired road dust 
and gully waste samples. Sites A, B, C, D and E are on low traffic roads in residen-
tial areas up slope of the main road. Sites F and I are located on the main road 
with F in the centre of Hathersage (by the George Hotel) and I on the eastern 
edge of Hathersage. Site J is outside the school and north east of the main road 
and sites G, H and K are on minor roads down slope and to the south of the 
main road (Fig. 2).

Samples were collected in summer and winter with a set of road dust samples 
collected on 12 December 2005 in dry conditions, and paired sets of road dust and 
gulley samples collected on 11 and 12 July 2006 respectively, also in dry conditions 
and again in the winter on 11 December 2006 in rainy conditions (Table 1). Traffic 
flow per hour during the day, not during rush hour periods, was counted at all sites 
in winter 2006 and summer 2006 and averaged values for each site are given in 
Table 1. Four samples of stream sediment were collected from the main small 
stream that drains Hathersage, one upstream and two just downstream of the main 
road and one 150 m further downstream. Additionally one sample was collected 
from the much larger (approximately 15 m wide) River Noe (Figs. 1 and 2).

The samples were dried and sieved to less than 1 mm, crushed and analyzed 
for all six PGE and Au using Ni sulphide fire assay and an ICP-MS finish. 
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The samples collected in winter 2005 were analyzed at Genalysis laboratories in 
Western Australia and the subsequent analyses of samples collected in 2006 were 
analyzed by Ultratrace, also in Western Australia. Standards AMIS-0002 and 
SARM65 were analyzed with the samples and measured values are consistent with 
the certified values. Internal standards, blanks and repeats of samples were also run 
and gave confidence in the sample values.

A B
C

D

E

F
G
K

I
J

H

Au Pt

Pd Rh

Ru Ir

1

2,3

4

5

Road  A 6187 High precious metal value

Minor stream Low precious metal value

200m contour Built up areas  
River Noe Samples:-  roads A-K, streams 1-5

Minor road Medium precious metal value

N1°39’W

53°20’N

School
Pool

Station

Scale  500 m

Fig. 2 Precious metal distribution in Hathersage. Circles correspond to average concentrations of 
Au, Pt, Pd, Rh and Ru for the three road dust samples taken in winter 2005, summer and winter 
2006. Ir values are for winter 2005. Au values are low 0–20 ppb, medium 21–40 ppb and high 
41–55 ppb. Pt values are low 0–30 ppb, medium 31–60 ppb and high 61–67 ppb. Pd values are 
low 0–40 ppb, medium 41–90 ppb and high 91–195 ppb. Rh values are low 0–9 ppb, medium 
10–20 ppb and high 21–26 ppb. Ru values are low 0–5 ppb, medium 6–10 ppb and high 11–15 
ppb. Ir values are low 0 ppb, medium 1–9 ppb and high 10–22 ppb. Zero (0) is taken as values 
below detection limit
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Results

The highest values of Pt, Pd and Rh are found in samples taken from the main 
A6187 road (sites F and I) with maximum values of 97 ppb Pt, 305 ppb Pd and 33 
ppb Rh. The lowest values are located in low traffic flow residential areas on minor 
roads up slope of the main road in the northwest of Hathersage (sample sites A–E). 
Intermediate values of Pt, Pd and Rh are located in residential areas, with higher 
traffic flow, both down slope of the main road near community buildings including 
a swimming pool and railway station (sites G, H and K) and north east of the main 
road in front of the school (site J).

The distributions of Au, Ru and Ir are different from that of Pt, Pd and Rh (Fig. 2). 
Highest Au values occur outside the school with a maximum value of 144 ppb, 
in residential areas at sites D, G and J, and not on the main road at sites F or I 
(Table 1). Medium Au values occur in residential areas at sites A and H. Highest 
Ru values occur outside the school entrance, on one of the main road site I and in 
a residential area at site H. Ir concentrations are low, being detected only in the 
winter of 2005 at the same localities as the highest Ru values, on the main road at 
site I and outside the school at site J. The maximum Ru value is 22 ppb. Os was 
only detected at 2 ppb at one site.

Average values for the three sets of road dust data collected in the winter of 
2005, summer of 2006 and winter of 2006 for Pt, Pd, Rh and Au are plotted versus 
traffic flow and show that Pd and Rh, and to a lesser extent Pt concentrations, 
increase with traffic flow but that this is not the case for Au (Fig. 3a–d).

Gully samples consistently contain lower PGE and Au values than the surface 
road dust at each site and gully samples with higher PGE and Au concentrations are 
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Fig. 3 (a)–(d) are graphs of Pt, Pd, Rh and Au, respectively, versus traffic flow
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paired with road dust samples with higher precious metal values. The decrease in 
the Au, Pt, Pd and Rh concentrations in the gullies compared with the road dust is 
most marked at sites where the precious metal concentration in the road dust is 
highest. For example at site F, collected in summer 2006, the concentrations in road 
dust are reduced in gully waste from 25 to 15 ppb Au, from 50 to 40 ppb Pt, from 
165 to 55 ppb Pd and from 20 to 10 ppb Rh.

The Pt/Pd ratio for all the samples is approximately 1.0 but varies from 0.2 to 8.8. 
For the paired summer 2006 road dust and gully sediment collected during dry con-
ditions Pt/Pd ratios are generally similar (Fig. 4a, Table 1). In contrast the Pt/Pd 
ratios for the paired winter 2006 samples collected in rainy conditions show higher 
Pt/Pd ratios for the gullies than for the road dust. Pt/Rh ratios vary from 2 to 6 with 
an average of 3.7 and do not show any systematic variation between winter and sum-
mer samples or between road dust and gully samples (Fig. 4b, Table 1). Similarly 
there is no systematic difference between Pt/Au ratios in the summer or winter.

1

10

100

1 10 100 1000

Pd

Pt

1

10

100

1 10 100

Rh

Pt
Road dust Winter 05

Road dust Summer 06

Road dust Winter 06

Gully Summer 06

Gully Winter 06

Fig. 4 Graphs of (a) Pt versus Pd and (b) Pt versus Rh. Dashed and dotted circles show separation 
of data sets
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The maximum values in the stream samples occur in sediment collected just 
downstream of the bridge carrying the main road. They are lower than in road dust 
or gully samples, with maximum values of 40 ppb Pt, 25 ppb Pd, 20 ppb Au and 
undetected Rh, Ru, Os and Ir (Table 2).

Discussion

The increase of average Pt, Pd and Rh with traffic flow, and the remarkable similar-
ity of the pattern of distributions of high, medium and low concentrations of each 
of these elements at sites A–K (Fig. 2), suggests one source from catalytic convert-
ers fitted to vehicles. Hathersage has no point sources for PGE emission as it is 
dominantly residential, lacking a hospital or industry, and therefore is a particularly 
clear example of a distribution of Pt, Pd and Rh predominantly from one source 
type, although there may be minor contributions from people with jewellery and 
dental fillings. Therefore the ratios of Pt/Pd and Pt/Rh for road dust can be taken as 
broadly characteristic of UK vehicle emission ratios for 2005–2006. Individual 
values of Pt, Pd and Rh and ratios in samples collected in winter or summer vary 
from the average at each site. This could be due to PGE removal by intermittent 
rainfall or variable traffic flow or variable emissions, with occasional loss of a 
larger particle of PGE from a catalytic converter. This could give unusually high 
values for an individual PGE such as the highest value of 305 ppb Pd collected in 
winter 2006 at high traffic flow site F.

Pt/Pd ratios for samples collected during rainfall in winter 2006 have higher Pt/
Pd ratios in gully waste than in road dust, suggesting removal of Pd in the gullies, 
perhaps facilitated by the wet conditions during sample collection (Fig. 4). Similar 
increased mobility of Pd over Pt has been observed both in environmental [9] and 
geological samples [17–20].

Dispersal of Pt, Pd, Rh and Au from roads to gullies and then streams has been 
documented [9, 21–25]. This is the case for these samples with decreasing values 
for all six PGE and Au from road dust, to gully waste and into streams. The low 
PGE values in the River Noe are to be expected as the PGE concentrations will be 
diluted by the river sediment.

Sample Au Pt Pd

1 10 nd  5
2 20 40 25
3  5 nd nd
4  5 nd 10
5 15 nd nd

Locations of samples 1–5 are shown 
in Fig. 2.

Table 2 Stream data
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The presence of Au predominantly in residential areas of lower traffic flow, 
especially outside the school, suggests a different origin, perhaps from jewellery 
worn by pedestrians. The occurrence of highest Ru and Ir values outside the school 
also indicates a different source maybe due to loss from equipment. For example is 
Ru used in computer hard drives [1].

Conclusions

This study has shown that Pt, Pd and Rh are significantly above natural background 
levels in Hathersage and their concentrations all increase in road dust and gully 
waste with increasing traffic flow and in steam sediment samples with proximity to 
main roads. This indicates a source from vehicle emissions which is the only major 
source of these elements in this small town. There is no marked difference between 
precious metal concentrations in samples collected from sites in the winter or sum-
mer but a possible indication that Pd is more mobile and removed from gully waste 
in wet weather conditions. Gold, Ru and Ir are more abundant in residential areas 
especially outside the school and may be related to the presence of more people 
rather than vehicles.
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Introduction

Automobile traffic is an important source of pollutants into the environment. 
Elevated Pb concentrations have been attributed to the use of tetraethyllead as an 
anti-knocking additive in gasoline. The recognition of human health effects, espe-
cially in children, has resulted in a progressive worldwide phase out of leaded gaso-
line [1]. Leaded gasoline was banned in South Africa in 2006. Until the ban, Pb was 
added to gasoline at a concentration of 0.33 g/l. Combined with a gasoline 
consumption of 7,000 Mt/year, this equates to a Pb consumption of 2,300 t/year, 
making South Africa the second largest consumer of Pb gasoline additives in Africa 
[2]. Lead concentrations are now expected to decrease in the South African envi-
ronment owing to the ban of leaded gasoline.

Catalytic converters are placed in the exhaust system of cars to reduce the 
amount of gaseous pollutants (CO, hydrocarbons and NO

x
) emitted as by-products 

of fuel combustion in the engine. Because these catalysts are poisoned by the pres-
ence of Pb, the ban of leaded gasoline and the subsequent availability of unleaded 
gasoline support the introduction of exhaust catalysts in South Africa. Platinum and 
other Pt group elements are the main active components in catalysts and some Pt is 
emitted into the environment [3]. As a consequence, Pt concentrations are increas-
ing in the urban and roadside environment [4], and elevated Pt concentrations are 
now found in airborne particles, road dust, as well as in roadside soil, plants, and 
biota [5, 6]. Therefore, environmental Pt concentrations are expected to increase in 
South Africa as a result of automobile emissions. However, South Africa is the 
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world’s largest Pt producer [7] and mining activities might be an additional source 
of Pt. Mining occurs in the Bushveld Igneous Complex, a 65,000 km2 mafic intrusion 
containing approximately 75% of the world’s Pt resources [8]. Platinum emissions 
from the mines has until now not been quantified.

The study presented here aims at determining current Pb and Pt levels in road 
dust in South Africa and at assessing the relative importance of automobile and 
mining emissions. Road dust is an attractive medium for urban pollution studies 
and it is important to determine current Pb and Pt concentrations in road dust, as Pb 
concentrations are still high and expected to decrease in the near future, and Pt 
emissions by automobile traffic are still limited.

Methodology

Road dust samples were collected at several locations in Cape Town (2.9 million 
inhabitants), Pretoria (1.8 million), Port Elizabeth (1.0 million) and Rustenburg 
(0.4 million) in October–November 2007. Selected cities are shown in Fig. 1. 
Rustenburg was selected for its vicinity to the Bushveld Igneous Complex where Pt 
is mined, while other cities are important urban areas with high traffic volumes. 

Cape Town Port Elizabeth

Pretoria
Rustenburg

Fig. 1 Map of South Africa with cities selected for road dust sampling
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Sampling was performed on asphalt covered roadside. Road dust was collected 
using a brush and placed in ziplocked PE bags for transport and storage.

Samples were dried overnight at 105°C. Dry samples were then sieved and the 
<125 mm fraction was retained for analysis. Samples were prepared by microwave-
assisted acid digestion using closed Teflon vessels (Mars5, CEM, USA). 
Approximately 0.5 g of dry dust was placed in microwave digestion vessels. 
Digestion was performed in closed vessels after addition of 8 ml Aqua regia (6 ml 
HCl + 2 ml HNO

3
) using 2-step temperature increase to 185°C and a maximum 

allowed pressure of 200 psi. It is important to note that the procedure does not 
provide a full digestion, but a strong leach usually suitable for the study of anthro-
pogenic metals in road dust. The leachate was then slowly taken to dryness on a hot 
plate and redissolved in 5% HNO

3
.

Prepared samples were analyzed by inductively coupled plasma-mass spectrometry 
(ICP-MS) using a quadrupole system (Elan 6000, Perkin Elmer, USA) and standard 
operating conditions. Calibration was performed by the analysis of multi-element 
standard solution, except for Pt for which a single element solution was used. 
Interferences on Pt analysis were corrected mathematically [9, 10] and reference 
material BCR-723 was analyzed to assess the accuracy of Pt concentrations.

Results and Discussion

Average Pb and Pt concentrations in road dust in South African cities are presented 
in Table 1.

Lead Concentrations

Average Pb concentrations were found to range from 345 mg/g in Rustenberg to 
775 mg/g in Pretoria (Table 1), with a minimum concentration of 103 mg/g at 
Joubert Street in Rustenburg and a maximum concentration of 1,928 mg/g at 
Church Street in Pretoria (Fig. 2). For comparison, urban concentrations in 
Accra, Ghana were reported to be 365 ± 93 mg/g [11]. The higher concentrations 
in South Africa are likely the result of the larger consumption of Pb gasoline 
additives [2].

Large concentration variations were observed in individual cities; Pb concentra-
tions in Pretoria range for instance from 186 mg/g at Schueman Street to 1,928 mg/g 
at Church Street (Fig. 2). Although automobile traffic is expected to be the main 
source of Pb, there is no direct correlation between Pb concentrations and traffic 
density. The absence of correlation may be the result of factors other than Pb emis-
sion from automobile traffic and subsequent deposition. Because leaded gasoline is 
now banned in South Africa, it is possible that removal efficiency play a more 
important role than Pb deposition.
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Platinum Concentrations

Average Pt concentrations range from 4 ng/g in Cape Town to 223 ng/g in 
Rustenburg (Table 1) with a minimum concentration of 2 ng/g along highway N2 
in Cape Town and a maximum concentration of 391 ng/g at Mandela Street in 
Rustenburg (Fig. 3). For comparison, average Pt concentrations in Ghana ranged 
from 1.5 ng/g at a background site to 55 ng/g near a heavy traffic road [11].

Concentrations in Rustenburg and Pretoria range from 108 to 391 ng/g and from 
13 to 37 ng/g, respectively, and are clearly higher than in other South African 
cities where concentrations range from 2 to 7 ng/g. The relatively low concentra-
tions in Cape Town and Port Elizabeth indicate that automobile traffic is a minor 
source of Pt in South Africa, possibly due to the currently limited number of vehicles 
equipped with exhaust catalysts. Therefore, the relatively high Pt concentrations 
found in Rustenburg and Pretoria are attributed to non-automobile sources. Since 
Rustenburg is located on the edge of the Bushveld Igneous Complex, near major 
Pt mines, mining activities are a likely source of Pt in road dust in Rustenburg. 

Table 1 Pb and Pt concentrations in road dust in selected 
South Africa cities. Concentrations are presented as average ± 
standard deviation (standard deviation is presented in brackets 
when it exceeds average concentration)

City Pb (mg/g) Pt (ng/g)

Cape Town 706 ± 271 4 ± 2
Port Elizabeth 434 ± 228 6 ± 1
Pretoria 775 (999) 23 ± 13
Rustenberg 345 ± 172 223 ± 116
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Fig. 3 Platinum concentrations in road dust in Rustenburg (Rust), Pretoria (Pre), Cape Town (CT) 
and Port Elizabeth (PE)

Pretoria is located approximately 150 km from Rustenburg and elevated Pt concentra-
tions in Pretoria are attributed to atmospheric transport of Pt emitted from the mines.

Conclusions

Elevated Pb and Pt concentrations were found in South African road dust. The 
occurrence of Pb is attributed to automobile traffic owing to the use of leaded gaso-
line. Leaded gasoline has recently been banned in South Africa and environmental 
Pb concentrations are expected to decrease in the near future. In contrast, automo-
bile emissions are a minor source of Pt due to the limited number of vehicles cur-
rently equipped with an exhaust catalyst. South Africa is the world’s leading Pt 
producer and elevated Pt concentrations were found in road dust collected near Pt 
mines in Rustenburg.

Atmospheric dispersion of emitted Pt also results in contamination further from 
the mines and elevated Pt concentrations were also found in Pretoria. Further stud-
ies are needed to characterize emissions from Pt mines and associated risks of 
should be assessed. Automobile traffic may become an additional source of Pt in 
South Africa owing to the introduction of automobile exhaust catalysts.
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Introduction

Stormwater runoff contains a wide range of contaminants [1]. Pollutants like 
PAH’s, biocides, heavy metals and nutrients are often found in varying, but signifi-
cant concentrations. Due to the content of various contaminants, stormwater runoff 
has been found to be toxic to the aquatic environment [2–4], with potential negative 
ecological impacts on receiving waters.

Toxic effects are estimated by exposing test organisms to the potential toxic 
sample or compound followed by a calculation of the inhibition of the test organ-
ism. The inhibition can be growth inhibition, mobility inhibition, inhibition of the 
reproduction and etceteras. Inhibition is expressed as a given effect concentration 
(EC) after a given exposure time. That is, EC50 is the concentration giving an inhi-
bition equal to 50% after a certain exposure time and EC10 is the concentration 
giving an inhibition equal to 10% after a certain exposure time. Toxicity is not an 
absolute estimation but a relative measurement characteristic for the test organism 
applied, resulting in different EC50 values for the same compound. Therefore, it is 
important to consider which organisms that is relevant to use as test organisms for 
environmental samples such as stormwater runoff. The optimal solution is to use a 
battery of toxicity tests to reveal the ecological impacts of a sample [5].

To reduce the content of nutrients, organic matter and the different organic and 
inorganic micro pollutants, the stormwater runoff can be led through a wet deten-
tion pond where sedimentation and uptake by plants reduce the concentration of the 
contaminants. To improve sedimentation, a flocculent such as aluminum can be 
added to the water phase. It is well known that aluminum can reduce the content of 
phosphorous in the water phase in lakes [6], but whether aluminum addition also 
reduces the toxic effect of the water phase has not been identified.
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The objective of this study is to investigate how addition of aluminum affects the 
toxicity of stormwater runoff. The toxic effect is estimated applying three different 
toxicity tests. The results of the study can be applied to determine whether addition 
of aluminum to wet detention ponds can reduce the toxic effect of stormwater by 
adding similar quantities of aluminum as typically used to remove phosphorous 
from the water phase.

Method

Collection and Storage of Samples

Stormwater runoff samples were collected from a wet detention pond located in the 
southern part of Odense, Denmark. The wet detention pond is constructed as a part of 
the EC LIFE-treasure project [7] and is placed in a green area next to a catchment with 
light industry and associated roads (Fig. 1). The catchment has an area of 27.4 ha of 
which 11.4 ha are impervious, resulting in an estimated runoff of 55,500 m3/year. 
The stormwater runoff is pretreated in a grit chamber before entering the pond. 
Stormwater runoff for analysis was collected from the center of the pond. The samples 
were collected in glass bottles over a 2 month period and stored at 5°C until analysis.

Preparation of Samples Prior to Analysis

Four samples were collected over a 2 month period, two samples in February 2008 
(sample I and II) and two at the beginning of April 2008 (sample III and IV). Due 
to a natural content of microalgae in the samples, the samples where filtrated 

Wet detention pond 

Fig. 1 Wet detention pond from where 
the samples were collected. The appurte-
nant catchment is outlined
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through a 0.45 mm filter prior to toxicity tests. All four samples were analyzed for 
toxic effects using different toxicity tests. The last two samples were treated by 
aluminum addition to investigate its potential influence on the toxic effect.

The samples collected in April were divided into aliquots of 320 mL in 500 
mL glass bottles. Aluminum sulfate (Al

2
(SO

4
)

3
 16H

2
O) was added to a final 

aluminum concentration of 0, 2, 5, 7 and 10 mg Al/L (sample III) and a concen-
tration of 0, 10, 20, 30 and 40 mg Al/L (sample IV). The aliquots were placed 
on a shaker for 1 h to ensure thoroughly mixing and afterwards left to settle for 
3 days at 5°C. Three days was chosen as this is the minimum hydraulic retention 
time for a typical Danish wet detention pond for stormwater treatment [8]. After 
the 3 days, the supernatant was extracted without disturbing the settled precipi-
tate. The supernatant was tested for toxic effects by three different toxicity tests. 
The natural pH-value for sample III and IV prior to aluminum addition was 8.76 
and 8.78, respectively. The products of the dissociation and hydration of the 
aluminum salt at these pH-values is mainly aluminum hydroxide (Al(OH)

3
) and 

to a lesser extent aluminate ion (Al(OH)
4-

). Aluminum hydroxide could be 
observed as visible flocks in the aliquots with an aluminum concentration equal 
to 5 mg Al/L and above.

Toxicity Tests

Toxicity tests were chosen on the basis the following criteria: The tests should be 
validated and comply with a standard; an existing protocol should be available; the 
tests should use organisms on different trophic levels; and the tests should be cost-
time efficient. These criteria led to three different tests, using bacteria (Vibrio fis-
cheri), algae (Selenastrum capricornutum) and crustaceans (Daphnia magna) as test 
organisms. Vibrio fisheri is a marine bacterium and will therefore not be found 
naturally in wet detention ponds. However, the test is commonly used and relative 
fast, giving the result after only 30 min and was on this basis included in the test 
battery. The last two tests use organisms which are indigenous to freshwater. All 
three tests are designed to measure acute toxic effects.

The test using Vibrio fisheri is based on the capacity of the bacteria to emit 
luminescence, meaning that the less luminescence the bacteria produce, the 
more stressed are the bacteria due to exposure to toxic substances. Specific 
volumes of the samples and different dilutions hereof were mixed with bacteria 
suspension (duplicate for each dilution). The luminescence was measured after 
0, 5, 15 and 30 min of exposure to the sample on a M500 analyzer from SDI 
in the Microtox® Acute mode. Decrease in luminescence relative to a control 
gives an expression for the toxic effect and EC-values can be estimated. As Vibrio 
fischeri is a marine bacterium, the runoff samples were adjusted to a salinity 
of 2% prior to analysis. An advantage of this test is that for each dilution, a 
very large number of test individuals are applied, minimizing statistical fluctua-
tions. The whole test was carried out according to the international standard 
DS/EN ISO 11348-1.
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The algal test is based on growth inhibition of the algae due to toxic substances. 
A specific volume of an algae suspension is added to a dilution series of a sample. 
Triplicates were made for each dilution. The growth rate was hereafter estimated 
by measuring the optical density (OD) at 670 nm after an exposure time of 0, 24, 
48 and 72 h. The growth rate of the algae is inhibited by toxic substances and a rela-
tive inhibition to a control can be calculated. In this study the toxicity test kit 
Algaltoxkit FTM, MicroBioTests Inc., was applied and the tests were carried out 
using 10 cm cuvettes as incubation chambers. An UVmini-1,240 spectrophotome-
ter from Shimadzu was used to measure the OD670. Approximate 10,000 algae 
cells/mL were added to each cuvette at the beginning of each test, which due to the 
high number of individuals minimized the statistical fluctuations. The test is based 
on the international standard DS/EN ISO 8692.

The last test in this study applied the Crustacea Daphnia magna as test organism. 
The ability of the daphnia to swim is affected by toxic compounds and is therefore 
used as an expression of the toxic effect. The daphnia were exposed to dilutions of 
a sample and immobile daphnia were counted after 24 and 48 h. Twenty daphnia 
were exposed to each dilution of the sample, which was a much lower number of 
individuals than for the two other tests, resulting in larger statistical fluctuations. 
For each test, a control was made to ensure that the immobilization was caused by 
the toxic effect and not by any physical stress. In this study the toxicity test kit 
Daphtoxkit FTM, MicroBioTests Inc., was applied, based on the international 
standard DS/EN ISO 6341.

Results and Discussion

Data obtained from the four samples and the three toxicity tests were analyzed 
according to the respective standards. Dose-response curves were obtained and 
EC50 and EC10 values were estimated when possible. It was a general conclusion 
for the samples tested that the bacteria test was less sensitive than both the 
Daphtoxkit FTM and Algaltoxkit FTM. This is consistent with previous reported 
observations [2, 9]. The stormwater runoff had no observable effect on the lumines-
cence readings (data not shown), indicating that the samples were non-toxic. 
The daphnia were only inhibited by undiluted aliquots, that is 100% stormwater 
runoff. Estimations of EC50 values were therefore not possible. The inhibition by 
100% stormwater runoff samples was in the magnitude of 20–50% after 48 h of 
exposure, indicating a low toxic effect. The algal test was on the other hand much more 
sensitive to the toxic compounds in the runoff. Hence, calculation of EC50 values 
was possible, giving EC50 values in two groups: sample I and II had a low EC50 about 
10% dilution (after 72 h of exposure) and sample III and IV had a relative high EC50 
about 85% dilution (after 72 h of exposure). The significant difference in toxic effect 
may be due to a strong natural algal blossom in the wet detention pond, begin-
ning by the end of March. This algal blossom may cause removal of toxic 
compounds from the water phase due to uptake by the algae and sorption at their surfaces. 
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When the samples were filtrated prior to analysis, all contaminants absorbed or 
adsorbed by the algae were removed from the sample. Even though there were large 
differences between the toxic effects of the samples, the samples were in general 
toxic to the test organisms and treatment by adding aluminum was relevant. 
The EC50 values obtained by the algal test (72 h exposure) and standard deviation 
for the different aliquots from the sample III and IV, are shown in Fig. 2.

EC50 values above 100% dilution were calculated by extrapolation of the dose-
respond curve and not by concentration of the samples, for example by evaporation. 
As shown in Fig. 2 the toxic effect of the stormwater runoff decreased with increasing 
aluminum concentration up to 7 mg Al Al/L. Above 7 mg Al/L the toxic effect increased 
with increasing aluminum concentration. In the aliquots added 30 and 40 mg Al 
Al/L, the toxic effect was greater than for the pure sample. That is, aluminum 
reduced the toxic effect of the stormwater runoff up to a certain level. Above this 
level the aluminum itself became the source of the toxic effect. In Fig. 3, EC10 
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values and standard deviations of the aliquots from sample III and IV are shown 
(72 h exposure).

The EC10 values were all below 100% and therefore estimated by interpolation. 
Figure 3 shows the same tendencies as Fig. 2, that is lower toxic effect for alumi-
num concentrations between 2 and 10 mg Al/L compared with stormwater runoff 
without aluminum. As shown, highest EC50 occurs at 10 mg Al Al/L. At 20 mg Al 
Al/L, the EC10 is lower than the EC10 for the aliquot without aluminum addition. 
This is not consistent with the EC50 for the same aliquot, where the EC50 is indi-
cating that this aliquot has a lower toxic effect than the aliquot without aluminum 
addition. In principle, the EC10 and EC50 should show the same tendency. 
However, due to uncertainties in the tests and also in their interpretation, deviations 
from this might happen. Due to this uncertainty, it cannot be concluded whether the 
addition of 20 mg Al Al/L to stormwater runoff has a positive or negative effect on 
the toxicity. It is therefore, in order to avoid toxic effects, recommended to add not 
more than 10 mg Al Al/L when treating stormwater runoffs.

The tendency for the daphnia test was the same as for the algae test, that is 
untreated stormwater runoff had a significant toxic effect as well as runoff samples 
with addition of 30 and 40 mg Al Al/L; showing an inhibition at 25% and 95% in 
the undiluted aliquots with 30 and 40 mg Al Al/L, respectively. The other aliquots 
did not show any significant toxic effects. With the bacterial test, the observation of 
an increasing toxicity in the aliquots with 30 and 40 mg Al Al/L was not observed 
– most likely due to the relative poor sensitivity of the test.

The limit between beneficial and toxic effects caused by the addition of alumi-
num will be different at other pH-values due to the equilibrium between the specia-
tion of the aluminum hydroxides. The equilibrium influences the solubility and 
flock formation and thereby the removal of toxic substances and the toxic effect of 
the aluminum hydroxides itself due to different speciation hereof.

At pH 8.2, EC50 for the microalgae Selenastrum capricornutum equal to 460 mg 
Al/L is reported [10]. The EC50 reported is low compared to the results in this 
study where aluminum began to show toxic effects at a concentration level of 
20,000–40,000 mg Al/L. The large difference is probably due to the nature of the 
samples tested in this study, resulting in removal of toxic substances and phos-
phorus by reactions with aluminum as well as side reactions with organic matter. 
Because of these reactions the aluminum may become unavailable to the test 
organisms.

Addition of aluminum to lakes in order to obtain optimal phosphorus removal 
efficiency is reported in the range from 2 to 30 mg Al/L with the most cost-effective 
dosing between 2 and 5 mg Al/L [6, 11]. The most effective decrease in toxic effect 
was in this study obtained in the range from 7 to 10 mg Al/L, slightly higher than 
the cost-effective dose for phosphorous removal. The higher EC50 achieved 
with addition of 7 to 10 mg Al/L compared to the EC50 at 5 mg Al/L should be 
considered insignificant, taking the higher cost in consideration. The cost-effective 
concentration of aluminum for reduction of toxic effects is therefore around 5 mg 
Al/L. This correspond to a consumption of approximately 300 kg Al/year for the 
stormwater pond from where the samples originated.
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Conclusion

The stormwater runoff analyzed in this study was found to show toxic effects 
according to two of the three applied toxicity tests. The stormwater was highly toxic 
to the algae, lesser toxic to the crustaceans and non-toxic to the bacteria – revealing 
that the bacteria Vibrio fisheri was the least sensitive organism and that the algae 
Selenastrum capricornutum was the most sensitive organism. Two stormwater runoff 
samples showed a high toxic effect to the algae with EC50-values at 10% dilution 
and two samples showed a lower toxic effect with EC50-values at 85% dilution.

To assess the impact of aluminum on the toxic effect of stormwater runoff, alu-
minum was added to two samples in concentrations ranging from 2 to 40 mg Al/L. 
The toxicity test using the algae Selenastrum capricornutum showed reduced toxic 
effect for aliquots with aluminum concentration from 2 to 10 mg Al/L compared 
with the toxic effect for pure stormwater runoff. That is, the aluminum may reduce 
the toxic effect in stormwater runoff. At concentration levels above 20 mg Al/L, 
aluminum itself becomes toxic and the toxic effect is higher than for the pure run-
off. This limit between beneficial and toxic effects will depend on a number of 
water quality parameters, such as the concentration of organic matter, phosphorous, 
toxic compound, pH etceteras.

The most effective aluminum concentration to reduce toxic effects was in this 
study found to be 7 mg Al/L. However, the most cost effective aluminum concen-
tration is 5 mg Al/L which corresponds to the interval typically applied for cost-
effective phosphorous removal.
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Introduction

Stormwater contaminants discharged from urban areas are often considered as 
threats limited to the receiving waters since the contaminants mainly being viewed 
as environmental degradation agents rather than, for example raw water degrading 
agents. To reduce the load of stormwater contaminants the most efficient action in 
a long-term perspective is the practice of source control, but when acute short-term 
remediation actions is needed stormwater ponds have showed to be a good measure 
to reduce contaminants and to achieve cleaner and healthier water bodies [1] favor-
ing the implementation of the European Water Framework Directive where all 
waters including rivers, lakes, coastal waters and ground waters should reach “good 
status” by December 2015 [2]. The pollution reduction efficiency of stormwater 
ponds mainly depend on the physical processes that govern the sedimentation of 
particulate bound pollutants [1]. This is also valid to the removal of microbial con-
taminants in stormwater ponds, and of great significance to prevent drinking water 
sources from pathogens carried in stormwater. To ensure drinking-water safety, 
microbial as well as chemical and physical hazards need to be assessed. In a public 
health perspective the microbial contaminants may be of more importance for the 
society compared to chemical and physical contaminants [3]. Pathogens in natural water 
catchments may originate from various human and animal sources, and cause water-
borne infections through consumption of contaminated drinking water. The management 
of faecal contaminants from human and animal sources in urban catchment areas 
depends on the type of sewer system. For separate sewer systems, animal faeces from 
roads and impervious areas may be transported in the stormwater and enter the 
receiving water without further treatment. Stormwater is known to carry substantial 
amounts of faecal bacteria [4, 5] and a few studies have reported the presence and 
survival of pathogen in wetlands and stormwater ponds [6–8].
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In the assessment of faecal contaminants and pathogens in water environments, 
indicator organisms have been traditionally used. Total coliforms and E. coli are indi-
cator bacteria commonly used for regular monitoring in drinking water sources. Indicator 
organisms used for parasites are intestinal enterococci and sulphite-reducing 
clostridia and for viruses bacteriophages is used, which all tend to survive longer 
in the water environment than E. coli making them more useful as indicators for 
environmentally resistant pathogens [9]. Bacteriophages, of which coliphages are 
the most common, are considered as model organisms of enteric viruses in water 
[9], for example to assess the virus removal efficiency for water treatment facilities 
such as in stormwater ponds.

This paper presents field measurements on the levels of stormwater contamina-
tion, and the relative removal of microbial, physical and chemical contaminants in 
a traditional stormwater pond. Also a discussion on relative removal of virus par-
ticles in relation to the human health risk associated with pathogens in raw water 
sources is included.

Experimental Method

The pond that has been studied in this paper is the Järnbrott stormwater pond situ-
ated 5 km from the city of Göteborg. It has been investigated in previous studies 
[1, 10, 11], and is an off-stream stormwater pond with a permanent pool, and with 
no constant inflow during dry periods. The pond is divided into three sections 
with different bottom materials and with water depths between 0.6 and 1.5 m. 
The catchment area consists of about 160 ha impervious surfaces and is a mix of 
residential, industrial and traffic areas. For metals and PAH, the major source in 
the catchment is expected to be the traffic, where an important highway is situated 
within the catchment. Possible sources of microbial contaminants in the catchment 
include commercial and residential settlements, where faecal bacteria may origi-
nate from domestic and wild animals. Since the catchment only include separate 
sewer systems, household sewage will not contaminate the stormwater entering 
the pond.

Three storm events during fall 2004 (22 October, 18 November and 24 November 
2004) were sampled using two ISCO 6700 samplers that were installed at the inlet 
and the outlet of the stormwater pond. The samplers were equipped with flow 
meters which monitored the flow and triggered flow-weighted sampling during 
the storm events. The inlet sampler was equipped with a velocity-height (V/H) 
probe (ISCO 750 module) and the outlet sampler with a pressure probe (ISCO 720) 
close to the outlet concrete weir. The samplers, equipped with 12 (1 L) plastic and 
glass bottles, were programmed to take a subsample at every 800 m3 of stormwater 
passing the measuring point at the inlet and outlet respectively. Each sample was added 
to a set of two bottles (totally six sets, each representing 4,800 m3 of stormwater) 
and were kept at ambient temperatures (0–10°C) in the sampler. The samples were 
transported in cold to the laboratory for analysis. Characteristics of the three storm 
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events are given in Table 1, including rain depths, dry periods (number of days 
antecedent the rain event) and stormwater volumes.

Laboratory Analyses

Event mean concentrations (EMC) for the contaminants studied were determined 
by analyses of samples pooled to one composite sample prior to the analysis. 
Samples were analyzed for total suspended solids (TSS), volatile suspended solids 
(VSS) and heavy metals (zinc, copper, lead, cadmium, nickel and cobalt). Nitrogen 
analysis included measurements on total nitrogen (total-N), nitrite (NO

2
–N), nitrate 

(NO
3
–N) and ammonium (NH

4
–N), and the phosphorous analyses included total 

phosphorus (total-P) and phosphate phosphorus (PO
4
–P). The organic contaminants of 

PAH, including the 16 specific US EPA-PAH [12], were also analyzed. Concentrations 
of these contaminants were given as µg/L.

Microbial analyses included total coliforms, E. coli and sulphite-reducing 
clostridia (SRC) (during three events) as well as intestinal enterococci (IE) and 
bacteriophages (during two of the events). Total coliforms and E. coli were ana-
lyzed with the membrane filtration method [13], which also was used in the analy-
sis for intestinal enterococci [14]. Sulphite-reducing clostridia were analyzed 
according to the standard [15] except for the preheating to exclude vegetative cells. 
Bacteriophages analysed included somatic coliphages (SC) and F-specific RNA 
coliphages, and samples were sterile-filtrated (45 mm high-flow filter) to remove 
debris and bacteria prior to the standard analyses [16]. Microbial concentrations 
given as colony forming units (CFU/100 mL, bacteria) and plack-forming units 
(PFU/100 mL, bacteriophages) were presented on a logarithmic scale (log

10
) and 

for comparison reasons also the chemical and physical contaminants are presented 
on a logarithmic scale (log

10
).

Data Processing

The contaminant loads, based on a mass balance for the inflow and outflow of the 
pond, were determined for the three events. A mass balance approach was applied 
to determine the contaminant load (M

i
) calculated as the stormwater volume (V

i
), 

Table 1 Characteristics of the three storm events at the Järnbrott pond, 2004

Date
Rain depth 
(mm)

Antecedent dry 
period (days)

Stormwater 
volumes (m3)

10 October 11 3 15,000
18 November  9 2 12,000
24 November 12 1 16,000
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registered during the event, times the measured contaminant event mean concentra-
tions (C

i
). Site mean concentrations (SMC) for each specific contaminant were 

calculated as the accumulated load over accumulated stormwater volume, such as 
SMC = SM

i
/SV

i
. Based on the calculated SMC for the inlet (SMC

in
) and the outlet 

(SMC
out

), the removal efficiency R (%) was calculated according to the following 
expression:

 100in out

in

SMC SMC
R

SMC

−
= ×  (1)

Results and Discussion

The concentration of total suspended solids, nutrients, heavy metals and PAH at the 
inlet and outlet of the Järnbrott stormwater pond is illustrated in Fig. 1 for the three 
storm events. The measurements exhibited a clear reduction of total suspended solids 
(TSS) and total phosphorous (Tot-P) was observed, while no reduction was seen for 
nitrate (NO

3
–N) and total nitrogen (Tot-N). As indicated in error bars, the concen-

trations of nitrate varied highly between the three events. For the metals in Fig. 1b 
represented by cadmium (Cd), copper (Cu) and lead (Pb), a reduction was observed 
in the pond, although lower for cadmium compared to the others. The concentration 
of poly-aromatic hydrocarbons decreased in the stormwater pond, as repre-
sented by the accumulated concentrations of the 16 EPA-PAH shown in Fig. 1b. 
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Fig. 1 Event mean concentrations (log-values) of (a) suspended solids, nitrogen compounds and 
total phosphorous, and (b) metals and PAH measured at inlet and outlet of the stormwater pond. 
Median concentrations for the three storm events are given with min and max in error bars
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The stormwater pond reduced heavy metals as well as organic contaminants, and 
may therefore act as a barrier to prevent the receiving water from chemical con-
taminants associated with stormwater discharges.

The microbial concentrations, measured at the inlet and outlet of the Järnbrott 
stormwater pond are shown in Fig. 2. Results for the indicator bacteria show that 
E. coli, intestinal enterococci and sulphite-reducing clostridia were detected at dif-
ferent levels, with E. coli levels more than 1 log-unit higher than the others. 
Comparing concentrations from inlet and outlet samples, the results indicate that 
the pond did not significantly reduce faecal bacteria. Results for the bacteriophages, 
measured at two events in the pond, instead exhibited an increase in concentrations 
from the inlet to the outlet, including a source term in the pond. Comparing inlet 
and outlet concentrations for the separate events indicated variations between the 
events, especially for the F-specific coliphages. For one event these were slightly 
reduced while in the other event a high increase in concentration was observed 
comparing inlet to outlet of the pond.

Removal Efficiencies

The site mean concentrations of the various contaminants, together with the 
removal efficiency (%), are calculated for the three storm events (Table 2). The 
Järnbrott stormwater pond effectively reduced suspended solids (62% and 52% for 
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TSS and VSS respectively), as well as heavy metals (~25–50%). On the other hand, 
the reduction was weak for the nutrients and the indicator microorganisms. 
An increase of the contaminant concentrations in the outflow was observed for 
nitrite and nitrate, as well as for nitrogen as a total. For the indicator organisms, 
a removal was observed for the bacteria while an increase was observed for the 
bacteriophages.

Present results are in sharp contrast to a study performed in another Swedish 
stormwater pond, Flemingsberg, where a removal of faecal coliforms and entero-
cocci were observed in the range of 97–99.9%. In the same study somatic coliphages 
were removed to around 70%. The high removal of microbial organisms in that 
pond was explained with the reduction of suspended solids being the main factor 
for the bacterial reduction [7].

Factors affecting the removal efficiency in the pond include physical sedimenta-
tion, die-off, accumulation and resuspension of the microorganisms. Indicator 
bacteria as well as bacteriophages may settle in the pond during low flow condi-
tions and re-enter into the water phase later on as a result of high stormwater 

Table 2 Site mean concentrations (SMC) and removal efficiency in the stormwater 
pond for selected contaminants during the analyzed storm events, fall 2004

Parameters

SMC SMC Removal

In Out (%)

Suspended matter
TSS (mg/L) 47 18  62
VSS (mg/L) 19.1 9.3  52
Nutrients
NO2–N (mg/L) 0.02 0.03 −65
NO3–N (mg/L) 0.90 2.39 −164
NH3–N (mg/L) 0.18 0.16  12
Tot-N (mg/L) 2.05 3.39 −66
PO4–P (mg/L) 0.06 0.07 −15
Tot-P (mg/L) 0.14 0,10  29
Indicator organisms
E. coli (CFU/100 mL) 7,240 7,100 2.0
Tot coliforms (CFU/100 mL) 60,000 54,300 9.4
SRC (CFU/100 mL) 295 251  15
SC (CFU/100 mL) 229 574 −151
F-RNA (CFU/100 mL) 204 499 −145
IE (CFU/100 mL) 749 691 7.8
Heavy metals
Cd (µg/L) 0.30 0.23  24
Cu (µg/L) 41.4 24.3  41
Pb (µg/L) 9.16 4.67  49
Zn (µg/L) 143 91.3  36
PAH
16 USEPA PAH a (µg/L) 0.94 0.31  67
a Method from the US-EPA [12].
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inflows. A higher survival has been reported for coliphages compared to faecal 
coliforms and E. coli, both in water [17] and soil [18], and coliphages survived the 
best of the organism groups in the sediment [6]. In contrast, pathogens as Giardia 
survived best in the water column and least in the sediment, but Giardia was 
together with Cryptosporidium observed in concentrations one to three orders of 
magnitude higher in sediment compared to the water phase [6]. The increase 
observed for the somatic and F-specific RNA coliphages in the present study may 
result from the high survival characteristics combined with the resuspension of 
settled microorganisms, or by a point source in the pond vicinity, for example birds 
swimming in the pond or other animals residing at the waterside.

Results from the current study suggest that stormwater ponds may represent an 
ineffective barrier for protecting raw water sources from microbial contaminants. 
After entering the pond, microbial levels are reduced over time, governed by the 
survival properties of each pathogen or indicator organism. Microbial survival rates 
in stormwater sediments has been reported in another study [7], and T

50
-values 

(time for a 50% reduction) for E. coli, faecal enterococci, Clostridium and 
coliphages of 27, 27, 252 and 370 days, respectively, were reported. In addition, 
F-specific RNA coliphages has been reported to represent a model for norovirus 
survival [17]. Bird drops and domestic animals may potentially represent additional 
sources for faecal contamination in the pond. F-specific RNA coliphages may origi-
nate from water fowls such as gulls and goose [19], and at the Järnbrott pond these 
birds together with wild ducks have been observed, roughly between 20–50 speci-
mens simultaneously. If we assume the increased F-specific RNA coliphage con-
centration in the pond originates from bird droppings we can calculate an estimate 
of the number of specimens needed to yield that concentration increase. In a study 
made on gull faeces [19] the observed F-specific RNA coliphage concentrations 
were in average 7.5·× 104 PFU/g of faeces. Since the concentration increase were 
about 300 CFU/100 mL in the Järnbrott pond, with a dry weather volume of 6,000 m3, 
the total counts increased with 18·× 109. Using the faecal concentration reported on 
the gull faeces [16], and assuming an average faeces production of 30 g/day per 
gull and 10 days dry period (in average), this would imply a total production of 
2.25·× 105 coliphages per gull (during 10 days). Using this value with the coliphage 
increase in the pond, the number of gulls needed to verify this is calculated to 
80,000 (18·× 109/2.25·× 105) gulls in the pond all day long. This is of course impos-
sible and indicates that the concentration increase in the pond must have another 
source than droppings of waterfowls.

A high release of coliphages into raw water sources from stormwater ponds 
therefore represents a human health risk in relation to virus that needs to be further 
assessed. The composite sampling technique applied in the present investigation 
gives a representative description for parameters which concentration in water and 
sediment is well described by a normal distribution. Environmental parameters may 
however rather be log-normal or poisson-distributed, which may typically be the 
case for several pathogens [20]. The composite sampling technique may bias the 
analyzed mean concentration for the sample, representing the entire event, towards 
the peak concentration in one subsample. As the microbial health risk due to 
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contaminated raw water is governed by short-term peak concentrations, the analysis 
for composite samples may reflect peak concentrations in sub-samples analyzed for 
a storm event. Additional flow-weighted samplings of stormwater events, with 
analysis of discrete sub-samples, are thus needed to describe the variability in 
stormwater flows for discrete event.

Conclusion

From this study we mainly conclude that stormwater ponds perform well in the 
reduction of traditional stormwater pollutants including suspended solids, some 
nutrients and heavy metals. The removal of microorganisms was however negligible 
for the faecal indicator bacteria. The increase in the pond of somatic and F-specific 
coliphages, used as a model organisms for virus, show that stormwater ponds does 
not represent an efficient microbial barrier. Further studies must be carried out to 
investigate the microbial removal efficiencies in other stormwater ponds and the 
microbial impact from birds and animals potentially residing in the pond. Analyzing 
subsamples from the course of the storm events are needed for describing the 
microbial variability over time.
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Introduction

One phase of this work has been the study of an efficient mode of treatment of 
the carriageway drainage materials, aiming at improving their environment 
quality. Efficient cleaning up methods exists for chemical treatment (heavy metals, 
hydrocarbons) as well as for giving a texture adapted to material reuse (screening, 
washing). These often complex methods are costly, which may form an obstacle for 
an effective reuse of the cleaning out solid waste.

Experimental Method

Classification of Drainage Solid Waste

Road drainage sediment classification according to their environmental characteristics 
has been carried out, distinguishing two main sediment categories.

1. Sediment from ditches

Studied ditches are solely rassy ditches and curved channels. Concrete curved 
channel and ditches generate sediment similarly to carriageway dust (compound 
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fraction essentially sandy). Flow speed in these little rough structures is indeed not 
favorable to fine compound fraction sedimentation.

2. Sediment from road basins

This category gathers every basin type. Let us note that some structures commonly 
called ditches have been included in this category since the sediment type have 
characteristics closer to basins than to ditches: it is notably the case of every ditch 
staying under water.

Sediment Environmental and Geotechnics Characterization

As part of this work about 100 samplings have been carried out on basins and 
ditches in France. Hydrocarbons and metal trace element (MTE) contents have 
been analyzed. Data from bibliography [1] have been used as well.

Regulation threshold values is not available in France for this kind of sediment 
before reuse, the proceeding has been as following: for MTE threshold values are 
VCI usage sensible (impact value for sensible aim in French). These values, used 
until 2006, correspond to those used for polluted sites and soil in a so-called sensitive 
context (garden, park, etc.). For hydrocarbons, the used results have been compared to 
inert waste landfill thresholds. To complete this classification, material geotechnical 
properties have been studied in detail with the help of geotechnical tests: SETRA’s 
GTR [2] makes it possible to grasp reuse of materials in embankment or sub grades, 
from various geotechnical parameters. F category organic soil and industrial 
by-products corresponds the best to studied materials. Their using possibilities in 
engineering structures depend on their organic matter content (OM%). At this stage 
we classify this material type in two categories. For organic matter contents above 
10%, F12 materials have not characteristics satisfying to be reused in engineering. 
For organic matter contents from 3% to 10%, F11 materials may be used under 
conditions similar to mineral matter. To characterize slope geotechnical properties 
of materials such as road drainage sediment, the following tests have been carried 
out on three samples:

Grain size analysis
Eighty micrometer fraction analysis
Methylene blue value
Initial moisture
Proctor test

Moisture Analysis

The open air spreading method has been studied more in detail with the help of tests 
on sediments taken in the Lyon region.
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Presentation of the Water Loss Experimental Device

To appreciate the dryness evolution by open air spreading, the device presented in 
Fig. 1 has been realized. It musts be noted that these tests were carried out inside, 
and consequently sheltered from climatic hazards. Weighing has been carried out 
with a measure uncertainty in the gram order. Each previously tared (box) weight 
has been measured until stabilization.

First values may admit some distortions. Indeed this matter put for drying has 
not the same dryness as the one within the basin. This link with the first measure is 
not inconvenient facing the experiment objective, which is to determine the time 
from which dryness is stabilized as well as the final dryness value. A first experi-
ment has been carried out with settling pond sediments. Two tests have been led 
with 6.5 and 4.5 cm sediments thickness, respectively, at the beginning of the 
experiment. Weight evolution was regularly followed-up. After 3 weeks a sample 
was taken and put in a drying oven (150°C during 14 h). Dry soil sample mass was 
determined, and by knowing sample weight during the course of time, it is possible 
to deduce the moisture evolution.

To grasp sediment height influence on moisture evolution, other tests have been 
carried out from B4-B6 basins located on Lyon’s East RingRoad. Sediment was put 
within tubes of variable diameter and height. A test in box similar to the first series 
was set up as well. The adopted device is presented in Fig. 4.

A drainage and water recovery device was also set up. At last, to prove that a 
relative uniformity between sediments exists, B4-B6 and B17 sediments draining 
has been compared for the same sediment height (5.5 cm). Sediments of these two 
basins have rather different grain sizes, B17 being globally finer than B4-B6.

Result and Discussion

Sediment Environmental and Geotechnic Characterization

Ditches: The only studied variable concerning ditches is traffic. It emerges from the 
first results that sediments from ditching cleaning out do not contain pollutions signifi-
cant in metal trace elements (nickel, chrome, cadmium). Concerning hydrocarbons, 
zinc, copper, and lead, an increasing correlation between hydrocarbon content and 
traffic supported by the road axis, could be observed (Table 1).

Geotextil

Sediments

slope 

Fig. 1 Experimental device of water loss
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We observed that these pollutants are likely to exceed threshold values for traffic 
above 20,000 vehicles/day. Fig. 2 presents the observed results for lead and 
hydrocarbons.

Road basin: Studied parameters concerning road basins are: traffic, size of 
carriageway, cleaning out frequency. No link could be established on carriageway 
size parameter: this result seems pertinent as it has been established in a former 
document [3] that pollutions gathered in runoffs depend more on traffic than on 
carriageway size. Cleaning out frequency seems to point out that MTE concentration 
increases with the last cleaning out date: this result seems to be coherent with a 
renewing car fleer which emits less pollutants (Fig. 3).

Likewise, safety barriers, the main zinc source, tend to emit less zinc over 
the course of some years [4]. These results are however to interpret prudently: 
the number of basins where the last cleaning out date is known is limited, and the 
collected data deals with a short cleaning out duration.

Table 1 MTE average and maximum contents in ditches sediments

Element Average Maximum

Cadmium 0.43 1.5
Lead 79 550
Zinc 190 1620
Chrome 43 210
Copper 74 1800
Nickel 28 115
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Fig. 2 Variation of sediment hydrocarbons contents with daily traffic
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Concerning the hydrocarbons content, two basins typologies have been identified: 
basins under water (stormwater ponds) and dry basins (infiltration basins). 
Hydrocarbon concentrations in dry areas are very low. This result seems to be logical, as 
exposure to ambient light and air favor hydrocarbon degradation. Low values in 
hydrocarbons will, however, have to be confirmed with further samples.

Concerning stormwater ponds; below 20,000 vehicles/day the measured hydro-
carbon contents are under threshold-values, but it becomes important and well 
above threshold-values above 20,000 vehicles/day (Table 2).

For MTE, distinguishing between basins under water and dry basin has not been 
retained. Cadmium, chrome and nickel are present in non significant quantities in 
ditches. Zinc, lead and copper are likely present in quantities beyond the threshold 
values: this result can be explained by the superior efficiency of stormwater ponds 
and infiltration basins on settling: MTE are indeed mainly linked to fine particles, 
less easy for settling [5]. Before any reuse in embankment, it is convenient to 
characterize the zinc, lead, and copper content in sediments. Hydrocarbon charac-
terization is only for traffic intensities superior to 20,000 vehicles/day (Table 3).
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Fig. 3 Influence of size of carriageway on hydrocarbons contents in basins sediments

Table 2 Hydrocarbon average and maximum contents in sediments with different basin typologies 
and traffics

Hydrocarbon contents Average Maximum

Infiltration basin 54.7  350
Stormwater pond, traffic <20,000 vehicles/day 135  900
Stormwater pond, traffic >20,000 vehicles/day 190 1620



192 P.-E. Martin et al.

Geotechnic characteristics: The first parameter making it possible to classify a 
soil is the organic matter content. Data from literature and sample campaigns show 
a slight organic matter percentage in sediments from ditches. These sediment 
characteristics stay about 5% for variability in the range 3.4%–6.6%. Conversely 
basins present contents in the order of 10% for a variability range from 3% to 
37.5%. It is so convenient to foresee a treatment aiming at pull down organic matter 
before any reuse, by liming or landfarming. The later treatment has moreover the 
advantage of offering a hydrocarbon degradation possibility.

Grain size, the second main parameter, has been studied on both sediment typolo-
gies: materials being likely to present a large fine particle content, only laser grain size 
analyses are presented here. Grain size composition near to in-site soil in road ditches 
is observed. The possibilities of reusing these sediments in engineering depend on the 
local geological context. Sediments from basins all present important percentages of 
particles inferior to 80 mm (Table 4), indicating a very water sensitive material.

Moreover, variability within samples is very important (Fig. 4). Before any reuse 
of these materials in engineering, it is convenient to:

Diminish the organic matter content –
Reduce moisture –
Homogenize the material –

As indicated above, one of the two discriminating parameters for reusing 
sediments in engineering is moisture. The simple device is presented in 
material and methods. Classically, three phases (Fig. 5) are observed during 
the experiment:

Table 3 MTE average and maximum contents in basins sediments

Element Average Maximum

Cadmium 043 1.5
Lead  79 550
Zinc 190 1620
Chrome  43 210
Copper
Nickel

Table 4 Geotechnical characteristics of different basin sediments

Sample Particles above 80 mm (%) Moisture

B6-B4 22.9 40.9
B17 62.7 101.9
B27 23.7 4.7
Cheviré Sud [6] 35.9 –
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1. A draining phase, during which water is drained towards geotextil. This phase 
leads to a quick water loss and lasts about 1 day.

2. A phase where evaporation is relatively intense (until 15 days) and comes to a 
quasi-linear water loss.

3. A last phase where water loss is very slow (from 15 days).
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It is recorded that proctor optimum (water content at which soil may be used via a 
reagent addition) is attained with a value inferior to 20 days, for a sediment layer 
inferior to 40 cm. Beyond, packing down provoked by sediment seems to hinder 
water from evacuating by gravity (formation of floating water on the surface). 
To confirm the useful field of this technology, a comparative test was carried 
out with two sediments of different grain sizes (sediment height: 5.5 cm). 
Graphs in Fig. 6 have neighboring profiles until 12 days date, and water loss is 
comparable until proctor optimum.

Conclusions and Prospects

Road draining sediment classification according to environmental and geotechnical 
criteria have made it possible to grasp parameters determination, which is an 
indispensable preliminary to improve engineering. This work has established that 
the geotechnical properties of the studied material present some homogeneity and 
that their aptitude for engineering improvements deserves to be analyzed case by case, 
beginning with the most problematic parameters: grain size and water content.

It appears that simple treatment technologies are able to provide an adapted 
answer to make studied materials suitable for engineering improving. Materials 
environmental classification has, for the time being, only been interested in risk 
concerning direct or indirect material ingestion (using VCI): studies in columns are 
in progress to evaluate, from sediment composition, potential risks for contamination 
of water resources by infiltration of water percolating via sediments. Treatment 
possibilities concerning organic matter and hydrocarbons have been studied in 2007, 
but the results are not conclusive: a second campaign will be renewed in 2008.
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Introduction

Lisbon airport, named Portela, was constructed in 1940 and needs to be replaced 
with a more modern and improved infrastructure, to serve future demands. In spite 
of the fact that the need of a new airport was foreseen four decades ago, only in 
1999 a site was formally chosen. Unexpectedly, a private proposal for an alternative 
location for the New Lisbon Airport (NLA) was announced and published in 2007, 
starting a public and political discussion about the goodness of the first choice. The 
Portuguese Ministry of Public Works, Transportation and Communications com-
missioned the National Laboratory of Civil Engineering (LNEC) to perform a 
technical comparison of the two alternative locations for the NLA. The study was 
assigned in June 2007, and deserved a major focus of attention from different sec-
tors of the society – politicians, economists, entrepreneurs, academics and the public 
in general. LNEC assigned the study to a multidisciplinary team of more than 
40 people, including LNEC researchers and consultants from universities and pri-
vate companies, both national and international. The study took into account the 
assessment of several environmental, social and economic factors.

This paper presents the study undertaken by the team from LNEC that was 
responsible for the comparison of the effects of the NLA on surface water resources 
at the two possible locations. More details of the work can be found in reports 
published in Portugal [1, 2]. Any new urbanization project may have different pro-
posed locations within a country and/or region, each of one serving some specific 
social, economical or other objective. The political decision processes concerning 
alternative locations of major national infrastructures must take into account, 
amongst other factors, the effects of the project in the environment and the cost of 
environmental mitigation measures.
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Urban development and new infrastructures on a catchment have negative 
effects on the local water quality and quantity balance. The hydrological regime is 
changed, with increased volumes of stormwater runoff, higher peak flow rates and 
flood water levels as well as lower base flows in watercourses, reduction of soil 
moisture and groundwater recharge. Additionally, there is an increase in pollutant 
loads diverted into sewers or surface waters. The new demand of water for different 
uses (domestic and industrial) must be considered – it can place pressure on the 
local water system (surface or groundwater) or represent an important cost in treat-
ing water for consumption, in the case of lack of quality of the local resources.

A new airport will produce two kinds of wastewater: stormwater from the paved 
areas (runways, parking lots, buildings and roads) and sewage generated by the 
airport restaurants, toilets and maintenance facilities. These should represent 
important water pollution sources that need to be managed in accordance with the 
new demands from the Water Framework Directive.

The Two Airport Alternative Locations

The projected NLA area was estimated to be a rectangle of around 2,000 ha. 
The distance between the two alternative locations for the new airport is about 40 km, 
equal to the distance of each place to Lisbon. In Fig. 1 the two alternative locations 

Fig. 1 Alternative locations



199Methodology Used for Comparing Two Locations

are presented, namely Ota (first choice) and Campo de Tiro de Alcochete (CTA), 
the proposed location. Both locations are within the huge river Tagus Basin and in 
the vicinity of the large Tagus estuary.

Methodology

Objectives and Constraints

A major constraint of the study was the time limit of 6 months and the fact that not 
much field studies were developed for the locations, in particular for the new one. 
The first alternative location (Ota) presented a set of preliminary studies and a lay-
out of the runways that although incipient, could support the analysis to a much 
higher degree compared to the most recent proposal, Campo de Tiro de Alcochete 
(CTA). Therefore the working methodology needed to be accurate, effective and 
make the most out of the existing information.

The team responsible for the analysis of the surface water resources was twice 
at the location of CTA, collecting information and doing field work, and once at the 
location of Ota. These visits and the experience of the working team were important 
assets for the development of the study. Part of the LNEC team was involved in the 
preliminary studies of the Ota location, providing terms of reference for water 
resources studies.

An infrastructure with the complexity of a new major national airport concerns 
also the construction of new transportation structures, and changes the urban devel-
opment in its vicinity. Neither of these aspects was analysed. The study was focused 
on surface water resources of the areas directly affected by the impermeabilization 
due to the construction on the airport platform.

Selection of Characterization Indicators

In order to support the analysis, a set of characterization indicators have been estab-
lished. Their purpose was to describe in an objective manner the characteristics and 
conditions of the surface water, or other factors that may affect it. The following 
characterization indicators have been assigned to the study:

1. Percentage of catchment impermeabilization
2. Length of rivers that are affected
3. Floods
4. Soil erosion factors
5. Pollution sources
6. Water quality and uses
7. Local availability of water for the airport uses
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Establishment of Decision Indicators

The characterization indicators are tools to describe in a similar way the two 
locations in appreciation. In order to support the (political) decision the best 
methodology is to aggregate the relevant information provided by the charac-
terization indicators into decision indicators. Therefore this study commenced 
for deciding to use two decision indicators, namely: (A) “Flow under flood 
conditions”, and (B) “State and integrated management of surface water 
resources”. The decision indicator (A) aggregates in a direct or indirect manner 
the information provided through the characterization indicators 1–3. The deci-
sion indicator (B) intends to agglutinate factors related to the water quality and 
uses (concerns the characterization indicators 5–7). Both were developed and 
applied to the two locations [2]. It was then understood that the decision indica-
tor (B) was not able to distinguish, in a significant way, the two locations under 
analysis. Therefore it was decided that the most relevant decision indicator 
should be “Flow under flood conditions”. The assessment of the costs for envi-
ronmental mitigation measures was carried out, concerning the scope of this 
indicator. A similar analysis concerned the opportunities that the new infra-
structure could represent for the local water resources management and 
protection.

Comparison of the Two Locations

Tables 1 and 2 present a summary of the characterization of the seven selected 
indicators for the two locations. They were based on all existing information, pro-
vided by the representants of the two project locations [3–5], and field work, 
including assessment of water levels and pollution sources, and measurements with 
a multimetric water quality probe. Historical water quality measurements and the 
characteristics of the sanitation systems, at each location, have been analyzed as 
well [6, 7]. Other relevant information was provided by the Environment Transport 
and Planning [8] and the river Tagus Catchment Plan [9]. Flood discharges for the 
Ota location was calculated by FCG [4].

The available information concerning the CTA was scarce, therefore simple 
calculations of flood discharges have been done with the rational method (for 
instance, in [10]). In that method the runoff coefficient C, that is, the proportion of 
the total rainfall that will reach the storm drains, was estimated following the rec-
ommendations in [11, 12].

Concerning the analysis of “Flow under flood conditions”, there is a large dif-
ference between the two sites, being their relative position in the watershed the 
most relevant discrepancy. The geographical location of the two sites, presented in 
Fig. 1, and the variability of the precipitation are not relevant factors for distin-
guishing the cases.
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Table 1 Description of the seven characterization indicators for the Ota location

Characterization indicator Description

Catchment impermeabilization (%) 3.5% of the area of the watershed of Ota 
River and 25% of the watershed of 
the tributary Alvarinho

Length of rivers that are affected (km) Approximately 25 km
Floods Historically flood site; needs huge 

constructions to deal with the flood 
discharges including one dam

Soil erosion factors Soil uses are not sensitive but there are 
steep slopes

Pollution sources Relevant domestic, industrial and 
agricultural (arable, cattle and swine) 
pollution sources

Water quality and uses Bad water quality reported for the last 
10 years. Most frequent parameters 
exceeding water quality limits are: total 
suspended solids, biochemical oxygen 
demand; phosphorus and nitrogen; 
faecal coliform. Surface water used for 
irrigation

Local availability of water for the airport uses Surface water is not a good source of water 
due to its very bad quality

Table 2 Description of the seven characterization indicators for the CTA location

Characterization indicator Description

Catchment impermeabilization (%) Five percent of the area of the watershed 
of Vale Cobrão Stream

Length of rivers that are affected (km) Approximately 26 km
Floods No historical floods reported. Flood 

discharge calculations indicate no need 
for major constructions to change the 
rivers path

Soil erosion factors The factors indicate small soil erosion. 
Mild slopes

Pollution sources Only diffuse pollution sources: agriculture 
(arable, cattle and sheep)

Water quality and uses Evidences of historical water 
eutrophication at a local reservoir, kept 
as a reserve for fire combat

Local availability of water for the airport uses Surface water is not a good source of water 
due to its scarcity. Groundwater is the 
main water source

A Geographical Information System, ArcGis®, was used to define each water-
shed, therefore allowing different measurements and calculations (e.g., area, perim-
eter and length of the affected rivers).
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In the case of Ota, shown in Fig. 2, the airport platform is placed almost at the 
end of the Ota and Alenquer watersheds. It covers almost two third of the Alvarinho 
watershed (65%), a sub-basin of the Ota River. This position leads to an increase of 
the drainage area and to a large inundation area. Besides, the high slopes contribute 
to a reduction of the time of concentration and to an increase of the flood dis-
charges. In addition, the proposed platform is located at the confluence of three 
rivers and in a zone where the tide influence occurs. The combination of flood 
events with high tide levels prevents the water flow and, consequently, extended 
areas are flooded. This happens frequently, therefore, in the case of choice of this 
location, the accessibility to the airport would have severe constraints. According 
to this scenario, there is a demand for significant flood control constructions, 
including dikes and regularization works on river Ota, and a dam and deviation 
pipes for the Alvarinho River.

The CTA option is located at the headwaters of the Vale do Cobrão Watershed 
(Fig. 3) where the slopes are mild. For that reason the flood discharges are not as 
important as at the Ota location. The construction works needed to ensure the flow 
of the floods are not very complex, and can be implemented with relatively small 
costs. Summing up, the ratio of the flood discharges at the two locations is about 
one to three. In CTA the flood discharge for a return period of 100 years is approxi-
mately 70 m3/s, and for Ota about 226 m3/s. Moreover, the topography is much 

Fig. 2 Ota location
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more compatible with flood drainage in CTA than in Ota. This situations leads to 
much easier construction works for the CTA case.

Comparison of the Costs of Measures for Impact Mitigation

The costs of the intervention on the transformation of river network at both loca-
tions are mainly related with the flood drainage.

At Ota, the main work is to change the course of the Alvarinho River, by build-
ing a large dam upstream of the airport platform and transferring the water from the 
Ota River to the Alenquer River. The intervention in CTA is quite simple; it requires 
the construction of channels following the contour of the airport platform at the 
East and West sides. Consequently, it was estimated that the Ota flood water works 
would cost about 13.4 M€ while the cost for CTA would reach 0.9 M€.

Conclusions and Recommendations

The study undertaken supplied objective quantitative and qualitative data that indi-
cated that the location CTA is significantly better than the Ota alternative, concern-
ing surface water resources analysis. During the course of the study, some issues 

Fig. 3 CTA location
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have been observed as matters that could be solved only by the project itself, and 
several recommendations have been made in order to guide it.

The final LNEC report, with the global assessment, in fact reached the same 
conclusion [13]. The Ministry of Public Works Transportation and Communications 
decided according to the LNEC report results, and the study has already been 
through public consultation and discussion. Although several sectors of the 
Portuguese society that defended the Ota location are not satisfied, there is a gen-
eral agreement upon the reliability of the study and its results. It is believed that the 
methodology used is objective, reliable, and easy to implement and to provide the 
desirable level of conclusions, capable of supporting a political decision. For the 
case related here there were important time and information constraints, neverthe-
less the methodology fitted and is sufficiently flexible to be implemented for cases 
with two or more locations in appreciation, and also when there are different levels 
of information, concerning the sites and the projects development. The projected 
NLA area was estimated to be of around 2,000 ha, but it is considered that the 
methodology may be applied to various spatial scales.
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Introduction

PAH are ubiquitous environmental pollutants of natural and anthropogenic 
origins. Microbial synthesis, synthesis by higher plants and volcanic activities are 
major natural source contributions but they contribute a very small amount 
compared to anthropogenic sources [1]. They are important priority pollutants 
emanating anthropogenically from incomplete combustion of organic matter 
mainly coal- and oil-burning, plants and vehicle emissions as combustion products. 
Polycyclic organic matter that contains benzo [a] pyrene and other PAH contain-
ing materials is released from forest and agricultural fires and they are most likely 
absorbed onto smoke particles settling on all kinds of surfaces where they are 
transferred by rainfall into aquatic environment. [2–4]. PAH are slow to degrade 
in the environment, and sediments in particular are “sinks” where chemicals tend 
to concentrate [5, 9].

Their mutagenic and carcinogenic nature has been widely recognized by several 
researchers [2, 6, 7]. They are classified as carcinogenic because they are metabo-
lized to dihydrodiols by hydrocarbon hydroxylase, which is present in the liver and 
these dihydrodiols and their epoxide derivatives bind to DNA and proteins and start 
mutagenic processes in the cells [11]. PAH can enter human beings via inhalation 
through lungs when they breathe air which is contaminated by PAHs from cigarette 
smoke, wood smoke, coal smoke and smoke from industrial sites [12, 13]. PAHs 
can also enter the human body through drinking water contaminated with PAHs, or 
swallowing food, soil or dust particles containing PAHs. These compounds can also 
enter the human body through skin contact. In the body, PAHs are stored in all 

O.S. Fatoki (*) 
Cape Peninsula University of Technology, Cape Town, South Africa 
e-mail: fatokiO@cput.ac.za

T.V. Ree and J. Nakhavhembe 
University of Venda, South Africa

Determination of Polycyclic Aromatic 
Hydrocarbons (PAHs) in Surface Waters  
and Runoff

Olalekan S. Fatoki, Titus Van Ree, and Joyce Nakhavhembe

S. Rauch et al. (eds.), Highway and Urban Environment,  
Alliance for Global Sustainability Bookseries 17,
DOI 10.1007/978-90-481-3043-6_23, © Springer Science+Business Media B.V. 2010



208 O.S. Fatoki et al.

organs that contain fats, like kidneys and liver, where they changed into different 
substances that may even be more harmful than the original PAHs [13].

Due to the toxicity of PAHs, particularly their carcinogenic and mutagenic char-
acter, they are listed by Environmental Protection Agency (EPA) as priority pollut-
ants because they have negative impact and also affect quality of life negatively 
[14]. Due to their environmental importance, PAHs have been studied extensively 
in mussels, surface runoff, sediment and soil [10, 15–17]. The increasing presence 
of these compounds necessitates their regular monitoring in the environment. 
In South Africa however, particularly in the study area, the status of PAHs is not 
clearly known because of paucity of data (these compounds are rarely studied) 
which might be due to analytical problem of recovery from complex matrices. Due 
to the complexity of the matrix and the very low concentrations they are found to 
be present in aqueous media, PAH determination in environmental samples is often 
a difficult task even after fractionation of sample extracts, therefore good chromato-
graphic selectivity both in separation and detection are required during environ-
mental analysis [2, 18]

This study investigates the levels of PAHs (pyrene, azulene, anthracene, diben-
zothiophene and fluoranthene) in some rivers and surface runoffs in Venda, 
Limpopo Province of South Africa. This relatively poor region of South Africa is 
subjected periodically to environmental degradation because of poor water sully 
and infrastructure. Many people in this region are still using water directly from 
streams and rivers in the area for household purposes.

Materials and Method

The study area in this work was the Vhembe district in the Limpopo Province of 
South Africa (Fig. 1). Thohoyandou is the major town in the area and it is the capital 
city of the former Venda homeland.

Quality Assurance Studies

Validation of liquid-Liquid extraction procedure for analysis of PAHs in water 
samples was done by extracting spiked doubly distilled water with dichlo-
romethane. As indicated in the tables below, 1 mL of 1,000 mg/L standard mixture, 
consisting of the six PAHs mixtures, were added to 500 mL of doubly distilled 
water. This was first pre-extracted thrice with 30 mL dichloromethane to serve as 
blank sample. Spiking of sediment samples was done by adding 1 mL of 1,000 
mg/L PAH standard mixtures to 10 g of dried sediment (also pre-extracted 
with 30 mL of dichloromethane). The spiked water and sediment samples were 
then extracted and analyzed using the methods described below for water and 
sediment samples.



209Determination of Polycyclic Aromatic Hydrocarbons (PAHs)

Sampling and Analysis of Water and Sediment Samples

Water samples were collected in 2.5 L bottle from rivers around Thohoyandou – 
Nzhelele, Luvuvhu, Mutale, Mutshundudi and Dzindi rivers (Fig. 1) between 
September 2005 and January 2006. Sediment samples were also collected from the 
rivers. Run-off samples and runoff sediments were collected at riverbanks at points 
where run-off enters the rivers, and at roadsides and parking lots around 
Thohoyandou Town. Water samples were stored at < 4°C and analyzed as soon as 
possible after collection. A 500 mL aliquot of water sample was saturated with 75 g 
of NaCl. The mixture was transferred into a separating funnel and extracted three 
times by shaking vigorously with 30 mL dichloromethane. The three extracts were 
pooled together and washed three times with 30 mL of 0.1 M sodium carbonate in 
a 100 mL separating funnel. The organic layer was separated and dried with anhy-
drous Na

2
SO

4
. The dried extract was reduced by evaporation and the extraction was 

done in triplicate.
Soxhlet extraction was used for the extraction of sediment samples since it is 

recommended by the US Environmental Protection Agency for the extraction of 
semi-volatile and non-volatile organics from solid matrices. Sediment samples 
were air dried, crushed with a mortar and pestle, and sieved through a 0.5 mm mesh 
sieve. 10 g of sediment samples were weighed into an extraction thimble, which 

Fig. 1 Map of the sampling area



210 O.S. Fatoki et al.

had been pre-extracted with dichloromethane, which was placed in a Soxhlet 
extractor and extracted with 30 mL of dichloromethane for 12 h. After the extrac-
tion, the extract was reduced to about 10 mL on a water bath with the water bath 
set at 38°C and the condenser water at 4°C. The reduced extract was transferred to 
a 100 mL separating funnel and 20 mL of distilled water was added to the extract. 
The mixture was washed with three 10 mL portions of 0.1 mol/L sodium carbonate. 
The extraction was done in triplicate. The dried extract was reduced to 1 mL and 
was cleaned up as described above for the water samples.

The dried extract from water and sediment samples was then reduced to about 
1 mL and cleaned up in a glass column packed with about 25 g of silica gel (40 mm), 
deactivated with 2% water (w/w), using n-hexane. Polycyclic aromatic hydrocar-
bons and other saturated compounds were eluted from the column successively 
with 2 × 10 mL dichloromethane: hexane (85:15 v/v). The eluates were collected, 
dried with Na2SO4 and evaporated using a rotary evaporator. The residues were 
reconstituted with 1 mL of hexane for GC analysis. Quantization was done by 
external standardization. High purity reagents were used in all the analyses to 
reduce interfering peaks in chromatographic analysis. The following analytical 
grade materials were used and were stored in tightly sealed containers:

Silica gel - particle size 0.040–0.063 mm for column chromatography•	
Dichloromethane (Aldrich); •	 n-Hexane, 99.5% (Aldrich).

GC Conditions

Perkin Elmer Clarus 500 Gas Chromatograph, with FID detector and capillary 
column (Perkin Elmer SA (Pty). The gas chromatograph had an auto-injection, dual 
column system for both FID and ECD. The chromatograms were handled by a total 
Chrom Work Station programmed temperature with He as carrier gas. The operating 
conditions were: temperature programme; hold for 30 min. at 70°C, heat at 12°C/
min and hold at 330°C; column diameter, 250 mm, and a column packing of ELHE; 
He carrier gas flow rate, 540 mL/min.

Results and Discussion

Results of the quality assurance studies are shown in Table 1. Due to the low solu-
bility of PAHs in water and the subsequent low concentrations they are found in 
aqueous media, most the methods developed so far for their analysis include an 
extraction/concentration step, followed by elution with an appropriate solvent and 
chromatographic analysis [18]. Some of these methods include liquid-liquid extrac-
tion (LLE), solid phase extraction and micro-sold phase extraction for water sam-
ples and Soxhlet extraction (SE), microwave-assisted extraction (MAE), micro-solid 
phase extraction and ultrasonic extraction methods for solid samples [8, 19–22]. 
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LLE has been successfully applied to a wide range of environmental matrices, such 
as surface water, precipitation, sea water and waste water samples [19]. Determination 
of PAHs in marine samples of Siokolo Fishing Settlement was done using LLE [23] 
and recoveries ranged from 64.78%–91.94%.

SE is recommended by the US Environmental Protection Agency (USEPA) for 
the extraction of semi-volatile and non-volatile organics from solid matrices [8, 21, 22]. 
SE is a standard method and is preferred because it is easily standardized, with high 
recoveries when compared to other matrix dependent techniques like microwave 
extraction, pressurized liquid extraction and supercritical fluid extraction [19, 21]. 
PAHs in marine water samples of Siokolo Fishing Settlements were determined 
[23], and extraction of water sediment samples was based on SE and recoveries 
ranged from 90.58%–118%.

PAHs are commonly analyzed by gas chromatography coupled with either mass 
spectrometry (GC-MS) or flame ionization detector (GC-FID), or by liquid chro-
matography coupled with mass spectrometry (LC-MS) or UV-diode array detection 
(LC-UV-DAD) (19, 24). In principle, GC-FID is simple and more direct for the 
determination of PAHs compared to other methods, if a suitable column is used. 
The use of capillary column in GC as employed here has brought a high level of 
excellent reproducibility, high sensitivity and high resolution of PAHs on routine 
basis [8]. Thus the use of GC-FID was the method of choice in this study.

The results of recovery experiments by liquid-liquid (LLE) and Soxhlet extrac-
tion (SE) methods with determination by GC-FID, for water and sediment samples 
are shown in Table 1. The recoveries varied between 68%–102% for spiked water 
samples and from 60%–90% for spiked sediments. The results were adjudged sat-
isfactory and the methods were therefore used for analysis of environmental water 
and sediment samples.

Concentration of PAHs in water samples varied between 0.1–53.5 (mg/L) in river 
water samples (Table 2) and between 22.8–9,870 (mg/kg) in river sediments (Table 3). 
PAHs levels in runoffs varied between 1.0–2,500 (mg/L) (Table 4) while levels in 
runoff sediment ranged from 72.5–34,000 (mg/kg) at the Univen parking lot (Table 5). 
This might be due to high levels of vehicles parked here.

Generally the levels of PAHs in sediments samples are consistently higher than 
those in water samples. The higher concentrations in sediments were expected 
because of possible accumulation of PAHs on sediments. The sediments could act 

Table 1 Percentage recoveries of PAHs from spiked water and sediment samples

PAH standard

Recoveries (%)

Retention time (min)Water Sediment

Indene 76 74  5.86
Azulene 67 61  9.53
Dibenzothiophene 74 72 14.23
Anthracene 102 77 14.56
Fluoranthene 68 60 17.79
Pyrene 95 90 18.62
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Table 2 PAH concentrations in river water samples (mg/L)

Rivers Sampling date Indene Azulene
Dibenzo-
thiophene

Anthr-
acene

Fluor-
anthene Pyrene

Nzhelele Aug 09, 2005 2.5 ND 1.9 6.7 4.2 4.6
Nzhelele Aug 27, 2005 1.9 ND 3.3 28.6 24.2 0.1
Nzhelele Sept 23, 2005 1.2 ND 2.2 8.2 8.3 11.1
Mutshundudi Aug 09, 2005 0.8 ND 0.9 53.5 23.5 4.6
Mutshundudi Aug 27, 2005 1.8 ND 7.4 16.7 19.9 ND
Mutshundudi Sept 23, 2005 3.3 ND 2.0 13.7 6.8 52.4
Mutale Aug 27, 2005 1.5 ND 0.3 32.2 19.9 0.5
Dzindi Sept 24, 2005 1.1 ND 9.4 34.2 3.6 9.4
Levhuvhu Sept 24, 2005 1.6 ND 6.7 11.3 7.6 11.0

Table 3 Concentrations of PAHs in river sediment samples (mg/kg)

Rivers Sampling date Indene Azulene
Dibenzo-
thiophene

Anthr-
acene

Fluor-
anthene Pyrene

Nzhelele Aug 09, 2005 67.8 ND 50.0 1,460 588 24.6
Nzhelele Aug 27, 2005 27.4 ND 401 9,190 5,110 26.6
Nzhelele Sept 23, 2005 161.3 ND 89.8 2,320 1,520 69.3
Mutshundudi Aug 09, 2005 156.0 ND 463.0 7,050 505 122.0
Mutshundudi Aug 27, 2005 81.1 ND 1,650 9,870 2,420 22.8
Mutshundudi Sept 23, 2005 114 ND 1,980 2,200 7,560 941
Mutale Aug 27, 2005 162.6 ND 38.1 1,170 4,360 100.4
Dzindi Sept 24, 2005 53.4 ND 73.5 1,360 1,030 42.3
Levhuvhu Sept 24, 2005 110 ND 17.9 1,210 3,150 1,490

Table 4 Concentrations of PAHs in runoff water samples (mg/L)

Rivers Sampling date Indene Azulene
Dibenzo-
thiophene

Anthr-
acene

Fluor-
anthene Pyrene

Mutale Dec 01, 2005 1.3 ND 1.0 37.7 78.5 10.3
Mutale Dec 21, 2005 1.6 ND 3.3 195.0 81.3 25.2
Nzhelele Dec 21, 2005 5.0 ND 31.5 17.1 3.4 940
Nzhelele Jan 10, 2006 6.1 83.1 14.0 8.4 7.1 620
Mutshundudi Dec 21, 2005 4.3 134 67.5 118.0 241.0 2,500
Mutshundudi Jan 10, 2006 10.1 17.2 36.1 13.1 14.9 1,960
Dzindi Jan 10, 2005 3.6 82.1 0.6 6.7 4.2 192.0
Thohoyandou Dec 01, 2005 2.0 ND 7.1 81.5 10.8 10.2
Thohoyandou Dec 19, 2006 1.9 10.5 10.5 230.0 251 7.2
University 

Parking lot
Dec 19, 2005 3.2 9.5 25.8 196.0 9.2 14.9

as “sink” for the PAHs as they bind on sediments [16, 24–26]. Runoff levels of PAHs 
were also consistently higher than the values found in waters from nearest rivers. 
The higher levels of PAHs in the runoffs than in river water samples showed the 
runoffs to be possible sources of PAHs in the receiving water bodies. Anthracene was 
the major PAH in both river and runoff water samples and in sediment samples.
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Table 5 Concentrations of PAHs in runoff sediments (mg/kg)

Rivers Sampling date Indene Azulene
Dibenzo-
thiophene

Anthr-
acene

Fluor-
anthene pyrene

Mutale Dec 01, 2005 72.5 469 877 313 2,350 4,620
Mutale Dec 21, 2005 106 558 298 322 8,490 530
Nzhelele Dec 21, 2005 166 ND 118 – 419 636
Nzhelele Jan 10, 2006 176 ND 140 1,730 414 2,610
Mutshundudi Dec 21, 2005 96.4 ND 2,530 18,200 5,170 4,180
Mutshundudi Jan 10, 2006 123 ND 31,500 14,500 1,500 9,890
Dzindi Jan 10, 2005 159 ND 341 6,740 15,100 17,800
Thohoyandou Dec 01, 2005 67.5 ND 1,370 112 7,010 617
Thohoyandou Dec 19, 2006 179 ND 2,700 16,400 12,700 3,280
University 

Parking lot
Dec 19, 2005 124 ND 270 23,400 3,570 34,000

Probable sources of PAHs in the water and sediment samples might be contribu-
tions from traffic density coupled with the surface wash off of petroleum spillages 
from gas stations and auto garages. Other sources might be from indiscriminate 
refuse dumps and leakages from these dumps and from partially treated waste water 
effluents from the town’s water treatment plants which drains into the rivers. PAHs 
which have anthropogenic origin are formed from either combustion of organic matter 
or as a discharge of petroleum related materials. Petroleum derived residues contain 
high levels of 2–3 ring PAH compounds, that is petrogenic, while high molecular 
weight PAHs.are formed in high temperature combustion processes [27]. High levels 
of pyrene and fluoranthene as shown relatively in this study were indicative of PAH 
pollution from incomplete combustion, pyrolysis of fuel and oil burning (i.e., they 
have pyrolytic origin) [28]. Most of the PAHs identified in this study are those usually 
found in environmental samples some of which are carcinogenic [29, 30].

Generally the values in this study were higher than those reported for some devel-
oped countries [31]. These elevated levels are probably due to indiscriminate dis-
posal of untreated industrial waste water into the environment, washout of spills 
from auto garages, burning of fossil fuel and vegetation and exhausts from vehicles 
which is common practice in the study area [31]. However, the levels of PAHs found 
in the water samples are lower than the maximum allowable concentrations of 3 
mg/L in water samples [13]. Thus the levels of PAHs in the water samples would not 
pose any serious health threat to downstream users of water from the rivers.

Conclusion

Liquid/liquid extraction (LLE) and Soxhlet extraction (SE) methods have been 
used to determine PAHs in water and sediment samples, respectfully. Levels in 
surface runoff were higher than those in river water samples and levels in sediment 
samples were higher than those in water samples. Generally levels of PAHs found 
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in river water samples were lower than the maximum allowable concentration in 
water samples and therefore would not pose any health threat to downstream users 
of water from the rivers investigated.
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Introduction

Urban streams are frequently contaminated with heavy metals and petroleum 
hydrocarbons [1]. Industrial catchments in Melbourne contribute disproportion-
ately high concentrations of these pollutants to stormwater [2]. Major sources of 
stormwater pollution from industrial areas include building materials, paved sur-
faces and/or poor work practices. Councils in the Melbourne region are responsible 
for ensuring that appropriate premises and work practices are used by industries 
within their region. One of these councils, the City of Kingston, implemented a 
stormwater Education and Enforcement (E&E) program to improve the quality of 
runoff from industrial estates in their region. This program involved auditing storm-
water management practices in industrial catchments, together with community 
education and enforcement where necessary, to improve any poor practices.

The City of Kingston wanted to know whether their program improved the quality 
of runoff from their industrial areas. Practical evaluation of an E&E program 
requires estimation of prevailing runoff water quality pre-and post-program. 
However, it is difficult to reliably measure the quality of runoff water from small 
(<100 ha) urban sub-catchments [3]. Continuous water quality samplers may pro-
vide a good indication of pollutant concentrations given sufficient time and 
adequate flow [4]. However, for surveying more than a few sub-catchments, the 
installation and maintenance of automatic sampling equipment is prohibitively 
expensive. Sediment quality assessment is an alternative approach for identifying 
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major pollution sources [8], but this is not practical in concrete-lined channels, 
designed to minimize sediment accumulation.

We developed and trialed an alternative passive sampling method based on 
solid-media. The method uses polythene mesh bags of granulated activated carbon 
(GAC) media to absorb pollutants present in industrial runoff. We applied this 
method to determine the effectiveness of the City of Kingston’s E&E program in 
reducing the amount of pollution discharged from industries into receiving 
waters.

Method

This study was conducted at in industrial areas within the City of Kingston, 25 km 
south-east of Melbourne, Australia. Sub-catchments with clearly defined drainage 
to a single outfall were initially selected from a drainage plan. Sub-catchments 
containing land zoned residential, traversed by major roads, or with significant 
areas currently under construction were excluded. Visual inspection excluded a 
further two drains which were either submerged or could not be accessed safely, 
leaving 20 sub-catchments for assessment, each draining to a single outfall.

Polyethylene mesh bags measuring 400 mm × 300 mm edged with 40 mm hook-
and-loop fastening strips were filled with 500 mL of granular activated carbon 
(GAC). Polyvinyl chloride (PVC) mounting plates fitted with 40 mm hook-and-
loop strips were fastened to drain surfaces with construction adhesive. Bags of 
media were then secured to PVC mounting plates with hook-and-loop strips either 
within or immediately below each drain. After exposure for 1 week (including five 
business days), bags were sampled and replaced with fresh media. Concentrations 
of accumulated hydrocarbons (C6-C36) and heavy metals (As, Cd, Cr, Cu, Fe, Ni, 
Pb, Zn) were determined by Ecowise Environmental (Scoresby, Victoria) according 
to methods WSL-030 and WSL-032 respectively.

Daily rainfall records were provided by Melbourne Water for the Clayton 
Retarding Basin, Braeside Park, and Mentone gauges. Weekly rainfall was esti-
mated as mean 24 h totals for the three gauges, summed for the week preceding 
collection. Weekly rain frequency was calculated as the sum of days on which mean 
rainfall exceeded 0.2 mm.

Where concentrations were below detection limits (DL), values were imputed by 
Helsel’s robust method [5], using UnCensor v5.1 [6]. Data were log

10
 transformed 

prior to parametric statistical tests. After three sampling collections, principal com-
ponent analysis was conducted on heavy metal and TPH media concentrations to 
identify redundant parameters. Principal components were extracted from a corre-
lation matrix, retained where eigenvalues were over 1. Parameters highly correlated 
with Cu (Fe, Ni, Cr) or consistently below detection limits (As, Cd, Pb) were not 
determined after the third week.

Sub-catchments were paired by two-step cluster analysis of catchment charac-
teristics and pollutant concentrations collected during the first sampling stage only. 
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Clustering used a log-likelihood distance measure, with number of clusters set at 
ten to divide sub-catchments into matched pairs. Sub-catchment pairs were then 
randomly assigned to control and treatment groups. To identify homogeneous 
groups of sub-catchments, a second two-step cluster analysis was performed with 
number of clusters determined by Schwarz’s Bayesian Information Criterion. 
Differences in mean pollutant concentrations between treatment and control sub-
catchments were evaluated by paired t-tests, with pairs matched by cluster and 
collection date. Pollutant correlations with catchment characteristics, rainfall 
amount and frequency were evaluated by Spearman’s rank test. All statistical tests 
were performed in SPSS v15 [7].

Results

Of 69 samples analyzed after 3 weeks monitoring, 100% of As, 66% of Cd and 
88% of Pb concentrations were below analytical detection limits, therefore these 
metals were excluded from subsequent data analysis. Principal component analysis 
extracted three factors representing 88% of variation in the remaining six parame-
ters: The first factor correlated with Fe, Ni, Cr, and Cu, the second factor correlated 
with Zn, and the third factor correlated strongly with TPH concentrations. 
Therefore, parameters other than Cu, Zn and TPH were redundant and could be 
dropped from analysis without losing substantial information.

Prior to the commencement of the E&E program, 150 GAC samples were collected 
from 20 sub-catchments over approximately 8 weeks. Bag recovery was 93.8%. 
High water caused by heavy rain prevented collection from four sub-catchments 
on Nov 8, and six sub catchments on Nov 15. Heatherton drain outfalls were 
submerged prior to collection on Nov 8, although accumulated pollutant concentra-
tions at these four sub-catchments were similar to previous weeks.

After the E&E program finished, 114 GAC samples were collected from 20 sub-
catchments over approximately 6 weeks. Bag recovery was 95%. Sample bags were 
missing from sub-catchment H1 on Oct 24, and H4 on Nov 11 and Dec 6. Heavy 
rain in the week preceding Dec 6 also caused the loss of bags from sub-catchments 
D11, D4, and S1.

Cluster analysis, using the data collected prior to the commencement of the E&E 
program, separated the 20 sub-catchments into ten control-treatment pairs, sum-
marized in Table 1. Four homogeneous sub-groups were separated, corresponding 
roughly to the spatial location of sub-catchments. Settlement and Heatherton groups 
corresponded with sub-catchments draining into the Settlement and Heatherton 
drains. Sub-catchments serviced by the Dunlops drain were separated into two 
groups, Dunlops A and Dunlops B. Sub-catchments in Dunlops A were generally 
larger than Dunlops B, with higher levels of hydrocarbon and lower levels of Zn 
pollution (Table 1).

As both Dunlops A and Settlement groups had an odd number of members, sub-
catchment D6 was included in the Settlement group for between group comparisons. 
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Trends in rainfall and pollutant accumulation over time are illustrated in Fig. 1. 
Rainfall was more frequent in 2007 than 2006. Although mean rainfall was higher 
in 2006, this was dominated by the week ending Nov 6, when 19.7 mm of rain fell 
in the preceding week. The lowest rainfall recorded in 2007 was 0.33 mm in the 
week ending Dec 12, whereas 3 of 8 weeks in 2006 recorded rainfall of 0.2 mm 
or less.

Pollutant concentrations were generally higher in 2007 than in 2006 (Fig. 1). Cu, 
Zn and TPH were positively correlated with rainfall frequency (Spearman’s rho = 
0.14, p = 0.019; rho = 0.39, p < 0.001; and rho = 0.16, p = 0.01 respectively). 
Correlations were similar whether rainfall quantity or frequency was considered, 
hence only results for frequency are presented. Zn was more strongly associated 
with rainfall than either Cu or TPH.

Mean concentrations of Cu, Zn and TPH accumulated by media in the surveys 
before and after the commencement of the E&E program are summarized in Table 2. 
Concentrations of pollutants accumulated were in the order: Cu < Zn < TPH. Zn 
concentrations ranged from 13 to 800 mg/kg, while Cu concentrations ranged from 
< 5 to 130 mg/kg.

Table 1 Sub-catchment pairs (C = control; T = treatment) and homogeneous groups determined 
by cluster analysis. Catchment characteristics and pollutant concentrations are means for groups 
of sub-catchments. Pollutant concentrations refer to the initial survey period prior to the com-
mencement of the E&E program only

Sub-
catchment

Exp 
Group Pair

Catchment 
group

Sub-
catchment 
age (years)

Number of 
properties Cu Zn TPH

H3B C 7 Heatherton 50 21.7 11.8 103 414
H2 T 7
H1 C 8
H4 T 8
D6 C 6 Settlement 29 13.4 13.9 179 508
S5 T 6
S3 C 9
S1 T 9
S2 C 10
S6 T 10
D3 C 5 Dunlops A 17 29.4 18.2 113 2,080
D11 T 5
D9 C 1
D4 T 1
D1 C 2 Dunlops B 18 17.5 17.2 165 563
D2B T 2
D8 C 3
D7 T 3
DE1 C 4
D5 T 4
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Fig. 1 Trends in rainfall and accumulation of pollutants (in mg/kg) by GAC before and after 
delivery of the E&E program. Cu, Zn and TPH bars represent mean concentrations ± one standard 
error. Rain frequency (bars) represents the number of days mean rainfall exceeded 2 mm across 
the sampling area, while mean rainfall (line) is the sum of daily rainfall totals in mm for the period 
sample bags were exposed

Table 2 Summary of Cu, Zn and TPH concentrations accumulated by solid media. All concentra-
tions are in mg/kg

Variable N Median Mean Std error Minimum Maximum <DL (%)

Cu 264 11.0 15.3 0.8 <5 130 2.7
Zn 264 110.0 147.1 7.7 13.0 800 0
C6-C9 264 13.3 64.0 13.9 <20 2,800 60.2
C10-C14 264 45.0 200.3 80.1 <20 19,000 23.9
C15-C28 264 64.5 479.5 173.2 <50 41,000 43.2
29-C36 264 24.9 66.6 8.0 <50 1,300 77.7
TPH 264 212.6 810.4 254.0 <140 60,135 15.6*

*Proportion of samples where all hydrocarbon fractions were below their respective detection 
limits. Hence, at least one hydrocarbon fraction was above detection limits in 84.4% of 
samples.
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Hydrocarbons were predominately medium-weight (C10–C14; C15–C28), with 
occasional spikes in light (C6–C9) and heavy (C29–C36) fractions.

Hydrocarbon fractions were co-correlated, so TPH (the sum of all four fractions) 
was generally a good summary of individual size fractions. TPH distribution was 
skewed towards high values; with the mean TPH concentration (810 mg/kg) four 
times the median (212 mg/kg). Cu concentrations correlated negatively with catch-
ment age (Spearmans r = −0.12, p = 0.009, before E&E program only).

The effect of the education and enforcement (E&E) program was obscured by 
large variations between sub-catchment groups. Mean Cu, Zn and TPH concentra-
tions grouped by catchment are summarized in Fig. 2. A downward trend in Zn and 
TPH concentrations was observed in treatment sub-catchments in three groups 
(Fig. 2). Cu concentrations were significantly lower in Dunlops A treatment sub-
catchments (t

9
 = 5.4, p < 0.001).

Zn concentrations were significantly lower in Dunlops A (t
9
 = 3.4, p = 0.008), and 

marginally significantly lower in Heatherton (t
8
 = 2.3, p = 0.055) treatment sub-catch-

ments. TPH was significantly lower in Heatherton (t
8
 = 2.9, p = 0.021), Dunlops A 

(t
9
 = 2.3, p = 0.046) and Dunlops B (t

17
 = 2.5, p = 0.025) treatment sub-catchments.

In contrast, an increase in media pollutant concentrations in the Settlement 
group of treatment sub-catchments was identified (Fig. 2). Zn and TPH concentrations 
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Fig. 2 Mean Cu, Zn and petroleum hydrocarbon (TPH) concentrations (mg/kg) accumulated by 
GAC media grouped by sub-catchment. Bars represent mean ± 1 standard error. Control sub-
catchments in white, treatment sub-catchments shaded. Difference between groups significant at 
p = 0.05*, p = 0.01**
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were higher and Cu concentrations significantly higher (t
16

 = −3.0, p = 0.009) in 
treatment sub-catchments after the E&E program.

Discussion

No reduction in accumulated pollutants was apparent after immersion by storm 
flows at the Heatherton sub-catchments on Nov 1 and 15. Although further testing 
is required for performance validation, this observation suggests monitoring during 
moderate rainfall is feasible.

The association between Cu and catchment age suggests an indirect relationship 
with vehicle use. Cu pollution in urban catchments has been linked to vehicle use 
[8], hence higher Cu concentrations in new sub-catchments may be related to the 
prevalence of larger property parcels with bigger car parks.

Increased Cu concentrations after the E&E program in the Settlement treatment 
group of sub-catchments was influenced by high Cu concentrations at sub-catchment 
S6. Stormwater pipes draining areas outside this sub-catchment were discovered 
after sampling had commenced, casting doubt on the boundary integrity of this 
sub-catchment. If properties outside the E&E program delivery boundary contrib-
uted stormwater to this outfall, Cu concentrations at S6 may not reflect the E&E 
program’s performance in this sub-catchment.

The positive association with rainfall and even distribution of Zn concentrations 
between sub-catchments suggests the major inputs of this metal were structural 
rather than point-source. Galvanized roofing, atmospheric deposition and road 
surface materials have all been implicated as sources of Zn in urban runoff [9, 10]. 
Therefore, more frequent rainfall was a likely factor contributing to increased pol-
lutant concentrations in 2007, particularly Zn.

Although hydrocarbon pollution has been linked with catchment features such 
as roads and parking lots [11], diffuse sources cannot reasonably account for the 
degree of hydrocarbon pollution observed in this study. TPH pollution was epi-
sodic, with low base loads punctuated by occasional pollution events. This observa-
tion is consistent with poor stormwater management such as machinery wash-down 
to stormwater, inadequate work shop waste storage, or even deliberate dumping of 
waste oil. The E&E program was specifically designed to address stormwater man-
agement practices. The reduction in TPH concentrations in most treatment sub-
catchments, particularly those with the highest TPH loads, suggests it was at least 
partly effective.

The reduction in TPH compared to Zn and Cu suggests that changes in property-
level stormwater management had a greater impact on pollution by hydrocarbons 
than heavy metals. The reduction in Zn concentrations in Heatherton and Dunlops 
A treatment catchments suggest that changing stormwater management practices 
can reduce heavy metal pollution, although not to the same extent as hydrocarbons. 
The association of Zn with rainfall is consistent with evidence that structural 
features such as galvanized iron roofing can contribute significant quantities of 
Zn to stormwater [9]. At the time of follow-up sampling not all E&E program 



224 S. Marshall et al.

recommendations to businesses had been implemented due to significant construc-
tion and planning costs (e.g., construction of bunding around a wash-off area), 
hence a reduction in heavy metal pollution due to these measures may only become 
apparent in future surveys.

Limiting the range of pollutants analyzed to Zn, Cu and TPH reduced chemical 
analysis costs considerably, while maintaining the ability to discriminate between 
relatively clean and heavily polluted sub catchments. Further testing with alterna-
tive media is recommended to refine the sampling method, as targeted media could 
provide sensitive detection of a wider range of pollutants [12].

Conclusion

Passive sampling with solid media was an affordable alternative to traditional storm-
water monitoring approaches. Our results suggest the E&E program was more effec-
tive in reducing stormwater pollution by hydrocarbons than by heavy metals. 
Significant differences in accumulated pollutant concentrations between treatment 
and control sub-catchments demonstrate changing community attitudes to stormwater 
management can have an immediate effect on the quality of urban runoff.
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Introduction

Monitoring studies of road runoff, from two different sites (highways A25 and IP6), 
located on coastal areas of Portugal [6–8] detected high levels of salinity and 
Carbon Oxygen Demand (COD). Table 1 compares results for these two sites, dis-
playing interesting similarities between the parameters connected to salinity and 
COD. On the other hand, pollutants typical for highway runoff characterization, 
such as total suspended solids (TSS) and the heavy metals zinc (Zn), copper (Cu) 
and lead (Pb) clearly indicate different levels of traffic pollution. [5, 7] proposed 
that such evidences should be related to the vicinity of the Atlantic Ocean, since the 
non-coastal Portuguese roads did not show this same pattern.

Multivariate exploratory statistical techniques, applied to a set of coastal and non-
coastal Portuguese roads indicated different patterns for the two groups, in terms of 
salinity, conductivity and chlorides, as expected, but also of COD concentrations [7].

According to [16] the marine aerosol can be transported to large distances. In 
areas with high salinity and where evaporation is systematically superior to the 
precipitation, the salts crystallization at the top surface of pavement materials tend 
to provoke a significant degradation of the road pavement, with structural conse-
quences relevant to road engineering[17]. The bituminous material is lifted and its 
adhesion to the road base is destroyed.

In coastal areas, under climate conditions such as the Portuguese ones, maritime 
salts transported by the atmosphere are deposited and may remain in the road pave-
ment and crystallize during dry periods between rainfall events, eventually, leading 
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to a certain level of degradation and extraction of the superficial layer of the pave-
ment. Such phenomenon may increase the road pavement potential for environmen-
tal pollution, for example contributing to increase the refractory organic matter 
levels.

To provide a consistent answer to the question: “Which are the particular char-
acteristics of road runoff in coastal areas?” and to establish a conceptual model for 
coastal roads pollutants are two of the tasks of the project Guidelines for Integrated 
Road Runoff Pollution Management in Portugal (Project G-Terra), a 3 years study 
that started in January 2008, and is funded by the Portuguese Science and 
Technology Foundation. Given the relevance of this issue and the novelty of it, it 
will be the subject of a Ph.D. thesis to be developed within the G-Terra project.

The diagram presented in Fig. 1 describes a first approach to the conceptual 
processes and the leading variables that could be more relevant in controlling the 
phenomena under study. The analysis of G-Terra case studies monitoring results 
will permit to select the most relevant variables and processes, and establish math-
ematical/empirical relationships between them.

Among the methodologies that will be used for data analysis, there are simple 
and advanced statistical analyses.

Possible correlations among road runoff quality parameters namely, salinity, 
chlorides, TSS, CQO, Total Organic Carbon (TOC), total hydrocarbons and oil and 
grease and independent variables will be studied. The independent variables belong 
to three different groups: (i) rainfall event characteristics; (ii) air masses transport 
and salt deposition, and (iii) road site characteristics.

Within the G-Terra 5 case studies, the A25 site monitored by [5] in 2003 and 
2004, was chosen as the pilot case study, concerning the effects of atmospheric salt 
deposition on highway runoff characteristics. Four monitoring periods are planned 
at the A25 site during 2008 and 2009. It is expected to gather data from around 40 
different rainfall events, under various climacteric circumstances, and approxi-
mately 300 runoff samples.

Table 2 reports the principal characteristics of the studied site A25 and Fig. 2 
shows the location of the area in Portugal, and satellite view of the site. Table 3 

Table 1 Data comparison between IP6 and A25 pollutants (adapted from [5, 7])

Parameter Average concentration (mg/L) SMC (mg/L)
Pollutants loads (kg/
ha year)

IP6 A25 IP6 A25 IP6 A25

Conductivity 
(µS/cm)

384.3 305.1 – – – –

Salinity 183.0 161.0 175.2 266.0 1580.6 2287.2
Chlorides 35.0 51.3 36.5 48.2 329.0 460.8
TSS 235.6 49.3 224.7 44.7 2027.1 427.0
COD 173.2 84.1 195.9 83.0 1766.8 793.2
Zn 0.077 0.194 0.08 0.205 0.69 2.0
Cu 0.032 0.0242 0.03 0.014 0.29 0.13
Pb 0.010 0.0032 0.01 0.005 0.08 0.05
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Fig. 1 The conceptual processes and the leading variables

Table 2 Main characteristics of the highway site studied [5]

Location Next to Aveiro city (75,000 inhabitants)

Distance to the Atlantic Ocean 5.6 km
Monitored catchment area 250 m2 (totally impervious)
Annual average daily  

Traffic
27,000 vehicles (2003)  

2,935 vehicles (May, 2008)
Other relevant characteristics The highway crosses a few meters above a coastal lagoon 

(ecological sensitive), with high salinity

Fig. 2 Portugal map and satellite view (Google Earth, 2008) of the studied area: 1 – Atlantic 
Ocean; 2 – Highway A25; 3 – Monitoring site location; 4 – Meteorological Station
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contains results of the previous characterization of A25 highway runoff that will be 
considered in the present study, as well.

Methodologies

In February 2008 the field monitoring system was installed at the site, in a shelter. 
It consisted of a rain-gauge, a flowmeter (ISCO 730 Bubbler flow module), a bub-
bler flow and a Thel-Mar volumetric weir (fit to a 400 mm pipe), and an automatic 
water sampler (ISCO 6700) working in synchronization. Figure 3 presents such 
system, the same as used by [5].

An innovation for the G-Terra studies is the use of a methodology based on [7], 
named the wet candle device, selected as a sound methodology to determine the 
atmospheric chloride deposition rate (amount of chlorides salts deposited from 
the atmosphere on a given area per unit time). The wet candle device was placed at the 
top of the shelter (Fig. 3).

The Meteorological Station of Aveiro University is located approximately 2 km 
to the East from the monitoring site, as can be seen in Fig. 2. A second wet candle 
device will be placed there and meteorological and atmospheric data will be col-
lected and analyzed. This station continuously records meteorological and atmo-
spheric data, useful to explain the air mass transport and salt deposition. The saline 
aerosol production is induced by sea conditions. Data concerning wave height, 
direction and period, will be gathered in the research.

Between February and April 2008, ten different rainfall events were monitored 
and 72 runoff samples were collected. The sampling routine was trigged by the runoff 
flow. Around eight samples were collected during each event that had an average 
duration of approximately two hours. The samples were transported to the laboratory 
as soon as possible, and the preparation, conservation and analysis procedures were 

Table 3 Results from the 2003/2004 monitoring study at the A25 site [5]

Parameter No. samples

Range of values

Average Median St. Dev.Min. Max.

Conductivity (mS/cm) 40 67.3 1,790.0 305.1 156.5 354.4
Salinity (mg/L) 40 36 950 161 81 188
Turbidity (FNU) 40 1.2 152.7 55.9 47.2 39.4
TSS (mg/L) 40 <5.0 295.0 49.3 33.8 52.6
Total hardness (mg 

CaCO
3
/L)

40 28.3 181.8 91.0 91.4 48.9

Chlorides (mg/L) 40 6.6 139.5 51.3 52.3 38.8
NH

4
+ (mg/L) 40 <0.1 1.2 <0.1 <0.1 –

Total P (mg/L) 40 <0.16 0.72 0.25 0.23 0.15
COD (mg/L) 40 <0.3 170.0 84.1 84.2 53.1
BOD

5
 (mg/L) 25 <2 66 25 12 13
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followed in accordance with international standards procedures [4], based on an 
adequate Quality Assurance and Quality Control plan establish for G-Terra Project. 
Among other quality parameters were: COD, TOC, oil and grease, salinity and chlo-
rides. Other common parameters determined in the runoff water samples are: tem-
perature, pH, conductivity, turbidity, Total Suspended Solids (TSS), total hardness, 
Total Kjeldahl Nitrogen (TKN), total phosphorus, Biochemical Oxygen Demand 
(BOD

5
), total Fe, total Zn, total Cu, total Pb, total Cd and total Cr.

Results and Discussion

The results concerning the first 2008 monitoring period at the A25 pilot case study 
are summarized in Table 4, and the salt deposition rate is presented in Table 5.

These preliminary results are similar to the other highway runoff studies in costal 
zones made in Portugal. It is common, namely the high levels of salinity, organic 
matter and related parameters, as the comparison between Tables 4 and 1 can con-
firm. It is also observed higher levels for nitrogen and phosphorus.

Considering the A25 case (see Tables 3 and 4) the levels of conductivity, salinity, 
chlorides and COD, although of similar magnitude, show higher concentrations in 
2008. The 2008 Average Daily Traffic (ADT) at A25 (29350 vehicles in May 2008) 
compared to the value for 2003 (27,000 vehicles), may explain the higher values for 
the parameters related to traffic sources. Nevertheless, it is not expected that salinity 
and parameters such as nitrogen and phosphorus are associated with the ADT.

Fig. 3 Photo and scheme of monitoring system at the A25 site
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Table 4 Summary of pollutant concentrations in A25 highway runoff

Parameter
No.  
samples

Range of values

Average Median St. Dev.Min. Max.

Conductivity (mS/cm) 72 113.0 970.0 388.3 405.5 230.2
Salinity (mg/L) 72 60 520 205 216 120
Turbidity (FNU) 72 5.8 118.0 43.6 30.4 28.4
TSS (mg/L) 72 <5.0 250.0 67.7 45.0 60.1
Total hardness (mg 

CaCO
3
/L)

72 36.0 208.0 85.3 78.0 44.8

Chlorides (mg/L) 72 15.8 370.9 108.2 81.4 92.6
TKN (mg/L) 24 <0.2 6.2 1.9 1.0 2.2
Total P (mg/L) 72 <0.05 7.38 1.14 0.38 1.78
COD (mg/L) 72 25.0 375.0 109.1 105.5 56.9
COT (mg/L) 72 6 91 31 27 17
Oil and grease (mg/L) 32 <0.184 7.260 1.359 0.810 1.789
BOD

5
 (mg/L) 72 <2 90 14 6 16

Table 5 Salt deposition rate at A25 site using a wet candle device

Period of determination Feb 19 until Apr 1, 2008 Apr 2 until May 26, 2008
Salt deposition rate (mg/m2 day) 59 84

In terms of general climacteric conditions that may influence the salinity/organic 
matter levels, the two monitoring periods took place during the autumn and the 
winter seasons. May the higher values of organic matter be correlated with the high 
values of salinity? At this stage of the research, it is not possible to answer the ques-
tion, although the facts indicate that such relation is possible.

The BOD
5
 concentration is independent from the salt deposition, and although 

showing a higher maximum value in 2008 (90 mg/L), average and median (14 and 
6 mg/L) values are lower compared to the 2003/04 study (25 and 12 mg/L).

The 2008 monitoring study includes the COT determination, a parameter 
directly associated with the organic matter. Comparing the COT results obtained at 
A25 with the values found in the literature [9–11], they indicate that highway run-
off from A25 has high levels of COT, meaning higher levels of organic matter.

The A25 oil and grease values showed a very high standard deviation (7,260 
mg/L) and a minimum concentration below 0.184 mg/L. The average and median 
are of 1.359 and 0.810 mg/L, respectively. The oil and grease are not commonly 
measured in Portugal. Concentrations obtained in other studies were summarized 
in Table 6. As can be observed, the levels of concentrations are much below the 
measurements at A25. Future sampling at this site, and other G-Terra case studies, 
may help to understand the sources of oil and grease and their processes within the 
road environment.

All the oil and grease samples concentrations are below the Portuguese law for 
wastewater point discharges levels. However, concerning the SST, COD and BOD

5
 



231Effects of Atmospheric Salt Deposition

concentrations, 35%, 14% and 3% of samples, respectively, were above the dis-
charge limits of this law. The atmospheric chloride deposition rate values (Table 5), 
when compared to data from in several studies reported in Table 7, show clear 
evidences of the presence of salt.

These results were expected, considering: the sea proximity and the A25 road 
platform altitude, nearly corresponding to the sea level, and the absence of signifi-
cant obstacles to the transport of the marine aerosols.

Final Remarks

In 2005 and 2006 researchers from Portugal realized that coastal roads showed a 
specific pattern for some pollutants in highway runoff, namely the TSS, COD, and 
chlorides and salinity [5, 7]. A 3 year project, G-Terra, funded by the Portuguese 
Science and Technology Foundation, intends to study among others, this issue. One 
important task of the G-Terra is to gather monitoring data at different road sites. 
The study started in January 2008.

The first results concerning monitoring were obtained at the A25 coastal 
zone pilot case study. They are represented by the sampling of a total of ten events. 
The site has been previously monitored in 2003/2004 [5]. Procedures for moni-
toring highway runoff included automatic water sampling, and rain and flow 
measurements.

Table 6 Oil and grease averages determined in highway runoff in Portugal

Road No. samples ADT Average (mg/L) Reference

A1 5 30,299 19.2
[12]A2 7 16,344 3.1

A6 23 2,918 11.2
IP6 8 6,539 0.5 [7]
A23 20 9,855 0.58 [1]

Table 7 Salt deposition rate (chloride deposition) measure in a variety of studies in different 
environments, using wet candle device

Marine environment/country
Distance from 
the sea (m)

Salt deposition 
rate (mg/m2 day) Reference

Atlantic Ocean/Portugal 5,600 59–84 Antunes and Barbosa, 
(working paper)

Atlantic Ocean/Nigeria 45–365 800–140 [2]
Indian Ocean/Malaysia 30–400 400–100 [15]
Mediterranean Sea/Spain 20–170 111–7 [14]
Atlantic Ocean/Brazil 10–1,100 460–6 [13]
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The wet candle device, based on [3], was selected for the G-Terra studies as a 
sound methodology to determine the atmospheric chloride deposition rate. The 
results for the salinity accumulation rates, with a weighted average of 74 mg/m2 
day, clearly show the presence of atmospheric salt at the A25 site.

The initial outcomes seem to confirm a high level of salinity, organic matter and 
related parameters in the A25 highway runoff. It was also observed higher levels 
for nitrogen and phosphorus, when compared to the 2003/2004 monitoring study. 
The oil and grease concentrations showed a very high standard deviation (1.789 
mg/L) and a minimum concentration below 0.184 mg/L. These results are not 
understood yet, and future monitoring studies within the G-Terra project will 
certainly help to comprehend the sources of oil and grease and their processes 
within the road environment.

All the oil and grease samples concentrations are below the Portuguese law for 
wastewater point discharges levels. However, concerning the SST, COD and BOD

5
 

concentrations, 35%, 14% and 3% of samples, respectively were above the discharge 
limits of this law. This sort of knowledge is relevant for the establishment of guidelines 
for road runoff pollution management, the final objective of G-Terra project.

These results are still being analyzed. It is believed that the adopted methodolo-
gies are adequate to the study. These and the data from the three next monitoring 
periods at the A25 site will provide enough data for simple and advanced statistical 
analysis that will support the identification of the particular characteristics and 
processes, concerning road runoff in coastal areas.

If the phenomena associated with the high salinity in highway runoff in coastal 
areas are better understood and quantified, a new and valuable contribution to the 
knowledge will provide information for highway runoff management in countries 
like Portugal, with a significant coast line.
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Introduction

Highway runoff waters may contain pollutants that have accumulated on the 
carriageway. Numerous field surveys have demonstrated that heavy metals (Cd, Cr, 
Cu, Ni, Pb, Zn) are common pollutants in highway runoff waters that degrade 
the quality of natural water bodies [1–6]. These hazardous pollutants have been 
found to be attached to particles, especially finer particles than 100 mm, usually 
quantified by dissolved, suspended and settleable solids measurements [7]. Clay 
minerals, very fine silts, metallic oxy-hydroxides and organic matter were identified 
as main components of the composite particulate matter [8, 9]. The knowledge 
of partitioning of trace metals between the different solids fractions is crucial 
for stormwater management. The pollutant size distribution determines the 
efficiency of runoff water treatment by settling in detention basins. Moreover, 
the toxicity and bioavailability metal characteristics also depend on the speciation 
of pollutants that could be discharged into natural water bodies. Partitioning of 
pollutants is also challenging nowadays due to issues of colloid-mediated trans-
fer of heavy metals, as it was already shown for roadside soils impacted by 
runoff waters [10].

In the case of stormwater treatment in detention-infiltration basins, previous 
studies have demonstrated that the settling of particles contributes to the formation 
of contaminated sediments [11, 12]. Even if earlier field data assess that ground-
water is seldom contaminated [13, 14], recent studies have pointed out potential 
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downward colloid-transport of heavy metals [15, 16]. Seasonal and temporal varia-
tions in runoff quality, such as spreading of de-icing salts may have an important 
impact on the colloidal matter in the runoff waters and in the sediment (aggrega-
tion, adsorption/desorption of pollutants). Several studies highlight the partitioning 
of trace metals in runoff waters between particulate and dissolved-bound fractions, 
the “dissolved” fraction being operationally defined by filtration through a 0.45-mm 
pore size membrane [7, 17]. But, only few studies have begun recently to investi-
gate the colloidal fractions of metals in runoff waters (nanometer to micrometer 
size range) [9, 18].

A peri-urban experimental site was chosen to sample highway runoff waters. 
The objective was to study the distribution of selected trace metals (Cd, Cr, Cu, 
Ni, Pb, Zn) among dissolved, colloidal and particulate fractions, in relation to 
potential constituents of colloidal and particulate matter (Al, Fe, Mn, Si, organic C). 
The relationship between physico-chemical water characteristics and chemical 
elements was investigated and the fractionation of trace metals was quantified by 
filtration and ultrafiltration.

Experimental

Highway Study Site

The experimental site is located on the south bypass motorway of Nantes (Loire-
Atlantique, France), where it crosses the Loire River at the Cheviré Bridge [14]. 
Opened in 1991, the Cheviré Bridge supports nowadays an average total daily traf-
fic of 90,000 vehicles. The bridge is 1,500 m long and 24.6 m wide. Carriageways 
consist of three lanes in each direction, separated by a central reservation and the 
pavement consists of a conventional asphalt surface. The runoff waters of the 
19,000 m2 contribution area are collected in gulleys and flowed in aluminum 
collectors. Then, they are gathered in a detention-infiltration basin. Nantes has an 
oceanic climate with a mean annual rainfall of 820 mm over the last 50 years. 
Between August 2004 and May 2006, runoff waters were sampled in a concrete 
pipe, at the inlet of the basin, with an automatic sampler to take mean samples 
according to time during rain events. Twenty one samples were taken over the year 
(three events in spring, seven in summer, nine in autumn and two in winter).

Analysis of Runoff Waters

The physico-chemical characteristics (pH, conductivity, suspended solids (SS)) 
were measured according to French and EU standard methods, either on site or 
after sampling at the laboratory on mean composite samples. Total concentrations 
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of major chemical elements and of trace metals were obtained from raw samples by 
digestion with nitric acid, ultrasonic stimulation and at least 3 h of rest. Samples 
were filtrated through a 0.45-mm pore size membrane (Millipore) and total concen-
trations were measured in the filtrate. Dissolved concentration was obtained by 
analysis of the filtrates of the raw samples through a 0.45-mm pore size membrane 
and acidification of the filtrates at pH < 2 with nitric acid. All solutions were kept 
at 4°C in a refrigerator prior to analysis.

Major elements (Na, Mg, K, Ca, Si, Al, Fe, Mn) and Zn concentrations were 
determined by inductively-coupled plasma-atomic emission spectrometry (ICP-
AES) (Varian Liberty 220). All results were established from duplicate analysis, the 
detection limit for Zn was 10 mg/L and precision ranged from 3% to 5%. Pb, Cu, 
Cd, Cr and Ni concentrations were determined by electrothermal atomic absorption 
spectrometry (AAS) (Varian SpectrAA 300 or SpectrAA 220Z). All results were 
established from duplicate analysis, the detection limits for Pb, Cu, Cd, Cr and Ni 
were 2, 2, 0.1, 0.5 and 2 mg/L, respectively, and precision ranged from 3% to 5%. 
An internal quality control solution was incorporated into each series. When the 
deviation exceeded 5% for ICP-AES or 10% for AAS, the series were started over 
again. The total organic carbon (TOC) was measured by oxidation and quantifica-
tion of CO

2
 by infra-red spectrometry (NF EN 1484). The detection limit was 

2 mg/L. The ultra-pure water employed was deionized using ion exchange columns 
(Elga Maxima). All reagents were of analytical grade (Merck, Suprapur or Pro 
Analysis) and all glassware in contact with the samples were washed with 10% 
nitric acid and then rinsed with deionized water.

Size Fractionation of Runoff Waters

Size fractionations were implemented for four samples (one sample for each 
season), using in series filtration and ultrafiltration, to characterize the distribution 
of trace metals between particulate, colloidal and dissolved fractions. The upper 
size limit of colloids in runoff waters is defined to be around 10 mm, as determined 
by [19]. The lower limit is considered to be 5 kDa referred to the limit between 
colloids and compounds such as dissolved species and very small natural organic 
colloids (fulvic acids). A 2-L feed sample was used for in series fractionation. 
Large particles were removed by settling during 24 h. Experiments were carried out 
in a pressured stirred batch cell (Amicon cell). The membranes selected were 
Millipore nitrocellulose membranes with 8, 1.2, 0.45, 0.22 and 0.05-mm pore sizes 
for filtration and Vivascience polyethersulfone membranes with molecular weight 
cut-offs of 100, 30, and 5 kDa for ultrafiltration. The membrane cut-offs were chosen 
according to the procedure of [9, 18], and depending on the available membrane 
sizes. The protocol was adapted from one sample to the next one, depending on the 
results obtained for each filtration step. If the elemental concentrations were not 
significantly different between two filtration steps, the corresponding cut-off was 
suppressed in the next sequence. Mass balance was calculated for each step of the 
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fractionation to verify the efficiency of the protocol. The suspensions were analy-
sed for major chemical elements, organic carbon and heavy metals after acidifica-
tion at pH < 2 with nitric acid. The 8-mm and 5 kDa cut-offs were considered for 
synthetic presentation of the results.

Results and Discussion

Physico-Chemical Characteristics

During the data collection period, the pH was rather constant with a mean value of 
6.6 (Table 1). Variations of conductivity observed all over the year were hardly 
related to rain event characteristics or season. The conductivity was well correlated 
(r2 = 0.96) with the mineralization of runoff waters, estimated by calculation of the 
ionic strength from dissolved concentrations of Cl, SO

4
, NO

3
, Na, Ca, Mg and K. 

The suspended solid concentrations exhibited a great standard deviation, due to 
some extreme values above 1,000 mg/L. Except for these data; SS concentrations 
were in relation with the flow intensity. Even if only few TOC concentrations were 
available, TOC correlated with SS (r2 = 0.77). The two extreme values of SS could 
be explained by particle aggregation: the first one due to very high dissolved con-
centrations of Na (386 mg/L) and Cl (870 mg/L), reflecting the contribution of 
de-icing salt spreading, the second one linked to a high concentration of organic 
matter (TOC 41 mg/L). Compared to data from A11 highway sampling site near 
Nantes [17], we observed that pH and conductivity median values were very close. 
Very high values of conductivity related to de-icing salt spreading were not mea-
sured for runoff waters at the Cheviré site but some, up to 24 mS/cm, were mea-
sured in the water retained in the basin [16] as well as at the A11 site. The SS 
concentrations were very different but the influence of the characteristics of the 
sampling sites should be considered; the traffic intensity and contribution area 
being more important at the Cheviré site.

Table 1 Results of the water analysis. Total concentrations of major elements

2 pH Cond. TOC SS Al Fe Mn Ca K Mg Na Si

µS/cm mg/L

Event 
number

21 21  7  17 17  17  17 17 17 17 17 14

Mean 6.6 352 18.4 402 1.7 4.7 0.2 33.4 14.9 3.2 67.2 2.3
Median 6.6 312 20.2 284 1.4 3.8 0.1  29 9.1 2.4 34.5 2.1
Min. 6.2  53  3.5  74 dl 0.2 dl  8.4 1.7 0.8  5.1 0.8
Max. 7.1 748 41   1.340 5.5 16.7 0.6  85 46.1 9.8  563 6.0
St. Dev. 0.24 202 13.2 368 1.45 4.3 0.18 21.7 13.1 2.3  129 1.3

dl: Below detection limit
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Total Concentrations of Major and Trace Elements

Runoff elemental concentrations, named “total concentrations”, include the bulk 
concentrations that desorbed from dispersed particulate matter exposed to nitric 
acid (surface-bound constituents) as well as a part of particles themselves which are 
dissolved by acidification process, plus the constituents present initially as dis-
solved species.

Al, Fe and Mn concentrations varied widely between rain events, but no rela-
tionship could be established between these elements and SS, probably due to the 
incomplete dissolution of minerals and to the contribution of organic matter. High 
variations of total trace elements concentrations were measured over the data col-
lection period (Table 2). A comparison with the literature showed that the concen-
trations of heavy metals were in the same range as measured 10 years ago at the 
Cheviré site [14]. Values were also in the same range as current measurements in 
England [5].

Despite the removal of lead from fuel, the constant concentration of Pb could be 
attributed to the increase of traffic and to the presence of other sources of lead than 
leaded gasoline. Ca and Na were the main major elements in runoff waters, as 
generally observed for surface waters. The quite high concentration of K could 

Table 2 Results of the water analysis. Total concentrations of trace elements

Event date Zn Cd Cr Cu Ni Pb

µg/L

Aug 24, 2004 275 0.08 0.9 47 3.0 2.0
Sept 10, 2004 1,618 0.21 6.5 49 7.8 25.9
Nov 10, 2004 1,900 0.39 5.2 24 9.0 28.3
Oct 10, 2004 1,837 0.90 14.9 169 10.1 68.7
Apr 10, 2004 2,744 0.38 17.5 186 15.1 50.8
Apr 10, 2004 2,052 0.20 7.1 153 8.3 15.4
Nov 26, 2004 815 0.44 14.8 163 5.5 41.0
Dec 16, 2004 3,136 1.94 22.1 544 23.8 44.6
Jan 17, 2005 nd nd nd nd nd nd
Jan 19, 2005 1,455 1.02 16.4 194 10.2 96.5
Apr 23, 2005 3,147 1.60 37.6 945 26.2 38.6
June 06, 2005 nd nd nd nd nd nd
July 27, 2005 744 0.23 8.8 146 3.3 46.6
Aug 08, 2005 nd nd nd nd nd nd
Aug 08, 2005 693 0.30 6.0 121 5.0 40.0
Sept 25, 2005 1,410 0.90 10.0 243 8.0 70.0
Sept 29, 2005 2,214 1.20 12.0 345 11.0 94.0
Oct 28, 2005 nd nd nd nd nd nd
Oct 28, 2005 545 0.20 16.0 128 7.2 35.3
July 07, 2005 386 <0.1 12.9 91 3.6 42.4
May 16, 2006 4,688 <0.4 22.1 179 13.8 126
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originate mainly from the geological context of Nantes area. As conductivity and 
concentrations of Ca, Na, Mg and K were well correlated, the elements could be 
present mostly as dissolved species in runoff waters.

Distribution of Metals Among Particulate, Colloidal  
and Dissolved Fractions

The partitioning of major chemical elements between particulate and dissolved 
fractions, according to conventional 0.45-mm pore size filtration, indicated that Fe 
and Al were predominantly associated (>80%) with particles greater than 0.45 mm 
(Fig. 1). Mn was equally distributed in both the dissolved and particulate fractions. 
Si and organic carbon were mostly in the <0.45 µm size fraction (80%). The trends 
were observed whatever the seasons as indicated by the low standard deviation of 
the partitioning for these major elements (35–20%). Ca, Na, Mg and K were pre-
dominantly dissolved in runoff waters. All the trace metals were mostly in the 
>0.45 mm fraction: from 50% (Ni) to 90% (Pb). The variability of the distribution 
for trace metals was high (SD 20–30%), except for lead (SD 9%). Correlation coef-
ficients between particulate concentrations of heavy metals and Fe, Al, Mn-particle 
associated showed the affinity of all the trace metals, except Pb, for Fe, Al, 
Mn-bearing phases. Coefficients varied between 0.78 and 0.97 for Cd, Cr, Cu and 
Ni in increasing order of correlation whereas lower correlation for Zn was noticed 
(r2 = 0.74 ± 0.04). Moreover, high correlations between particulate Cu and Ni and 
particulate Si (r2 = 0.8) were found. With the exception of a moderate correlation 

Fig. 1 Partitioning of chemical elements between particulate and dissolved fractions (cut-off 0.45 
mm) – Mean values of 17 rain events
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of Pb with the particulate fraction of organic carbon (r2 = 0.42), Pb did not correlate 
with any element. These results indicated that most of the trace metals could be 
associated to particles such as metallic oxy-hydroxides and for Ni and Cu, clays 
minerals or siliceous particles. Pb seemed to be linked partially to particulate 
organic matter.

As filtration of runoff through a 0.45 mm filter can result in colloidal materials 
being measured as dissolved, in series partitioning was performed on four samples. 
The whole protocol described above was applied to the two first samples. No sig-
nificant drop in concentration for trace metals was observed applying the 0.22-mm, 
100 and 30 kDa cut-offs. The 0.05-mm cut-off seemed to slightly influence the 
concentration of Zn and organic carbon but could hardly be related to a specific 
particle size. Finally, the applied protocol was composed of four cut-offs (8, 1.2 and 
0.45 mm and 5 kDa). Three fractions were considered to compare the results: the 
dissolved fraction <5 kDa (dissolved species, very small colloids such as fulvic 
acids); the colloidal fraction with sized particles between 5 kDa and 8 mm and the 
particulate fraction composed of particles above 8 mm. Size fractionation for the 
May 16, 2006 rain event was selected for illustration because the mass balance was 
especially accurate for trace metals (Fig. 2). Al, Fe, Cr and Pb were predominantly 
associated with particles greater than 8 mm in size. Colloidal-bound metals repre-
sented only a few percent of the distribution. Zn, Ni, Cu were also mostly particu-
late-bound but 3–15% of these trace metals was colloid-associated. Na, Ca and K 
were present in runoff waters mainly as dissolved species (75–90%), Mg being 
equally fractionated between the fractions <5 and >5 kDa.

Fig. 2 Distribution of major and trace elements in the particulate, colloidal and dissolved frac-
tions for a spring rain event (May 16, 2006)
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The distribution of major and trace elements was quite similar for the four 
samples, except for Cu, Mn and TOC. No sample was collected after a de-icing salt 
spreading which could probably change the distribution of trace metals due to 
aggregation phenomenon. Four groups of chemical elements resulted from the 
calculation of percentage of distribution between the fractions (Table 3).

The results of in series partitioning highlight that Al, Fe and trace metals such 
as Cd, Cr and Pb were mostly present in runoff waters as particle-associated with a 
maximum of 15% of colloidal species. Both Zn and Ni were primarily in the >8 mm 
size fraction but the dissolved fraction could reach up to 30%. Their distribution 
was very close to those of Mn. The dissolved fraction of Si and TOC was rather 
constant, between 30% and 70%. The similar colloidal fraction of Cu and organic 
carbon showed the link between this metal and organic particles, as reported in the 
literature. But, as the Cu particulate fraction could reach 96%, Cu could be also 
linked to other colloidal or particulate fractions, as deduced from the conventional 
0.45-mm cut-off. [9] reported similar results in stormwater: Cu, Zn, Pb and Cr were 
found in particles >5 mm and Fe, Al and Si in particles >0.45 mm. Particulate Fe, 
Al, Mn and Si reflect in part the presence of soil minerals such as clay minerals, 
quartz and oxy-hydroxides [9]. The presence of colloidal Si is consistent with 
observations of [18] in 0.45-mm filtrates of urban stormwater. The distribution of 
Mg is rather different from Ca, Na and K, indicating adsorption on specific mineral 
or organic constituents.

Conclusions

Pb, Cr and Cd, which are known to associate with particles, were present entirely 
in the >8 mm size particles of runoff waters. Zn and Ni were distributed mostly in 
particulate fractions but with dissolved (<5 kDa) and colloidal fractions up to 
30%. The distribution of Cu is quite equal to Zn and Ni, with up to 70% of 
colloidal Cu. Even if colloidal metals were relatively small compared to other size 

Table 3 Distribution range (%) over the four samples for the three fractions

Element Particulate fraction Colloidal fraction Dissolved fraction

Al 97–100 0–3 0
Fe 96–100 0–4 0
Cd, Cr, Pb 85–100 0–15 0
Mn 52–100 0–11 0–41
Zn 65–94 2–15 4–21
Ni 72–98 2–7 0–26
Si 52–74 1–14 26–42
TOC  0–41 3–31 44–70
Mg 33–78 3–9 2–59
Cu 22–96 2–73 3–26
Ca, Na, K  5–69 2–16 20–92
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fractions, total mobility of metals could be enhanced by facilitated transfer of the 
colloids during infiltration of runoff waters. The association between Fe and 
Al-bearing phases and Cd, Cr, Zn and Cu was confirmed, just as the link between 
Cu and organic matter in the <0.45 mm fraction. Mn-bearing phases were pointed 
out, as the association of Ni with metallic oxy-hydroxides and siliceous particles. 
This study revealed also that Pb could be more linked to particulate organic matter 
than adsorbed on metallic oxy-hydroxides. These observations underscore the 
need for observation of metal-bearing solids phases and characterization of 
organic phases in runoff waters.
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Introduction

In the last decades there has been a growing concern regarding highway runoff as 
a potential hazard to receiving water bodies. This has led to increasing use of vari-
ous treatment systems. A lot of the pollutants are believed to be associated with 
particles, and most of the treatment systems are therefore based on removing the 
pollutants by sedimentation. However, treatment of particle bound pollutants might 
be inappropriate in protecting the aquatic biota because toxicity, at least for metals, 
is mostly related to the dissolved fraction which includes colloids as well as the low 
molecular mass positively charged metal species [1]. In northern countries, like 
Norway, road salt is frequently used in the winter maintenance to achieve good 
friction on the road. The sodium and chloride concentrations can thus be rather high 
during runoff episodes and might lead to increased mobility, remobilization and 
finally increased bioavailability of the metals [2–5].

Pollutants often found in elevated concentrations in highway runoff such as 
nickel (Ni), cadmium (Cd), zinc (Zn), copper (Cu), lead (Pb) and polycyclic aro-
matic hydrocarbons (PAH) are in several studies shown to potentially disturb nor-
mal homeostasis in fish, for example increased enzymatic activity (as well as 
inhibition), osmoregulatory- and respiratoric dysfunctions [1, 6–8].

This paper gives an overview of results obtained from one out of four simulated 
runoff episodes entering a highway retention pond system, and describes the chemi-
cal exposure concentrations and physiological responses in the native fish species 
brown trout (Salmo trutta L.).
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Experimental Methods

Field Experiment Setup

The experimental setup was located close to a detention pond just outside the City 
of Oslo in Norway (early May 2007). This pond receives runoff from a four lane 
motorway (E6) with an average daily traffic around 45,000 vehicles. In brief the 
pond has a closed pre sedimentation basin in front of the main pond, which has a 
wet volume of approximately 800 m3 and is heavily vegetated from the midpoint 
and towards the outlet [9]. Veterinary approved brown trout (age 1+), weighing 67.2 
± 22.8 g and with a condition factor (K) 1.0 ± 0.1 was supplied from a nearby 
hatchery (OFA). The fishes were placed in five experimental tanks (70 L, biomass 
30 g/L), maintained in continuously flowing stream water pumped from upstream 
the pond outlet from the River Ljanselva (6 L/min) to acclimate before the experi-
ment (5 days). The reference stream water had a temperature of 9.7 ± 0.2°C and a 
pH of 7.6 ± 0.1.

To simulate a realistic episode the fish was exposed for a period of 24 h to runoff 
water pumped from the inlet (after the pre sedimentation basin) and to the outlet 
of the pond, as well as to mixtures of these waters. Thus, the five tanks had the 
following pollutant loadings: (1) SW; stream water (control), PI; pond inlet 
(untreated runoff), PO; pond outlet (treated runoff), PI + SW; pond inlet + stream 
water (mix ratio 50:50), PO + SW; pond outlet + stream water (mix ratio 50:50).

Water Chemistry

Water from each tank was sampled and fractionated in situ with a peristaltic pump 
and 0.45 mm membrane filter (Millipore). Two fractions were used throughout the 
analyses; particulate fraction (total – 0.45 mm filtrate) and dissolved fraction (0.45 
mm filtrate). Determinations of the metals were done by ICP-MS and ICP-OES. 
Total organic carbon (TOC), polycyclic aromatic hydrocarbons (16PAH) and hydro-
carbons (C10-C40) were analyzed by ALS Scandinavia. Conductivity, pH, temperature 
and oxygen were measured with a multi water quality sensor (W21SDI).

Fish Physiology

After 24 h exposure, six fishes from each tank were sampled randomly. The fish 
was killed by a single blow to the head and sampled according to the EMERGE 
protocol [10]. Blood was immediately sampled from the caudal vein and analyzed 
for a total of nine blood parameters; (I-Stat, Abbot), sodium (Na), potassium (K), 
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Chloride (Cl), total CO
2
 (TCO

2
), glucose, hematocrit, pH, partial pressure CO

2
 

(pCO
2
) and bicarbonate (HCO

3
−).

The second right gill arch and a part of the liver were dissected for analysis of 
accumulated metals (ICP-MS): Cd, Cu, Zn, Ni, Pb, Fe and Al.

A second part of the liver was snap frozen in liquid nitrogen and stored at −80°C 
prior to enzymatic response analysis of superoxide dismutase (SOD, Fluka kit) and 
catalase (CAT, Cayman kit). SOD and CAT are known to be important enzymes 
detoxifying free radical induction [11]. In addition, analyses of metallothionein 
(MT) and total protein content were performed. MT, a cystein rich protein complex 
able to bind various heavy metals, was analyzed by the Cd-/Zn chelex method [12, 
13] and the protein concentration was analyzed by the Bradford assay [14].

Results and Discussion

Water Quality

The accumulated precipitation of 8.6 mm was registered over a period of 6 days 
prior the exposure experiment. However, the pollutant loadings were rather low 
compared to earlier studies [15]. As expected the highest concentrations of most of 
the pollutants were observed in the PI and only minor differences were observed 
between the pond outlet water (PO) and the stream water (SW) (Table 1). The dis-
solved fraction appeared to be dominating for Ni, Cu, and Zn and to some extent 
for Cd, while Pb, Al and Fe were more associated with particles.

The high chloride levels indicated that the runoff water was considerably affected 
by road salting, being almost 37 times higher in the PI compared to the SW (Table 1). 
The elevated salt concentrations might explain the higher fraction (%) of dissolved 
metals species in the untreated runoff compared to the stream water, as increased ion 
strength can aggregated particles and sedimentation can occur. Furthermore, high 
levels of salt can mobilize colloidal- or organically bound metals [3].

Metal Accumulation in Gill Tissue

No mortality occurred during the 24 h exposure experiment. Despite the small 
differences between the various treatment tanks regarding Pb and Al concentrations 
in the water, the concentration of these two elements appeared significantly higher 
in trout gills from PI compared to the other groups (gill Pb in SW not significant 
different from PI, however four values were <LOD, n = 2) (Fig. 1).

The high salt concentrations in the untreated inlet water (PI) led to a substantial 
and immediate increase in ionic strength in the mixed water of PI + SW and PO + 
SW. Since both Al and Pb in gills were strongly and significant correlated with the 
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Table 1 Key water quality parameters and total and estimated fractions (in %) of metals in water 
sampled on May 7 from the various exposure groups, (n = 1)

Pollutant Fraction (unit) SW PI PI + SW PO PO + SW

Temp (°C) 9.9 9.8 9.8 11.0 10.5
pHa 7.5 7.2 7.2 7.3 7.4
Oxygen (mg/L) 10.1 5.6 7.0 9.2 9.3
Conductivity (mS/m) 37.9 652 390 149 87.6
DOCb (mg/L) 6.00 8.97 6.63 6.2 5.84
Calcium Total (mg/L) 32.3 55.6 47.0 31.7 33.5
Sodium Total (mg/L) 35.0 1,178 721 235 144
Chloride Total (mg/L) 59.6 2,210 1,290 442 263
Hydrocarbonsc Total (mg/L) 74 130 80 <50 <50
16PAH Total (mg/L) n.d. n.d. n.d. n.d. n.d.
Cd Total (µg/L) 0.08 0.02 0.09 0.02 0.05

Part. (%) 35 8 64 54 48
Dissolved (%) 65 92 36 46 52

Ni Total (mg/L) 1.9 3.6 3.3 2.6 2.2
Part. (%) 19 8 16 19 14
Dissolved (%) 81 92 84 81 86

Cu Total (mg/L) 6.5 12.8 8.5 6.7 5.5
Part. (%) 47 29 31 16 17
Dissolved (%) 53 71 69 84 83

Zn Total (mg/L) 27.5 43.3 35.2 11.7 19.9
Part. (%) 32 23 19 29 31
Dissolved (%) 68 77 81 71 69

Pb Total (mg/L) 0.8 0.8 0.8 0.3 0.5
Part. (%) 88 96 89 74 78
Dissolved (%) 12 4 11 26 22

Al Total (mg/L) 0.18 0.17 0.14 0.05 0.10
Part. (%) 87 81 93 77 83
Dissolved (%) 13 19 7 23 17

Fe Total (mg/L) 0.36 0.45 0.37 0.1|4 0.21
Part. (%) 79 75 82 82 79
Dissolved (%) 21 25 18 18 21

SW, stream water; PI, pond inlet; PO, pond outlet.
a pH presented as the average of three similar episodes due to failure in pH-meter during the pres-
ent episode.
b DOC analyzed as TOC in 0.45 µm filtrate.
c Hydrocarbons measured as C10–C40.

chloride concentrations in the water (Fig. 2), an unstable mixing zone was created, 
and due to ion exchange processes and polymerization [16–18] formed gill reactive 
metals species will accumulate on available gill surfaces. Several of the elements 
found in the gills, although in low concentrations, were significantly correlated 
with each other, indicating co-precipitation (e.g. Pb gill vs. Al gill r = 0.90, Cu gill 
vs. Ni gill r = 0.83, Cu gill vs. Fe gill r = 0.93).
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Physiological Responses in Blood

Among the nine blood variables determined in the present work, only three 
showed significant differences between the exposure groups; blood plasma chlo-
ride, blood glucose and blood partial pressure of CO

2
 (pCO

2
) (Fig. 1). The level 

of plasma chloride in trout from the PI and the PI + SW tanks was significant 
lower than in trout from the SW tank, indicating ion regulatory problems in 
exposed fish. There is presently a broadly acceptance that the site of action of 
acute toxicity of metals are in the gills [19], and there are mainly two causes lead-
ing to a fall in plasma ions. Firstly, an increased passive efflux of ions across the 
gills due to increased membrane permeability or disruption of the membrane, and 
secondly an inhibition of active ion uptake by the chloride cells (e.g. reduced 
Na/K-ATPase) [20].

Metal exposure is mainly believed to affect the membrane permeability 
rather than disrupting the chloride cells, although necrosis and apoptosis are 
also observed in acute metal exposed fish [21]. Cu concentrations as low as 
12.5 mg/L were found to lead to substantial loss of plasma ions in rainbow trout 
(Oncorhynchus mykiss.) [22], even in water at neutral pH and high Ca concen-
trations. In addition to a loss in plasma ions, an increase in the glucose levels 
was observed. Such responses are also found in salmonids exposed to several 
other elements, for example Pb [23] and Al [16]. A similar pattern was observed 
in the present study, where both chloride and glucose showed a strong relation-
ship with several metals in the dissolved fractions, indicating multiple stress 
responses (Fig. 2). This is interesting; the high concentrations of DOC (5.84–
8.97 mg/L) and Ca (31.7–55.6 mg/L) measured in all the exposure tanks should 
be sufficient to protect the trout against metal toxicity due to complexion pro-
cesses between dissolved metal ions and DOC, and due to Ca being a strong 
competitor with high binding strength to biological membranes [24, 25]. 
Particle bound Cu would likely be a source of Cu toxicity due to the lowered 
pH in the gill mucus compared to surrounding water, thus favoring a transfer of 
Cu ions from particles to the mucus matrix and finally into the gill tissue by 
diffusion. Such processes could also be relevant for Cu complexed to organic 
material [26].

In the present study we also observed decreased levels of oxygen in the 
waters, being lowest in the PI tank measured after 24 h (5.6 mg/L, ca. 50% satu-
ration at the actual temperature, Table 1). There was a strong significant correla-
tion between dissolved oxygen in the water and the chloride concentrations in 
trout blood (Fig. 2). Blood acidosis is often related to severe hypoxic conditions, 
with high pCO

2
 (hypercapnia) in the water, and with specific changes with low-

ered blood pH and chloride, and increased TCO
2
 and HCO

3
. However, there 

were no significant differences between the exposure tanks regarding the latter 
parameters (Fig. 1), and they were not significantly correlated to the oxygen 
concentration.
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Superoxide Dismutase-, Catalase- and Metallothionein Response

There were no significant differences in liver enzymatic activity measured as SOD 
and CAT or concentration of MT between the various exposure regimes (Fig. 1). 
However, as for glucose in blood, dissolved Cu showed a significant positive rela-
tionship with SOD inhibition activity, indicating the presence of reactive oxygen 
species (ROS) (Fig. 2). Cu, together with Fe, are known to be inducers for free 
oxygen radicals [11, 27, 28] and both were found in elevated concentrations in gill 
tissue from fish exposed to the pond inlet (PI) water. Free radicals and formation of 
ROS can bring about a series of responses in exposed organisms, such as changing 
gene regulation or expression, stimulating DNA-repair mechanisms, impacting on 
cell apoptosis, as well as interacting with important biomolecules such as enzymes 
and proteins [29, 30]. This indicates that gill accumulated Cu and other metals 
could induce free radicals and thereby disrupt cellular functions like Na/K-ATPase 
[31] in gills [32].

Conclusions

The present study has showed that highway runoffs, even during low concentration 
episodes, have the potential to disturb normal homeostasis in brown trout. We reg-
istered that several metals in the water heavily affected by road salt was mobilized 
and present as dissolved metal species. This is probably the underlying mechanisms 
for the elevated concentrations of metals in gill tissue from the trout exposed to 
untreated (PI) and treated water (PO). Following the accumulation of metals in the 
gill tissue, biological responses could also be expected. Therefore, the observed 
loss of chloride ions in the blood plasma together with increased values of glucose 
and pCO

2
 is attributed to the accumulation of gill-reactive metal species produced 

in the highway runoff.
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Introduction

There are many water areas in Japan where the quality standards for closed waters 
are not met. Eutrophication and its damages in closed waters, such as red tide and 
water bloom, are still serious [1].

In order to achieve the environmental water quality standards for closed waters, 
various measures have been implemented in Japan. For example, the Comprehensive 
Basin-wide Plans for Sewerage Works (CBPSW) are required to be drawn up when 
determining the amount of works and the treatment levels for satisfying the 
standards, which involves estimating the amount of pollutants that flow from 
the land into the water [2]. However, there is little available data on the effects 
of pollutants from non-point sources, and thus plans should be drawn up based on 
rough assumptions.

Road surface is a major non-point source of pollutants particularly in cities. 
Pollutants, such as nitrogen and phosphorus, which cause eutrophication, and heavy 
metals and chemicals, which may adversely affect people’s health and ecosystems 
[3, 4] have been widely detected in storm water runoff from road surface. However, 
due to difficulties of predicting rainfall and high costs, only few surveys have been 
conducted and thus there is little available data. Therefore, data is insufficient for 
designing and taking countermeasures. In Japan, data that was collected several 
decades ago is still used, and thus acquisition of latest data is an important topic.

In this study, pollutant loads from road surfaces were surveyed at 36 points in 
four cities in Japan in 2006 and 2007. The objectives were to: (1) prepare new criteria 
on pollutant load from road surface in Japan, and (2) analyze the runoff characteristics 
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and changes in pollutant loads by comparing data collected in the past. Quantitative 
data of pollutant load from road surface will provide planners of watershed man-
agement with basic information for establishing precise the CBPSW and deciding 
the priority order of measures for controlling urban nonpoint sources (Table 1).

Method

Surveys were conducted in four cities in Japan twice in each site in 2006–2007 by 
sprinkling water. In each city, residential, commercial and industrial districts were 
extracted, and survey was conducted at three mutually close points in each sites. All 
the survey points were one-lane road each way and were set at where the nearby 
land use was uniform and there were no other pollutant sources, such as greenery 
and parks.

Equipment Used for the Survey

In the nationwide survey, mobile sprinkling equipment was prepared and used to 
reproduce rainfall events. The equipment has nozzles at the top from which water 
is sprinkled to reproduce rainfall artificially. Since pollutants are highly probable to 
be unevenly distributed on road surfaces, pollutants on the entire lane were decided 
to be collected. Thus, the sprinkling equipment was designed so as to change the 
length according to the width of the road. In a preliminary test, the equipment was 
verified to be capable of uniformly sprinkling water over road surface. The equip-
ment is shown in detail in Fig. 1a and b. Moreover, the concentrations of the pol-
lutants in runoff water were found to be high soon after the start of sprinkling but 
converged into certain values in 20 min after the start of spraying.

Methods of the Sprinkling Survey

The survey was conducted by first checking that the antecedent precipitation at the 
target site had been zero over at least 4 days and then spraying water at 30 mm/h 
for 60 min.

A preliminary test was also performed to compare data with that when the 
artificial rainfall intensity was set at 50 mm/h, in which almost no difference was 
shown. The runoff water from the road surface was collected in the street inlet and 
was all pumped into a container using a small pump. Specimens were sampled 
and subjected to quality analysis. Then, the road surface was scrubbed using a 
nylon brush for 20 min while spraying water at 30 mm/h to wash out pollutants. 
The scrubbing force was adjusted to be uniform in all survey points by installing metal 
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weights. The runoff water from the road surface was also collected first in the street 
inlet, from which all the water was collected in another container using the pump. 
Specimens were sampled and subjected to quality analysis. The water sampling 
method is in Fig. 2. Points and dates of the survey are listed in Table 2.

Water quality constituents analyzed were BOD, COD
Mn

, SS, Total Nitrogen 
(TN) and Total Phosphorus (TP).

In this paper, the pollutant load that were discharged just by spraying water is 
called “runoff load”, that discharged by scrubbing is called “scrubbed load”, and 
the sum of the two is called “potential load”. Finally, the unit load is defined as the 
amount of pollutant discharged per unit area.

P

P

P

P

water tank
side view

top view

Width can be
adjusted between  

2 to 4 meters

Flow meter

curtain

4m

Pressure  cell

Fig. 1 (a) Mobile sprinkling equipment. (b) Schematic of the mobile sprinkling equipment

Street inlet
(cleaned immediately before the survey 

and the outlets were closed off)

About 
500L

Pump

Storing the entire water 
used for washing the 

road surface

Sprinkling range

Road

Washed water  
sample

Sprinkled  water 
sample

Storing the entire 
sprinkled water

Fig. 2 Water sampling method

Table 2 Results of analysis of variance (Runoff load)

Source of variation BOD COD SS TN TP

Land use ** *
City ** **
Land use × city **

*5% Significance.
**1% Significance.
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Fig. 3 Runoff loads in each city

Results and Discussion

The runoff loads in the cities are summarized in Fig. 3 for each water quality con-
stituent. The error range lines show the maximum and minimum values of the col-
lected data. The mean unit loads for each land use are shown in Fig. 4. They were 
all calculated for the runoff and scrubbed values separately. Regardless of land use, 
the mean SS unit load was about 4 kg/ha. The scrubbed load was 8–34 times larger 
than the runoff load. The other water quality constituents also showed scrubbed 
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loads larger than runoff loads. BOD, COD
Mn

, and SS showed a trend of values in 
commercial district being larger than those in residential district, which were 
almost equal to those in industrial district. The mean runoff loads and scrubbed load 
shown in Fig. 2 were decided to be the load units obtained in this study.

Factors of Variation

A two-way layout analysis of variance was conducted on the collected 72 data sets 
of runoff loads using the nearby land use state and the city as the two factors of 
variation for each water quality constituent. The analysis showed that the factors 
affected the runoff loads of COD

Mn
 and TN at a level of significance of 5%. The 

factors were statistically suggested to little affect the runoff loads of the other con-
stituents: BOD, SS and TP.
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A two-way layout analysis of variance was also conducted on scrubbed loads. 
The results are shown in Table 3. For all water quality constituents, land use was 
judged to have affected the scrubbed loads. The effects of regional characteristics 
(city) were likely to be small on SS and TP.

To investigate the relationship between traffic volume and runoff load, the 
mean traffic volume was monitored at the road sections. In the survey, the num-
bers of pedestrians, automobiles and commercial vehicles, such as trucks and 
buses, per hour were counted. The results are shown in Fig. 5. In residential dis-
tricts the traffic volume was small, except in Osaka. In commercial districts, the 
number of pedestrians was relatively large. In industrial districts, traffic volume 
especially that of commercial vehicles, was larger than in residential and com-
mercial districts. The traffic volume in industrial districts was 100 times larger 
than in residential districts. However, the difference in runoff load between the 

Table 3 Results of the analysis of variance (Scrubbed load)

Source of variation BOD COD SS TN TP

Land use ** ** ** ** **
City ** ** **
Land use × city

*5% Significance.
**1% Significance.
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Fig. 6 Pollutant runoff coefficients. Left: this study, right: by the Public Works Research Institute 
(1975)

two land use states, shown in Fig. 4, was much smaller and was only several folds. 
The large pollution loads in commercial districts compared to those in residential 
and industrial districts suggest that pedestrians have large effects on runoff loads. 
Commercial activities and wastes produced by pedestrians are possibly a major 
source of pollutants.

Percentage of Runoff Load in Potential Load (Pollutant Runoff 
Coefficient)

The percentage of runoff load in potential load was defined as the “pollutant runoff 
coefficient” and is expressed as:

 100 r

s r

L
R

L L
= ×

+  (1)

where R, L
r
 and L

s
 are the pollutant runoff coefficient, runoff load, and scrubbed 

load, respectively. The mean pollutant runoff coefficient is shown in Fig. 6 for each 
city. In commercial districts, the coefficients were about 40% for BOD, COD

Mn
 and 

TN but were smaller than 20% for SS and TP. The results suggest that pollutants 
that exist in particle forms are scarcely discharged just by natural rain. The coeffi-
cient was smaller in residential districts than in the other districts.

The data was compared with the pollutant runoff coefficients determined by the 
Public Works Research Institute in 1975 [5]. The values calculated in this study 
were smaller than those of the Public Works Research Institute in general, but a 
similar trend was shown between the two when the ratio was calculated for each 
water quality constituent.
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History of Unit Load in Japan

In Japan, national research institutes [5] and nonprofit foundations [6] have sur-
veyed pollution loads from road surface. The data sets summarized in Fig. 7 cannot 
simply be compared with each other because the sites of the survey differed, but a 
decreasing trend over the years is shown. This was possibly attributable to reduc-
tions in dust fall from the atmosphere due to successful environmental policies, 
exhaust gas restrictions and road cleaning.

Conclusion

In this study, a basic and large-scale survey was conducted on pollutant loads from 
roads. The results of the study are summarized as follows.

1. In four cities of Japan, pollutant loads from road were surveyed at 24 points in 
each residential, commercial and industrial district by using a newly developed 
mobile sprinkling equipment. The amounts of pollutants were measured for 
those discharged just by spraying water and those discharged only after the road 
surface was scrubbed with a brush separately to understand the potential of the 
road surface for a non-point source.

2. The measurements suggested that the unit loads of BOD, COD
Mn

 and SS were 
the largest in commercial districts and were almost the same in industrial and 
residential districts, but with smaller values.

7

16

8

4.3
2.6

1.35 1.96 1.41

0

5

10

15

20

R
es

id
en

tia
l

C
om

m
er

ci
al

In
du

st
ria

l

(a
ve

ra
ge

 o
f

7s
ite

s)

(m
ed

ia
n)

R
es

id
en

tia
l

C
om

m
er

ci
al

In
du

st
ria

l

Public Works
Research Institute

(surveyed in
1974)

JIWET
(surveyed

in 1993-95)

This Research

C
O

D
 L

oa
d 

(k
g 

/ h
a)

Fig. 7 Unit pollutant load from 
road surface



265Potential of Road Surface for a Non-point Source

3. COD
Mn

 and TN loads were found to be likely affected by nearby land use state. 
On the other hand, the unit runoff load of SS was found to be little affected by 
regional characteristics.

4. As defined by Eq. 1, the pollutant runoff coefficients of SS and TP were smaller 
than those of the other water quality constituents.

5. A review of road surface load surveys conducted in Japan showed that the unit 
loads determined in this study were smaller than the values measured over 30 
years ago and unit loads have decreased year after year.

Future works will include accumulation of precise data of expressways and high-
ways and continuous updating of data by conducting monitoring. Understanding 
the percentages of loads from roads in the total load discharged from cities during 
rainfall is also indispensable for deciding the priority order of measures. Finally, the 
data collected in this study should be carefully handled because the study did not 
reproduce the friction by automobile tires and disturbance of surface runoff water 
during rainfalls. The unit loads from road surface determined in this study will be 
used as a standard unit load in sewerage projects in Japan.
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Introduction

Trace elements typically occur at low concentrations (£0.1%) in the environment. 
However, many trace elements are found at elevated concentrations as a result of 
human activities. Contaminated areas include cities where populations are exposed 
to contaminants. Stockholm is Sweden’s largest city with a population of approxi-
mately 770,000 and a total of 1,200,000 inhabitants in the metropolitan area. As in 
most cities, anthropogenic activities are causing environmental contamination, 
including the contamination of aquatic systems [1, 2].

The project described here aims at determining the level of relevant trace metals 
in Stockholm sediments, that is Ag, Cd, Cu, Pb, Pt, Rh, Sb, Sn, W and Zn. Pt and 
Rh are emitted from automobile catalysts into the environment [3] and transport in 
stormwater has resulted in the contamination of aquatic systems [4]. Although little 
is known about the toxicity of these metals, uptake by benthic organisms has been 
reported [5], raising concern over potential chronic effects. Other relevant trace 
metals include W (used in tyre studs) and Sb (emitted from fossil fuel combustion, 
waste incineration and automotive parts, listed as priority pollutant by the European 
Union) as well as more commonly studied metals including Cd, Cu, Pb and Zn.
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Methodology

A set of 17 sediments samples was collected in the Stockholm area in December 
2006. Collection was performed using piston corers. The top 2 cm was retained 
for analysis. The samples include 11 samples from the outflow of Lake Mälaren 
into the Baltic Sea (Lambarfjärden, Klubbensborg, Gröndal, Riddarfjärden, 
Kastellholmen, Ulvsundsjön, Barnhusviken, Saltsjön, Årstadal, Årstaviken, Lilla 
Värtan and in the Archipelago downstream from Stockholm) and six samples from 
lakes and ponds in the Stockholm area (Trekanten, Drevviken, Bornsjön). Lake 
Bornsjön is considered as a reference. Low concentrations are also expected at 
Lambarfjärden owing to its location upstream from the urban area.

Samples were prepared by microwave-assisted acid digestion (Mars5, CEM, 
USA) and analyzed by inductively coupled plasma-mass spectrometry (ICP-MS). 
Sediment samples were dried overnight at 105°C. Dry sediments were then 
sieved and the 0–75 mm fraction was retained for analysis. Approximately 0.5 g 
of dry sediments was placed in microwave digestion vessels. Digestion was 
performed in closed vessels after addition of 8 mL Aqua regia (6 mL HCl + 2 
mL HNO

3
) using a two-step temperature increase to 185°C and a maximum 

allowed pressure of 200 psi. The leachate was then slowly taken to dryness on a 
hot plate and redissolved in 5% HNO

3
. The procedure does not provide a full 

digestion, but a strong leach suitable for the study of anthropogenic metals in 
sediments.

Prepared samples were analyzed by ICP-MS using a quadrupole instrument 
(Elan 6,000, Perkin Elmer, USA) and standard operating conditions. Calibration 
was performed by the analysis of multi-element standard solutions, except for Pt 
and Rh for which solutions of individual elements were analysed due to interfer-
ence issues. Interference on Pt and Rh determination were corrected mathemati-
cally [5, 6].

Several precautions and quality control steps were implemented in the study. 
These include acid washing of all containers, the use of high purity acids (Suprapure 
grade, Promochem AB, Sweden) and water (18 MW cm, Milli-Q, Millipore, USA), 
the analysis of procedural blanks (prepared and analyzed randomly). In addition, 
reference material BCR-723 was analyzed to assess the accuracy of Pt and Rh 
analysis.

Trace Metal Concentrations in Surface Sediments

Copper, Zinc, Lead and Cadmium

The distribution of Cd, Cu, Pb and Zn in Stockholm sediments is presented in 
Fig. 1. Copper, zinc, lead and cadmium concentrations in surface sediments range 
from 27 to 475, 76 to 1,200, 15 to 772 and 0.4 to 4.0 mg/g, respectively.
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The lowest concentrations are found at the background sites (Lake Bornsjön 
and Lambarfjärden), although Cu and Zn are considered to be moderately high at 
Lambarfjärden. The highest concentrations are found in the inner city area. Copper 
concentrations are considered to be high throughout the city, while high Zn concen-
trations are only found at Lake Trekanten. Urban Zn and Pb concentrations are in 
general moderately high, with high concentrations only observed at Lake Trekanten 
and Årstadal, respectively. Cadmium concentrations are in general low or moder-
ately high.

Antimony, Tungsten, Tin and Silver

Antimony concentrations range from 0.1 to 8.9 mg/g. The lowest concentration was 
found at Lake Bornsjön. Concentrations do not exceed 2.5 mg/g, except for 
Årstadal, where an average concentration of 8.9 mg/g was measured (Fig. 2).

Tungsten concentrations range from 1.1 to 37 mg/g, with relatively low concen-
trations at most sampling sites and elevated concentrations only present at a limited 
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Fig. 1 Distribution of Cu, Zn, Pb and Cd in Stockholm sediments. The two highest concentra-
tions represent high and very high concentrations in Swedish EPA sediment concentration guide-
lines [7]
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number of sampling sites. Concentrations at Kastellholmen, Trekanten and Årstadal 
exceed 20 mg/g (Fig. 2).

Tin concentrations in surface sediments range from 1.2 to 38 mg/g (Fig. 2). 
The lowest concentration was found at Lake Bornsjön and maximum concentra-
tions were measured at Barnhusviken. Average concentrations at Barnhusviken, 
Årstadal, Kastellholmen and Saltsjön exceed 25 mg/g.

Silver concentrations range from 0.2 to 8.5 mg/g with the lowest concentrations 
at background sites (Bornsjön and Lambarfjärden) and the highest concentrations 
in the inner city area (Barnhusviken, Kastellholmen, Saltsjön and Trekanten) (Fig. 2). 
The relatively high Ag concentration in the Archipelago downstream from 
Stockholm indicates an export of Ag into the Baltic Sea.

Platinum and Rhodium

Platinum and rhodium concentrations in sediments range from 2.4 to 25 ng/g and 
from 0.3 to 5 ng/g, respectively. The lowest concentrations are observed at back-
ground sites (Mälaren and Bornsjön), as well as at the downstream site (Archipelago), 
while the highest concentrations were measured in the inner city (Barnhusviken and 
Saltsjön) and in Lakes Trekanten and Drevviken (Fig. 3).
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Fig. 2 Distribution of W, Sb, Sn and Ag in Stockholm sediments
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Assessment of Potential Risks

Potential risks from the occurrence of metals in sediments were assessed by com-
parison of concentrations with Swedish EPA sediment quality guideline values [7], 
as well as reported apparent effect threshold concentrations (AET, concentration of 
a selected chemical above which statistically significant biological effects always 
occur [8]) and probable effect concentrations (PEC, concentration above which 
adverse effects are expected [9]) (Table 1).

Guideline concentrations are exceeded at most sites for Cu, with the exception 
of background sites (Lake Bornsjon and Lambarfjarden) and one site at Lake 
Drevviken. Zn and Pb concentrations are only high at Lake Trekanten and Cd is not 
found at high concentrations. In contrast, measured concentrations exceeded PEC 
at nine sites for Cu, at five sites for Zn and at nine sites for Pb. PEC concentrations 
were not exceeded for Cd.

Pt concentration

0-5 ng g–1

5-15 ng g–1

15-20 ng g–1

>20 ng g–1

Lake Björnsjön
(reference)

Lambarfjärden
(upstream)

Archiepelago
(downstream)

Lake Mälaren

Lake Trekanten

Lake Drevviken

Rh concentration

0-1 ng g–1

1-3 ng g–1

4-5 ng g–1

>5 ng g–1

Lake Björnsjön
(reference)

Lambarfjärden
(upstream)

Archiepelago
(downstream)

Lake Mälaren

Lake Trekanten

Lake Drevviken

Fig. 3 Distribution of Pt and Rh in Stockholm sediments

Table 1 Sediment quality guidelines values

Metal
High/very high 
content [7]

Apparent effect 
threshold [8]

Probable 
effect 
concentration 
[9]

mg/g

Cd >7 7.6 4.98
Cu >100 840 149
Pb >400 260 128
Zn >1,000 520 459
Ag − 4.5 −
Sb − 3.0 −
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The AET concentration is exceeded at seven sites for Ag and at one site for Sb. 
Potential risk for Ag is further supported by the guideline value of 3.7 mg/g associ-
ated with frequent adverse effects to marine organisms [10]. The results therefore 
indicate that present metal concentrations are a potential threat to aquatic ecosys-
tems in the Stockholm area.

Other metals have no defined sediment guideline values and the potential risks 
associated with their elevated concentrations are therefore difficult to define.

Source Characterization

Source characterization was performed on the basis of observed spatial trends, cor-
relations and knowledge of metal uses. Elevated concentrations in the urban area 
relative to reference and upstream sites indicate that most analyzed metals have 
urban sources.

Automobile traffic is believed to be the main source of Pt, Rh, W and Sb owing 
to a decreasing trend from a highway stormwater input at Lake Drevvikken. 
A smaller concentration decrease was also found for Cu, Pb, Zn and Sn, indicating 
that automobile traffic may contribute to elevated concentrations of these elements. 
Other sources of Cu, Pb, Zn and Sn metals include urban surfaces (e.g. roof, galva-
nized materials, coatings, asphalt).

Elevated W, Sb, Sn, Cu, Zn and Pb concentrations at Årstadal and/or Trekanten 
indicate the occurrence of location-specific sources. The sampling sites, which are 
within 2 km of each other, are located in the vicinity of an industrial area character-
ized as environmentally hazardous and comprising industries and a goods 
terminal.

A decreasing trend downstream from Stockholm was observed for all metals, 
except Ag, indicating that Ag is release into the Baltic Sea with a higher efficiency 
than other analyzed metals. This is possibly due to the use and emission of Ag as 
nanoparticles [11].

Conclusions

Elevated trace metal concentrations were found in sediments in Stockholm as a 
result of urban contamination. Copper is present at high concentrations at most 
sampling sites according to the Swedish EPA sediment concentration guideline, 
while Zn and Pb are present at high concentrations at specific sites. In addition, the 
apparent threshold concentrations are exceeded at several sites for Ag and at one 
site for Sb. Elevated concentrations were also found for Pt, Rh and W, but no guide-
line exist for these metals. This study indicated that metals are threat to aquatic 
ecosystems in the Stockholm area and emissions should be reduced to lower associ-
ated risks.
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Introduction

La Silva valley is affected by old coal mine spoil dumps and several mine adits with 
neutral drainages. When mining was in activity, the adits generated acid mine 
drainages (AMD). The natural attenuation availability of La Silva neutralized them 
and the stream supported a brown trout (Salmo trutta) population. The A6 highway 
construction has changed the physiognomy and the characteristics of 2 km of La 
Silva headwaters. Due to the blasting of the rock mass (Luarca slates), high acidity 
levels are being produced. ARD is generated when pyrite (FeS

2
) contained in the 

slates is exposed to air and water in oxidizing and non-alkaline conditions. The 
reactions involved in this processes are well described [1, 2]. ARD causes the deg-
radation of the water quality and impacts the aquatic biota [3–5]. A case of ARD 
generation has occurred in Pennsylvania due to the construction of the highway I99 
[6]. Due to the high concentrations of dissolved metals in the stream (mineral 
acidity), mainly Fe, Al and Mn, the alkalinity of the tributaries is insufficient to 
attenuate the acidity. The pH in the stream reaches 7 after 8 km. The contamination 
spreads to 15 km downstream, where the river-bed is covered by iron and alumi-
num precipitates and colloids giving reddish, ochre-yellowish and whitish colors. 
Only a few benthic species can withstand this conditions and the presence of 
ichthyofauna is unviable. The purposes of this survey are: to determine hydrogeo-
chemical characteristics and spatio-temporal evolution of the ARD draining to 
La Silva; to analyze the dilution and precipitation mechanisms of some metals 
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in La Silva; to evaluate the pollution extent of ARD and the impact on biota 
(benthic macroinvertebrates and fishes).

The study area is located on La Silva Valley, at the eastern part of the region of 
Bierzo, province of León (Spain). The ARD is generated in the first 2 km of the 
headwaters and go down together with other tributaries over La Silva. La Silva 
Stream flows into the Tremor River, which in turn flows into the Boeza River.

The geology of the region is composed of slates Cambro-Ordovician age, uncon-
formable underlying Upper Stephanian of Carboniferous age. Pyrite is the dominant 
mineral in the slate. The stretch affected by the construction is composed of a 500 m 
in thickness, clay-rich and dark, not carbonated or sandy slates which is intensely 
folded and with a very deep schistosity. This makes bedding not distinguishable. The 
overlying strata are composed of clay-rich slates intercalated with more sandy stretches 
containing iron layers which originate topographical ridge. The upper strata consist of 
clay-rich slates of 200 m in thickness. The materials are affected by a contact meta-
morphism, hardly visible to the naked eye. In the belated stages three extensional joints 
systems, with monomineral paragenesis formed by pyrite with idiomorphic crystals 
weathering change into limolite in surface, can be recognized. La Silva Stream washes 
these materials accumulated in great volume spoil dumps and trails resulting from the 
works of the A6 Highway leading to the acidity of water.

Methodology

In order to determine the physicochemical and biological water quality, samples 
of water, sediments, macroinvertebrates, and fish were taken at 13 sampling 
points in La Silva Stream and several tributaries (Fig. 1). pH, Eh, electrical 
conductivity, dissolved oxygen, turbidity, dissolved Fe, acidity and alkalinity 
were measured in situ with portable kits. SO

4
2− and HCO

3
− were measured by 

Absorption Spectrophotometry. TSS was determined by filtering and drying at 
105°C. Metal concentration was measured by ICP-AES. Analytical results from 
the Confederación Hidrográfica del Norte (Ministerio de Medio Ambiente) 
have also been considered. pH and Eh were measured in sediments in a 1:2.5 
sediment:water suspension. Metals were extracted by digestion with HF, HClO

4
 

and HNO
3
, followed by drying and dissolution in HCl and subsequently ana-

lyzed by ICP-AES. The Tessier method of sequential extraction for the specia-
tion of particulate trace metals [7, 8] was performed, and metal concentration 
was analyzed by ICP-AES. Benthic macroinvertebrates were collected with a 
300 µm mesh kick net and fish was collected by electric fishing. Family iden-
tification was performed for EPT [9] and IBMWP [10] indexes calculation.

Results and Discussion

Until the construction of the highway, La Silva was a mining valley. Mining began 
2 km downstream from the headwaters. The evolution of the geochemical charac-
teristics of La Silva Stream is shown in Fig. 2. The date of beginning of the 
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construction is clearly noticeable, attending to the data of the Confederación 
Hidrográfica del Norte for the NO01590001 Station, located at 8,175 m from the 
headwaters and near to the S12 sampling point. These data also show the evolution 
of pH (from neutrality to nearly 4) and alkalinity (from 34 to 0 mg/L) in 2,000. Up 
to now these conditions have been maintained.

Prior to the construction, the natural attenuation processes and the dilution pro-
duced by the tributaries (mainly La Retuerta, Mostruelo and the adit) were suffi-
cient to maintain a neutral pH in the stream and a population of brown trout. Some 
characteristics of the tributaries of La Silva can be seen in the Table 1.

Variation in Water Physicochemical Characteristics  
Along La Silva

In the headwaters of La Silva, the ARD mix with superficial runoffs during rainy 
periods and with small unpolluted streams which flow into the main bed. Both the 
runoffs and the discharges increase the flow of the stream, producing a dilution of 
the metallic content, a slight increase of pH and a precipitation that reduce espe-
cially Fe and Al contents. Main properties of the water samples of La Silva and its 
tributaries in winter 2005–2006 are shown in Table 2.

Fig. 1 Sampling points at 
the mining area of El Bierzo
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Fig. 2 Temporal evolution of the pH and the alkalinity (in mg/L) in La Silva from 1996 until 2008

Table 1 Characteristics of the tributaries of La Silva: flow, pH, alkalinity and 
distance from headwaters

Tribuary Flow pH Alkalinity Distance

Retuerta Stream 100 6.46 1 1,520
Adit 20 7 436 4,000
Mostruelo Stream 300 6.14 68 5,000
Fuente del Palomo 

Stream
200 4.78 2 7,150

Valdivieco Stream 60 5 1 7,500
Rinules Stream 20 4.45 0 8,200

Flow: unit in L/s; Alk.: alkalinity, unit in mg/L CaCO
3
; Dist: distance, unit in m.

As can be seen in Fig. 2, these processes induce a decrease of the concentration 
of Fe from 93.7 mg/L at pH 3.2 to nearly 0 at pH 4, at 4,000 m from headwaters. 
This is probably due to the iron still dissolved in the water that ended to hydrolyze, 
resulting in the precipitation of iron oxyhydroxides, some of whom are transported 
downstream (Fig. 3).
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Fig. 3 Some parameters in La Silva Stream as a function of distance

Secondly, in the case of Al, a similar process as with iron occurs. The Al con-
centration decreases from 234 mg/L at pH 3.2 to 4.54 mg/L at pH 5.2 by means of 
hydrolysis and precipitation of Al over a stretch of nearly 8,000 m at the lower 
reach of the stream, coinciding with the final hydrolysis range of this element (pH 
from 3.5 to 5).

Thus, La Silva Stream has a slim layer of ochre precipitates all over its bed as a 
consequence of the oxidation of Fe2+ and the hydrolysis of Fe3+ and Al3+. This layer 
includes amorphous (in its initial phase) precipitate like hydroxides (ferrihydrite 
and gibbsite) and oxyhydroxysulfates (schwertmannite, hydrobasaluminite and 
alumina) with significantly quantities of silica and sulphate, and even little adsorbed 
quantities of Cu, Zn, As, among others.

Acidity in La Silva Stream

The acidity produced by the ARD is due to the protons H+ released to hydrolyzed 
metals in solution:
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Fe2+ + 1/4O
2
 + 3/2H

2
O → FeOOH + 2H+

Fe3+ + 2H
2
O → FeOOH + 3H+  (1)

Al3+ + 3H2O → Al(OH)
3
 + 3 H+

Mn2+ + 1/4O
2
 + 3/2H

2
O → MnOOH + 2H+

These reactions are used to calculate the acidity produced by ARD using the 
expression: Acidity = 50[2Fe2+/56 + 3Fe3+/56 + 3Al3+/27 + 2Mn2+/55 + 1,000(10−pH)], 
where metal concentrations are in mg/L and 50 is the equivalent weight of CaCO

3
 

[8]. Water samples were taken in winter 2008 for analysis at S1 and an acidity curve 
was performed at the S1 station. This curve, in addition with another one corre-
sponding to the winter 2006, is shown in Fig. 4. The main properties of the water 
at the S1 sampling point (La Silva) were: 2.75 pH, 56 mg/L Fe2+, 108 mg/L Fe3+, 
504 mg/L Al3+, 8.96 mg/L Mn2+. Applying the above expression, the acidity was 
calculated to 3,289 mg/L CaCO

3
. As can be seen in Fig. 4, the total acidity is close 

to the value obtained by the expression [8].
The acidity at S1 is very high (3,289 mg/L CaCO

3
), and the alkalinity of the 

tributaries is very low. Thus they are not capable to neutralize the acidity, except for 
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3
)
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Table 3 Physicochemical features and biological indexes in several sampling points

Sampling point pH SO
4
2− Cond. Turb. Alk. Al Fe Fe (S) IBMWP EPT

B0 Boeza 7.1 39 122 35 31.7 60.8 22 8,976 89 9
B3 Boeza 6.9 2 22 0.05 12.2 <10 <10 7,592 174 13
T0 Tremor 6.8 105 244 91 34 64.5 66 12,506 54 3
T1 Tremor 7.25 135 293 12.69 42.7 64.1 19 12,277 48 5
T4 Tremor 7.6 126 301 2.53 60 43.6 24 9,701 139 11
R1 Rodrigatos 7.2 304 575 5.52 65 98 83 10,037 86 6
S1 La Silva 3.45 438 781 0.21 0 52,644 10,640 175,178 0 0
S10 La Silva 4.73 289 507 25 0 8,548 808 12,665 5 2
Cond: conductivity, unit in µS/cm; Turb: turbidity, unit in FTU; Alk: alkalinity, unit in mg/L 
CaCO

3
; Al, Fe: concentration in water samples, units in µg/L, Fe (S): concentration in Fraction III 

in sediments samples [7], units in µg/g.

the adit (S5) that shows 436 mg/L alkalinity and 20 L/s flow (Table 2). Even though 
this effluent is insufficient to neutralize the water of La Silva, it is capable to raise 
the pH from 3.6 to 4.5. Only after La Silva flows into the Tremor and having cov-
ered 8,000 m from the headwaters, the water reaches neutrality. In spite of this situ-
ation, the plume of contamination, noticeable due to the drag of Fe and Al 
precipitates, reaches Bembibre Village, 15,500 m downstream.

In the current environmental conditions, the biodiversity in La Silva is very 
poor. A comparison of the physicochemical and biological characteristics in differ-
ently polluted sampling points is showed in Table 3. B3 sampling point (Boeza 
River) is not affected by mining and shows a high environmental quality. B0 
(Boeza River) is located downstream from the confluence of Tremor River. T0, T1 
and T4 are located in the Tremor River, which is affected by old mining but have 
almost recovered. R1 sampling point is located in the Rodrigatos Stream, on the 
process of recovery. In both Tremor and Rodrigatos, the past mining activity is only 
noticeable by the high concentration of sulphates and of iron oxides. In order to 
compare results, S1 and S10 sampling points (affected by ARD) have been 
included. As can be seen in Table 3, La Silva Stream (S1 and S10) shows much 
lower IBMWP and EPT index values than the reference point (B3), being always 
lower than 5 (very poor biological quality). On the other hand, the sampling points 
T4 (Tremor River upstream from the confluence with La Silva) and R1 (Rodrigatos 
Stream) show values closer to B3 (very good biological quality and good biological 
quality, respectively). The negative effect of La Silva is also observed downstream 
from the confluence of the Tremor River and spreads much further up to the conflu-
ence of Boeza River. Thus, T1 and T0 show lower values than T4 (fair biological 
quality). The effect is still visible at B0, in Boeza River downstream from the con-
fluence of Tremor (good biological quality).

Regarding the ichthyofauna, the point B3 has a healthy brown trout population 
whereas in La Silva Stream none specimen was found. In the Tremor River, 
upstream from the confluence of La Silva (T4), the ichthyofauna is present. 
However, as a result of the flowing water from La Silva, in T1 and T0 (downstream 
from La Silva) the ichthyofauna is nonexistent. It is necessary to get to the Boeza 
River (B0) to find brown trout.
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Conclusion

The pollution by ARD in La Silva has resulted in high acidity levels as well as a 
high content of heavy metals. This is a consequence of the construction of the A6 
Highway and the weathering of rocks with a high content of pyrite that have been 
exposed to the surface due to the blasting. Only 8,000 m downstream, the pH 
reaches neutrality and the concentration of metals diminishes. This high pollution 
inhibits the natural recovery ability of the stream. The drag in colloidal phase of 
aluminum salts and iron precipitates, as well as the precipitation of small amounts 
of iron at pH 6–8, and therefore causes the plume of contamination to be noticeable 
more than 15 km from the source. The result of the contamination is the absence of 
aquatic life in this stream and also along the stretch of the Tremor River where, La 
Silva flows into.
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Introduction

Arsenic (As) is a semi-metallic element, all forms are toxic and explain its use as a 
wood impregnation agent component. In the past, wood impregnation plants had no 
protection against dripping and leakage, resulting in a contaminated area around the 
impregnation equipment. In Sweden, the most commonly used impregnation agents 
containing arsenic are Boliden industry salt (BIS) and CCA fluids. BIS contains 
zinc (Zn) and As, and CCA fluids contain chromium (Cr), copper (Cu) and As. 
The most common CCA fluid is called Boliden K33. The As content of BIS is 18%, 
while in Boliden K33 it is 24% [1]. Since 2004, only professionals are allowed to 
use CCS-impregnated timber in Sweden. Several more environmentally friendly 
impregnation agents have been introduced in recent years. Remediation of arsenic 
contaminated sites will be common in the future and of the completed soil remediation 
projects in Sweden in 2006, 15% were former wood impregnation sites [2]. Research 
on suitable remediation techniques is in progress, and tests have demonstrated that 
arsenic in contaminated soil can be stabilized by addition of iron oxides [3].

In nature, arsenic is present in both inorganic and organic species. Inorganic 
As generally occurs in arsenite/As(III) form as H

2
AsO

3
− or HAsO

3
2− or the form 

arsenate/As(V) as H
3
AsO

4
0 or H

2
AsO

4
− [4]; the form depending on the redox 

potential and pH value [5]. Both forms often occur together, since As is reduced and 
oxidized rather slowly. As(V) is dominant in oxidizing environments and present as 
HAsO

4
2− in alkaline and as H

2
AsO

4
− in acidic environments [6]. In reducing envi-

ronments, As(III) is dominant in the neutral form H
3
AsO

3
0 and only occurs in the 
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ionized form H
2
AsO

3
− in basic environments at pH > 9.2. Arsenic is phytotoxic and 

hazardous to living organisms, the most toxic and mobile forms being inorganic 
As(III) species [7]. Inorganic As is transformed into organic As by the process 
of methylation, by which methylarsenic acid (MMA) and dimethylarsenic acid 
(DMA) are formed. The organic forms are less toxic and more stable compared to 
the inorganic forms and can bioaccumulate [8]. The organic forms are present at 
low concentrations in soil, water and sediment.

Arsenic binds strongly on soil colloids and is highly dependent on the content of 
clay, hydr/oxides surfaces of Al, Fe and Mn, calcium carbonates and/or organic 
matter [9]. It changes with pH, and the various forms have a different adsorption 
capacity; only smaller amount of As binds to soil particles at high pH since it forms 
anions in solution. It is therefore important to determine the form of As in order to 
understand leaching processes. In general, Fe hydr/oxides have the highest degree 
of involvement in the adsorption of As in both acidic and alkaline soils, but Al, Mn 
and organic matter may be important in the former. Arsenite binds more weakly and 
is less dependent on pH than As(V) [6]. The adsorption of As(V) on iron hydr/
oxides is higher at low pH while that of As(III) is higher at higher pH. The formation 
of ferric hydr/oxides contributes to a natural reduction of the dispersal of As(V) in 
the environment [10]. In Sweden, Fe oxides are common in soil while pure Al oxides 
are less frequent [11]. In reducing conditions, iron hydr/oxides are dissolved, making 
the adsorbed As dissolve and become more mobile [6, 12]. Ferric hydr/oxides are 
metastable under most groundwater conditions and tend to dissolve in a discordant 
way, forming ferrous iron and releasing As into the solution [13]. In addition, the 
As form changes in reducing conditions; from As(V) to As(III) [6]. Furthermore, it 
is probable that salinity also affects the solubility of As, since both dissolved and 
particulate Fe concentrations decrease with increasing salinity [14].

The general leachability (K
d
 value) of As is estimated to 30 L/kg [15]. The K

d
 

value is the ratio between the concentration of the substance in the solid and the 
dissolved phase:

 ( / )

( / )d

solid phase concentration mg kg DS
K

dissolved phase concentration mg l
=  (1)

However, the concentration of As in soil affects the K
d
 value and more As is dissolved 

at high concentrations. A comparison of batch and column tests showed that higher 
concentrations yield up to three times higher K

d
 values [16]. For CCA-polluted 

soil, the K
d
 obtained in experimental conditions was lower compared to the 

calculated K
d
.

The objectives of this study were to (i) determine concentrations of the different 
As species in arsenic contaminated soil and groundwater, (ii) determine the correla-
tion of As concentration to the chemical soil characteristics, and (iii) study the 
leachability of As under different conditions and compare the laboratory results 
with As concentrations found in groundwater at the site. The results of the study 
will be used as a basis for decisions about further investigations and remediation 
actions at the site.
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Experimental and Methods

The study site is situated less than 1 km from the centre of a city on the west coast 
of Sweden. Activities at the site include welding, engine and wood treatment 
and assembly. The CCA fluid Boliden K33 was used at the site from 1943 to 1979. 
As an example, 4,800 kg of Boliden K33 was purchased in 1978. The impregnation 
equipment, in the form of a barrel, was not kept in a protected area. After impregna-
tion, the wood was dried in open areas close by. Sawdust formed during treatment 
of the dried wood was probably combusted in the area. In an environmental inves-
tigation carried out in 1998, the contaminants were judged highly hazardous and 
the dispersal potential was regarded as high. Due to the current use of the land area 
for industrial activities, the site was classified as risk class 2, which corresponds to 
“great risk” and not “high risk” as indicated by class 1 [17].

The property is flat with mostly hardened surfaces (asphalt) and has a total area 
of 80,000 m2. The contaminated area around the former impregnation barrel is 
1,800 m2. The groundwater flow is generally towards the north where a stream is 
located. The groundwater surface is assumed to be at the same level as the water 
surface of the stream. The soil to the north of the former impregnation barrel consists 
of muddy sand and to the south of filling material comprising rocky gravely sand 
over lake sand on top of clay.

Samples

Soil samples were collected by means of an auger sample in September 2007, at 11 
locations in the area of the former impregnation barrel. At each location, four to 
five samples were taken at different depths to a maximum of 2–3 m. The soil 
samples were analyzed for concentrations of total As and other metals. From the 
total of 52 soil samples collected in the area around the former impregnation barrel, 
15 were selected on the basis of the As concentration levels, and new samples were 
mixed and classified as A-C with the following degrees of contamination:

Soil A: 15–40 mg As/kg of dry substances (DS).•	
Soil B: 40–400 mg As/kg DS•	
Soil C: 400–3,000 mg As/kg DS•	

Five samples from each category were mixed in a mortar without crushing the 
material. Particle fractions >10 mm in diameter were removed by hand; however 
there were very few particles of that size. The mixed samples were then stored 
(+4°C) in diffusion-tight plastic bags designed for soil samples. The concentration 
of total As, As (III), As(V), DMA, MMA, other elements, water content and loss of 
ignition were then analyzed.

A set of batch tests was carried out aimed at studying the effects of mixing 
and aerobic/anaerobic conditions on the leachability of the different As species. 
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Soil was taken from sample C, with high concentrations of As and 100 g was added 
to each of the three beakers. Deionised and filtrated (Milli-Q) water was thereafter 
added to each beaker (L/S = 6). The first beaker was left undisturbed in an air/
oxygen environment; the second was left undisturbed under anaerobic conditions 
by means of nitrogen gas gently bubbled into the water phase. In the third beaker, 
soil and water was vigorously stirred in an air/oxygen environment. After 20 h, 
water samples were taken from all beakers. The samples were filtrated through 0.45 
mm cellulose acetate filters and the filtrates were sent for analysis of total As, 
As(III), As(V), DMA and MMA concentrations. The stirred sample was difficult to 
filtrate because the filter became clogged by particles and therefore this sample was 
pre-filtrated through a 1.2 mm micro fiberglass filter.

Leaching tests were carried out following a standardized procedure with two-
step leaching (SS-EN 12457–3). In the first step, the soil was shaken with Milli-Q 
water (L/S = 2) for 6 h. The leachate water was filtrated and sent to the laboratory 
for chemical analysis. The sample was thereafter shaken again (L/S = 6) for 18 h 
and the leachate filtrated and sent for chemical analysis of total As.

Groundwater samples were collected on three occasions from the same well in 
the contaminated area around the former impregnation barrel. Before sampling, 
the groundwater well was turned over five times. On the first sampling occasion the 
groundwater was not filtrated in the field. On the second and third occasion the 
water was filtrated in the field and samples taken with a pump with an attached 
filter (0.45 mm) in the groundwater tube. All samples were collected in plastic 
flasks filled up to the top, sealed with a lid and stored cold.

The soil samples, that is the original 52, the new mixed samples A–C, and 
the groundwater samples were analyzed for concentrations of total As, other 
elements and dry substance by a certified environmental laboratory. For each 
sample, 1 g of dried soil was microwave digested in nitric acid and hydrogen 
peroxide. The samples were subsequently filtered or centrifuged (depending on 
particle content) before analysis. Total element concentrations were analyzed by 
inductively coupled plasma atomic emission spectroscopy (ICP-AES). Loss of 
ignition was determined at the Chemical Environmental Laboratory at Chalmers 
following a standardized procedure.

The mixed soil samples A–C, leachates from the laboratory experiments and 
the groundwater samples were analyzed for concentrations of the following 
As species: arsenite/As(III), arsenate/As(V), monomethylarsonic acid (MMA) and 
dimethylarsinic acid (DMA) by a certified environmental laboratory. The laboratory 
is not certified for the As speciation method, but the analyses were carried out 
by specialists in a research group at a Swedish university. One gram of the soil 
sample was treated with a phosphate buffer to leach the arsenic. The leachate 
was then centrifuged and filtered through a 0.45 mm filter. Immediately prior to 
analysis, the sample was acidified to 0.07 M with HNO3 and diluted. Samples 
were analyzed by ion chromatography inductively coupled plasma mass spec-
trometry (IC-ICP-MS). Leachates and groundwater samples were only filtered 
through a 0.45 mm filter and subsequently treated and analyzed in the same way 
as the soil samples.
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Results and Discussion

The results revealed varying concentrations of the metals in the soil, extremely high 
concentrations, mg/kg of dry substances (DS), of total As up to 3,000, but also 
Pb £ 3,100, Cd £ 16, Cu £ 2,000, total Cr £ 1,200 and Zn £ 870 in close proximity 
to the former impregnation barrel. All these values significantly exceed the Swedish 
guideline values for contaminated soil; the guideline value for total As is 15 mg/kg 
DS. A mean As concentration in the soil in the highly contaminated area around 
the former impregnation barrel was calculated to 250 mg/kg DS. Extremely high 
concentrations of As in soil has also been reported at an industrial site in Belgium [18].

The dry matter content (75% in soils B and C, and 81% in soil A) indicates that 
soil A consists of larger grain sizes with a lower ability to bind water. The organic 
matter content was low (1.5%) in all soils. Total concentrations of several metals 
were analyzed in all soil samples and the results are presented in Fig. 1.

Soil C was highly contaminated with As, while soils A and B contained lower 
As concentrations. Soil C also had elevated levels of Cr, P and Al compared to soils 
A and B. Soil B generally exhibited low concentrations of all elements, although 
the As and Al levels were higher compared to soil A. Compared to soils B and C, 
soil A had higher concentrations of Fe, Mn, Cu, Ni, Pb and Zn.

The arsenic speciation showed that the soil samples had high levels of arsenate/
As(V), see Fig. 2. This was expected, since the soil was unsaturated and therefore 
in an oxidizing environment; arsenate is formed under oxidizing conditions [6]. 
The arsenate/arsenite relation was around 80 in soil C, 70 in soil B and 20 in soil 
A, and similar relations were observed in a previous study [19]. The concentrations 
of DMA and MMA were low, which was expected because of the low organic 
content of the soils [12].
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Batch Tests – Leaching Aerobic/Anaerobic Conditions

The results of the As species’ leachability from soil stored in beakers; one being 
stirred, one undisturbed and one containing an inert atmosphere, are compared in 
Table 1. The largest amount of leached As was found in the beaker with anaerobic 
conditions. This may be explained by the fact that As is more easily dissolved in 
reducing environments if bound as iron arsenate to the soil particles. In a reducing 
environment, iron oxides dissolve and thus the As in iron arsenate likewise 
dissolves and becomes more mobile [13].

The largest part (~90%) of all As leached in the samples was arsenate, As (V), 
which was expected due to the high concentrations in the soil. The lowest amount 
of leached As was found in the strongly oxidized environment in the stirred beaker, 
which causes As to bind to iron oxides.

Only total As concentrations were analyzed in the leaching tests because the 
shaking procedure oxygenates the samples and thus changes the As speciation [6]. 
Arsenic levels after 6 and 18 h of shaking are presented in Table 2.

Soil B exhibited a higher degree of leaching compared to soils A and C, as 
demonstrated by the lower Kd value. The reason for this may be that soils A and C 
had a higher total content of Fe and Al, metals which can bind As [6]. The As 
concentration in leachate from soils A and C decreased because complex binding 
of As with Fe increases over time. This binding is faster than the leaching of 
As into the water phase. On the other hand, in soil B, which had a lower Fe content, 
the leaching was faster than the complex binding. The As concentration therefore 
increased in leachate from soil B over time.

The K
d
 value was high in all soils; 800 (soil A), 77 (soil B) and 1,300 (soil C) 

times higher than the general K
d
 value of As of 30 L/kg [15]. These values indicate 
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Table 1 Total As, As species, Fe, Mn and Al concentrations in the water phase after anaerobic, 
aerobic (undisturbed) or aerobic (stirred) treatment of contaminated soil

Stirred beaker-aerobic Anaerobic Undisturbed-aerobic

Conc./Rel 
Conc./K

d
(µg/L) (%) (L/kg) (µg/L) (%) (L/kg) (µg/L) (%) (L/kg)

Total As 21 33  12
Leached Asa 0.0084 0.013 0.0048
K

d
 valueb 71,400 45,500 125,000

As(III) 1.4 6 1.3 3   1.4 10
Arsenite
As(V) 20 89 38 94  13 89
Arsenate
DMA 1.1 5 0.6 2  <0.1 <0.5
MMA <0.1 <0.5 0.4 <1  <0.1 <0.5
∑Species 23 40  15
Fe 73 − 39 −  52 −
Mn 82 − 96 − 110 −
aRatio between the As content in the water phase and in the soil (soil C; 1,500 mgAs/kg DS).
bAs concentration in soil C (1,500 mg/kg DS) was used for the calculation of K

d
.

Table 2 Total As, Fe and Al concentrations and K
d
 values from the leaching tests

As in soil  
[mg/kga]

As in leachate  
after 6 h  
(µg/L)

As in leachate  
after 18 h  
(µg/L)

K
d
 value  

after 6 h  
(L/kg)

K
d
 value  

after 18 h  
(L/kg)

Fe in soil  
(mg/kga)

Al in soil  
(mg/kga)

Soil A 41  1.7  1.5 24,000 27,000 100,000  8,500
Soil B 71 31 38  2,300  1,900  25,000 19,000
Soil C 1,500 34 28 45,000 54,000  68,000 21,000
a Of dry substances.

low leachability and lead to a classification of the soils as inert waste, which 
is incorrect because the As concentration in soil C is higher than the limit for 
hazardous waste (>1,000 mg/kg DS). The high K

d
 values in soils A and C may be 

explained by the binding of As to iron hydr/oxides [12] (Table 2). In addition, 
As(V) was the dominant form in the soils analysed, which was expected because 
As(V) adsorbs more strongly than As(III) to soil particles [1, 12]. Other studies also 
demonstrated equally high K

d
 values as those presented here [12]. In the present 

study, the K
d
 value was approximately three times higher in the batch test compared 

to the leaching test, which is supported by previous studies [15].

Groundwater

Table 3 shows As concentrations in groundwater from one sampling point on 
different sampling occasions and with different sample treatment. Groundwater 
samples revealed high concentrations of As, up to 42 mg/L but it varied greatly due 
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to sample treatment and sampling occasion. Results also indicate that a fast 
complex formation occurs even after filtration of the sample.

The total As concentration is also dependent on the level of the groundwater 
table. Groundwater samples collected when the table was high contained more 
As compared to those collected when the table was lower (42 mg/L at 0.7 m and 
0.61 mg/L at 0.9 m). This is probably due to the fact that, as it elevates, the ground-
water reducing environment dissolves As that is bound to iron hydr/oxides in soil 
particles [12]. As the groundwater table fluctuates, As in soil can be dissolved into 
the groundwater, thus increasing the As concentration. Arsenic concentrations vary 
locally due to changes in the groundwater table level, inflow and precipitation [12]. 
At the site, the highly polluted area is mostly covered with asphalt, and stormwater 
is conducted through pipes to the stream. Direct infiltration of surface water is 
therefore small. It is considered that the seawater level has a large impact on the 
groundwater table level. As the groundwater is in direct contact with the seawater, 
a rise in the seawater level makes the As in the soil dissolve into the groundwater.

The calculated Kd values are significantly lower in the groundwater samples 
compared to those obtained in batch and leaching tests (Tables 1–3). Kd values are 
more than 300 times higher in the leaching tests and up to 7,500 times higher in 
the batch tests compared to the groundwater samples. This is because the rate of 
As dissolution from iron arsenate is higher in groundwater since it is a more 
reducing environment [13]. In addition, the higher salinity of groundwater probably 
causes more As to dissolve, since particulate Fe concentrations decrease with 
increasing salinity [14].

EU directive 2003/33/EG states that excavated material should be classified 
according to batch test results [20]. The present study demonstrate that the 

Table 3 Arsenic concentration in groundwater related to sampling occasion, groundwater table 
level, K

d
 value, Fe concentration and sample treatment

Sampling 
occasion Gwt (m) K

d
 valuea As conc (µg/L) Fe conc (µg/L) Sample treatment

Nov 21, 2007 0.9 410  610 23 Filtered on site and  
in laboratory

Nov 21, 2007 0.9 190 1,300 23 Unfiltered, acidified 
in laboratory

Nov 27, 2007 0.9 90 2,800 24000 Analysis redone 
March 3, 2008, 
acidified in 
laboratory

Dec 17, 2007 0.8 6 42,000 110 Filtered on site
Feb 07, 2008— 0.7 20 12,300 − Filtered on site, 

acidified in 
laboratory

Feb 07, 2008 0.7 200 1,260  − Filtered on site and 
in laboratory

a Calculated using a mean As concentration in the soil of 250 mg/kg DS. Concentration was 
calculated as a mean of all the analyzed soil samples from sampling points in the area.
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leachability of As is underestimated in batch tests. Thus, excavated material can be 
classified as less hazardous than it is in reality.

On site filtration is crucial for the result of As speciation in water. If the water 
sample is not filtrated on site, iron oxides and soil particles containing oxides will 
remain. Arsenic(V) then reacts with these iron oxides and precipitates, while As(III) 
does not because it is not as easily adsorbed to metal oxides [12]. If the Fe content 
of the water sample is high, this effect can be significant. Thus, by not filtrating on 
site, the result for As(V) can be misleading. Figure 3 shows the As speciation in 
groundwater when the sample was filtrated compared to when it was not filtrated on 
site. DMA and MMA concentrations were low in all samples (0.050–0.55 mg/L). 
This was expected, because the organic content of the soils is low [12].

Conclusions

The investigated site is highly contaminated by As in both soil and groundwater 
and remedial actions are urgently needed. The groundwater concentrations of 
As(III) were high, despite the low amounts leached in the laboratory tests. Batch 
tests under aerobic conditions are not an appropriate method for determining the 
leachability of As from soil, because there is a risk that excavated material will be 
classified as less hazardous than it is in reality. Filtration of groundwater samples 
in the field is necessary. If the sample is not filtrated immediately, iron hydr/oxides 

Fig. 3 A comparison of filtered and non-filtered samples in terms of As speciation of groundwater 
from the well in the highly contaminated area
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and soil particles containing oxides will remain. Arsenic(V) then reacts with 
the iron oxides and precipitates, while As(III) does not because it is not as easily 
adsorbed to metal oxides.

References

1. Bhattacharya P, Mukherjee AB, Jacks G, Nordquist S (2002) Metal contamination at a wood 
preservation site: characterisation and experimental studies on remediation Sci. Tot. Environ. 
290:165–180

2. Swedish EPA (2006a) Åtgärdslösningar - erfarenheter och tillgängliga metoder, Rapport 5637 
ISSN 0282-7298, Stockholm (In Swedish)

3. Lidelöw S, Ragnvaldsson D, Leffler P, Solomon T, Mauric C (2007) Field trials to assess the 
use of iron-bearing industrial by-products for stabilisation of chromated copper arsenate-
contaminated soil Sci. Total Environ. 387:68–78

4. Cullen WR, Reimer K (1989) Arsenic speciation in the environment Chem. Rev. 89:713–764
5. Vink BW (1996) Stability relations of antimony and arsenic compounds in the light of revised 

and extended Eh-pH diagrams Chem. Geol. 130:21–30
6. Sracek O, Bhattacharya P, Jacks G, Gustafsson J-P, Brömssen M (2004) Behaviour of arsenic 

and geochemical modelling of arsenic enrichment in aqueous environments Appl. Geochem. 
19:169–180

7. Petänen T, Lyytikäinen M, Lappalainen J, Romantschuk M, Kukkonen JVK (2003) Assessing 
sediment toxicity and arsenite concentration with bacterial and traditional methods Environ. 
Pollut. 122:407–415

8. Leermarkers M, Baeyens W, De Gieter M, Smedts B, Meert C, De Bisschop, Morabito R. 
Quevauviller PH (2006) Toxic arsenic compounds in environmental samples: Speciation and 
validation Trends Anal. Chem. 25:1–10

9. Sadiq M (1997) Arsenic chemistry in soils: an overview of thermodynamic predictions and 
field observations Water Air Soil Pollut. 93:117–136

10. Sherman DM, Randall SR (2003) Surface Complexation of arsenic(V) to iron(III) (hydr)
oxides: Structural mechanism from ab initio molecular geometries and EXAFS spectroscopy 
Geochim. Cosmochim. Acta 67:4223–4230

11. Swedish EPA (2007) Modeller för spridning av metaller från mark till vatten, Naturvårdsverkets 
rapport 5741, ISBN 91-620-5741-3, Stockholm (In Swedish)

12. Smedley PL, Kinniburgh DG (2002) A review of source, behaviour and distribution of arsenic 
in natural waters Appl. Geochem. 17:517–568

13. Krause E, Ettel VA (1989) Solubilities and stabilities of iron arsenate compounds Hydrometal. 
22:311–337

14. Johansson E (2005) Partitioning of trace metals between the dissolved and particulate phase 
at the outlet of River Höjeå, Sweden: importance of salinity and organic matter nature conser-
vation: Water Management. University of Lund

15. Swedish EPA (1997) Development of generic guideline values. Model and data used for 
generic guideline values for contaminated soils in Sweden. Rapport 4639, Naturvårdsverket, 
Stockholm

16. Swedish EPA (2006b) Laktester för riskbedömning av förorenade områden (Huvudrapport 
och underlagsrapport 1a), Naturvårdsverkets rapport 5535, ISBN 91-620-5535-6, Stockholm 
(In Swedish)

17. Swedish EPA (2002) Methods for inventories of contaminated sites: environmental quality 
criteria guidance for data collection, Naturvårdsverkets rapport 5053, ISBN 91-620-5053-2, 
Stockholm



297Arsenic Contamination After Wood Impregnation

18. Cappuyns V, Van Herreweghe S, Swennen R, Ottenburgs R, Deckers J (2002) Arsenic pollu-
tion at the industrial site of Reppel-Bocholt (north Belgium) Sci. Tot. Environ. 295:217–240

19. Georgiadis M, Yong C, Solo-Gabriele H (2005) Extraction of arsenate and arsenite species 
from sediment Environ. Pollut. 141:22–29

20. EU (2002) EU-directive on Landfill of Waste as of decision Dec. 19, 2002;”Criteria and pro-
cedures for the acceptance of waste at landfills” (2003/33/EG)



299

Introduction

In the past decades, both terrestrial and aquatic environments have been polluted 
with metals [1]. Soil normally contains a low concentration of heavy metals 
such as iron (Fe), which is an essential micronutrient for the optimum growth of 
plants. A metal like lead (Pb) is usually not found in agricultural soil, and is toxic 
to plants. However, in areas where agricultural, industrial or municipal wastes are 
land-applied as fertilizer, concentrations may be much higher. Excessive levels of 
heavy metals can be hazardous to humans and ecosystems [2]. Although heavy metals 
are released in varying quantities into the soil from parent materials, increasing 
environmental contamination has been caused by human activities, such as mining, 
smelting, fossil fuel combustion, agricultural practices and waste disposal [3, 4]. 
In order to characterize subsurface contamination, the most commonly used methods 
involve collection of representative samples of soil and pore fluid and then analyzing 
them for targeted species in the laboratory. In general, this way of characterizing 
the contamination of a soil-fluid system is the only one acceptable to regulatory 
agencies [5]. However, sample collection and analysis in the laboratory pose 
significant problems: (1) sampling of the soils is extremely time consuming and 
expensive; (2) sampling is destructive in the case of removing the soil samples; (3) 
the sampling is not continuous with time; and (4) samples can be contaminated 
during sampling, transportation, and analysis in the laboratory.

Thus several geophysical methods have been developed which utilizes the 
contrast caused by the contaminant on physical properties of the soil [6, 7]. 
Electromagnetic and dielectric methods show high potential for characterization 
hydrocarbon contaminated soil and determination of the level of contaminant. 
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In additional use of this method rely upon the availability of information about the 
dielectric properties of the contaminated soil. Development of such information has 
formed a focus of research by many authors around the world over several years [7–9].

This study focuses on the factors affecting the dielectric response of soil-water-heavy 
metal mixture at low frequency ranges. In this paper, the complex permittivity of soils 
was measured at the frequency range of 100 kHz–1 MHz by means of using LCR 
meters. The effects of measurement frequency, heavy metal type and concentration 
on the dielectric response were evaluated by analyzing the complex permittivity of 
specimen at low frequencies.

Complex Permittivity and Polarization

When a capacitor containing material is connected to a sinusoidal voltage source, 
all materials including soils have a loss current component which is in phase with 
the applied voltage [10]. The partially out-of-phase response of the materials due to 
the existence of the loss currents can be well described in terms of the complex 
permittivity (e*). The relative complex permittivity, which is normalized with respect 
to the permittivity of free space, can be represented by Eq. 1 [10]. In common 
usage, the word “relative” is frequently dropped (ASTMD150).

 *

o

i
e

e e e
e

′ ′′= = −  (1)

In Eq. 1, e
o
 is the permittivity of the free space (e

o
 = 8.85 × 10–12 F/m) and i denotes 

an imaginary number. The real part of the complex permittivity (e¢) is commonly 
called the permittivity or dielectric constant of a material and represents the 
capacitive behavior or polarizability of the material. The imaginary part (e”) is 
called the loss factor and represents the energy losses due to polarization and 
conduction [11, 12]. In the permittivity measurement, losses due to polarization and 
conduction are measured together [13]. Hence, the effective imaginary permittivity 
(e

eff
”) becomes Eq. 2:

 
eff

o

s
e e

e w
′′ ′′= +  (2)

where s is zero-frequency current (DC) conductivity, w is the angular frequency 
(w = 2pƒ) and ƒ is the frequency. When an electric field is applied to a medium, 
some charges are bound, yet these positive and negative charges can move locally 
relative to each other, which results in a polarized medium. The polarizability of 
the medium is represented by permittivity. In other words, permittivity is a measure 
of the extent to which the electrical charge distributed in a material can be polarized 
by the application of an electric field. The spectral response of permittivity with 
frequency captures the various polarization mechanisms [14, 15].
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In single-phase and homogeneous materials, there are three types of polarization 
mechanisms: (1) electronic polarization due to the displacement of an electronic 
cloud around an atom, (2) ionic polarization due to the relative displacement of 
atoms in a molecule and (3) orientation polarization involving the rotation of 
dipolar or polarized molecules [13–15]. Polarization mechanisms display one of two 
characteristic spectra such as resonance or relaxation at characteristic frequencies. 
In multiphase materials, the predominant polarization mechanism is spatial polar-
ization, which is also known as interfacial polarization or Maxwell-Wagner 
polarization. This mechanism results from the differences in the polarizability and 
conductivity among each component composing the material [15]. In such a condi-
tion, charges accumulate at the interfaces to maintain the same current density 
throughout the contiguous layers [13]. Accumulation of charges at the component 
inter face appears as an increase in the capacitance of the material. Spatial polariza-
tion manifests as relaxation spectra of real permittivity at radio frequencies because 
the accumulation of charges under an alternating current field is strictly time 
dependent. Compared with other polarization mechanisms in single-component 
materials, this polarization mechanism has a very large spatial scale [16].

Experimental Method

Materials and Sample Preparation

Sandy soil was used to investigate the permittivity of soil in this study. The sieve 
analysis of the soil in accordance with the ASTM Standard D 442, summarized in 
Fig. 1. The quartz sand with porosity (N = 0.4, according to the procedure described 
in AASHTO manual 1974) was dried and three samples of 500 g have been prepared 
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Fig. 1 The sieve analysis of the soil
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from the dried sandy soil at certain amount of deionized water and two type of 
heavy metal (Fe and Pb). One soil sample was taken and recognized by the deionized 
water only (clean soil) while another two samples prepared to evaluate the effect of 
heavy metal contamination on saturated sand soil by adding 10 mg/L from the two 
type of heavy metals. The total liquid (water and heavy metal) was 40% by volume in 
order to saturate the sand soil with porosity 0.4. The soil samples were shacked for 
15 min then kept for 3 h in sealed plastic container to avoid any evaporation. Three 
impedance measurements were obtained at each frequency and the average value was. 
The complex permittivity was deduced from the measured impedance of soil sample.

Electromagnetic Measurements and Test Cells

The test cell of internal dimensions 80 × 80 × 40 mm were used. Copper electrodes 
with dimensions 80 × 80 × 2 mm were attached to two opposite faces of the cell. 
Copper connections were passed through the cell walls and connected to the 
electrodes. All impedance measurements were acquired using the LCR meter, oper-
ating in voltage-drive mode, with the signal voltage being 1,000 mV. A linear 
sweep over the frequency range of 100–1,000 kHz was used with the data, recorded 
at 21 frequency points within this range.

The connection to the LCR meter was done by means of short, individually 
screened coaxial cables to the voltage (V), high/low and current (I) output/input 
terminals. Cable impedance, plate impedance and fringing impedance were 
determined using an appropriate model circuits. From the measurements, the 
impedances of soil sample were calculated and all data is logged by a PC. The complex 
permittivity (real part dielectric constant and imaginary part loss factor) of soil 
samples were deduced from the impedance of the soil. The setup of the system is 
shown in Fig. 2.

Fig. 2 Schematic diagram of the dielectric measurement system
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Fig. 3 The effect of iron on the complex permittivity. (a) Real part. (b) Imaginary part
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Fig. 4 The effect of lead on the complex permittivity. (a) Real part. (b) Imaginary part

Results and Discussion

The effect of heavy metal (Fe and Pb) on the complex permittivity was explored. 
The results of complex permittivity of saturated soil contaminated with Fe and Pb 
versus frequency are shown in Figs. 3 and 4 respectively. It is easy to note from 
Figs. 3 and 4 below that the dielectric constant (real part of permittivity) as well as 
the loss factor (imaginary part of permittivity) decrease with increasing frequency 
for both pure and contaminated soils. For contaminated soil the results show that 
the dielectric constant values are higher than the uncontaminated soil at frequencies 
less than 200 kHz, as shown in Figs. 3a and 4a, while at frequencies higher than 
300 kHz the opposite trend is observed for both types of heavy metals.

The loss factor (imaginary permittivity) value for contaminated soil is higher 
than clean soil as shown in Figs. 3b and 4b. This increase is a result from increasing 
the ionic concentration. Therefore, the electric conduction is enhanced by free 
movement of charges whereby the ionic constituents act as charge carriers.
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Conclusion

The effect of iron (Fe) and lead (Pb) content on the measured electromagnetic 
properties of saturated soil material has been evaluated at a frequency range from 
1 to 1,000 kHz. The dielectric constant and the loss factor were studied for soils 
contaminated by heavy metals at frequencies from 1 to 1,000 kHz. The research 
consummates that both the dielectric constant and the loss factor of soil samples 
decrease with increasing frequency.

The presence of heavy metals (Pb and Fe) cause an increase in loss factor of 
saturated soil over all frequency ranges from 1 to 1,000 kHz while the dielectric 
constant increase at low frequencies (less than 200 kHz) and decrease at high frequen-
cies (higher than 300 kHz). This can be attributed to the electrode polarization at 
low frequencies. The results indicate that the measured complex permittivity of 
saturated soil may be used as a means of detecting and quantifying heavy metal 
contamination in soil.

Nomenclature

e* Complex permittivity
e” Effective imaginary permittivity
s  Zero-frequency current (DC) conductivity
w  Angular frequency (w = 2pƒ)
ƒ  Frequency
e

o
  Permittivity of the free space (e

o
 = 8.85 × 10–12 F/m)

i  Imaginary number
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Introduction

Cost effective alternative technologies and sorbent materials are in great demand for 
sustainable management and treatment of contaminated water. Natural materials and 
industrial waste, that is low-cost adsorbents, are available in large quantities and 
have the potential to be used for the treatment of metal contaminated water [1, 2]. Blast-
furnace sludge is generated during the manufacture of pig iron [3]. Pig iron is pro-
duced in large blast furnaces, where preheated air is blown into the lower part of the 
furnace. A dusty gas is emitted from the top of the furnace and the gas is purified by 
means of wet treatment in flue gas scrubbers. The particles in the washing water settle 
through sedimentation, and the remaining muddy waste is termed blast-furnace 
sludge. At present this sludge is deposited in landfills and the steel industry in 
Europe produces ~500,000 t of the sludge yearly [4].

Environmental research and publications pertaining to the use of blast-furnace 
sludge are very limited [5]. The sorption capacity for metals in a single solution with 
furnace sludge has been investigated and found to be effective for metals such as Pb, 
Zn, Cd, Cu and Cr [6, 7] but the removal of Zn has been reported as low [8]. The 
possible release of and environmental risk posed by iron-cyanide complexes from 
deposited blast-furnace sludge has been found to be low [9].

The sludge has been chemically and mineralogically characterized [10]; the main 
elements found were C > Fe > > Ca > Si > > Al > Zn. Carbon was found in the form 
of coke and graphite, and the main minerals were calcite/CaCO3 > quartz/SiO2 > 
kaolinite/Al2Si2O5(OH)4 > hematite/Fe2O3 > magnetite/Fe3O4. Further stud-
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ies on the capacity of furnace sludge to remove metals from multi-metal solutions as 
well as real leachate and groundwater have been suggested.

The aim of this project was to investigate the potential of blast-furnace sludge as 
an adsorbent for metal contaminated water. The sludge was tested under extreme 
conditions that can occur in real environments by means of laboratory studies to 
determine the sorption capacity for metals (i) in multi solutions at different pH val-
ues and (ii) on an old sludge with multi-metals in real leachate.

Experimental and Methods

The blast-furnace sludge used in this study was from a Swedish steel producer and 
delivered by SSAB Merox AB in Oxelösund (a subsidiary of SSAB Svenskt Stål). 
The company’s activities are concentrated on recycling and the sale of non-steel 
products from steel making processes.

Characterization of the Blast-Furnace Sludge

The crystalline components present in the blast-furnace sludge were studied qualita-
tively by x-ray powder diffraction (XRD) using a Siemens D5000 diffractometer and 
Cu Ka radiation. The compounds were identified by comparison with standards in 
the Joint Committee of Diffractions Standards database.

The buffer capacity of the furnace-sludge material was determined by 20 g of 
sludge added to 40 mL deionised and filtrated (Milli-Q) water, after which 0.1 M 
NaOH was added until the pH reached 12, after which 0.1 M HCl was added until 
the pH dropped to 6.0. The same procedure was used for the old sludge material with 
the addition of 8.7 g of material into 100 mL Milli-Q water and titration to pH 6.0. 
This titration was slow and continued for 14 days. The carbonate alkalinity of the 
old material was determined in a water solution after 5.0 g of the material had been 
in contact with 500 mL of Milli-Q water for 24 h. The carbonate concentration was 
calculated from the alkalinity by means of equilibrium calculations.

Sorption Beaker Tests

Sorption beaker tests were carried out to investigate the blast-furnace sludge sorption 
capacity at different pH values for multi-metal solutions in concentrations equal to 
extremely contaminated groundwater, see Table 1. The goal was to investigate the 
material’s sorption capacity under extreme conditions that could occur in real-life 
environments. The sorption tests were carried out by means of batch beaker tests in 
which 5.00 g of dry sludge was added to each beaker. The sludge samples were 
mixed in 500 mL of Milli-Q water at pH values of 5.6; 7.0 and ~9 over a 24 h period. 
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In order to maintain a constant pH value, a 0.2 M acetate buffer was added to 
keep pH at 5.6 as well as a 0.02 M phosphate buffer for pH 7.0. In the beakers without 
pH adjustment and no buffer, the pH was initially 10.1–10.4, but dropped to 9.2 after 
the addition of the acidic multi-metal solution. Three metal concentrations were 
used for each pH level (Table 1). The concentration for each metal was selected 
to represent a real and extremely contaminated groundwater, five and ten times 
higher respectively, than the Swedish EPA assessment guidelines for contaminated 
groundwater [11].

Zero sample tests, with Milli-Q water and sludge being mixed for 24 h, were also 
done at the different pH values in order to determine the leaching of metals. Samples 
of the water solution were taken for metal analysis at 0 and 24 h.

A sorption test was also carried out on old sludge material and leachate from a 
landfill. The goal was to include ions from real lechate water and to test the material 
after ageing. The procedure was the same (zero samples included) as described 
above, but carried out at pH 9 with leachate taken from the landfill site. Depending 
on the low metal concentrations in the real leachate, it was spiked with the multi-
metal solutions. The pH was initially 11.2, but decreased to 8.7 after the addition of 
the metal solutions.

All water samples were filtrated through 0.45 mm cellulose acetate filters and the 
filtrates acidified to pH < 2 before being sent to a certified commercial laboratory 
for metal analysis by means of inductively coupled plasma atomic emission spec-
trometry (ICP-AES). The samples were analyzed for concentrations of Cd, Cr, Cs, 
Cu, Mo, Ni, Pb, Sn, V and Zn.

The results of the sorption tests were presented by means of the calculation of 
the metal removal efficiency and sorption capacity. The Freundlich adsorption iso-
therms were also calculated and evaluated to identify whether or not the processes 
involved sorption.

Table 1 Selected metal concentrations, based on the assessment guidelines for 
contaminated groundwater in Sweden [11]

Metal ion

Conc. 1 mg/L 
extremely 
contaminated

Conc. 2 mg/L 
5× extremely 
contaminated

Conc. 3 mg/L 
10× extremel 
contaminated

Copper, Cu2+ 20/10 = 2.0b 10b 20 b

Zinc, Zn2+a 20/10 = 2.0b 10b 20b

Chromium, Cr3+ 0.50 2.5 5.0
Nickel, Ni2+ 0.50 2.5 5.0
Molybdenum, Mo4+a 0.50 2.5 5.0
Tin, Sn2+a 0.50 2.5 5.0
Vanadium, V2+a 0.50 2.5 5.0
Lead, Pb2+ 0.10 0.50 1.0
Cadmium, Cd2+ 0.050 0.25 0.50
Cesium, Cs+a 0.050 0.25 0.50
aSwedish assessment guideline values missing.
bDue to the high assessment value, a ten time lower concentration was used.
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Simulation of Species in the Multi-metal Solutions

Simulations of the metals’ speciation in the test beaker solutions were carried out using 
CHEAQS Pro software [12]. The goal was to identify whether or not any of the metals 
were precipitated as salts in the test solutions. The program calculates the metals’ spe-
cies in a solution with equilibrium constants, drawn from various data bases and with 
input in the form of solution ion concentrations. The following beaker solutions were 
selected for the simulation: pH 7.0 with a phosphate buffer and pH ~9 without a buffer. 
The results were evaluated by comparison with the calculated removal efficiencies in 
the beaker tests with furnace sludge added. The XRD results revealed that the sludge 
contained several minerals comprising iron and carbonate. Therefore a second set of 
simulations was performed where the input concentration of ferric iron (Fe3+) was 40 mg/L 
and the carbonate (CO32−) concentration 0.1, 10 or 1,000 mg/L. These simulations were 
only carried out for the multi-metal solutions at pH 7.0.

Result and Discussion

The results of the XRD qualitative analysis revealed that the sludge is mainly com-
posed of different iron hydr/oxides, carbonates and silicates. The following minerals 
were found:

Iron hydroxide-oxide: Fe
1.833

(OH) 
0.5

O
2.5

Hematite: Fe
2
O

3

Magnetite: Fe
3
O

4

Wuestite: FeO
Iron sulphate: Fe(SO

4
)(H

2
O)

Quarts: SiO
2

Calcium silicate: CaSi
2
O

5

Calcite: CaCO
3

The results are in agreement with quantitative XRD analysis of blast-furnace slag 
[10]. The only difference was that kaolinite Al

2
Si

2
O

5
(OH)

4
 was one of the main 

minerals in the latter study. The active surfaces of the iron oxides in the sludge may 
explain the good sorption capacity for metals. The mineral goethite FeO(OH), 
closely related to the Fe

1.833
(OH) 

0.5
O

2.5
, has well documented sorption capacities for 

metals [13]. The other iron oxides detected could also be rearranged to active surface 
OH groups in contact with water, thereby acting as effective sorbents for metals 
through complex binding and surface precipitation [14]. Kaolinite and carbon, such 
as coke and graphite, may also enhance the sorption capacity of the material [10], 
but these components were not screened for in this study. The carbonates endow 
the material with a high buffer capacity, and the risk of a decrease in pH for water 
solutions in contact with the sludge material is low. The sludge had a buffer capacity 
of 0.32 mmol H +/g for decreasing pH to 6.0. The old furnace sludge had a higher 
buffer capacity of 1.2 mmol H +/g. The alkalinity of the old sludge was 64 mg/L, 
and the concentration of carbonate was calculated to 0.47 mg/L.
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Blast-Furnace Sludge – Removal Capacities

Results from the sorption beaker tests showed good removal capacity, 93–100%, for 
Cd, Cr, Cu, Ni, Pb and Sn at all concentrations and pH ~9 (Fig 1a). The pH decreased 
slightly in the beakers from 9.2 to 8.1 during the experiment. The removal capacity 
for V and Zn was 46–98%, and for Cs and Mo in the range 19–71%. The removal 
capacity for Cd, Cr, Cu,

Sn and Zn was also good, 92–100% in the solutions at pH 7.0 (Fig. 1b); pH 
remained stable during the experiment. The capacity for Ni was 83–89%, for Mo 
2–12%, and a leaching of V and Cs was indicated. At pH 5.6 (maintained stable) 
the removal capacity was lower, 32–99%, for Cr, Cu, Mo, Sn and V (Fig. 1c). The 
removal of Cd and Ni was only 6–14%, indicating a leaching of Zn, Cs and Pb. Due 
to the low capacity for several of the metals, blast-furnace sludge should not be used 
as a sorbent material in solutions at pH 5.6 or lower. On the other hand, the carbonates 
in the sludge effectively protect water solutions from acidification. A leaching of 
Zn and Pb from the sludge in pure water was indicated at pH 5.6, at pH 7.0 a leaching 
of V, and at pH ~9 a leaching of Zn, V and Pb.

Old Furnace Sludge – Removal Capacities

The results for the old furnace sludge stirred with real leachate and spiked with the 
multi-metal solutions and pH ~9 are presented in Fig. 2. The pH in the beakers 
decreased from 9.2 to 8.7 during the experiment. The removal capacity of this mate-
rial was slightly lower than that of the ‘new’ sludge. The capacity for Cd, Cr, Cu, Ni, 
Pb, Sn and Zn was in the range 98–100%. As with the ‘new’ sludge, the capacity was 
lower for Mo and V, 8–96%, and even a leaching of Cs was indicated. A leaching of 
V and Zn was indicated from the old sludge in pure water at pH ~9. Ageing of the 
material and the use of real leachate reduce the sorption capacity and should be taken 
into consideration when laboratory results are applied to real-life situations.

Blast-Furnace Slag – Sorption Capacities

The sorption capacities in the solution with the highest metal concentration are pre-
sented in Table 2. The results show a trend of capacities increasing with pH for most 
of the metals. The material had a slightly higher capacity for Cu than for Zn, which 
could be explained by the differences in terms of electron configuration and the 
Jahn-Teller effect [15] that strengthens the complex binding of copper to sorption 
surfaces. For the metals in concentrations from 0.50–5.0 mg/L, the sorption capacity 
order was: Cr = Sn > Ni > V > Mo. Lead was the only metal in the concentration 
range 0.10–1.0 mg/L and it should be noted that furnace slag has been found to have 
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an extremely good capacity for sorption of lead, up to 80 mg/g [7]. The sorption 
capacity for Cadmium was slighter better than Cs for solutions in the 0.050–0.50 
mg/L range. The figures in the table are not the maximum capacities of the material, 
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Fig. 1 Removal capacity of blast-furnace sludge for metals in different concentrations stirred in 
beakers (24 h) (a) pH ~9, (b) pH = 7.0 and (c) pH = 5.6
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but only those for the concentrations used in this study. Initial concentrations of the 
metals have been found to heavily affect the capacities in batch tests [16, 17]. 
Higher capacities than presented here were found [7], due to the much higher metal 
concentrations used, up to 10 g/L. The capacity order was: Pb > > Cu > Cr > Cd > 
Zn; following the order of the metals’ electronegativity and hydrated ionic radii. 
This order may also be explained by the metals’ electron configuration and ligand 
field stabilization energy (LSFE), as found by [16].

The results of the batch tests, that is initial and final concentrations, were used 
to calculate the Freundlich adsorption isotherms for each metal. The calculations 
yielded the coefficients n and KF, and the regression coefficient R2, which show 
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Fig. 2 Removal capacity of old furnace sludge at pH ~9 for metals in different concentrations in 
real leachate spiked with multi metals and stirred in beakers (24 h)

Table 2 Sorption capacity for metals in solutions at different pH with high initial concentrations 
and furnace sludge as sorbent

Metals

Sorption capacity mg/g

Maximum capacitya mg/g

Furnace sludge Old

C
0
 mg/L pH 5.6 pH 7.0 pH ~9 pH ~9

Cu 21.6 1.7 4.1 4.1 4.3 16–24
Zn 21.8 – 4.0 3.8 4.1 4.2–9.7
Cr 4.4 0.59 1.0 0.97 1.0 9.6–16
Sn 3.8 0.76 0.96 0.66 0.75 –
Ni 5.0 0.062 0.82 1.0 1.0 –
V 4.1 0.78 0.29 1.1 1.0 –
Mo 4.7 0.31 – 0.25 0.23 –
Pb 0.84 0.14 0.19 – 0.20 64–80
Cd 0.46 0.013 0.086 0.094 0.090 6.7–10
Cs 0.45 – – 0.018 0.014 –
a Maximum capacity found at 20–80°C [7]
– = No data
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the probability of the occurrence of a sorption process, see Table 3. For a removal 
process to be determined as sorption, n should be in the 0.60–3.3 range, and R2 
close to 1. The results presented in Table 4 show that sorption is a likely mechanism 
for removal of Cd, Cu, Mo and Ni. Sorption is indicated for Pb and Zn, but more 
data is needed for valid calculations.

Simulation of Species

The results from the simulation of species in the solutions with high multi-metal 
concentrations, at pH 7.0 with a phosphate buffer and pH 9 without a buffer, 

Table 3 Calculated Freundlich adsorption isotherm constants for metals in multi solutions in 
contact with blast-furnace sludge as sorbent

Furnace sludge Old sludge

pH 5.6 pH 7.0 pH ~9 pH ~9

n K
F

R2 n K
F

R2 n K
F

R2 n K
F

R2

Cu 0.63 1.46 0.97 – – – 2.24 0.53 0.7 1.5 0.96 0.96
Zn – – – – – – – – – 1.63 0.4 0.95
Cr 1.02 0.43 0.96 – 6.48 0.90 – – – – – –
Sn 0.3 8.43 1.00 0.25 9.68 0.95 – – – 0.53 5.25 1.00
Ni 0.99 0.13 0.93 0.96 0.85 0.99 0.74 2.31 0.95 1.31 0.88 0.91
V 3.34 0.01 0.98 – – – – – – – – –
Mo 0.85 0.45 1.00 – – – 1.04 0.2 1.00 1.67 0.02 0.99
Pb – – – – – – 1.02 0.35 1.00 1.31 1.82 0.74
Cd 1.25 0.09 1.00 1.52 2.36 1.00 0.87 2.44 0.89 1.02 2.08 0.99
Cs – – – – – – – – – – – –

– = No data.

Table 4 Suggested removal mechanisms for metals in solutions at 
different pH values and furnace sludge as sorbent

Metal

Furnace sludge Old sludge

pH 5.6 pH 7.0 pH ~9 pH ~ 9

Cu Sorption Sorptiona Sorption Sorption
Zn – Other Other Sorptiona

Cr Sorption Other Other Other
Sn Other Other Other Other
Ni Sorption Sorption Sorption Sorption
V Other – Other Other
Mo Sorption Sorptiona Sorption Sorption
Pb – n.d. Sorption Sorption
Cd Sorption Sorption Sorption Sorption
Cs – – Other Other
a Data uncertain, could be sorption.
n.d = No data.
– = leaching > removal.
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are correlated to the removal percentage determined in the experiments in Fig. 3. 
The results indicate that all metals in the beaker solutions were in the dissolved 
phase, but to a large extent appeared as metal-hydroxide or metal-phosphate complexes. 
It is thereby indicated that metals were not removed by means of precipitation as 
salts in the solutions. It should be noted that carbonates are of potential importance 
but they were not included in the first modeling. From the results it can be concluded 
that there is a strong correlation between the removal capacity and the occurrence 
of dissolved metal complexes at pH 7, but not at pH 9, which was the underesti-
mated part of the complex bounded metals in the model.

Results from the second calculation of species in the beaker with furnace sludge 
at pH 7.0 and ferric (Fe3+) concentrations of 40 mg/L and carbonate (CO

3
2−) of 0.1, 

10 or 1,000 mg/L are presented in Fig. 4. The correlation of the precipitated salts 
and the observed removal capacity for Cd, Cr, Cs, Cu, Ni, Sn and Zn show a strong 

Fig. 3 Correlation of calculated percentage of metal complexes with the measured removal 
capacity in beaker tests with high metal concentrations and old furnace sludge: left - at pH 7 and 
with phosphate buffer; right - at pH 9 without buffer and old sludge
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correlation (R2 = 0.98) at 1,000 mg CO
3

2−/L. At the lower carbonate concentrations, 
0.1 and 10 mg/L, the correlation is less valid (R2 = 0.14 and 0.35 respectively).

It was concluded that the metals will only be precipitated as carbonates at 
extremely high carbonate concentrations. The carbonate concentration was 0.47 
mg/L from the measurement of alkalinity for the old sludge in water solution. 
At the lower carbonate concentrations, more relevant for natural water in contact 
with the sludge, other mechanisms such as sorption are more likely to occur. 
The CHEAQS data base was unable to make the calculations for V and Mo, and in 
the second simulation Pb could not be dealt with by the software.

Conclusions

The results show that blast-furnace sludge has a good ability to remove the majority 
of the studied metals at pH 7–9. It is therefore recommended for use as a sorption 
material for water contaminated by metal, but the risk of the leaching of V and Cs 
should be investigated in each case. The slightly lower capacity of the old sludge 
and the use of real leachate should be taken into consideration when laboratory 
results are applied to real-life environments. The leaching of Cs and the lower 
capacity of the old sludge to remove Mo and V should be noted. For further studies, 
column experiments with real contaminated leachates are recommended for the 
investigation of the material’s behavior under flowing conditions.
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Introduction

A large number of heavy metals and organic micro pollutants in highway runoff 
appear as a result from automobile traffic. Cu, Pb, Zn and Cd - sometimes Ni and 
Cr - are considered the most important heavy metals associated with both mobile 
and stationary sources [1]. These metals are either dissolved in the stormwater or 
bound to particulates [2, 3]. Unlike organics and xenobiotic compounds, metal elements 
are not degraded in the environment. As a consequence metal elements exert both 
a short-term toxicity impact, characterized by concentration or activity, and a long-term 
toxicity impact, characterized by mass accumulation [4].

Previous studies of highway runoff have shown that Zn, Cd, Ni and Cu are 
predominately dissolved; Pb and Cr are equally distributed between dissolved and 
particulate-bound phases, while Fe and Al are predominately bound to particles [4].

Strategies for highways runoff contaminants control, such as infiltration methods, 
detention methods, vegetated filter strips and wetlands have been proposed.

Using infiltration ponds particles can be retained in pond bottom layers, but 
dissolved heavy metals might contaminate aquifers. Even with detention ponds, 
where particles could settle, small particles and dissolved heavy metals can contribute 
to groundwater contamination.

A decision with regard to the effectiveness of filtration or sedimentation is 
balanced by particle size gradation and density characteristics as well as loading 
characteristics and specific site constraints.

Since filtration media are mainly designed for mechanical retention removal, 
they only contribute to the removal of heavy metals in the particulate form. The use 
of a reactive bed for the filter media will enhance the dissolved heavy metals 
retention processes due to sorption and precipitation, transferring pollutants 
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from the dissolved form to the media matrix. This will contribute to the control 
of receiving waters (surface and groundwater) pollution due to highway runoff. 
Therefore, the immobilization of dissolved metal complexes and particulate-bound 
metal elements through reactive filtration mechanisms can induce the development 
of an innovative “in situ” retention technique, characterized by high heavy metal 
retention efficiency and simple operational procedures.

In developing an effective treatment practice, feasibility must be evaluated based 
on characteristics of the runoff loading and the physicochemical mechanisms that 
can be utilized given the site [5]. The development of an “in situ” retention technique, 
applying current construction materials with low variability proprieties, could help 
to develop a prototype technical solution for the reduction of heavy metal pollution 
from highway runoff.

Experimental studies with different filter bed types have been developed at a 
laboratorial scale: iron-oxide-coated sand, natural zeolites and granular activated 
carbon [3].

The use of minerals in the constitution of reactive filter bed may enhance the 
feasibility of this technical effluent at a real scale installation. However, the behavior 
of the immobilized heavy metals by desorption must be known, since by this way 
the retained heavy metals can return to the dissolved form. Therefore, the heavy 
metals desorption behavior is relevant.

Laboratory experiments are necessary in order to evaluate infiltration data 
and sorption-desorption phenomena in a reactive-filtration pilot-scale installation. 
A research program was developed to study those data and related processes and 
phenomena. Previous work has reported the heavy metals partitioning, the hydraulic 
behavior, physicochemical control parameters and the efficiency of dissolved heavy 
metal removal involved in the dual-media reactive filter, with a sand and kaolinite 
filter bed, over a 1 year experimental study [6].

This paper reports Zn, Cu and Pb mass retention in the filter media layers and 
the immobilized heavy metals behavior by desorption procedures.

Experimental Details

The experimental installation consists of two reservoirs and three equal diameter 
cylindrical columns of transparent polyethylene. The layout of the installation is 
depicted in Fig. 1.

The inner diameter of the columns is 172 mm. The bottom structure was 
constructed in order to allow a sliding movement at the end of the experiment.

Downstream head control was established by means of a weir in order to easy 
measure the head loss through the filter media.

In each column, different adsorptive filtration beds with 70 cm height where 
installed: a single sand medium in column C1; a dual media of 10% of kaolinite and 
90% of sand in column C2; a dual media of 20% kaolinite and 80% sand in column 
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C3. For mechanical protection, a 10 cm sand layer was applied to the top and to the 
bottom of the filter bed. The filter media composition was defined in previous pilot 
scale studies based on their hydraulic conductivity behavior.

Each column was fed with a synthetic highway runoff by regulated flow pumps. 
This synthetic solution was obtained from the dilution of Zinc acetate dehydrate 
(CH

3
COO)

2
 Zn x 2H

2
O), Copper (II) acetate monohydrate ((OOCCH

3
)

2
 Cu × H

2
O) 

and Lead (II) acetate trihydrate ((CH
3
COO)

2
 Pb × 3H

2
O). The maximum solubility 

values for these reagents, at 20°C, are: 430, 72, and 410 g/L, respectively.
Laboratory analyses were carried out according to Standard Methods [7]. 

Reagent grade chemical products and ultra-pure water were used. All glassware 
coming in contact with the samples was washed with nitric acid and rinsed with 
de-ionized water.

After the samples were collected, the physicochemical parameters (pH, conductivity 
and temperature) as well as the hydraulic head were measured immediately. The 
sample was then filtered on a 0.45 mm porosity membrane, and acidified to pH < 2 
with HNO

3
. All the samples where then preserved at 4°C. Pb was analyzed by 

Graphite Furnace Atomic Absorption Spectrometry (GFAAS), while Zn was 
analyzed by Inductive Coupled Plasma Atomic Emission Spectrometry (ICP-AES). 
Cu was analyzed by GFAAS or ICP. Detection limits were of 0.001 mg/L (GFAAS) 
and 0.01 mg/L (ICP-AES) for Cu, 0.002 mg/L (GFAAS) for Pb and 0.01 mg/L 
(ICP-AES) for Zn. Materials and experimental details are presented in [6].
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Operational Procedures

Synthetic effluent with a constant flow rate of 10 L/day was applied with different 
metal concentrations: 8.0 mg Zn/L, 1.0 mg Cu/L and 0.4 mg Pb/L. After Zinc 
breakthrough (at 156th day), Cu and Pb concentrations were doubled. The hydraulic 
load was 0.43 m/day (157 m/year).

The Total Organic Carbon (TOC) concentration related to the acetate, in the 
original concentration, was 6.72 mg C/L, with the following contribution: Zn-5.870 
mg C/L (87.38%); Cu-0.7553 mg C/L (11.24%) and Pb-0.09266 mg C/L (1.38%).

Zn was the most mobile metal with retention efficiency values decreasing to less 
than 50% in a 15, 70 and 110 day period, for columns C1, C2 and C3, respectively.

The evolution of dissolved heavy metal removal efficiencies in the three experi-
mental columns with time can be found in [6].

For Cu and Pb, and after 260 days, the retention efficiencies obtained were 
above 70% and 40%, respectively, in Column C1, and above 90% in the sand and 
kaolinite media columns.

The different retention efficiencies of Zn observed in the three columns suggest 
a direct relation to the filter bed characteristics, since the breakthrough period in 
column C2, with a 10% kaolinite filter bed, was almost half the breakthrough 
period in column C3, with a 20% kaolinite filter bed. Although other processes may 
occur, these results indicate that the cation exchange capacity is relevant and there-
fore sorption processes are the major phenomena.

Desorption Procedures

At the end of the experiment, and for each column, the filtration media were 
separated in six layers and numbered from the bottom to the top. Representative 
samples of each layer where submitted to chemical desorption. The desorption 
experiment was carried out in a 24 h period, using a solution of: 2.5 mL of 0.1 M 
NaNO3, 2.5 g air dried filter media and 247.5 mL deionised water.

For each layer, two desorption procedures were applied. The first resulting from 
a 24 h mixing at 55 rpm of the effluent (labeled pH6), and the second with the same 
procedure but acidified at pH = 2 with HNO3, (labeled pH2). The pH evolution 
with time was monitored.

Although other methods are available, in this work the total metals retained in 
each layer will be evaluated by the values obtained by desorption at pH2.

The samples obtained after a 24 h mixing were filtered in a 0.45 mm membrane, 
acidified with HNO3 to pH < 2 and kept at 4°C before the analytical analysis. An 
electronic microscope observation was carried out in order to evaluate the particu-
late heavy metal retention in the filtration membrane.

Results for desorption at pH2 and pH6 for columns C1, C2 and C3, respectively, 
are presented in Tables 1 through 3.
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Table 1 Column C1: Zn, Cu and Pb concentrations in the desorption experiment

Layer

Zn (mg/L) Cu (mg/L) Pb (mg/L)

pH2 pH6 pH2 pH6 pH2 pH6

C1–1 0.86 0.40 0.52 0.21 0.252 0.064
C1–2 0.65 0.49 0.58 0.36 0.199 0.087
C1–3 0.65 0.58 0.54 0.45 0.192 0.111
C1–4 0.68 0.63 0.64 0.62 0.199 0.184
C1–5 0.73 0.64 0.76 0.69 0.249 0.191
C1–6 0.61 0.60 1.28 1.26 0.287 0.291

Table 3 Column C3: Zn, Cu and Pb concentrations in the desorption experiment

Layer

Zn (mg/L) Cu (mg/L) Pb (mg/L)

pH2 pH6 pH2 pH6 pH2 pH6

C3–1 0.86 0.40 0.52 0.21 0.252 0.064
C3–2 0.65 0.49 0.58 0.36 0.1999 0.087
C3–3 0.65 0.58 0.54 0.45 0.192 0.111
C3–4 0.68 0.63 0.64 0.62 0.1999 0.184
C3–5 0.73 0.64 0.76 0.69 0.249 0.191
C3–6 0.61 0.60 1.28 1.26 0.287 0.291

Table 2 Column C2: Zn, Cu and Pb concentrations in the desorption experiment

Layer

Zn (mg/L) Cu (mg/L) Pb (mg/L)

pH2 pH6 pH2 pH6 pH2 pH6

C2–1 1.15 0.62 0.39 0.091 0.327 0.063
C2–2 4.49 0.59 0.23 0.006 0.128 0.004
C2–3 4.47 0.59 0.32 0.008 0.189 0.004
C2–4 4.87 0.64 1.19 0.036 0.703 0.021
C2–5 5.87 0.69 5.06 0.051 1.37 0.058
C2–6 2.00 0.70 3.38 0.23 0.876 0.078

Retention efficiencies and desorption results obtained can be used for estimating 
the fraction of heavy metals that can be desorbed. Hereafter, the values obtained for 
Zn, Cu and Pb, in the three columns and at the different layers are compared and 
discussed.

Column C1

The desorption results obtained for column C1 with a sand filter bed demonstrated 
small variations of the results from pH2 and pH6. Zn values have small differences 
through the different layers, while the results obtained for Cu and Pb denote higher 
values at the bottom layer, but increasing as the layer depth decreases. These results 
suggest that although heavy metals are retained in the sand layers, a very high 
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percentage of these metals are release from the filter media at pH6, as presented in 
Fig. 2. The relevance of each layer in the overall retention of Zn, Cu and Pb, at pH2 
and pH6, for column C1 is depicted in Fig. 3.

At pH2 all the reactive layers are equally relevant. At pH6 the retained heavy 
metals decrease for higher depths. High retention of Cu and Pb in the top layer 
suggests the occurrence of precipitation and particulate retention, favorable condi-
tions in terms of groundwater protection.

Column C2

In this column, with the reactive layers with 5% of kaolinite and 95% of sand, the 
heavy metals retained were considerably higher than those in column C1. In the 
reactive layers heavy metals retention, at pH6, vary from 12% for Zn to < 5% for 
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Cu and Pb, when compared with the corresponding values at pH2. In the top sand 
layer, higher heavy metals retention values of Zn and Pb were obtained (Fig. 4).

For Zn, the layer relevance in the overall retention is similar at pH2 and pH6, 
which is possibly due to the verified Zn breakthrough. For Cu and Pb, higher retention 
relevance is verified in the upper reactive layers as shown in Fig. 5.

Column C3

The results obtained in Column C3 are similar to those obtained in Column C2. 
The metals released at pH6 were slightly higher for Zn (about 15%) than those 
verified in column C2, and almost the same values for Cu and Pb, near 5% (Fig. 6).

The top layer of the reactive filter demonstrates higher retention than the 
lower layers, possibly due to the absence of a breakthrough occurrence. Higher 
resistance to desorption of heavy metals present in the reactive layers is verified. 
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Heavy metals released at pH6 are lower in the bottom layers, which is a favorable 
result when looking for groundwater protection (Fig. 7).

Conclusion

Results obtained for chemical desorption allow evaluation of the heavy metals 
retention in each layer and their environmental availability at pH6.

In column C1, with a sand filter medium, a significant amount of retained metals 
is released at pH6.

In columns C2 and C3 with reactive filter media, high retention efficiencies were 
found. The environmental availability results obtained were 12–18% for Zn and 
lower than 5% for Cu and Pb.
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After a 1 year experimental period, the retention efficiencies verified in column 
C1 for the dissolved Cu and Pb were 70% and 40%, respectively, and above 90% 
in the columns C2 and C3. This demonstrates the high longevity of filter media in 
these experimental conditions. A direct link of reactive layers and a high retention 
efficiency of dissolved heavy metals can be established. Moreover a strong 
resistance to chemical desorption of previously retained heavy metals in those reactive 
layers was also found.

The results obtained in this research project encourage the development of 
innovative engineering solutions for retention of heavy metals in highway runoff, 
and thus contributing for surface and groundwater protection.
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Introduction

Road traffic is one of the most important environmental problems in many cities. 
Its contribution to the global emission of environmental pollutants is increasing 
every year [1]. However, the dispersion of those pollutants is affected by the climatic 
conditions, placing finally in other areas such as the surrounding soil and water [2]. 
There are many studies showing the contamination of roadside soils as a conse-
quence of traffic activity [2–5]. Among all possible pollutants originated by road 
traffic, metals and polycyclic aromatic hydrocarbons (PAHs) are the most dangerous 
ones. While organic compounds can be transformed or degraded by means of the 
microbial action of the soil in others innocuous compounds such as water and CO

2
, 

metals can remain in the environment for a long time [6].
According to the bibliography [2, 3, 5, 7] roadside soils have long been known 

to contain high levels of heavy metals, Pb, Ba, Zn, Cd and Cu mainly. Well-known 
road traffic related metal emission sources of concern are brake linings, tyres, road 
pavement and exhaust fumes [8]. The metals of concern for emissions from brake 
linings are Cd, Cr, Cu, Ni, Pb, Sb and Zn. Wear from vehicle tyres is another major 
metal source, especially Zn and Ba. Tyres have traceable amounts of several other 
metals, for example Cd, Co, Cr, Cu, Hg, Mn, Mo, Ni and Pb. Metal emissions from 
exhaust fumes derives from fossil fuels and the aging processes of engines and catalysts. 
Combustion of leaded petrol was previously the major source. Since January 2000, 
Pb has been banned as an anti-knocking additive in petrol in the EU. However, 
there are still some emissions of Cd, Cr, Cu, Ni, Pb and V from fossil fuels [9]. 
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There is general agreement that these metals decrease in concentration with depth 
and with distance from the roadway [2].

Roadside soils may be screened for all constituents of significance as a first step 
in establishing soil quality criteria for protection of soil ecosystems. In this sense, 
ICP/MS offers the capability to screen road soil samples for most elements in the 
periodic table. The aim of this study was to identify traffic-related elements (TRE) 
in the vicinity of both an old secondary road and a relatively new highway in 
the north of Spain, in order to perform a preliminary study to know the traffic 
impact on roadside soils and monitor the contribution of traffic to environmental 
pollution and risk.

Experimental – Method

The study area is a countryside located in Biscay, northern Spain (43°19¢35.53¢ N 
and 2°52¢20.39¢ W) near the city of Bilbao (Fig. 1). The first study area is a secondary 
road which has borne a high traffic density until the new highway was built two 
decades ago. Nowadays the medium traffic density of this older road is about 1,800 
vehicles per day and 5.9% of these are of high tonnage [10]. The second one is a 
modern highway which is parallel to the old road all along the course of the studied 
area at 50 m of distance, separated by a stream. It bears most of the traffic in the 
area and has a traffic density of about 28,200 vehicles per day, and 5.7% of them 
are of high tonnage.

Fig. 1 Location of the study area in North Spain, next to the city of Bilbao (Biscay)
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Roadside soil samples were collected at different sampling points along both 
roads during May of 2007. Sampling in the highway was carried out at a distance 
of 0.5, 3, 6 and 9 m from the highway (H 0.5, H 3, H 6 and H 9 sampling areas) 
(Fig. 2). In the secondary road samples were collected at both roadsides (SR L and 
SR R sampling areas) but the sampling was only completed at 0.5 m in the west 
roadside and at 3 m in the east roadside because of the existence of a road cut and 
a stream that avoided sampling at a further distance.

Soil samples under the guard rail were also collected (GR 1–GR 3). Control soils 
were sampled 700 m away from both traffic roads in the north-west direction. Soil 
samples were collected from the upper 0–20 cm of soil, subsequently air dried in a 
fume hood during 24 h and then milled and sieved to <2 mm.

The analytical determination of heavy metals in soil samples were carried out 
following the US Environmental Pollution Agency EPA 3051A method which 
describes the “microwave assisted acid digestion of sediments, sludge, soils, and 
oils” [11]. The method consists in the digestion of 0.5 g of soil sample with a 
mixture of concentrated nitric acid and concentrated hydrochloric acid (9:3) in a 
fluorocarbon polymer (PTFE) microwave vessel at the temperature of 170°C 
(±10°C) during 4.5 min (Table 1). A first ramp of 1,000 W was applied during 7 min 
to reach 170°C as established in the method, and then it was maintained by means 
of a second ramp of 800 W during 4.5 min. The extracts were filtered through a 
0.45 mm PVDF filter in a 50 mL polypropylene tube. The residual soil and the vessels 
were washed several times with Milli-Q water and the extracts were mixed.

Fig. 2 Experimental design of the sampling area
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All measurements were made using a Perkin Elmer SCIEX 9000 ICP/MS 
(Toronto, Canada). Sample solutions were diluted to 1% HNO

3
 concentration and 

aspirated into the argon plasma (99.995%, Praxair, Madrid, Spain) via a peristaltic 
pump. Data were acquired using Perkin Elmer TotalQuant III software for 
multi-elemental semi-quantitative analysis. Common isobaric interferences are 
pre-programmed and corrections are automatically applied. The software has stored 
pre-calibrated intensities per concentration unit covering the required m/z range. 
In order to increase the accuracy, these values are updated by running samples 
spiked with a few selected elements with known concentration (Ag, Al, As, Cd, Co, 
Cr, Cu, Fe, Hg, Mg, Mn, Ni, Pb, Sb, Se, Sn, V and Zn at 20 ng/g) and using rhenium 
(Re) as internal standard. Prior to any experiment the mass spectrometer was 
optimized for routine multi-elemental analysis by aspirating a solution containing 
Mg, Rh and Pb (10 ng/mL of each). The operating conditions for sample introduction 
were as follows: plasma Ar flow rate, 15 L/min; auxiliary Ar flow rate, 1 L/min; 
nebulizer flow rate, 0.9 L/min, 1 replicate and one sweep per replicate.

Results and Discussion

Fifty elements (Ag, As, B, Ba, Be, Bi, Cd, Ce, Co, Cr, Cs, Cu, Dy, Er, Eu, Ga, Gd, 
Ge, Hf, Ho, In, K, La, Li, Lu, Mg, Mo, Na, Nb, Nd, Ni, Pb, Pr, Rb, Sb, Se, Sm, Sn, 
Sr, Tb, Te, Th, Tl, Tm, U, V, Y, Yb, Zn, Zr) were determined above the detection 
limit in soil extracts. These results were statistically treated with “The Unscrambler 
9.2” software.

Principal component analysis (PCA) of all available data revealed two main 
components accounting for 64% of the total variance (PC1, 48%; PC2, 18%). 
The projection of the scores and loadings on the bi-dimensional space defined by 
these two principal components is shown in Fig. 3. Samples can be grouped according 
to sampling point in three groups. Samples from the west roadside of the secondary 
road (SR L) clearly differentiate from the rest, and are gathered in the left side of 
the x axis (PC1). Samples from the highway (H 0.5, H 3 and H 6) form another 
group in the upper side of the graphic. Finally, samples from the east roadside of 
the secondary road (SR R), further samples from the highway (H 9) and control 
soils put together in the left side.

Overlapping the scores and loading plots shows that the concentrations of Cd, 
Cr, Cu, Hf, Mo, Nb, Ni, Pb, Sb, Sn, Sr, Zn and Zr, are the variables which explain 
most of the variance of the SR L sampling point.

Table 1 Power program used for the microwave assisted acid soil digestion

Ramp Power (W) Time (min) Fun

1 1,000 7:00 1
2  800 4:30 1
3    0 15:00 3
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In fact, the concentration of these metals was considerably higher in these 
soil samples as can be seen in Fig. 4, where concentration of some of these 
metals has been represented for samples from the west roadside of the secondary 
road (SR L A-SR L D) against the average value of the concentrations in the 
other sampling points (H: Highway; SR R: east roadside of the secondary road; 
and C: control). The rest of above mentioned metals (data not shown) have the 
same behavior.

Fig. 4 Concentration of some TRE by sampling area. SR L A-SR L D: metal concentration in 
soils from the west roadside of the secondary road. H, SR R and C: average value of metal con-
centration in highway, east roadside of the secondary road and control respectively

Fig. 3 Scores and loadings plot for the first two PCs resulting from the PCA of all elements 
determined in roadside soils. C: control; SR L: west roadside of the secondary road; SR R: east 
roadside of the secondary road; H 0.5, H 3, H 6 and H 9: highway soil samples at 0.5, 3, 6 and 9 
m distance from highway



334 J.A. Carrero et al.

Following with the PCA of the soil samples, Fig. 5 represents the scores of the 
two first principal components which explain 79% of the total variance (PC1, 65%; 
PC2, 14%). In this case, concentrations of only rare earth elements and alkaline 
metals have been taken into consideration. Samples from the west roadside of the 
secondary road (SR L) and from the highway (H 0.5, H 3 and H 6) forms two 
different groups. A third group is formed by samples from the east roadside of the 
secondary road (SR R), further samples from the highway (H 9) and control soils.

Correlation analysis of the metal concentrations reveals two groups of metals 
showing high correlations among them (Table 2). A first group is formed by Hf and 
Zr, meanwhile the rest of metals (Cd, Cu, Mo, Nb, Ni, Pb, Sb, Sn, Sr and Zn) 
remains in another group.

Fig. 5 Scores plot for the PCA of the rare earth elements and alkaline metals. C: control; SR L: 
west roadside of the secondary road; SR R: east roadside of the secondary road; H 0.5, H 3, H 6 
and H 9: highway soil samples at 0.5, 3, 6 and 9 m distance from highway

Table 2 Correlations between traffic related metals

Hf Zr Cd Cu Mo Nb Ni Pb Sb Sn Sr Zn

Hf 1.00
Zr 0.94 1.00
Cd 0.34 0.56 1.00
Cu 0.32 0.55 0.95 1.00
Mo 0.40 0.64 0.92 0.91 1.00
Nb 0.26 0.50 0.87 0.79 0.81 1.00
Ni 0.31 0.50 0.88 0.83 0.79 0.77 1.00
Pb 0.28 0.51 0.90 0.86 0.92 0.76 0.80 1.00
Sb 0.21 0.44 0.92 0.88 0.85 0.93 0.79 0.86 1.00
Sn 0.45 0.62 0.78 0.85 0.77 0.61 0.69 0.82 0.73 1.00
Sr 0.28 0.46 0.82 0.75 0.79 0.69 0.70 0.87 0.80 0.71 1.00
Zn 0.34 0.58 0.96 0.97 0.95 0.81 0.85 0.90 0.90 0.83 0.78 1.00
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Finally, soil samples under the guard rail contain very high concentration of Zn 
values. Three different samples were collected nearby it. The one just under the 
guard rail (GR 1) points out the highest value for Zn concentration among all the 
soil samples analyzed, and shows a very strong decreasing gradient as they move 
away from it in very few meters (GR 2 and GR 3) (Fig. 6).

Conclusions

ICP/MS semi-quantitative analysis of the soil samples allows the fast determination 
of most soil elements as a first tool for evaluating the impacted area. A first list of 
metals that could be related to road traffic was identified by means of the chemo-
metric analysis of the obtained semi-quantitative results ICP/MS: Cd, Cr, Cu, Hf, 
Mo, Nb, Ni, Pb, Sb, Sn, Sr, Zn and Zr. The study area was reduced. The secondary 
road appears to be much more polluted by the traffic emissions than the highway. 
TRE in the west roadside appear at higher concentrations than the rest of sampling 
areas, included the control soils, probably due to a longer-term accumulation in the 
first one as well as its topographical characteristics that would lead to the concen-
tration of atmospheric particles in a smaller area (because of the presence of a road 
cut). The east roadside in the secondary road as well as soils further away from the 
highway appears not to be affected by the road traffic, and it shows similar metal 
concentration values to control samples.

Soil samples from diverse origins could be differentiated in basis of their rare 
earth elements and alkaline metal concentrations. It was concluded that soils from 
both roadsides in the secondary road have different source, as well as highway 
soils. West roadside seems to be original land, whereas the highway land is possible 
to be a filling, as for soil samples further away, at a distance of 9 m from the road 
seem to be original land too. Finally, east roadside has another different source, as 
the presence of a road cut suggests it.

Two groups of metals appeared in the correlation analysis suggest a different 
emission source for both of them. Hf and Zr are associated to catalytic converters in 
automobiles and they enter in the environment by atmospheric deposition of the 
exhaust fumes, whereas Cd, Cr, Cu, Mo, Ni, Pb, Sb, Sn and Zn have different 

Fig. 6 Graphical representation of Zn 
concentration values in surroundings of 
the guard rail. GR 1: soil sample just 
under the guard rail. GR 2 and GR 3: 
soil samples moving away the guard rail
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pollution sources, like tyre wear, brake linings or mechanical abrasion and reach 
roadside soils by road run off.

Finally, it has also been observed that guard rails surrounding the roads are a 
very important input of Zn to soils under them.
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Introduction

The street greenery as a very significant landscape’s design element with important 
ecological value in Riga’s central part is subjected to a multiple stresses, e.g. 
chemical injury. In urban area, safe driving conditions during winter season are of 
primary concern. The most common de-icing material used in Riga is sodium chloride 
(NaCl). The total area of streets and roads in Riga is 24.64 km2 [1] and the average 
rate of NaCl application is about 10,000 t/year which leads to ca. 4.06 kg spread 
salt per m2.

While Na+ and Cl− in small amounts are thought to be beneficial for some plants 
or even essential for halophytes [2–4], in general these ions are toxic for plants. 
It was shown that high concentrations of Na+ and Cl− in cells can inhibit membrane 
functions, induce ion deficiency, decrease chlorophyll concentration and the activity 
of several enzymes, producing disturbance of various metabolic processes, such 
as gas exchange and photosynthesis [5–10]. Plant injury can also be caused by salt-
induced water stress [2]. One of the physiological mechanisms of salt toxicity in 
plants is closely related to unfavorable K/Na ratio. K as plant macronutrient has 
important functions as osmoregulation, maintenance of electrochemical equilibria, 
effects on protein conformation, regulation of enzyme activity etc. [3]. The most 
widespread tree species in the street greenery of Riga is Tilia × vulgaris H. In deciduous 
trees visual symptoms of Na+ and Cl− damage usually appear as post-flushing 
dieback and foliage discoloration [5], burning of leaves [7], as well as chlorosis and 
necrosis of leaves [9, 11].

The first studies in Riga to assess the impact of chloride on Riga street trees were 
carried out in 1966/1967 by [12]. Our previous work on chestnut and lime in Riga 
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showed a severe imbalance in the mineral nutrition of urban trees [13]. Investigation 
in 2004/2005 revealed high concentrations of Na+ and Cl− in the street snow melt 
water, urban soil and T. × vulgaris leaves [10]. It is a topical problem as the street 
greenery currently covers 39% of the total street length in the centre of Riga and in 
general the status of trees could be characterized as damaged.

Our study was conducted to evaluate the toxic effect of soil and plant pollution 
level with sodium and chlorine on potassium supply and ecological condition of the 
street trees (Tilia × vulgaris) in Riga.

Materials and Methods

Riga, the capital of the Republic of Latvia, is situated along the Baltic Sea at the 
southern part of the Gulf of Riga. The central part of the city is located on the right 
bank of the Daugava river. The climate is moderately warm and humid. Summers 
are relatively cloudy and cool. The average temperature in July is +16.9°C. Winters 
are relatively warm with frequent thaws, the average temperature in January is −4.7°C. 
The average amount of precipitation is 700–720 mm/year [1].

Sampling

During the time period of March 2005 to August 2007, soil and leaf samples were 
collected from 14 sites (45 trees) in the central part of Riga, and from a control site 
(three lime trees) located in a park area – Viestura Garden (Fig. 1, Table 1). Soil 
samples were collected from the tree-rooting zone (road side) with a soil probe to 
a depth of 35 cm in March (the end of winter), June and July 2005, and June and 
August 2007.
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Fig. 1 Location of Riga in Europe
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For each soil sample three sub-samples were obtained and thoroughly mixed, to 
form one sample. Soil samples in the control site (Viestura Garden) were collected 
under the perimeter of the crown of trees and leaves from several branches of 
the crown.

Leaf samples were taken with telescopic scissors from leaves just reaching 
maturity and full size. For each sample 50 leaves were collected from different 
branches of trees along roadsides during the vegetation season of 2005 (June, July 
and August) and 2007 (June and August).

Along with leaf sampling bioindication research was done to diagnose the eco-
logical status of Tilia × vulgaris. Leaf necrosis as percentage of damaged leaf area/
total leaf area was estimated in June and at the end of August. Intensity of crown 
necrosis in percent was estimated in August.

Laboratory Analysis

Sample preparation. The soil samples were stored at +4°C, then dried at +35°C for 
2 days and sieved <2 mm. Leaves were washed with distilled water, dried at +60°C 
and ground.

Soil extraction and plant tissue ashing. Na and K in the soil samples were 
extracted with 1 M HCl solution (soil-extractant mixture 1:5). Cl− content was 

Table 1 Description of studied sites in Riga

Site

Distance of 
tree’s stems 
to street (m) Status of trees in August 2005 and 2007

1 – Park (three trees) >50 2005, 2007: Healthya

2 – Hanzas 1 (three trees) ~2 2005: Damaged; 2007: damaged
3 – Hanzas 2 (three trees) ~2.15 2005: Medium damaged: 2007: medium damaged
4 – Elizabetes (five trees) ~0.7 2005: Three-damaged, two-healthy; 2007: 

one-dead in 2006, two-damaged, two-healthy
5 – Kr.Valdemara (three trees) ~0.7 2005: Damaged; 2007: medium damaged
6 – Stabu 1 (three trees) ~0.6 2005: Damaged; 2007: damaged
7 – Stabu 2 (four trees) ~0.6 2005: Three-damaged, one-healthy; 2007:  

three-damaged, one-healthy
8 – Basteja 1 (three trees) ~3.5 2005, 2007: Healthy
9 – Basteja 2 (three trees) 1.0–1.5 2005: Damaged; 2007: damaged; one tree dead 

in winter 2008
10 – Raina 1 (three trees) ~7 2007: Healthy
11 – Raina 2 (three trees) ~7 2007: Healthy
12 – Brivibas 1 (three trees) ~1.5 2007: Medium damaged
13 – Brivibas 2 (three trees) ~7 2007: Healthy
14 – Brivibas 3 (three trees) ~1.5 2007: Medium damaged
15 – Brivibas 4 (three trees) ~7 2007: Healthy
aHealthy: 0–15% crown necrosis; medium damaged: 20–70%; damaged: 75–100%.
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determined in distilled water extract (soil-distilled water mixture 1:5). Leaf samples 
were dry-ashed in concentrated HNO

3
 vapor and re-dissolved in HCl solution 

(HCl-distilled water mixture 3:100) to determine Na and K [14]. To determine 
Cl− leaf sampled were dry-ashed, then re-dissolved in distilled water.

Chemical analysis. Na+ and K concentration in soil and plant samples was esti-
mated by flame photometer JENWAY PFPJ. Cl− concentration in all samples was 
determined by AgNO

3
 titration [14]. Analytical replication was three times.

Results and Discussion

Results revealed that the use of de-icing material NaCl caused a considerably 
increased Na+ and Cl− accumulation in the street greenery soil and lime leaves 
located close to the carriageway compared with the park (Figs. 2 and 3, Table 1).
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Correlation coefficients and the level of statistical significance (p < 0.05) were 
found using SPSS 14.0 version. The coefficients were classified as follows: r < 0.5 
week, 0.5 < r < 0.8 medium close, and r > 0.8 close correlation.

Soil. The highest concentrations of Na and Cl− in soil samples of street greenery 
were found at the end of March 2005 - beginning of spring. Levels exceeding 1,000 
mg/kg Na were found at sites 2 (max. 1,568.1 mg/kg), 4 and 6, which exceeded the 
background values by up to 51 times. A marked decrease in Na and especially Cl− 
concentrations occurred in spring and summer due to leaching from the root zone 
by precipitation and uptake by the plants. Compared to Na, the Cl− concentrations 
in 2005 and 2007 were considerably lower, ranging from 4.27 ± 0.08 mg/kg (Site 10) 
(similar to park results) to 359.5 ± 194.2 mg/kg (Site 2) or on average more than 
60 times higher than in the park.

The obtained concentrations of Cl- in street soil samples collected in June 2005 and 
2007 on average were not significantly different, while results of Na were significant 
higher in 2005 to compare with 2007. Such situation could be explained by the 
winter season of 2006/2007, which was warmer in comparison to 2004/2005 [15]. 
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As a result, decreased amounts of de-icing salts were applied on streets and decreased 
accumulation of ions occurred in street soil. Besides, Cl− as anions are more leach-
able from the soil and a more rapid decrease compared to Na+ occurred. Cl− usually 
follow the water and do not take part in chemical reactions, while Na+ participate 
in chemical processes in the soil and are to a great extent retained in the upper part 
of the soil profile [16]. Thereby summer soil sampling results did not show the real 
situation with Na and Cl− pollution before the vegetation season had started.

A different situation was stated with K (Fig. 2). In the vast majority of sampling 
sites in 2005 the concentrations of K in the soil were lower compared to the park. 
It was consistent with other studies in urban areas where soil contained construction 
and demolition waste [13, 17]. The decrease of K concentrations was stated almost 
for all studied sites from March to July, mainly due to K uptake by plants. Better K 
status in soil samples was found in the vegetation season of 2007. In most of the 
studied street sites, the level of K was the same as in the park, or slightly elevated. 
It showed a tendency to increase from June to August, probably due to application of 
K containing fertilizers. In general, the concentrations of K in soil samples during 2005 
and 2007 ranged from 85.10 ± 13.38 mg/kg (Site 5) to 318.90 ± 46.22 mg/kg (Site 8).

When comparing results from 2 years, the level of K in street soil samples was 
statistically significant higher in June 2007, in contrast to Na. Less amounts of Na 
in the street soil, which could displace K in the exchange sites in the soil, resulted in 
an improved K/Na ratio in 2007. In total, the K/Na ratio in the soil samples from the 
park ranged from 4.15 to 13.48. In the street soils, the K/Na ratio were 0.13–6.45 
for healthy limes, for medium damaged limes up to 4.82, and for damaged trees 
0.07–2.66. It means that the small K/Na ratio in street soil samples had additive 
harmful impact on the tree status.

Plants. In general, the concentrations of Na and Cl− in lime leaves increased 
during the summer of 2005 and 2007, showing opposite trends as those in the soil. 
The K content in lime leaves decreased (Fig. 3), thereby harmfully affected the tree 
status. The analysis of plant material showed that the soil salinity induced increased 
Na and Cl− concentrations in lime leaves in sites with higher soil salinity during 
2005 and 2007. During the vegetation seasons, Na ranged from 0.01% in June to 
1.93% in August, which was up to 48 times higher than values from the park. The Cl− 
concentrations in the leaves from the vast majority of street sites were significantly 
higher than those of the park site at all sampling times, as well as higher than the 
Na concentrations in lime leaves. The highest Cl− concentrations, found in Site 4 in 
July (3%) and August (2.90%), were more than 25 times above the background 
level. As the lime tree decayed in autumn, this concentration could be characterized 
as especially toxic to lime trees. In general, concentrations of Cl− in leaves higher 
than 2% were harmful to lime trees, causing tree decay.

The lowest concentrations of Na and Cl- in lime leaves were found in sites situated 
about 3.5 m from the carriageway (sites: 8, 10, 11, 13, 15), as well as sites 12 and 14. 
These limes were characterized as healthy.

There were no significant correlation between the element concentrations in soil 
and leaves, except the concentrations of Na in July 2005 (r = 0.39; n = 30). The results 
showed negative medium close correlation between the level of K in soil of 
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March 2005 and Na in leaves during summer 2005 (r
June

 = −0.66, n = 24; r
July

 = −0.65, 
n = 30; r

Aug.
 = −0.66, n = 30), which demonstrated the importance of soil chemical 

composition to plants just after winter.
As the external salt concentration rises, the concentration of Na+ increases and 

that of K+ decreases in the roots and leaves. It appears that Na+ out-compete K+ for 
specific binding sites on the K+ transport proteins, causing K+ deficiency [3]. 
Besides, Na+ in the soil can replace not only K+, but also Ca2+, Mg2+, NH

4
+ and other 

cations on the soil exchange complex. This could lead to nutrient deficiencies 
[2, 18] causing injury.

A wide dispersion of K concentrations and supply levels were stated in lime 
leaves during 2005 and 2007 (Fig. 3). The smallest K result (0.15%) was even up 
to 6.33 times lower compared with the minimum K concentration in lime leaves in 
the park. At the same time the highest concentrations of K (max. 3.40%) were also 
stated in lime leaves with necrosis, which mean that sufficient supply with K could 
not prevent the appearance of leaf necrosis. In Riga, K concentration in healthy 
lime leaves without necrosis ranged from 0.76% to 2.42%, which was in good 
agreement with results generalized by [19]. For normal plant growth, K concentra-
tion in plant tissues should be 0.5–1.2%. The decrease in K content in leaves during 
the vegetation season could be explained by K reutilization in plant [2], as well as 
an increase of Na content (r

Na,K aug.2005
 = −0.76, n = 30; r

Na,K aug.2007
 = −0.43; n = 29). 

As a result, the decrease of K/Na ratio from June to August was stated. The K/Na 
ratio for healthy lime leaves without necrosis in Riga’s street greenery ranged from 
2.92 to 237 (in park: 24.12–270.83), but for severe necrosis (>30% leaf necrosis) 
ranged even from 0.15 to 72.00. In general, the stated K/Na ratios diapasons in Riga 
were substantially wider compared with results reported by [9] in Opola for Tilia 
cordata L. (1.76–15.65). It can be concluded that sufficient K/Na ratio in lime 
leaves did not have a determinant role, if the stated leaf necrosis were caused by 
Cl− toxicity, or if the Na concentration in leaves reached toxic level.

The leaf chemical results revealed significant higher levels of Na and Cl− in 
August 2005 (p > 0.05) compared with results from August 2007, whereas the level 
of K was significant higher during the vegetation season of 2007. This fact could 
be the main reason for improved ecological status of street trees and decreased leaf 
necrosis in 2007 compared to 2005 (Table 2). The current research revealed signifi-
cant close correlation between the intensity of the leaf necrosis and the concentra-
tion of Na and Cl− in leaves (maximum in August 2005, r

Na
 = 0.92; r

Cl
 = 0.85; n = 

30), as well as negative correlation with concentrations of K in leaves (maximum 
in August 2007, r = −0.50).

The leaf necroses were observed in cases when the Cl− content in leaves reached 
at least 6,600 mg/kg of dry weight. These concentrations were lower in comparison 
with other investigations on leaf injury caused by Cl− toxicity [9, 12, 20]. These 
differences might be explained in the scope of factors such as the different tree spe-
cies studied, methods used, a misbalanced supply of mineral nutrients, insufficient 
supply of water during the vegetation period, and too high concentrations of 
de-icing salt in the soil solution causing ‘physiological drought’ which promotes 
leaf necrosis development, as well as specific ion toxicity.
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The occurrence of the first toxic symptoms in the form of leaf necrosis caused 
by Na toxicity was detected when the Na content in most of the cases ranged from 
0.14% to 0.26%. The obtained relationships between the Na content in the leaf 
samples and visual injury symptoms of the leaves are in good agreement with those 
reported by [7, 21].

Conclusions

The results revealed that the ecological status of street trees in Riga could be char-
acterized as seriously injured due to high concentrations of Na and Cl− in soil 
(maxNa 1,568.1 mg/kg; maxCl 744.9 mg/kg) and lime leaves (maxNa 1.93%; 
maxCl 3.00%). The concentrations exceeding 2.0% Cl− in lime leaves were revealed 
as extremely toxic for Tilia × vulgaris, leading to tree decay. The concentrations of 
Na and Cl− in lime leaves demonstrated a marked tendency to increase during sum-
mer, while the concentrations of K in leaves decreased (minimum 0.15%). The high 
variability in Na and K concentrations resulted in a wide range of K/Na ratios in 
Riga’s greenery. Close correlations were found between the concentration of Na and 
Cl− in lime leaves and the extent of leaf necrosis, although unfavorable K/Na ratio 
has additive negative impact.
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Introduction

Urban soils derive from those natural pursuant to anthropogenic influence caused 
by human settlement construction and their development. The transformation level 
is directly proportional with urbanization process intensity, with its nature and civi-
lization degree reached by inhabitants. On the strength of these reasons, the urban 
space will be separated in zones. In some zones the natural soil has been strongly 
modified, sometimes removed as a consequence of civilian and industrial buildings, 
urban equipment, and communication routes systems constructions. In other zones 
the soil has been less modified, but has received and still is, receiving negative 
impacts, caused by daily household or industrial activities. The soils belonging to 
this category are soils from green spaces less modified by urbanism and soils from 
gardens of peripheral and suburban areas denizens. At last, a final category is repre-
sented by soils from urban space integral keeping its natural character. These are 
soils existing under the woods included in the urban space as parks along the time, 
and soils that have been suffered an anthropogenic modification.

It is indubitable that the abundance of chemical elements in urban soils is a result 
of geogenic abundance and anthropogenic influence. This is decisive for urban soils 
properties modification, mainly those of chemicals, and can explain the large ampli-
tude of heavy metal content variations in urban soils [1, 2].

Urban traffic of different vehicle types has a significant role not merely to air 
pollution but also near the roads with heavy and congested automobile traffic soils 
pollution. Many times the input of additional material utilized for streets construc-
tion has a major contribution to soil chemical composition change. The permanent 
contribution on roadside soil chemical transformation is represented by emissions 
during combustion of fuels, predominantly leaded gasoline, in vehicle engines. 
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From the metal chemical element groups, the most aggressive impact belongs to lead. 
This is due to the use as an antiknock additive in some gasoline compositions [3]. 
The lead originating from gasoline combustion has been polluting all environment 
components, including inhabitants [4, 5]. Today, despite of the unleaded gasoline 
preponderant use, the historical impact of gasoline with lead additives during the last 
decades is still observable on soil. Other heavy metals from the gasoline, diesel and 
tire compositions have gotten into the soil because of fuels burning and wear of auto 
tires. Industrial emissions have a considerable contribution to urban soils pollution, 
including those located along roads. This paper presents the heavy metals abundance 
in the soils located along the main roads from three large Romanian cities, which are 
different in both dimension and industrial capacity.

Experimental Method

Soil samples from superior horizon (0–20 cm depth) of urban soils situated length-
ways the main streets were sampled. Soil samples have been analyzed from a chemi-
cal point of view: soil reaction (pH in aqueous solution), carbonates content, argyle 
<2 mm content, organic carbon for soil type and subtype establishing. The results 
are presented in [6]. Heavy metals content determinations (Cd, Co, Cr, Cu, Mn, Ni, 
Pb and Zn) were performed by means of absorption spectrometry in an air-acetylene 
flame. After soil samples mineralization, using a mixture of HNO3 and HClO4, 
the total heavy metals content was determined in a hydrochloric solution. Soil 
mobile heavy metals were extracted with an EDTA-CH3COONH4 solution at pH 
7.0. The heavy metals were fractioned by soil components, using a method devel-
oped by [7]. Results were analyzed statistically, for grouping centre parameters 
(arithmetic mean, geometric mean, median), and scattering parameters (standard 
deviation, minimum and maximum values). Moreover, correlative links were estab-
lished between some of the chemical elements. Pedogeochemical abundance index 
(PAI) and geochemical abundance index (GAI) values have been calculated using a 
methodology elaborated by [8].

Results and Discussion

The Nature of Urban Soils from Bucharest, Iassy and Baia Mare

The Romanian metropolis Bucharest, with a surface area of about 228 km2 and over a 
billion inhabitants, is located in a plane zone in the southeastern part of the country. The 
development of the city has occurred on natural soils belonging to different types: that 
is Chernozems and Brown Reddish types. By anthropogenic action, these natural soils 
have become urban soils as Urbic Regosols, Regosols and Humic Regosols.
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Iassy is located in the extreme eastern part of the country, in a hilly zone, having 
340,000 inhabitants and 93.9 km2 of surface area. The urban soils, belonging to Urbic 
and Mixic Entiantrosols, have been derived from natural soils from Chernozems or 
alluvial soils types, some of them saline.

Baia Mare, located in the northeastern part of Romania, with over 140,000 inhabitants 
and a surface area of about 35.73 km2, is a city well known for its complex sulphide ore 
extraction and processing industry. The natural soils developed on the settlement are 
Albic Luvisols and Brown Acid type, both being acid soils. Those strongly modified 
zones have resulted in Urbic Mixic and Urbic-Alluvic Entiantrosols.

Abundance of Heavy Metals

Statistical parameters of the eights studied heavy metals from urban soils situated 
lengthways the main streets of Bucharest, Iassy and Baia Mare cities (Tables 1 
through 3) has revealed contiguous values for some chemical elements (Cd, Co, Cr, 
Mn and Ni) and contrasting values for other (Cu, Pb, Zn). Marked differences 
between the chemical elements Cd, Cu, Pb and Zn from Baia Mare soils, has been 
recorded. Because of the presence of nonferrous ore processing industries, the con-
centration of these heavy metals in Baia Mare soils are much higher as compared 
with those from Bucharest and Iassy. Thus, only arithmetic mean values of the Cu, 
Pb and Zn contents in Baia Mare urban soils exceed the maximum allowable limits 
for these elements by 1.6, 7.9 and almost 2.0 times, respectively.

Analysis of the medium content of the same chemical elements from Bucharest 
and Iassy urban soils showed that the values, except those for Pb, are ranging below 

Table 1 Statistical parameters of total heavy metal content (mg/kg) in urban soils of Bucharest 
city (n = 87) situated lengthways of the main streets as compared to normal content (NC), maximum 
allowable limits (MAL) and alarm threshold (AT) for a less sensible

Parametera

Cd Co Cr Cu Mn Ni Pb Zn

mg/kg

xmin 1.1 15 18 27 394 14 27 70
xmax 4.6 31 41 86 730 50 359 404
x 2.2 23 29 51 507 37 119 165
s 0.8 4 6 18 137 8 94 84
xg 2.1 23 27 50 501 38 108 143
Me 2.2 24 29 46 493 39 72 150
NCb 0.3 5 30 20 500 20 15 50
MALc 3.0 50 100 100 50 100 300
ATd 5.0 100 300 250 2,000 200 250 700
a xmin - minimum value; xmax - maximum value; x - arithmetic mean; s - standard deviation;  
xg – geometric mean.
bAfter [9].
cAfter [10].
cAfter Romanian order of Environment Ministry (no 756/1997) for soil pollution.
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Table 2 Statistical parameters of total heavy metal content (mg/kg) in urban soils of Iassy city  
(n = 64) situated lengthways of the main streets as compared to normal content (NC), maximum 
allowable limits (MAL) and alarm threshold (AT) for a less sensible

Parametera

Cd Co Cr Cu Mn Ni Pb Zn

mg/kg

xmin 0.1 10 15 8 340 23 47 73
xmax 3.9 37 63 42 693 74 432 215
x 1.7 26 31 23 521 42 152 112
s 0.6 9 10 9 164 12 61 52
xg 1.5 21 30 20 509 40 143 109
Me 1.4 22 28 21 517 37 138 101
NCb 0.3 5 30 20 500 20 15 50
MALc 3.0 50 100 100 50 100 300
ATd 5.0 100 300 250 2,000 200 250 700
a  idem Table 1.
b idem Table 1.
c idem Table 1.
d idem Table 1.

Table 3 Statistical parameters of total heavy metal content (mg/kg) in urban soils of Baia 
Mare city (n = 73) situated lengthways of the main streets as compared to normal content 
(NC), maximum allowable limits (MAL) and alarm threshold (AT) for a less sensible

Parametera

Cd Co Cr Cu Mn Ni Pb Zn

mg/kg

xmin 0.3 11 10 22 449 16 131 139
xmax 3.9 107 30 329 880 46 3510 2115
x 1.6 23 20 157 520 27 794 589
s 0.5 16 5 93 163 8 611 517
xg 1.4 22 19 146 497 25 729 507
Me 1.3 20 18 139 501 23 707 483
NCb 0.3 5 30 20 500 20 15 50
MALc 3.0 50 100 100 50 100 300
ATd 5.0 100 300 250 2,000 200 250 700
a idem Table 1.
b idem Table 1.
c idem Table 1.
d idem Table 1.

the maximum allowable limits (MAL), with some variation at the half interval 
between the normal content and MAL value, more precisely (Tables 1 and 2).

The medium lead content exceeds by 1.5 and 1.2 times, respectively, the MAL 
value for Iassy and Bucharest urban soils. The medium lead content in Baia Mare 
urban soils (Table 3) exceed by 3.2 times the alert threshold value. This high content 
is caused by the cumulative pollutant effect of traffic and industrial emissions of the 
nonferrous ore processing industry. Analyses of maximum values for the eight 
chemical elements in Baia Mare soils have revealed that Co, Cu, Pb and Zn exceed 
the alert threshold for a sensitive use of land.
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For the other two cities, the maximum values exceed the alert threshold for Pb, 
by 1.4 times in Bucharest soils and by 1.7 times for Iassy soils. Accordingly, from 
an abundance point of view, lead is the dominant chemical element and is strongly 
influenced both by traffic and industrial emissions.

In addition to absolute values and statistical parameters of the heavy metal con-
tents, the values of two abundance indexes: pedogeochemical index (PAI) and geo-
chemical index (GAI) were also calculated. They are representing the ratio between 
the metal content medium value in analyzed soils and the normal content value in 
soils, clark value. Clark is representing the medium content of a chemical element 
in the lithosphere. Analysis of Fig. 1 clearly reveals that the two indicator values are 
small and very small, ranging round the one value for Cr, Cu, Mn and Ni.

This fact proves the predominant geogenic origin of these chemical elements. 
Higher values of the pedogeochemical index were recorded for Co, attesting concen-
trations of this chemical element in the soil. On the contrary, the IAG and IAP values 
for Cd, Zn, and especially Pb, have been striking the wrong note. Very high values 
of these two indicators denote the major contribution as anthropogenic, which 
enhance very much these chemical element contents, as compared to lithological and 
pedologic background (Fig. 1). The heavy metal abundance in urban soils situated 
lengthways the main streets in the three investigated Romanian cities is superior to 
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Fig. 2 Fraction percentage of Cd, Pb and Zn total contents from superior horizons of urban soils 
situated lengthways of the main streets of Bucharest, Iassy and Baia Mare

heavy metal abundance global values, recorded in urban soils of these localities, 
including heavy metals from parks soils and those from industrial enclosures [1].

Cd, Pb and Zn Total Content Fractions

Although sequential extraction with different conventional reagents of those three 
heavy metals have resulted in percentage values closer from one soil to another, 
these percentages represent parts of very different total heavy metal contents, 
expressed in mg/kg. Thus, for the lead case, 29% of lead is associated with 
exchangeable components of a 34.5 mg/kg total lead content in Bucharest urban 
soils, while the same lead exchangeable fraction from Baia Mare soils, about 34% 
from total content, correspond to 270 mg/kg lead (Fig. 2). A very similar situation 
was found in the zinc case, when closer percentage values of the exchangeable 
content (34% in Bucharest soil and 36% in Baia Mare soil), in fact correspond to 
very contrasting values expressed in 56.1 and 212.0 mg/kg, respectively.

Analysis of the heavy metal concentrations in Baia Mare soil solution showed 
that it contained up to 12% Cd, 7% Pb and 9% Zn. These percentage values cor-
respond to heavy metal contents expressed in mg/kg about: 0.19 Cd, 55.6 Pb and 
53.0 Zn. In urban soils situated lengthways the main streets in Bucharest and Iassy, 
similar calculations (mg/kg) result in 0.17 Cd, 7.1 Pb, and 11.5 Zn respectively. 
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Compared to urban soils from Bucharest and Iassy, the Baia Mare soil solution 
contains about 7.6 times more Pb and 5.3 times more Zn.

Besides, there is a similar situation both for the other potential mobile fraction 
(exchangeable fraction and organic matter bound fraction), and for those harder 
mobile (fraction bound by oxides and crystal lattice of primary and secondary soil 
minerals). If predominant acid reactions of these soils are taken into account, the 
above conclusions explain the heavy metals abundance in mobile and potential 
mobile fractions of the Baia Mare soil.

Heavy Metals Contamination/Pollution Level

The contamination/pollution index, counted using a method proposed by [11], 
show a large palette of values (Table 4), the majority being spread below, and only 
three values over the unit that define the contamination domain.

Those latter values were recorded only for Cd, Pb and Zn in the urban soils 
lengthways the main streets of Baia Mare city. For other chemical elements, the 
index values reflect moderate and sever contamination levels. In this series values 
for Cd, Co, Cr and Ni are included. Very severe contamination levels were recorded 
for Cd in Baia Mare soils and for Pb and Zn in Bucharest and Iassy soils. 

Table 4 The values of heavy metal contamination/pollution indexex of urban soils situated 
lengthways the main streets in Bucharest (1), Iassy (2), and Baia Mare (3)

Chemical  
element Location

Values of 
contamination/
pollution index Signification

Cd (1) 0.43 Moderate contamination
(2) 0.32 Moderate contamination
(3) 0.94 Very severe contamination

Co (1) 0.25 Slight contamination
(2) 0.28 Moderate contamination
(3) 0.49 Moderate contamination

Cr (1) 0.43 Moderate contamination
(2) 0.39 Moderate contamination
(3) 0.50 Moderate contamination

Cu (1) 0.54 Severe contamination
(2) 0.61 Severe contamination
(3) 1.04 Slight pollution

Ni (1) 0.37 Moderate contamination
(2) 0.49 Moderate contamination
(3) 0.50 Moderate contamination

Pb (1) 0.83 Very severe contamination
(2) 0.95 Very severe contamination
(3) 9.50 Very severe pollution

Zn (1) 0.83 Very severe contamination
(2) 0.74 Very severe contamination
(3) 4.20 Very severe pollution
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Consequently, we could affirm that urban soils situated lengthways the main streets 
from Baia Mare city are polluted with Pb, Zn, Cu and Cd, while the same situated 
urban soils from Bucharest and Iassy are contaminated very severe with Pb and Zn, 
severe contaminated with Cu and moderate contaminated with Cd.

Heavy Metals Correlations

Direct proportionality relationships; linear type, represented through a correlation 
coefficient (r), or parabolic type, represented by a correlation ratio (h), were estab-
lished between some of the investigated heavy metals. The values, statistically 
assured by a 5% confident level, are presented in Table 5.

Clearly differentiation of correlations between Cd with Co and Mn, between Cr 
with Mn, Ni, Pb and Zn, between Cu and Mn with Zn, between Ni with Mn and 
between Pb with Cu and Zn, could be observed.

The strongest correlation between these chemical elements were recorded in 
Baia Mare soil, where concentrated anthropogenic influences, caused by nonferrous 
ore processing industry, generated a close dependence between component elements 
of complex sulphide ores.

The smaller and diffused heavy metal concentrations in the other two cities soils 
also showed a higher spreading degree. For this reason, the recorded values or their 
correlation coefficients have been smaller.

  Table 5    Values a  of correlation coeffi cients (r) and ratio ( h ) between heavy metals from urban 
soils situated lengthways the main streets in Bucharest (1), Iassy (2), and Baia Mare (3) cities   

 Cd  Co  Cr  Cu  Mn  Ni  Pb  Zn 

 Cd 

 Co  (1)r = 0.394
(2)r = 0.415 
(3) h  = 0.523 

 Cr 
 Cu  (1) h  = 0.412 

(2) h  = 0.470 
(3) h  = 0.520 

 Mn  (1)r = 0.204 
(2)r = 0.192 
(3)r = 0.232 

 (1) h  = 0.412 
(2) h  = 0.470 
(3) h  = 0.520 

 (3)r = 
0.420 

 Ni  (1) h  = 0.412 
(2) h  = 0.470 
(3) h  = 0.520 

 Pb  (3) h  = 0.583 
 Zn  (3) h  = 0.620  (1)r = 0.420 

(2)r = 0.567 
(3) h  = 0.624 

 (1)r = 0.374 
(2)r = 0.429 
(3) h  = 0.703 

 (1)r = 0.660 
(2)r = 0.520 
(3) h  = 0.710 

   a Filled cells represent statistical assured values for confidential level 5%. The blank cells means 
not statistical assured values.  
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Conclusion

Urban soils situated lengthways the main streets are: Urbic Regosol, Regosol •	
and Humic Regosol in Bucharest city, Urbic and Mixic Entiantrosol in Iassy city 
and Urbic Mixic and Urbic–Alluvic Entiantrosol in Baia Mare city.
Between analyzed heavy metals (Cd, Co, Cr, Cu, Mn, Ni, Pb and Zn), lead is the •	
chemical element that has been found at pollutant level in soils at all three locations.
Lead concentration in the three municipalities’ soils, at medium level content, •	
exceed the maximum allowable limit values by 1.5 times (Bucharest), 1.2 times 
(Iassy), and 7.9 times (Baia Mare).
Pedogegeochemic (PAI) and Geochemic (GAI) abundance indexes values are •	
small for Cr, Cu, Mn and Ni (around one value), showing in this way geogenic 
origin of these chemical elements, while high values of the same abundance 
indexes for Cd, Pb and Zn reveal a significant anthropogenic contribution.
Urban soils situated lengthways the main streets of Baia Mare are polluted with •	
lead, zinc, copper and cadmium, while urban soils at similar locations in 
Bucharest and Iassy are contaminated very severe with lead and zinc, severe 
with copper, and moderate with cadmium.
The greatest part of total pollutant chemical elements (Cd, Cu, Pb and Zn) is •	
present in the soluble fraction (soil solution) and potential soluble (exchangeable 
fraction and organic matter bound fraction).
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Introduction

The inclusion of strategic environmental effects of transport infrastructure plans in 
assessment methodologies is increasingly required by the research community, 
decision-makers and relevant stakeholders. One of these strategic effects is the 
measurement of their contribution to climate change. This contribution is considered 
critical because of its sustainability implications [1, 2].

First, the climate change phenomenon is directly linked to energy consumption 
and directly related to greenhouse gas (GHG) emissions. These are strategic envi-
ronmental aspects of great interest due to both the need to comply with international 
environmental commitments and the urgency to reduce energy consumption, which 
has a greater economic component.

In the past few decades there has been an increased concern for assessing the 
environmental effects of transport and developing mechanisms to report their evo-
lution, such as the periodic ‘Transport and Environment Reporting Mechanisms’ 
(TERM) Reports [3]. At the EU level, the transport sector is the primary driver of 
the growth in total energy consumption, which is likewise directly linked with total 
emissions [3]. These concerns have also been stressed in the mid-term review of the 
Transport White Paper [4], which calls for integrated actions in order to achieve a 
European sustainable transport system.

However, the important efforts devoted to environmental abatement policies 
have not achieved the expected reduction targets. In fact, the high rate of increase 
in transport demand is outstripping the rate of improvement in environmental tech-
nology for transport [5, 6]. The result has been a significant increase in greenhouse 
gas (GHG) emissions from transport, which threatens European progress towards 
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its international commitments, such as the Kyoto targets and the proposals by the 
EU Council for further emission reductions for developed countries beyond the 
Kyoto Protocol period (2008–2012).

Despite the above mentioned importance of including GHG emissions as an 
impact variable at strategic planning levels, there is a lot of research work still to 
be done, in order to improve key methodological issues for their evaluation, as the 
research community has not yet developed a unified assessment procedure. This 
paper moves one step forward in this direction, with the proposal of a methodology 
to assess climate change effects of transport infrastructure plans.

Methodology

The methodology is developed with the support of a Geographical Information 
System (GIS), in the following four stages:

Stage 1: Definition of the study area
This stage includes the delimitation of the study area, which includes both the 
national territory of the plan under consideration and the cross-border regions in 
neighboring countries. The level of aggregation and the zonification is also defined 
in this stage. This is needed to select centroids both for the origins (i) and destina-
tions (j) for the accessibility analysis.

Stage 2: Implementation of the transport and socio-economic system in the GIS
In this stage each of the centroids i of the study area defined above is characterized 
in terms of its transport and socio-economic data. The transport system is modeled 
in a vectorial GIS, resulting in an intermodal graph containing the road and rail 
networks. For each arc on the road network, the length, estimated speed according 
to type of road and resulting travel time are also recorded (for more details see [7, 
8]). For the rail mode, each arc is given a commercial speed according to infrastruc-
ture and quality of service characteristics.

Stage 3: Calculation of travel time savings
The approach used to compute travel time savings is based on the calculation of 
accessibility indicators, which have a wide potential for their application in strategic 
planning processes [7]. The selected formulation is for this paper that of the location 
accessibility indicator, which computes average travel time to the set of destina-
tions. This indicator was previously used in similar studies at the Spanish national 
level [9]. The formulation chosen is included in Eq. 1.

 
ij j

i
i jj

I P
L

P

⋅
= ∑ ∑  (1)

The location indicator (Li) is computed as the average travel time (in minutes) to 
the set of destinations, using the population of each destination (Pj) as the weight-
ing variable.
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The next step after the input database is stored in the GIS consists in the calcula-
tion of the road and rail travel times between each i–j pair. These travel times, along 
with population destination data, are subsequently introduced in Eq. 1 to obtain 
each node accessibility value. Finally, the accessibility values of each origin 
centroid are computed and stored in the GIS.

Stage 4: Calculation of climate change effects
The methodology defines a procedure for the assessment of the climate change 
effects of transport infrastructure plans. The selected indicator to measure climate 
change effects are total greenhouse gas emissions (GHG), measured in equivalent 
tons of CO2. CO2 emissions are included as indicators for climate change issues in 
different environmental indicator list [3].

The single aggregated value of the location indicator defined above is computed 
and the result is translated into the corresponding increases in travel demand with 
the use of the range of travel time elasticities [10–12]. The next step consists in 
transforming the estimated increase in travel demand into the corresponding 
increase in GHG emissions. This estimation has been carried out with version 2.44 
of the TREMOVE model [13]. TREMOVE is a policy assessment model designed 
to study the effects of different transport and environment policies on the emissions 
of the transport sector. Model runs are carried out with the data on induced traffic, 
resulting in the corresponding CO2 emissions. The model estimates the transport 
demand, the modal split, the vehicle fleets, the emissions of air pollutants and the 
welfare level under different policy scenarios. All relevant transport modes are 
modeled, including air transport. Maritime transport is treated in a separate model. 
TREMOVE models both passenger and freight transport, and covers the period 
1995–2020. TREMOVE consists of 21 parallel country models. Each country 
model consists of three inter-linked ‘core’ modules: a transport demand module, a 
vehicle turnover module and an emission and fuel consumption module, to which 
a welfare cost module and a well-to-tank emissions module is added. Annual CO2 
emissions are computed and summed up to calculate total tons of CO2, using the 
vehicle-kilometers traveled generated by the TREMOVE transport model per mode 
and the information on the national vehicle fleet (drives, car categories and emis-
sion standards).

In the next section, the validity of the above described methodology was tested 
by applying it to the Spanish Strategic Transport and Infrastructure Plan (PEIT) 
2005–2020.

Results and Discussion

Case Study Description

The Spanish Transport and Infrastructure Strategic Plan 2005–2020 includes an 
ambitious extension of the Spanish high capacity land transport networks. The 
PEIT network extension includes the construction of 5,000 km of High Capacity 
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Roads (HCR) and 6,000 km of High-Speed Rail (HSR) lines. The assessment is 
carried out on the basis of the comparison between the ‘construction alternative’ 
(APEIT) and the ‘do-nothing alternative’ (A0). The accessibility calculations were 
made using a network accessibility analysis GIS toolbox [14]. The general method-
ological stages explained in the previous section are given as theoretical back-
ground for the case study application which follows next.

Implementation of the Methodology

Stage 1: Definition of the study area
The study area basically comprises the Spanish mainland and its corresponding 
cross-border regions in neighbouring countries, which include Portugal and the 
three southern French NUTS-2 (Nomenclature of Territorial Units for Statistics, 
defined by the Statistical Office of the European Communities, i.e. EUROSTAT) 
regions.

Stage 2: Implementation of the transport and socio-economic system
In order to calculate accessibility values, a dense intermodal (road and rail) network 
was modelled with the support of a GIS; the ArcGis software was used in this case. 
Accessibility values are obtained for each node of the network, which coincide with 
the nodes of the road network, which are nearly 12,000 km. The first task consisted 
in modelling the road network of the do-nothing alternative (A0). A vectorial GIS was 
used, in which the network is modelled as a graph with a set of nodes and arcs. For 
each arc on the road network, the length, estimated speed according to the type of 
road (120 km/h for highways, 110 for expressways, 90 for interregional roads, 80 
for other roads and 50 for urban roads) and resulting travel time were also recorded. 
For the rail mode, each arc is given a commercial speed according to both infra-
structure and quality of service characteristics. Rail network modelling tasks are 
significantly more complex than those of the road mode, as it is necessary to 
include track gauge (Iberian/UIC) data, the location of the stations and frequency 
of service information in order to calculate travel times, as described in [9], which 
is not possible to detail in this paper for space reasons.

The population is the selected variable to measure each destination’s attrac-
tiveness in the accessibility model. In Spain, the selected destination centres cor-
respond to the centroids of the approximately 8,000 municipalities of the Spanish 
mainland.

Stage 3: Calculation of travel time savings
In this stage, the location accessibility values of each origin centroid i is computed, 
using Eq. 1. Intermediate calculations include the measurement of each i–j travel 
time, using minimum-path algorithms embedded in the GIS. The location indicator 
is therefore used as a proxy for the evaluation of travel time savings, when its 
results in the PEIT alternative are compared to those of the do-nothing alternative. 
Hence, a single aggregated value of the location indicator for all Spain has been 
computed and compared to that of the do-nothing alternative. For clarity reasons, the 
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results were calculated independently for road and rail modes. Therefore, the analy-
sis of results included below was split in the two corresponding subsections.

Stage 4: GHG calculations
The result of the location accessibility indicator, in percentage change reduction, 
has been translated into the corresponding increases in travel demand with the use 
of a range of commonly used travel time elasticities. These values are summarized 
in Table 1.

These increases in travel demand are included in the TREMOVE model in order 
to calculate the corresponding increases in GHG emissions. Results obtained for 
the road and rail modes are summarized in Table 2. The percentage change results 
obtained by the road and rail alternatives are obviously not directly comparable, as 
these values are heavily influenced by the emission levels of the do-nothing alternative. 
A ‘global’ relative percentage change has therefore been computed, representing 
the percentage change compared to the sum of road and rail emissions.

Table 1 Travel time savings and estimated induced traffic

Transport  
mode

Location indicator (min) Induced traffic (%)

Do-nothing 
alternative

PEIT 
alternative

Reduction  
(%) Minimum Maximum

Road 156.81 153.18  2.31  1.12  4.62
Rail 325.81 213.86 34.36 58.41 92.72

Table 2 Forecasted induced traffic and corresponding increases in GHG emissions. 
Do-nothing vs. PEIT alternative. Road and rail modes

Road Rail

Traffic (million 
vkm)

Do-nothing alternative 332 359.16 275.43
PEIT alternative Minimum 336 081.58 436.28

Maximum 347 714.15 530.75
Mean 340 036.65 370.17

GHG emissions  
(t CO

2
)

Do-nothing alternative 72 513 765.92 234 275.13
PEIT alternative Minimum 73 279 001.33 365 755.62

Maximum 75 670 365.08 442 987.18
Mean 74 474 683.47 404 371.40

Increase in GHG 
emissions

Absolute (t CO
2
) Minimum 765 235.41 131 480.49

Maximum 3 156 599.16 208 712.05
Mean 1 960 917.55 170 096.27

Relativea (%) Minimum 1.06 56.12
Maximum 4.35 89.09
Mean 2.70 72.61

Global relativeb (%) Minimum 1.05 0.18
Maximum 4.34 0.29
Mean 2.70 0.23

aPercentage change of each mode emissions of the do-nothing alternative.
bPercentage change of total road and rail emissions of the do-nothing alternative.
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As Table 2 values show, the road mode do-nothing alternative accounts for over 
72.5 million tons of CO2. It can be seen how the mean increase in GHG emissions 
due to the extension of the HCR network included in the PEIT accounts for near 2 
million tons of CO2, which represents a 2.70% increase compared to both the do-
nothing alternative value for the road mode, and total road and rail emissions of the 
do-nothing alternative. This comparison could be carried out if different road and/
or rail alternatives were assessed.

Regarding the rail mode; do-nothing alternative accounts for only 234,000 t. The 
extension of the HSR network included in the PEIT accounts for nearly 170,000 t 
of CO2, which represents over a 72% increase, in terms of the do-nothing alterna-
tive value for the rail mode, whereas it represents only a 0.23% increase of total 
road and rail emissions of the do-nothing alternative.

The comparison of the absolute increases in GHG emissions between road and 
rail modes (2 million vs. 170,000 t of CO2) gives us an idea of the significant 
difference in the contribution of the above transport modes to GHG emissions, 
which is obviously proportional to their corresponding traffic volumes.

Conclusions

This paper defines a methodology for the assessment of climate change effects of 
transport infrastructure plans, based on the calculation of GHG emissions. The meth-
odology has proven its efficacy in deriving GHG emissions via the calculation of an 
accessibility indicator, and the resulting induced travel demand that stems from travel 
time savings. This approach could be of valuable use in cases when a calibrated transport 
demand model is not available, which is frequently the case at strategic levels.

The application of the methodology has also highlighted the significant differ-
ences in the contribution to GHG emissions of road and rail modes, given the severe 
unbalance in modal split. A modal shift towards rail mode would result in important 
reductions in GHG emissions, along with other environmental benefits of more 
balanced modal shares.

Accompanying measures are needed in order to encourage a modal shift from 
road to rail, in order to take full advantage of network accessibility improvements 
derived from infrastructure investments. Improvements in punctuality, reliability, 
perceived comfort and higher frequencies are some of the possible measures that 
may be effective for this purpose.

In this sense, the integration of road and rail modes in order to measure modal 
shifts is on our research agenda. Finally, other future research directions we are 
exploring refer to the application of the methodology to a set of road and rail alter-
natives, in order to assess the sensitivity of the results to different variables, such as 
rail commercial speed.
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Introduction

The Kyoto Protocol was adopted in late 1997 to address the problem of global 
warming by reducing the world’s greenhouse gas emissions. It went into effect on 
February 16, 2005 and as of April 2008, a total of 178 countries and other govern-
mental entities have ratified the agreement. It is estimated that transportation is 
responsible for over 20% of the world’s greenhouse gas emissions. Of this total, 
some 85% is from road transportation. A wide range of strategies have been put 
forward to curb the continuing growth in road transport emissions. These include 
improved vehicle efficiencies, low carbon fuels, and travel reduction. One aspect of 
road transportation that has not received much attention is the design philosophy 
for road structural design.

The road design and construction industry needs to become part of the sustain-
ability solution by proactively implementing technologies and construction practices 
that contribute to achieving the challenging emission reduction goals. In addition to 
improved asphalt technology, better construction and rehabilitation methods, and 
optimized pavement selection based on life-cycle thinking, more attention needs to 
be focused on delivering more sustainable pavements. The sustainable pavement 
can be defined as one that provides the best balance between economic, environ-
mental and social considerations. In essence, this is a pavement that is safe and 
durable, has less maintenance demands, longer time between major rehabilitation 
interventions, and where life cycle costs are minimized.
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The effectively designed sustainable pavement should aim to:

Minimize the use of natural resources•	
Reduce energy and fuel consumption during construction and operations•	
Minimize greenhouse gas (GHG) emissions•	
Limit pollution (air, water, earth, noise, etc.)•	
Improve health, safety and risk prevention•	
Ensure a high level of user comfort and safety•	
Provide long term value for money•	

Historically, most municipal governments have been forced by political pressure 
and scarce financial resources into a short-term approach toward pavement design 
and management. They have also relied heavily of traditional or ‘recipe’ design 
methods. This has led to a cycle of acceptance of pavements that lose ride quality 
very quickly and need major rehabilitation every 18 to 25 years. Even the conven-
tional life cycle cost analysis process frequently fails to fully demonstrate the folly 
of a short-term design philosophy when it comes to pavements. The twenty-first 
century realities of excessive energy consumption, dwindling natural resources, 
environmental impacts of construction and the importance placed by the public on 
making our roads safer, rarely get factored into the analysis. Nor do the indirect 
costs sustained by the motorist in maintaining vehicles that are habitually driven on 
bad roads and the extra fuel consumption as a result of traffic delays from road 
repair activities get considered. This paper describes a more enlightened approach 
for pavement design for high volume urban motorways.

Road Transportation and Sustainability

Sustainability principles have application to every stage of road planning, develop-
ment, construction, operations and maintenance. Some examples include longer 
lasting pavements, intelligent transport systems, alternative fuels, improved safety 
features to reduce accidents, and incentives for car pooling. In the past, options for 
the development of public road networks were largely dictated by economics. In the 
last 30 years or so, environmental and social impacts have had an increasingly large 
influence on road design policies and standards. More recently, context sensitive 
design principles have also begun to influence traditional design approaches [1]. 
Sustainability when applied to road transportation needs to be broad ranging and 
must consider a wide range of themes under the broad categories of economic, 
social and environmental aspects.

Today’s economic activity is based on a legacy of facilities and infrastructure. 
Progress towards sustainability will be a long journey and will only be achieved on 
a project by project basis and by joint co-operation between owners and their 
engineers. Progress towards sustainability goals is measured under three main 
categories: environmental, social and economic. The implementation of this 
approach is focused on achieving a balance between these categories, rather than 
achieving one at the expense of another, as illustrated in Fig. 1.
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Fig. 1 Sustainability strives for balance between key indicators

Maximizing Sustainability in Urban Pavement Design

The main topic for this paper deals with applying sustainability principles to road 
structural design. Historically, empirical approaches have been used for flexible 
pavement design. The accepted life cycle involves periodic routine maintenance 
and a major rehabilitation treatment every 18 to 25 years. With the rapidly increas-
ing traffic volumes on urban arterial roadways, larger municipalities are looking for 
ways to extend the effective road service life so as to minimize the disruptions to 
normal traffic operations and the associated driver delays and inconvenience during 
road rehabilitation works. Clearly, huge benefits would accrue in terms of sustain-
ability and value for infrastructure investment if the life of flexible pavements could 
be increased to 50 years or more.

It has been observed that energy consumption and greenhouse gas (GHG) emis-
sions during construction and maintenance activities are significant [2]. However, 
the emissions from vehicles delayed by lane closures during road works are even 
larger. Road rehabilitation in urban areas causes serious disruption to traffic and 
may require the detouring of traffic through densely populated neighborhoods. 
Long life pavements have obvious advantages that can be quantified in terms of 
improved environmental quality and reduced GHG emissions. This is especially 
important in high density urban environments. Additional benefits are the conserva-
tion of road aggregate and bituminous resources by reducing the need for repeated 
removal and replacement of major road elements.

In any analysis of energy consumption and greenhouse gas emissions related to 
roads, the entire production and construction cycle must be taken into consider-
ation. A study completed in France [3] shows that over a 30 year period, traffic 
consumes between 10 and 345 times more energy than road construction over the 
same period, depending on the traffic volume. At first this may suggest that the 
impact of road design and construction is not a significant contributor to emissions. 
On the contrary, when one considers that transportation accounts for 26% of all 
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GHG emissions and 85% of these are generated by road transport, the contributions 
from design and construction activities cannot be ignored. Road agencies, road 
designers and contractors need to be aware of and consider these issues in policy 
and decision-making. Energy consumption and GHG emissions also depend on the 
type of pavement structure. Both were lower for the long lasting high modulus 
pavements than for the conventional asphalt pavements [2]. This study also showed 
that energy consumption for pavement construction and maintenance was about 9% 
lower for high modulus pavement (i.e. those made with high strength asphalt layers) 
than for conventional asphalt pavement over a 30 years analysis period. A similar 
difference can be anticipated for perpetual pavement and it is likely that this differ-
ence would be even higher for an analysis period of 50 years.

Perpetual Pavement Design Strategy

The traditional pavement designs developed originally were compared with the 
initial perpetual pavement design. As part of the feasibility study, life-cycle costs, 
environmental benefits of the perpetual pavement design, pavement sustainability 
aspects and public satisfaction were analyzed. Traditionally designed pavements 
tend to fail in either one of two modes, fatigue cracking or permanent deformation, 
also referred to as rutting. To significantly extend the life of a traditional pavement, 
it needs to have two main attributes as follows [4, 5]:

1. Total asphalt thickness of more than 200 mm. It has been shown that flexible 
pavements with more than 200 mm of hot mix can resist fatigue cracking (bottom-
up cracking) regardless of the number of axle load repetitions. The resistance to 
fatigue cracking is further enhanced by increasing the asphalt cement content of 
the bottom lift of hot mix asphalt and the air voids in the mix are reduced to 
about 2–3%. This specially designed layer is described as a ‘rich-bottom lift’.

2. The increased hot mix asphalt thickness above the rich-bottom lift comprises 
high quality, rut-resistant mixes that protect the rich-bottom mix from distress 
and resist asphalt rutting.

Damage to the pavement is now limited to surface tyre abrasion and loss of friction. 
This surficial damage can be corrected by surface milling and thin overlay.

Case Study

The Red Hill Valley Parkway (RHVP) is a modern urban Expressway in the City of 
Hamilton, Ontario, Canada. It is the final leg of a longer Freeway project considered 
to be the largest municipal road project in Canada with an estimated final total cost 
of Can$430 Million. An initial traffic volume of about 40,000 vehicles per day and 
full capacity volumes in excess of 90,000 vehicles per day are expected for this 
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section of the city’s crucial transportation artery. The 7.5 km long RHVP is located 
in an environmentally sensitive area in the City of Hamilton along the Red Hill 
Creek [4] (Fig. 2). The City of Hamilton decided that, given the projected traffic 
volumes, the traditional pavement designed for a 20-year life might not be accept-
able and that a more radical and sustainable approach was needed. A feasibility 
study was completed comparing both pavement design alternatives. The RHVP is 
projected to sustain more than 30 million Equivalent Single Axle Loads (ESAL’s) 
over a 20-year period. The conventional pavement design, based on geotechnical 
investigations completed between 1999 and 2004, was to support a 20-year traffic 
loading.

Perpetual pavement designs were then completed for all sections to support the 
traffic loading over a period of 50 years (90 million ESAL’s). The selected pave-
ment designs for both alternatives are shown in Fig. 3. The perpetual pavement 
incorporates an 80 mm layer of an asphalt-rich mix, which will protect against the 
initiation of load induced fatigue (bottom-up) cracking.

A life cycle cost analysis was undertaken to compare the perpetual pavement 
design to the conventional asphalt pavement alternative. The Ministry of 
Transportation approach was used [6].

The results (just considering the main lane pavements) confirm that while the 
initial construction costs for the perpetual pavement design is higher, the long term 

Fig. 2 Location map and route plan for the RHVP
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Fig. 3 Comparison of conventional pavement structure (left) and perpetual pavement (right)

Table 1 Life cycle cost comparison

Construction 
cost (million 
Can$)

Maintenance and 
rehabilitation  
(million Can$)

User delay cost 
(million Can$)

Total cost 
(present worth 
million Can$)

Conventional 12.4 4.5 1.3 18.2
Perpetual 13.7 2.3 0.5 16.5

life cycle cost is lower (Table 1). The user-cost estimates include user delay costs 
only (i.e. delay costs and queuing costs) and not vehicle-operating costs.

Reduced Environmental Impacts

To quantify the environmental benefit of perpetual pavement over a traditional 
pavement on the RHVP, the Pavement Life-cycle Assessment Tool for Environmental 
and Economic Effects (PaLATE) software was used. The program was developed 
by Dr. Arpad Horvath from the University of California, Berkeley as a decision-
making tool used to evaluate road construction in terms of life-cycle costing and 
environmental impact [8]. PaLATE does not take into account vehicle emissions 
during the service life. Both, perpetual and traditional pavement designs were com-
pared during the initial construction and maintenance and rehabilitation stages. The 
environmental impact includes energy consumption, CO2, NOx, PM10 and SO2 
emissions. The results are summarized in Table 2.
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Table 2 Comparison of environmental impact of alternative pavement design strategies

Pavement type
Energy  
(million MJ) CO

2
 (t) NO

x
 (t) PM

10
 (t) SO

2
 (t)

Traditional 338 19,000 182 151 3,900
Perpetual 230 13,000 123 101 2,600
Difference 108  6,000  59  50 1,300
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Fig. 4 Life-cycle energy consumption comparisons

Over the analysis period of 50 years, the energy consumption and the gas and 
particulates emissions during the life cycle of the perpetual pavement are reduced 
by about one third as compared with the conventional pavement structure. Figures 
4 and 5 compare the energy consumption and CO2 emission for both alternatives.

Long lasting or perpetual pavements appear to have clear advantages over con-
ventional asphalt pavements for high volume urban motorways. New mix technolo-
gies such as warm asphalt mixes, the continued and increased use of pavement 
recycling are also very promising strategies to achieve more sustainable pavement 
designs. To assess the sustainability of alternative strategies it is necessary to con-
sider economic, environmental and social impacts. The economic and environmen-
tal aspects can be relatively easily quantified, but social opportunities are generally 
less tangible and so more difficult to integrate in a practicable tool.
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To allow some quantification of the sustainability of a particular pavement 
design option, a simple comparison tool has been developed for the management of 
construction and demolition waste in land development projects [9] and recently 
modified [10]. In this process, a series of project-specific indicators are applied to 
the road project. The output is in the form of a graphical total sustainability chart 

Fig. 6 Sustainability comparison of alternative strategies
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Fig. 7 Sustainability comparison of alternative strategies

that compares the viable alternatives and allows the most sustainable option to be 
readily identified.

The key indicators for assessment of each scenario can be selected based on 
what is considered important for a particular agency. While financial considerations 
will usually dominate, social and environmental criteria also need to be included. 
The alternatives are rated from −2 to +2 under a series of attributes grouped under 
environmental social and economic. Figure 6 illustrates the rating grid for the two 
options. The graphical presentation of the results is presented in Fig. 7. In this 
instance option 2 (perpetual pavement) obtains the best overall sustainability bal-
ance (represented by the larger yellow triangle) and therefore is the preferred solu-
tion for the RHVP.

Conclusions

The increasing awareness of the damage to the environment caused by road trans-
portation is increasing demand for more responsible pavement structural designs. 
Better materials and improved analytical techniques now allow asphalt pavements 
to be designed to last 50 or more years with minimal maintenance intervention. 
These long lasting (perpetual) asphalt pavements have lower environmental and 
social impacts and are more economic over the longer term. They make better use 
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of road construction materials, they lower energy consumption and greenhouse gas 
emissions, and will provide higher satisfaction and enhanced driving experience to 
the road users.

Life cycle cost analysis indicates that for high traffic volume urban arterial 
roads, long lasting pavements are more cost effective over their service lives than 
traditionally designed asphalt pavements. When user delay and vehicle mainte-
nance costs are included in the cost analysis, the advantages of long lasting pave-
ments are even greater. Further innovations in pavement design and material 
selection should be encouraged to lessen the pavement impact on the environment. 
Sustainability concepts need to be considered in pavement design selection.
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Introduction

Sustainable urban areas are widely considered a promising target for every city. 
Different policies are being designed in order to tackle the multifaceted range of 
transport-related problems in urban agglomerations and therefore contribute sig-
nificantly to the overall quality of life in cities. The recently published communica-
tion “Green Paper - Towards a new culture for urban mobility” [1], clearly says that 
“European towns and cities are all different, but they face similar challenges and 
are trying to find common solutions”: for making our cities sustainable. This is not 
a minor task. Over 60% of the population lives in urban areas and 85% of the EU’s 
gross domestic product is created in urban areas [1, 2].

All around Europe, increased traffic, both in the city centre and the metropolitan 
area is a common phenomenon. Externalities measured in terms of delays, pollu-
tion, stress, inequities, etc.; drive our cities into a spiral of degradation. On the other 
hand, climate change is recognized as an international problem where all are 
involved. The increase in traffic and the ‘stop-go’ nature of driving in urban areas 
implies that cities are becoming a major and growing source of CO2 emissions. Lot 
of hope has been pinned on technical progress. However, this can be insufficient 
due to the uncertainty over when new reliable fuel or vehicles technologies will be 
introduced. For that reason, the focus is more and more shifting to market-driven 
instruments, like taxation measures, which, apart from creating incentives [3, 4] to 
develop and use low-emission technologies, can also reduce unsustainable mobility 
demand [1].
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Fuel taxes were not initially designed for environmental purposes, but their 
consequences are certainly environmental. The stated motives for fuel taxes vary 
considerably from one place to another [5]. Nowadays, fuel taxes could play a 
crucial role to motivate a change, but still it is difficult to implement as policies are 
shaped by economic interest, and the growing dependence of cars among the popu-
lation makes it unpopular [6].

There are several economical studies based on the topic of searching for the 
optimal carbon-tax system to achieve some certain abatement objectives and sus-
tain the macroeconomic welfare [7–10]. Others have propound an integrated 
economy-climate model under a system dynamics (SD) approach [11, 12]. In this 
study fuel taxes will be evaluated as an important instrument for the environment 
and urban sustainability. Using a system dynamic approach for urban mobility, this 
study shows how the energy taxation policy can contribute to the climate policy. 
A target looking up process will be developed in order to define the level of a CO2 
emissions fuel duty necessary to achieve a specific CO2 reduction target on a 
regional area. Madrid Regional area was used as case study.

Methodology

System Dynamics

Falling CO2 emission level can be derived from a reduction of fuel consumption 
(due to a change on driving behavior, optimization or cutting fuel consumption on 
vehicles, alternative fuels…), a change on the mode of transport to a “greener” one 
(due to the promotion of public transport, cycling or pedestrian routes, promote car 
sharing, pricing or market-driven measures, transit oriented design of new develop-
ments…), or even avoiding the need to transport (through mixed urban planning, use 
of telematics…). Due to the complexity and multifaceted of the transport system and 
its connections – interactions to other subsystems (economic, social, health, environ-
ment, territory or activities allocations, etc.), traditional econometric approach 
may have limitations. Thus, in this case, a system dynamic approach is propounded. 
A system is defined as a group of entities which act and interact toward the achieve-
ment of a specific reason. This system may just represent a part or a subset of an 
overall system. It is called dynamic if its interactions cause changes over time [13], 
which helps for evaluating policy measures in the long term where the behavior to 
be assessed is a consequence of complex interactions [14, 10].

Land Use and Transport Model. MARS Model

The model used here, called MARS (Metropolitan Activity Relocation Simulator) 
model [15], is based on synergetic principles [16]. MARS is a strategic, interactive 
land-use and transport interaction (LUTI) model.
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The MARS model includes a transport model which simulates the travel behav-
ior of the population related to their housing and workplace locations, a housing 
development model, a household location choice model, a workplace development 
model, a workplace location choice model, as well as a fuel consumption and emis-
sion model. All these models are interconnected with each other and the major 
interrelations are shown in Fig. 1.

The technique of Causal Loop Diagrams (CLD) is used to explain the major 
cause and effect relations employed in the model. In the case of car usage, for 
example, Fig. 2 shows some of the Casual Loops (balancing and reinforcing casual 
loops) that drive the behavior of commuting trips taken by car from one zone to 
another. Similar CLDs could be drawn for other modes and for non-commute trips 
[17]. Changes of the fuel prices to the end users influences the attractiveness to use 
the car, which will be equilibrated by others CLD as changes on the speed (time) 
due to a different level of congestion. Changes on accessibility will modify, in a 
long term, the residential and workplace location which may also impact the attrac-
tiveness to car use as well.

Problem Statement – Scenarios

The study was developed by seeking the appropriated CO2 fuel tax level in order 
to achieve predefined CO2 emissions targets. Under a disparity duty structure 
based on life-cycle emissions, fuels with higher emissions of pollutants and GHG 
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Fig. 1 Basic structure of the MARS sub-models [15]
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would be penalized with higher levels of tax. This tax levels will be clearly be 
affected by the evolution both of the oil price (Scenarios A = Low Price; B = High 
Price) and the technology development (Scenarios 1 = Low Technology Investments; 
Scenarios 2 = High Technology Investments).

By combining the policy dimension with the energy-availability dimension, a 
scenario framework was set up.

In order to explore the optimal tax policy under different situations, not just from 
the technological or the oil price situation, but within a strategy of different travel 
demand measures, an integrated policy measures was put forward in order to seek 
for a more balanced strategy with the same target (Scenarios 3 = Travel Demand 
Measures (TDM)). These dimensions were compared with business as usual alterna-
tives (labeled as Scenarios 0), where no policy measures were assumed (Table 1).

Scenarios are summarized in Table 2, based on the figures contemplated in 
STEPs EU Funded Project [18]. Vehicle fleet stocks were constructed based on 
ASTRA model results for STEPs Scenarios [19].

CO
2
 Emissions Target Adopted

Several assumptions were set up for the fuel tax regulation scenarios. Regarding 
climate policy, the scenario assumes that all the countries fulfill their individual 
Kyoto target in accordance with the Burden Sharing Agreement with the targets 

Fig. 2 CLD for the transport model – commute trips by car in MARS using the software 
VENSIM [24]
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Table 1 Scenarios for measure assessment

Fuel tax regulation CO
2
 target

Business as usual
Low tech. 
investment

High tech. 
investment TDM

Energy 
availability

Generally accepted energy 
supply forecast

A0 A1 A2 A3

Worst case energy supply 
forecast

B0 B1 B2 B3

Table 2 Specification for the Baseline Scenarios (based on STEPs EU Co-funded R&D 
Project [20])

Oil market (annual change in %) Scenario A Scenario B

Fuel prices Gasoline/liter +1.0% / +4.0%

Diesel/liter +1.0% / +4.0%
Electric/unit +0.0% +0.0%
CNG/unit +1.0% +4.0%
Hybrid/unit +1.0%/ +4.0%
Hydrogen/unit +1.0% +1.0%

Transport energy sub-system (annual change in %) Scenario 1 Scenario 2

Improving energy 
efficiency for car

Fuel consumption/
gas. Car

−0.5% −2.0%

Fuel consumption/
diesel car

−1.0% −3.0%

Alternative tech. Emission factors −8.1% −16.0%
Car fleet (growth/share) Conventional (gas/

diesel)
−1%/72% −2.1%/55%

Hybrids: +12.5%/15%/ +13.5%/20%
CNG +10%/10% +2%/15%
Electric +3%/1% +7%/5%
Hydrogen +3%/2% 7.8%/5%

Transport scheme (final % of change) Scenario 3

PT accessibility Access time 
(min)

−30%

PT frequency Waiting time 
(min)

+20%

Public transport fares € −50%
Public Transport Speed (exclusive lanes) In-vehicle time 

(min)
+25%

Traffic calming Average speed −10%
Intermodal network Changing time −15%
Current parking schemes 

(inner city)
Short term (€)
Long term (€)

Up to 5€
Up to 12€

expressed in terms of CO2 emissions. In the case of Spain, 15% over 1990 CO2 
emissions level was the commitment. But there are not specific CO2 targets for the 
transport sector, and even less on a local environment. The role of transportation for 
reducing GHG emissions needs to be determined, and targets need to be specified.
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To determine transport’s future contribution it was decided to use the average 
contribution from transport to emissions in a carbon constrained context. In the 
case of Spain, the projections to 2012 are that they will increase to 65% over 1990s 
levels, on diffuse sectors (where transport is). For other sectors (energy and indus-
try) the forecast is just an increment of 37%. The diffuse sectors are responsible for 
about 46–49% of the GHG emissions. Transport has a weight on the diffuse sectors 
in the range from 42% on 1990 to 49% on 2004 (that means a 24% of total 2004 
GHG) [21]. Taking into account that transport won’t be able to follow the stabiliza-
tion curve that other sectors may do over the coming year, a more relaxing target 
curve is propounded. However, it is necessary to mention that even the weakest of 
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2
 emissions and mobility behavior results from the case study
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the targets will require a significant reduction from current emission levels. A target 
of CO2 emissions levels from 1990 + 71% (2012), + 61 (2020) and + 35 (2030) 
was settled for the case study.

Results and Discussion for Madrid Case Study

Madrid Region is the biggest urban conglomeration in Spain and third in Europe 
after London and Paris. Mobility demand in Madrid grows continuously. According 
to the last mobility survey (2004), numbers of trips in a work day have increased 
40% over 1996 ratios. Apart from population growth, trips per person increased 
20% on the period 1996–2004 [22, 23], and due to urban sprawl, a further car 
dependence is generated.

Impacts on CO
2
 Emissions and Mobility Behavior

Regarding base line scenarios (A0, B0, A1, B1), it is clearly showed that technol-
ogy improvements (A1/B1) generate higher potential savings on CO2 emissions in 
all Fig. 3. Higher fuel prices on vehicle use in scenarios B strengthen this trend.

From the technological investment scenario point of view, (CO2) seems to be 
efficient but not enough to reach CO2 emissions target. It does, on the other hand, 
induce a higher mobility in terms of distance and car trips (Scenarios 1).

Once a target of CO2 is settled, an optimization process is developed in order to 
determinate the fuel tax needed for achieving it (Scenarios A2/B2). Duty levels in 
these scenarios need to grow on average annual ratios of 18–20% in order to fulfill 
CO2 emissions requirements, which are economically unfeasible, socially unac-
ceptable and politically unpopular, but environmentally efficient. What this really 
shows is firstly that a deep change is needed to really achieve the targets pro-
pounded for our cities’ sustainability. Secondly, strategies for sustainable mobility 
could not be based on an isolated action.

As expected, the impact on mode share can be viewed in pairs of scenarios. 
Obviously the demand regulation scenarios (Scenarios 2) have the greatest impact 
on car use due to the significant increase in costs. Similarly A0/A1 and B0/B1 are 
grouped together and the relative changes are small within these groupings. What 
clearly shows is that higher technology scenarios improve environmental impacts, 
but it does not impact the car dependence of our cities.

Regarding scenarios A2/B2 and from an environmental point of view, high-price 
car usage appears to be a partial substitute for car dependence and changing behav-
ior. This is needed to be carefully designed in coherence with other measures in 
order to seek for an optimal operating cost level. Scenarios A3 and B3, indicate that 
changes are derived by same motivations plus a better alternative in PT usage which 
does not limit or change mobility demands.
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These results show that increasing fuel prices reduce the likelihood of commuting 
by car and a change on mobility behavior (modal shift, amount of distance traveled). 
The debate over whether fuel economy standards or fuel taxation is the more appro-
priate policy instrument to raise fuel economy and reduce CO2 emissions is not 
appropriated. Both are needed. Results from scenarios A3 and B3 reconfirm the 
extensively expressed affirmation that individual policy measures are not sufficient 
to deal with the diverse and multifaceted sustainability concerns associated with 
transport. In order to achieve improvements in energy intensity, CO2 emissions, 
congestion and air pollutant emissions, a package of measures is necessary.

Conclusion

As the transport sector is responsible for many long term impacts, such as CO2 
emissions or fossil fuel consumption, there is obviously a strong call for bringing 
together mobility and sustainability. To increase the “environmental friendliness” 
of energy taxation, a new fuel taxation policy have been set up for achieving a 
specific CO2 emission target. Clearly, the outlined target represents an effort that 
would require great changes in the coming years, both regarding the kind of trans-
port and the way that transport is perceived and utilized by individuals and organi-
zations (their mobility and behavior).This is reflected in the level of fuel tax needed 
(Scenarios 2). Evidence of the effectiveness of fuel taxation as a environmental 
transport policy in this context are clear, as it was able to cut CO2 emissions 
growth. But the levels propounded are economically, socially and politically unfea-
sible. The effectiveness of the measure improves when other, such as technological 
improvement measures were implemented.

However, there are a truly uncertainty associated with trust on technological 
improvement. There is a risk that the technology will not deliver the required CO2 
reductions. The probability that this may be too late, even if it is really achieved, is 
a significant element that makes it more urgent to considerer other measures from 
now. An alternative to a complete dependence on technological evolution is to start 
implementing schemes which are designed for changing our mobility behavior. 
Fuel taxation can be part of an integrated package of policy measures. Transparency 
and logic for destinations of revenues obtained by this policy needs to be under-
standable and shared by the public.

References

1. COM (2007) Green Paper – Towards a new culture for urban mobility. European Commission. 
Directorate General for Energy and Transport. 551

2. Eurostat. The Statistical Office of the European Communities
3. European Parliament and Council (2003) On the Promotion of the Use of Biofuels or other 

Renewable Fuels for Transport (Directive 2003/30/EC)



385Fuel Tax Levels Necessary to Achieve the Agreed Reduction Targets

 4. CEU (2005) Directive of the European Parliament and of the Council on the promotion of 
clean road transport vehicles. Official Journal of the European Union (Directive COM (2005) 
634), Council of the European Union

 5. Parry I, Small K (2005) Does Britain or the United States have the right gas-oline tax? 
American Economic Review 95:1276–1289

 6. Hammar H, Lofgren A, Sterner T (2004) Political economy obstacles to fuel taxation. Energy 
Journal 25:1–17 ISSN:0195–6574

 7. Nordhaus W (1991) The costs of slowing climate change: a survey. Energy Journal 
12:37–65

 8. Dean A, Hoeller P (1992) Costs of reducing CO2 emissions: evidence from six global models. 
OECD Economic Studies No. 19, Winter, pp. 16–47

 9. Azar Ch, Schneider SH (2002) Are the economic costs of stabilizing the atmosphere prohibi-
tive? Ecological Economics 42:(1–2):73–80

 10. Weber M, Barth V, Hasselmann K (2005) A multi-actor dynamic integrated assessment model 
(MADIAM) of induced technological change and sustainable economic growth. Ecological 
Economics 54:306–327

 11. Piattelli M, Cuneo MA, Bianchi NP, Soncin G (2002) The control of goods transportation 
growth by modal share replanning: the role of a carbon tax. System Dynamics Review 
18:47–69

 12. Kunsch PL, Springael J (2008) European Journal of Operational Research 185:1285–1299. 
Cited 9 Nov 2006

 13. Ogata K (1978) System Dynamics. Eaglewood Cliffs, NJ, Prentice-Hall
 14. Abbas KA, Bell MGH (1994) System dynamics applicability to transportation modeling. 

Transportation Research A, 28A:(5):373–400
 15. Pfaffenbichler P (2003) The strategic, dynamic and integrated urban land use and transport 

model MARS (Metropolitan Activity Relocation Simulator) – Development, testing and 
application. PhD thesis. University of Technology, Vienna

 16. Haken H (1983) Advanced Synergetics - Instability Hierarchies of Self- Organizing Systems 
and Devices; Springer Series in Synergetics 20, New York, Springer-Verlag

 17. Pfaffenbichler P, Emberger G, Shepherd S (2008) The integrated dynamic land use and trans-
port model MARS. Journal of Networks and Spatial Economics (DOI 10.1007/s11067-007-
9050-7)

 18. STEPs (2006) Scenarios for the Transport Systems and Energy Supplies and their Effects. 
Transport Strategies Under the Scarcity of Energy Supply

 19. ASTRA (2000) Assessment of Transport Strategies, Final Report for the European 
Commission, 48 p. http://www.iww.uni-karlsruhe.de/ASTRA

 20. Monzón A, Nuijten A (2006) Transport strategies under the scarcity of energy supply, DG 
TREN, European Commission

 21. Royal Legislative Decree (2006) REAL DECRETO 1370/2006. Plan Nacional de Asignación 
de derechos de emisión de gases de efecto invernadero, 2008–2012. Ministerio de la 
Presidencia

 22. CRTM (1996) Encuesta Domiciliaria de Movilidad de Madrid. Consorcio Regional de 
Transporte de Madrid

 23. CRTM (2004) Encuesta Domiciliaria de Movilidad de Madrid. Consorcio Regional de 
Transporte de Madrid

 24. VENSIM, The Ventana Simulation Environment, Ventana Systems, Inc



387

Introduction

The most recent European directives and Italian legislative decrees that have 
regulated the environmental matter are oriented to planning and determination of 
the more opportune strategies for health safeguard and for ecosystem protection. 
It appears obvious, therefore, that the national and regional programming must use 
appropriate cognitive instruments to estimate the air quality state and the origins of 
air pollutions in order to support prevention and reorganization decisions.

The inventory of emission sources is a preliminary and fundamental cognitive 
element for the planning activity and for air quality management; at a European 
level the inventories must be drawn up with CORINAIR Methodology (Coordination 
Information Air) [1, 2]. Such inventories constitute a technological, economic and 
territorial data collection, which concurs to individualize the pollution sources 
(industrial, civil, transports, etc.), their localization with spatial disaggregation 
(regions, provinces and towns), the amount and typology of the polluting substance. 
The amounts of pollutants emitted from various sources in the zones under investi-
gation can be obtained through direct and continuous measures where possible, 
otherwise through estimates. The direct measure of the emissions, generally, can be 
carried out only for the principal industrial systems, usually schematized as punc-
tual sources. For all other sources, called diffused sources (small industries, heating 
systems, natural sources, urban road traffic) and for the linear sources, it must resort 
to estimations: the emissions are estimated on the basis of opportune activity indi-
cators and fixed emission factors concerning specific emissive activity.

In Europe, the emissions due to road traffic (SNAP sector 07) are almost always 
an important fraction of the total emissions of a territory, despite extensive mea-
sures world-wide to reduce emissions during the last one or two decades. In Italy, 
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for example, traffic emissions account for about 67% of carbon monoxide emis-
sions, 51% of nitrogen oxides emissions and 40% of hydrocarbon emissions 
(UNECE/EMEP, 2004). Despite their importance, the emissions from road trans-
port with reference to other human and natural activities, are among the most dif-
ficult to calculate because they depend on many variables, which are characterized 
by a particular degree of uncertainty.

For the present application, the COPERT 4 methodology has been employed. 
It is the most complete and accepted software tool available in Europe for calculating 
emissions from road traffic. The COPERT model was developed on behalf of the 
European Environmental Agency to support European countries for their interna-
tional reporting obligations; in 2003 about 15 European countries were using the 
COPERT III model for official emission estimates. In this study the COPERT 
methodology has been used with a bottom-up approach focusing at municipal level 
instead of national, then including local parameters relating to fleet, driving patterns, 
medium trips, average vehicle speed and the fuel consumption. Analysis of research 
results has identified local critical factors in the Naples urban area.

COPERT IV Methodology

Overview

The COPERT methodology is the collection of algorithms and emission factors 
suggested at European level for the estimation of emissions from the road transport 
sector (i.e. the whole SNAP 07 of CORINAIR). It is the most commonly used 
model in Europe for official national inventories of emissions from road traffic. 
COPERT 4 is the fourth update of the initial methodology developed on the basis 
of the work of a working group which was set up for this purpose. The current ver-
sion is a collaborative effort and draws its main elements from several large-scale 
European activities: the MEET project, the COST 319 action on the Estimation of 
Emissions from Transport, and the ARTEMIS project

The methodology allows the estimation of the emissions for 230 vehicle catego-
ries belonging to the following five main classes: passenger cars, light duty vehicles, 
heavy duty vehicles, urban buses and coaches, and two wheelers. Vehicles belonging 
to such main classes are then distinguished according to the fuel type, the EU 
Directives to which they conform in terms of emissions, the cylinder capacity and 
other variables. Emissions can be estimated for 36 pollutants, and also for many 
secondary pollutants like polycyclic aromatics, dioxins and furans and heavy metals 
contained in the fuel. COPERT calculates the total emissions of exhaust gases by 
summing emissions from three different sources, namely the thermally stabilized 
engine operation (hot), the warming-up phase (cold start) and due to evaporation. 
For volatile organic compounds, expressions for the determination of the evaporative 
emissions are also given. A methodology has recently been introduced for calculating 
the emissions of PM from brakes, tyres and pavement wear (this last must not be 
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confused with resuspension). Since vehicle emissions depend on the engine opera-
tion (i.e. driving situation), exhaust emissions are calculated as a function of average 
speed and for three driving conditions: urban, rural and highway.

Uncertainties and Calculation Procedure

The COPERT methodology can be used to calculate a traffic emission inventory 
both with a top-down approach and with a bottom-up approach. For countries for 
which the required input data are not available at low level, it seems to be more 
appropriate to start at NUTS level 0 (national level) and to allocate emissions to 
other NUTS levels with the help of available surrogate data.

For countries where the required input is available at smaller NUTS level 
(including for example traffic counting) it has been proposed to make use of this 
information and to apply a bottom-up approach, building the national total by sum-
ming up emissions from the smaller units. An example of this procedure is pre-
sented by [3] in calculating emission for the road transport sector in Sardinia 
(Italy). Emissions in Sardinia were calculated as the sum of contributions from each 
municipality; the specific elements of each municipality necessary for the estimates 
were previously analyzed and evaluated. Application of the methodology at higher 
spatial resolution has to be done only when more detailed data are available from 
the user. Several input data in applying the methodology can obviously be only 
estimates and there is a certain degree of uncertainty in estimating these data. 
The variables necessary to carry out the calculations are listed in Table 1, together 
with their qualitative uncertainty. Some of the so-called “soft” variables are associ-
ated with large uncertainty. The assignment of an initial value from scratch to each 
soft variable is difficult, however some of them are suggested by COPERT IV for 
each country, and others can be found in national transportation studies. Other 
required variables are known with less uncertainty.

Using these variables and the fuel consumption factors of each COPERT IV 
vehicle category, in terms of grams of fuel per kilometer, the annual fuel consump-
tion for gasoline, diesel and LPG is estimated. The software estimates the fuel 
consumption and its percentage difference from the actual consumption; if this 
difference isn’t acceptable some soft variables should be modified. When a reliable 
result is obtained, all the “soft” variables used for this accepted estimate are used 
as an input to calculate the emissions using the COPERT IV emission factors.

The Emission Inventory

The collection of the necessary input data to calculate the emissions in the urban 
area of Naples has required the contribution of agencies and institutions. ISTAT 
(the Italian Institute of Statistics), the Ministry of Transport and Navigation [4], 



390 P. Iodice et al.

ACI (the Italian Automotive Association) provides the number of registered vehi-
cles and the fleet composition at municipality level [5]. The Italian Association of 
Oil Companies reports the fuel sold in each province in annual oil market bulletins 
[6]. APAT (the Italian Agency for Environmental Protection) provides studies on 
transportation in Italy and information about the average mileage and the average 
speed of each vehicle category and on each road type [7]. The base year of the 
emission inventory is 2006. According to the European Directive 98/70/EC fuels 
must have specific properties in order to protect human health. Therefore the fuel 
typology used for the emission calculation is the Fuel 2005. Data about the number 
of vehicles regularly registered have been corrected through percentage reductions 
(suggested by APAT) to be applied to vehicles PRE EURO, necessary to represent 
vehicles actually circulating in Italy. The average length of a trip in Italy is 12 km, 
as suggested by COPERT. The values of others variables, such as the average speed 
on each road type and the percentage of mileage traveled on each of road type, have 
been obtained from studies on transportation (APAT). The emissions due to cold 
starts were calculated considering minimum and maximum temperatures for each 
month in Naples municipality.

Results

As a result of the elaboration of the acquired data, the composition of circulating 
vehicle fleet in Naples municipality and the average mileage estimates in terms of 
kilometers covered by each vehicle category [Vehic*Km] for year 2006 are reported 
in Table 2. The estimate of the average mileages, as well as the average speeds, has 
been validated at the end of the iterative procedure, when the error for the estima-
tion of fuel consumption compared with the fuel sold in Naples municipality was 
been considered acceptable. In order to calculate the fuel sold in Naples municipality, 

Table 1 Variables needed to carry out the emission estimations and their 
uncertainties

Variable Uncertainty

Actual fuel consumption L
Traffic on linear sources M
Annual average mileage for vehicle category H
Percentage of mileage travelled on each road type H
Average speed on each road type H
Average length of a single trip H
Average temperatures L
Number of vehicles in each category L
L = low uncertainty, indicating a variable obtained from continuous measure-
ments; M = medium, indicating a variable obtained from measurements in 
specific periods extended to the whole year; H = high, indicating estimations
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the fuel sold in Naples province has been unbundled at municipality level using the 
number of vehicles registered in Naples municipality and province as spatial 
proxy.

The most widespread vehicle category is represented by gasoline and Diesel 
passenger car. These vehicles are then distinguished (Table 3) according to the EU 
Directives to which they conform. It has been found that in relation to the distribu-
tion of the total mileage for the gasoline passenger cars a high percentage is still 
represented by EURO 0 vehicles. Indeed in the Naples municipality, as in many 
other areas of southern Italy, the renewal of vehicle fleet is extremely slow com-
pared to other Italian regions, with obvious repercussions on air quality.

Instead in relation to diesel passenger cars, much more favorable results have 
been observed. This vehicle category is on average younger than the gasoline pas-
senger cars and the largest percentage, around 43%, is represented by EURO 3 cars. 
In order to determine the estimated total emissions in the municipality of Naples in 
2006, also journeys of residents in other municipalities, commuting daily to Naples 
for work or study, has been considered. The census ISTAT 2001 provides the num-
ber of these trips and the means of transport used for each town surrounding Naples 
(Fig. 1).

Total emissions from road traffic in Naples municipality for 2006 are summa-
rized in Table 4. It is important to stress that the reported COV emissions include 

Table 2 Composition of circulating vehicle fleet and percentage distribution of the 
vehicle mileage in Naples municipality for year 2006

Category Vehicles Vehicles (%) Vehic*km (%)

Gasoline passenger 
cars

371,019 51.1 38.3

Diesel passenger cars 116,021 16.0 20.7
GPL passenger cars 18,298 2.5 4.2
Light duty vehicles 27,036 3.7 5.8
Heavy duty vehicles 5,753 0.7 1.4
Buses 845 0.1 1.3
Mopeds 90,000 12.4 14.1
Motorcycles 97,774 13.5 14.2
Total 726,746 100 100

Table 3 Percentage distribution of the gasoline and diesel passenger cars according to the 
EU Directives with their mileage in Naples municipality for year 2006

EU Directives GPC (%)
GPC Veic*km 
(%) DPC (%) DPC Veic*km (%)

Euro 0 34.9 20.4 20.4 11.8
Euro 1 16.5 16.8 6.7 6.8
Euro 2 29.7 33.0 18.9 17.9
Euro 3 12 19.0 36.8 43.0
Euro 4 6.8 10.8 17.3 20.5

GPC = gasoline passenger cars; DPC = diesel passenger cars.
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Fig. 1 Daily journeys from vast area toward Naples municipality

Table 4 Estimated total emissions from urban road traffic 
in Naples during 2006

Pollutant Emissions (t) Pollutant Emissions (t)

CO 16,849 COV 4,340
NO

x
 2,105 PM

10
   180

evaporative emissions and that the PM emissions include brakes, tyres and road 
pavement wear. The emissions of CO, NOx, COV and PM10 are illustrated for each 
vehicle class in Fig. 2.

Passenger cars contribute more than 57% to the total road traffic emissions of 
CO, and about 53% is from gasoline passenger cars (as might be expected, since 
the combustion is incomplete due to lack of oxygen in engines powered by 
gasoline).

Previously, it has been observed that the gasoline passenger cars fleet in Naples 
municipality is relatively old, and old vehicles are generally characterized by higher 
emissions compared to the most recent ones. In Fig. 3 the carbon monoxide emis-
sions due to gasoline passenger cars have been split according to the EU Directives: 
EURO 0 passenger cars constitute the largest contribution to the CO emissions.

Figure 2 also shows NOx emissions due to different vehicle classes; urban buses 
represent the largest contribution in the urban area of Naples (about 26.5%). The 
predominant share of these NOx emissions is determined by conventional buses 
(Fig. 4), which are characterized by a high emission factor (about 26 g/km for an 
average speed of 12 km/h).

The emissions of VOC are also shown in Fig. 2 for different vehicle classes. 
Again a considerable contribution (more than 28%), is due to gasoline passenger 
cars, also considering the share of evaporative emissions. About 53% is brought by 
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mopeds, despite that the percentage of circulating mopeds in Naples municipality 
(12.4%) and the average mileage estimates in terms of kilometers per year covered 
by this vehicle category (14.1%) turned out lower, compared to other categories 
(Fig. 5). Two-stroke gasoline engines equipped with carburetor that characterize the 
mopeds will produce a raised emission factor (about 13 g/km in urban environ-
ments), justifying such results [8].
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The repartition of PM10 emissions is illustrated in Fig. 1, also considering the 
share of PM emissions due to road pavement, tyres and brakes wear for each 
vehicle class, that affect the total to about 22%. The major contribution to PM10 
emissions from tailpipe, however, comes from diesel passenger cars, buses and 
mopeds (Fig. 6). It is observed that buses weigh upon PM10 emissions for 22%, 
despite the fact that their percentage in the vehicle fleet is only 0.1% and their 
average mileage per year does not exceed 1.5%. EURO 0 buses, devoid of modern 
filtering particulate devices (installed on the latest vehicles), are characterized by 
emission factors above 1.65 g/km.

Conclusion

The emission inventories from road transport are becoming more and more impor-
tant in order to accomplish the requirements of the European Directives concerning 
air quality. In order to estimate the emissions from road transport in Naples municipality, 
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the COPERT IV model has been employed. In this study the COPERT methodol-
ogy has been used with a bottom-up approach, focusing at municipal level instead 
of national, then including local parameters relating to fleet, driving patterns, 
medium trips, the average vehicle speed and the fuel consumption. Besides, it has 
also considered the journeys of residents in towns surrounding Naples which daily 
commute to work and study places.

By means of the analysis of research results it has been found that in relation to 
the gasoline passenger cars, a high percentage is still represented by EURO 0 
vehicles, with obvious repercussions on emissions. Indeed, in the Naples munici-
pality, the renewal of the vehicle fleet is extremely slow compared to other Italian 
regions. In relation to diesel passenger cars, much more favorable results have been 
observed; in fact this vehicle category is on average younger than the gasoline pas-
senger cars.

These inventories, moreover, must be considered as dynamic instruments since 
both updating of information as well as data reliability and details are in continuous 
evolution and improvement.
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Introduction

The Spanish transport sector has grown rapidly during the last 15 years and will 
continue growing in next years. The transport sector is the source of greenhouse 
gases (GHG) with the highest growth rate, especially due to road transport growth 
[1]. This paper reviews sector impact on GHG emissions and considers effects of 
different alternative measures on emissions and subsequent energy consumption.

Reduction of GHG emissions in the transport sector could be achieved: reducing 
activity, improving energy efficiency of different transport modes and fuels and 
changing modal share [2]. Measures that can be applied in the transport sector from 
saving and improvement of energy efficiency are closely linked to sector’s nature 
[3]. These measures include: right application of energy prices, financial and fiscal 
incentives, reduction of commute trips, transport infrastructure planning and land 
use, development of low carbon fuels and bigger use of telecommunication 
technologies.

The Intergovernmental Panel on Climate Change (IPCC) of the United Nations 
considers that saving and energy efficiency constitute an essential element until 
technological innovations, current and emergent, could be massively implemented 
[4]. IPCC stands out main available technologies and commercial practices to miti-
gate GHG emissions: energy efficient vehicles, hybrid vehicles, clean diesel vehi-
cles, biofuels, and modal shift from road to rail, public transport and no motorized 
transport modes. Similarly, IPCC reflects technologies and practices potentially 
commercialized before 2030: second generation biofuels, energy efficient aircrafts, 
advanced hybrid and electric vehicles with more powerful and reliable batteries. 
Decrease of transport activity and improvement of energy efficiency are not unique 
factors driving towards low carbon transport economy. Transport economy is low 
in carbon if it uses low carbon fuels [5]. It is not only necessary to reduce GHG 
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emissions in the final energy consumption, but also in the chain of energy transfor-
mations which allow having final energy [6].

Even though there is awareness about CO2 emissions reduction and there is 
improvement on vehicle efficiency due to new technology of engines and fuels, 
private vehicle ownership and use continue to grow at an increasing rate together 
with rising personal incomes and desire to experience faster and more reliable 
transportation technology. Inefficient modal share and dominance of passenger 
road transport are key factors of increasing level of vehicle private use and own-
ership, and associated levels of unsustainability. As personal incomes rise, rela-
tive use of private transportation over public transit increases. Similarly, freight 
transport energy use will continue growing unless there are important reductions 
in energy intensities of road freight and there is change of modal share.

Transport and Greenhouse Gases

In 1990, transport consumed 39.5% of the total primary energy in Spain and 40.7% in 
2004 [7]. In 2004, final energy consumption of the transport sector was slightly more 
than 38 million tones (tones oil equivalent). Besides being the economic sector with 
major final energy consumption, transport is the sector with major consumption of fos-
sil fuels (55.2%, 2004). In absolute terms, GHG emissions from transport during this 
period have grown 66% [8]. At an annual growth rate of 3.7%, emissions are expected 
to double over 20 years. Emission growth is due mainly to road passengers and freight 
transport. Road transport alone is responsible for 75% of total sector emissions.

GHG emissions of the transport sector are not explained by either the population 
growth or the economical growth, because they have lower growth rates. This indi-
cates that production processes in our country have an increasing growth of trans-
port, contrary to EU objectives to generate economical growth with smaller 
increments of passengers and freight transport flows [9].

On the other hand, annual consumption of 26 million road vehicles is 34,696 
million liters of fuel (mainly gasoline and diesel). Of this total, consumption of the 
car fleet (19.5 million) represents 54%, 2.4 million trucks 33%, vans 10% and buses 
and motorcycles 3% [10, 11]. It must stand out that consumption of the truck fleet 
represents 60% of the fuel used by cars. Urban consumption constitutes 22% of the 
total consumption, of this 73% corresponds to vehicles with diesel engines. These 
mean consumptions vary based on the type of engine and vehicle. For further 
details Table 1 can be consulted.

Current transport demand trends and associated GHG emissions in Spain have 
higher growth rates than in the rest of EU countries (Fig. 1). The mobility of per-
sons and goods grows at a higher rate compared with the mobility of European 
neighbors. It is observed, in addition, that the growth of transport passengers is 
greater than the growth of transport freight, when Europe has an opposite trend. 
These data show the greater importance of the problem in our country, and that in 
our case, the mobility of persons is still more worrying than the one of goods.
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Therefore, a decided action to supply alternatives to motorized mobility is 
needed, especially regarding private car use, to reach destinations and goods that 
guarantee the well-being of the society. Change will not only take place improving 
and extending the supply and what is needed is a change of mentality in transport 
modal choice. In this way, travel responsibility is transferred to persons, companies 
and stakeholders in charge of territorial planning and urban development.

Inefficient Modal Share and Energy Intensity

Former trends are due to an increase of transport activity, important modal imbal-
ance and energy inefficiency: rail transport, in an increasing demand scenario, not 
only does not grow in absolute terms, but also continues losing market share, both 
passengers and freight, and has lower values than the European average.

Table 1 Traffic, fleet and fuel consumption by transport mode and fuel type, Spain 2004  
[7, 10, 11]

Transport 
mode

Interurban 
traffic (106 
veh-km)

Total fleet 
(vehicles) Interurban

Consumption 
Urban (106 L) Total

Mean 
consumption 
(l/100 km)

Gasoline engine
Motorcycles 1,229 1,612,482 80 43 122 6
Vans 6,979 737,024 942 235 1,177 13
Cars 67,327 12,035,098 6,323 1,783 8,106 9
All 75,535 14,384,604 7,344 2,071 9,415 10
Diesel engine
Trucks 30,482 2,419,908 9,054 578 9,632 30
Buses 1,424 56,957 400 55 455 28
Vans 14,831 1,592,039 1,763 588 2,351 12
Cars 119,532 7,506,821 8,501 4,367 12,868 7
All 166,269 11,575,725 19,719 5,562 25,281 12
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In 2005, road transport represented 90% of passengers-kilometers, whereas air 
transport participated with 5%, rail with 4.7% and marine 0.3%. The higher 
growth rate between 1995 and 2005 has corresponded to air transport (131.7%). 
Figure 2a shows a decrease of rail share and a stagnation of marine transport. In 
2005, road transport represented 85% of tones–kilometers, whereas marine trans-
port participated with 9.6%, and rail and pipe represented 2.7% each one. The 
higher growth rate between 1995 and 2005 has corresponded to road transport 
(72.5%). Figure 2c shows a significant change of rail and cabotage marine towards 
road transport.

Energy intensity, expressed in megajoules (MJ) per passenger–kilometers or 
tone–kilometer (in terms of emissions, equivalent grams of CO2), is determined by 
two factors: energy required to move vehicles and the use of vehicle capacity. 
Energy intensity and emissions of road transport is five times higher than rail for 
passengers (Fig. 2b), and four times that of freight (Fig. 2d). For this reason, the 
decreasing trend of rail transport explains part of the increasing growth of GHG 
emissions in Spain. It can be stated that Spain is in the worse scenario, because the 
present situation is one of the most deficient in Europe, and the trend is to make 
worse, and on an accelerated way. GHG emissions grow at higher rates compare to 
other EU countries, and in addition the dominant and increasing transport modes 
are less energy efficient.

136

26

693

0
100
200
300
400
500
600
700
800

Road

(g
 C

O
2  / 

pa
ss

en
ge

rs
-k

m
)

PASSENGERS

98

27

0

20

40

60

80

100

120

(g
 C

O
2  / 

to
ne

s-
km

)

FREIGHT

%
 t

o
n

es
-k

m
, r

o
ad

 (
%

)

0

20

40

60

80

100

%
 t

o
n

es
-k

m
, o

th
er

 m
o

d
es

 (
%

)

0

5

10

15

20

25

Road

Marine

Air

Rail

Pipe

%
 p

as
se

n
g

er
s-

km
, r

o
ad

 (
%

)

0

20

40

60

80

100

%
 p

as
se

n
g

er
s-

km
, o

th
er

 m
o

d
es

 (
%

)

0

5

10

15

20

25

Road

Marine

Air

Rail

1988

a

c

b

d

1990 1992 1994 1996 1998 2000 2002 2004 2006

1988 1990 1992 1994 1996 1998 2000 2002 2004 2006

Rail

Road Rail

Air

Fig. 2 Modal share (a, c) and emission intensity (b, d) by transport mode [7, 8]



401Transport Energy Use and Emission Trends in Spain

Dominant Position of Road Transport

Figure 3 draws some conclusions about reasons of the modal share imbalance shown 
in the previous section. First graph (Fig. 3a) expresses growths of vehicles and 
motorization index during the period 1990–2005, higher than 50%. In 2005, the 
number of vehicles exceeded 25 million and the motorization index was higher than 
600 vehicles per 1,000 inhabitants. In Fig. 3b it is interesting to see, that average 
mileage per vehicle remains constant and equal to 10,700 km/year, so increase of 
total vehicle-kilometer is due to increase of private mobility using new passenger 
vehicles. Average mileage per inhabitant has increased 76%, meaning more trips per 
person and to larger distances. In the lapse of 15 years, there is a change from 3,851 
km per inhabitant and year to 6,778 km, and resulting increases of energy consump-
tion and GHG emissions. A British study reveals that the fundamental cause of dis-
tance increase per inhabitant by car is the increase of the motorization index [12].

As average consumption per vehicle is practically constant (Fig. 3c), conse-
quently the consumption of energy per inhabitant is increasing parallel to vehicles 
kilometer per inhabitant. Energy consumption per inhabitant changed from 20 GJ 
in 1990 to 30 GJ in 2005. Although energy efficiencies of vehicles and fuels have 
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improved, at the same time power and size of new vehicles are increasing. This is 
the reason why there has been no net saving in average consumption per vehicle-
kilometer, around 5 MJ/vehicle-kilometer (0.12 L/km). In terms of CO2 intensity, 
this corresponds to 119 goe/vehicle-kilometer (equivalent grams of oil per vehicle-
kilometer unit).

CO
2
 Emissions Trend Scenarios and Potential Mitigation 

Strategies in the Transport Sector

The situation of the transport sector in Spain, when related to energy saving and 
CO2 emissions, implies that there is a need to develop a master plan and joining 
efforts from different areas and fields. It is necessary to define future scenarios and 
to establish improvement objectives. The current trend scenario (BAU) has an 
annual emission growth rate of 3.7%. For this reason, a reduction scenario is 
needed (RED) with the objective to decrease GHG 20% until 2020. This scenario 
must take place through the fulfillment of the National Plan of Allocation of 
Emission Rights in 2010 (+37% compared to the 1990 level) [13]. This means a 
total reduction of emissions, between 2005 and 2020, of 1,145 million tones CO2 
compared to the trend scenario.

Reduction of emissions can only be obtained through a clear policy, which 
includes a set of measures of efficiency in all fields, looking for synergies among 
them and coordinating a formal action plan. Changes in CO2 emission trends could 
be achieved by means of the following measures: vehicle and fuel technological 
(VFT)improvements, freight modal share (FMS) changes, improvement of interur-
ban modal share of passengers traffic (IMT), improvement of urban modal share of 
passengers traffic, reduction of length and number of motorized trips (UMT) and 
efficient use of vehicles (EUV).

The potential reduction of these measures will depend on how they are applied, 
controlled and monitored; consequently no accurate figures are given. However, 
following the indications of the Action Plan of the Strategy of Energy Efficiency 
(E4) [14], the objectives could match those listed in Table 2. As it shown, a big 

Table 2 Reduction of CO
2
 emissions by measures groups, 2004–2020

Emissions
2020 
(MtCO

2
)

Cumulative  
2004–2020 (MtCO

2
)

Trend scenario BAU (1) 193.3 2,500.9
Saving measures VFT: vehicle and fuel technology 48.7 380.0

FMS: freight modal share 13.7 106.1
IMT: interurban modal traffic 8.3 65.0
UMT: urban modal traffic 15.4 123.1
EUV: efficient use of vehicles 54.8 470.4
Total saving (2) 141.0 1,144.6

Reduction scenario RED (1–2) 52.4 1,356.6
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effort is necessary, because it would be expected to almost reduce the emission trends 
in 2020 to the fourth, changing from 193 to 52 million tones CO2. This effort would 
furthermore be supposed to almost reduce to the half the accumulated emissions dur-
ing period 2005–2020, gradually increasing the intensification of the measures.

Discussion and Conclusions

Transport in Spain is responsible for almost 31% of CO2 emissions. If the factors 
that generate the transport activity continue, CO2 emissions will be increased by 
157% compared to the level of the Kyoto Protocol in 2020 (base year of reference 
1990). Under the Kyoto Protocol, Spain is committed to reduce its greenhouse 
gases between 2008 and 2012 until reaching 15% increase on 1990 levels. During 
the period 1990–2020, transport CO2 emissions are expected to increase 196%, 
towards 193.3 million tones of carbon in 2020.

The reduction of transport GHG emissions will be complicated if factors that 
have increased emissions in the past are important factors in the increase of future 
emissions. Although management measures of transport systems have limited 
reduction potential of emissions, these measures are necessary to reduce other 
transport externalities: accidents, congestion, noise, and air pollution. These mea-
sures are important considering that emissions from other economic sectors have 
decreased or grown at smaller rate than those of transport.

This paper evaluates different future scenarios corresponding to different emis-
sion reduction measures. Between these scenarios and measures, efficient use of 
vehicles has the greater potential and is the key to drastically reduce carbon emis-
sions along with technological improvements of vehicles and fuels. Efficient use of 
vehicles represents an appropriate management of the transport system and could 
reduce base foreseen emissions by 28% in 2020. Improvements in technology of 
vehicles and fuels continue past trends of energy intensity of passengers and freight 
transport modes and could reduce base emissions by 25% in 2020. Changes in 
interurban and urban modal shares of passengers and freight could reduce CO2 
emissions by 19%, leading to a stabilization of emissions by 52.4 million tones of 
carbon in 2020: any additional significant reduction of CO2 emissions would need 
introduction of great scale additional measures such as low carbon fuels, fiscal 
measures and e-work.
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