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Preface  

The 8th Highway and Urban Environment Symposium (8HUES) was held 
on 12–14 June 2006 in Nicosia, Cyprus. 8HUES was hosted in Cyprus by 
the Cyprus Institute. HUES is run by Chalmers University of Technology 
within the Alliance for Global Sustainability (AGS). 

The following facts provide a background for 8HUES: 

• 150 abstracts for posters and papers were accepted 
• 80 delegates (24 female) attended the symposium 
• 23 countries were represented, including all continents 
• 71 oral presentations at the symposium 
• 20 poster presentations 
• 50 written manuscripts for these proceedings  

HUES was initiated by Professor Ron Hamilton at Middlesex Polytechnic 
(now University) in the early 1980s. The initial aim was to measure and 
assess challenges in highway pollution. These challenges particularly in-
cluded urban photochemical smog, with an emphasis on ozone formation 
and particle release. The first symposium was titled “Highway Pollution” 
and had a clear aim to make a difference. The proceedings were published 
in an interdisciplinary journal. 

After the first symposium, the emphasis on air pollution issues contin-
ued through to Munich in 1989 where diesel particulate issues and the rele-
vance to health through measurements of PM10 emerged. The focus on air 
quality issues was also strengthened by the co-organization of the sympo-
sium by Professor Roy Harrison 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 runoff, 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 cornerstone, for implementation and policy      
issues have continued as an aspect of the symposium to the present 8HUES. 

For 8HUES, we decided to evolve the name of the symposium from 
“Highway and Urban Pollution” to “Highway and Urban Environment”. A 
slight, but important, change in scope and focus. We wish to give a more 
positive view of our common future looking to a positive environment, 
rather than the more negative wording – pollution. That said, papers       
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.  

The Chalmers organizers worked with the Cyprus Institute to provide 
both a professional organization and a scientific forum for the Eastern 
Mediterranean. Theodoros Zachariadis from the University of Cyrpus gave 
an excellent plenary lecture as did Nicolas Jarraud from the UNDP on   
Cyprus. One of the best poster awards was won by a joint scientific team 
from the Greek and Turkish communities of Cyprus (UNDP-funded      
project) led by Professor Guenter Baumbach from Germany. 

The contributions that were presented during 8HUES and that are       

future in the highway and urban environment.  
We will give you some example areas: 
 
1. New data on air pollutants in emerging economies was presented, but 

also new research ideas on particle emissions in countries where air 
monitoring is more established. 

2. A special session provided a series of new thoughts on the platinum 
group elements, and even osmium as an emerging element. 

3. There were an extensive number of contributions on run-off, 
including quality, modelling, and treatment. 

4. Ground-breaking research was presented on gender issues and 
exhaust emissions, on the deterioration of historic monuments, large-
scale noise and Internet-based and modelled/simulated travel systems. 

5. Systems analysis entered the symposium for the first time and 
included life-cycle assessment. 

6. Finally, another new area was the study of contaminated sites, 
research poised to improve our urban environment. 

 
The final presentation of 8HUES was from a Brazilian group reporting on 
the urban atmospheric effects of the wide-scale use of ethanol in personal 
vehicles and underlined the importance that HUES remains a global scien-
tific forum. 

Preface       

of the science required to support pathways to a positive and sustainable
selected in these proceedings are well poised to provide global examples
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We would like to take this opportunity to thank all who have contributed 
to the success of 8HUES. We would especially like to acknowledge       
Alexandra Priatna and Christina Lundéhn at Chalmers’ AGS office whose 
organizational skills were essential to the success of this symposium. The 
staff of Water Environment Technology at Chalmers provided practical 
support and ensured a smooth symposium. We are indebted to Michalis 
Yiangou and Charita Polydorou of the Cyprus Institute for providing local 
assistance. Malin Kylander is acknowledged for putting together the pro-
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The next symposium, 9HUES, is planned for 9–11 June 2008 and will 
be held in Madrid, Spain. 
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Abstract 

The paper describes an engineering–economic model of the transport sector 
in the European Union (EU). The model starts with a simulation of the 
economic behaviour of consumers and producers in order to calculate the 
modal split and allocate the vehicle stock into vintages. Then a technology-
oriented algorithm calculates air pollutant and greenhouse gas (GHG) emis-
sions. The paper describes briefly the methodological approach, but its 
main focus is the presentation of results from scenarios that attempt to simu-
late sustainable transport policies. A major conclusion is that individual 
measures cannot address sufficiently the sustainability concerns. Therefore, 
policies combining technical and fiscal measures would be most appropriate. 

Introduction 

Sustainable development is a concept that for a long time had been  
accepted as an important ingredient in formulating long-term strategies. 
Apart from atmospheric pollution concerns in urban areas as well as cli-
mate change, the emergence of a great number of additional sustainability 
concerns in recent years (concerning bio-diversity, transport congestion, 
social exclusion, regional imbalances with their attendant political risks, 

and quantification of these problems. One of the major issues in this 
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etc.) has posed particular challenges to analysts with respect to integration 
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agenda is transport, which is worldwide accepted as a priority area in sus-
tainability discussions [1,2]. Work on sustainable transport is well in pro-
gress, both in the research field and in policy-oriented studies, concentrating 
primarily on emissions of air pollutants (causing health problems) and green-
house gases (GHGs) (affecting climate change), and expanding to other 
sustainability concerns such as congestion, noise, and accidents. 

In order to respond to the requirements of a European research study 
that was wide-ranging in scope and addressed other sustainable develop-
ment concerns as well (MINIMA–SUD project under the European Com-
mission’s 5th Framework Programme), a transport simulation and policy 
assessment tool had to be used. Based on the experience collected so far, a 
new model was developed, which is described in more detail elsewhere 
[3]. The second section of this paper provides a brief overview of the 
methodological approach. The third section, which is the paper’s main focus, 
describes the assumptions and results of several scenario runs that attempt 
to simulate policies aiming to promote sustainable transport. Items of future 
work are outlined in the concluding section. 

Methodological overview 

The model covers the whole transport sector (road and rail transport, 
inland shipping and aviation) in the 15 countries that were European Union 
(EU) member states in the beginning of 2004. It covers the major sustain-
ability issues associated with the transport sector and is designed so as to 
enable integrated policy exploration jointly with models addressing differ-
ent aspects of sustainability. Its underlying database is consistent with 
those of EU institutions such as the EU’s statistical service (Eurostat), the 
European Commission, and the European Environment Agency (EEA). It 
links the choice of transport mode and technologies with economic vari-
ables such as income and generalized transport costs, but at the same time 
is technology-rich so as to simulate sustainability impacts in a sufficiently 
precise manner. Depending on the values of exogenously set policy vari-
ables such as taxes, regulations, or infrastructure investments, the demand 
and supply modules interact in order to reach equilibrium, where general-
ized prices satisfy demand and supply for transport services. The outcome 
of this iterative process is the determination of the overall demand for pas-
senger and freight transport, travelling speeds, and associated costs. These 
variables are then fed in the next modules, where the vehicle stock is  
calculated and allocated into vintages, technology shares are assessed, and 
the sustainability-related impacts are determined. 

4      T Zachariadis 
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A major assumption made in the model is that the choice of transport 
mode, both for consumers (as regards passenger transport) and for produc-
ers (as regards freight transport), is based on economic considerations. 
More specifically, a microeconomic optimization framework is assumed: 

of goods to different freight transport modes so as to minimize their total 
costs. Consumer and producer choices are described as a series of separable 
choices, which create a nesting structure (decision tree). All utility/cost func-
tions of the decision tree, which describe the behaviour of economic agents, 
were assumed to have constant elasticities of substitution (CES) functions. 

Having determined the transport activity evolution by transport mode, 
vehicle size, and road type and the associated costs, the model becomes 
more detailed for road transport. It calculates the evolution of the road vehi-
cle stock and the distance travelled annually by vehicle type and size and 
by road type. This stock is further decomposed into age cohorts, according 
to an initial exogenous age distribution in the base year and assumptions 
on the evolution of scrapping rates. Following the assessment of the age 
distribution for a given year, technology shares are calculated. These depend 
both on European emissions legislation and technology-related parameters 

lation in Europe, as well as several alternative road vehicle technologies/fuels. 
Air pollutants covered are CO, non-methane volatile organic compounds 
(NMVOC), oxides of nitrogen (NOx), particulate matter (PM), SO2, and 

2 4 2

The model requires a comprehensive set of technical and economic data 
for its application. Moreover, in order to be acceptable for policy-making 
purposes across Europe, it uses international data sources and established 
forecasts as a basis for both base year data and baseline transport activity 
and emissions outlook. The two major statistical sources for base year cali-
bration are energy and fuel price data from Eurostat and European Commis-
sion’s statistical pocketbook data on passenger kilometre/ton kilometre  
(pkm tkm–1) and vehicle stock for the year 2000. Numerous additional data 
sets have been evaluated and are used where necessary, with information 

consumers will allocate their income expenditures for passenger mobility to
different transport modes so as to maximize their overall welfare (or utility).
Similarly, producers will allocate their expenditures for the transport

lead. GHGs addressed are CO , CH , and N O. Simpler approaches are

 
applied for non-road transport modes. Sustainability indicators other than

coverage of these issues. 
scale transport policy assessment studies often do not require more detailed

such as total vehicle travel costs, availability of a given alternative technology/
fuel, and policy measures assessed in a specific scenario. The model
includes the 113 technology classes of the COPERT III methodology [4],
which is the state-of-the-art methodology for vehicle emissions calcu-

air emissions are assessed with the aid of simple methodologies, as large-
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coming from the European Conference of the Ministers of Transport, the 
United Nations Economic Commission for Europe, the International  
Energy Agency, the International Public Transport Union, the Association 
of European Airlines, and many research projects. Zachariadis [3] provides 
an extensive list of data sources that were used. In order to prepare the data 
for their meaningful use within the model, an extensive calibration proce-
dure is conducted. 

Simulation of sustainable transport policies 

In order to assess the impact of policies on transport-related sustainability 
indicators, a number of policy instruments were selected, shocks (i.e., large 
“doses” of each instrument) were applied, and their impact on these indica-
tors was evaluated. Ten scenarios were selected so that: (1) several types 
of policy instruments are examined and (2) the applied instruments some-
times yield conflicting impacts on sustainability indicators. 

In Policy 1, vehicles powered with compressed natural gas (CNG) and 
fuel cells are subsidized by 50% of their pre-tax purchase cost. This applies 
to cars, light, and heavy trucks alike. At the same time, fuel supply is assu-
med to progress considerably in order to respond to the increasing demand 
for CNG and methanol. In Policy 2, the tax imposed on diesel fuel used by 
private vehicles (i.e., cars and trucks) is doubled, a measure directed pri-
marily towards curbing PM emissions. According to Policy 3, from 2006 
onwards, “Euro V” emission standards are implemented in cars and light 
trucks instead of “Euro IV” ones, but their purchase and maintenance costs 
are 40% higher because of their “premature” introduction in the market. 
“Euro V” vehicles are assumed to be 10% more fuel efficient and to emit 
24–50% less NOx, NMVOC, and PM than the corresponding “Euro IV” 
technologies. The justification for assuming the corresponding fuel economy 
improvements and increases in car purchase prices is provided in [3].  
Policy 4 assumes that investment expenditure for road infrastructure dou-
bles throughout the outlook period; this applies to both the urban and non-
urban road network. In Policy 5, fares of all public transport modes (buses, 
trams, metro, and trains) are subsidized by 50%. According to Policy 6, all 
automobile trips in urban areas are charged on average with additional 3 
euros (in 2000 prices); the latter measure would correspond, e.g., to an 
increase of 5–10 euros of car-parking prices per day (depending on the  
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fraction of cars that have to pay for their parking space in each city), or to 
a charge of 3–8 euros per trip in a road pricing scheme (depending on the 
share of residents of urban areas who may not be affected by such a charge). 
Policy 7 assumes that, in an attempt to accelerate scrapping of old cars and 
renew the vehicle fleet, the pre-tax purchase cost of all new passenger cars 
that replace old ones is subsidized by 50%. 

Besides these exercises, three additional scenarios were applied with 
combinations of some of the above instruments. Policy 8 is a combination 
of road pricing and advanced emission standards (i.e., of scenarios 3 and 6). 
Policy 9 assumes, on top of Policy 8, subsidies on CNG and fuel cell vehi-
cles, thus combining scenarios 1, 3, and 9 by assuming that revenues raised 
from road user charges are used in order to boost the use of alternative pro-
pulsion systems and fuels. Finally, Policy 10 combines road pricing (scenario 
6), advanced emission standards (scenario 3), and subsidies on bus and rail 
fares (scenario 5), thereby assuming that revenues collected by discouraging 
private vehicle use are directly utilized to support public transport modes. 

Some impacts of these policies on sustainability indicators, expressed as 
percentage changes from the baseline run, are shown in Table 1 (results of 
the baseline run were presented in [3]). The following paragraphs provide 
some comments on these results. 

Policy 1 causes negligible changes in generalized prices, aggregate 
transport activity, and speeds. The major change is observed in the fuel 
mix after 2010, with CNG and fuel cell vehicles emerging dynamically. By 
2020, alternative fuel vehicles will account for about 3%, 18%, 11%, and 
29% of the total fleet of cars, buses, light trucks, and heavy trucks, respec-
tively. This results in reduced consumption of conventional fuels and  
increases in demand for CNG and methanol. The decline of CO2 emissions 
is projected to be limited. NOx emissions are expected to fall slightly; 
emissions of other pollutants will decline much more as neither CNG nor 
fuel cell vehicles emit NMVOC, PM, SO2, or lead. 

Despite the considerable rise in the costs of diesel vehicles, Policy 2 
causes an overall increase of less than 2% in user costs of passenger cars 
and 2–10% in those of trucks. Passenger kilometres of diesel cars decrease 
by 3–14% (mainly under urban peak driving conditions), but gasoline cars 
benefit most from this decline, so that total pkm of cars fall negligibly. As the 
use of trucks is largely inelastic to cost increases, road freight tkm decreases 
by only 2–7% to the benefit of rail. Energy demand and CO2 emissions  
decline slightly due to the higher transport price. Because of the increase in  
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The accelerated introduction of “Euro V” technology (Policy 3) at higher 
purchase costs is projected to make car travel more expensive, particularly 
in non-urban areas, where capital costs account for the major part of total 
costs. This will slightly improve congestion levels, which is expected to  
affect particularly freight transport where time costs dominate. Buses and 
rail in urban areas are projected to gain about 4–5% after 2020. In non-urban 
transport, high-speed rail and aviation are expected to benefit most. Energy 
consumption will fall substantially, with some switch to alternative fuels. 
Air pollutant emissions (particularly NOx and PM) will also fall signifi-
cantly due to lower “Euro V” emission levels and the shift towards public 
transport. 

In Policy 4, driving becomes somewhat cheaper and time spent in urban 
driving declines by about 6% throughout the outlook period. The effects 
are not as pronounced as might be expected because of a “rebound effect”: 
improved congestion conditions reduce time and fuel costs, make car driving 
more attractive, and lead to even higher passenger and freight transport in- 
tensity and energy demand. Pollutant emissions change very little. Despite 
higher driving speeds, which would normally lead to more road accidents, 
better infrastructure improves road safety, so that the number of deaths from 
road accidents remains about the same as in the baseline. 

Heavy subsidies of public transport fares (Policy 5) render these trans-
port modes much more attractive, but this induces an overall increase in 
the use of trains and buses without affecting the use of cars significantly. 
Although pkm of buses and rail increase in total by 11–16% and 27–29%, 
respectively over the outlook period, pkm of cars decline only by approxi-
mately 1%. Here again, the “rebound effect” is evident: improved conges-
tion conditions encourage private car travel, so that the overall impact on 
car use is very small. Emissions remain essentially unchanged. 

Imposing urban road user charges (Policy 6) produces more remarkable 
effects in the first years of implementation. Urban travel costs rise consid-
erably, thus reducing congestion by over 4% and increasing transport acti- 
vity of urban buses and tram/metro by more than 25% and 15%, respectively 
in the 2010–2020 period. A marked improvement is forecast for peak-hour 
driving speeds, which leads to fuel savings and to a reduction of 4.4% in 
energy demand and CO2 emissions by 2010. In the absence of measures to 
reduce emissions from diesel bus engines, pollutant emissions are pro-
jected to fall moderately. 

Policy 7 does not affect travel costs, car ownership, and car use, as the 
subsidies address only those cars that enter the market in replacement of 
old ones. However, it causes a significant acceleration in the renewal of 
the car park, so that scrapping rates increase by 15–20%. As a result of the 
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decrease, particularly in the 2006–2015 period. The overall effect is limited 
though, as the subsidies apply to passenger cars only; emission levels of 
trucks and aviation remain unchanged. 

The impacts of scenarios 3 and 6 are effectively added up in the case of 
Policy 8. More substantial improvements in energy intensity and CO2 
emissions (–12% from 2020 onwards) and pollutant emissions (up to –25% 
for urban PM and lead emissions) are achieved in this way. However, as 
average speeds rise, the impact on accident rates is also added up: road fata-
lities are 20% more than in the baseline.  

Policy 9 is an additional step further: all sustainability indicators except 
road fatalities improve more than in scenario 8. Passenger transport inten-
sity becomes 9% lower after 2015. After 2020, penetration of alternative 
fuels will result in over 20% lower energy demand and CO2 emissions. 
The improvement is more pronounced in emissions of PM, SO2, and lead. 
On the other hand, lower congestion levels are expected to give rise to 
more accidents and fatalities than in the baseline. Figure 1 illustrates the 
cumulative impact of the three distinct policy instruments that have been 
simulated in this scenario on transportation energy demand and NOx emis-
sions. It is evident that the introduction of “Euro V” standards accounts for 
the largest part of the improvements compared to the baseline, whereas 

Finally, the effectiveness of Policy 10 is somewhat lower than that of 
Policy 9, because the use of passenger cars falls less remarkably due to the 
“rebound effect” mentioned in the case of scenario 5. 

Conclusions and outlook 

The policy scenarios presented here reconfirm the widely expressed asser-
tion that individual policy measures cannot respond sufficiently to the diverse 
sustainability concerns associated with transportation [1,2]. In order to 
achieve improvements in energy intensity, CO2 emissions, congestion, and 
air pollutant emissions, packages of measures are necessary. Strategies that 
promote advanced technologies can mainly affect air pollution and to a 
lesser extent energy demand, whereas traffic-related measures can primarily 
improve congestion and thus energy intensity and emissions as long as 
appropriate clean technologies are in place. Therefore, a suite of policies 
  

faster penetration of “Euro IV” cars, energy use and pollutant emissions 

improvement as “Euro V” standards on their own. 
road pricing and alternative fuel subsidies yield together about as much
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Fig. 1. Cumulative impact of road pricing, emission standards, and alternative fuel 
subsidies on the evolution of energy demand and urban NOx emissions, 2000–
2030 

combining promotion of advanced “conventional” technologies and alter-
native fuels with interventions to reduce demand for transport would be 
most suitable to address the variety of sustainability issues. 

 
 
 

surplus), and this is a future direction for research. 
as the welfare losses or gains because of changes in consumer/producer
sures has to be assessed with the aid of appropriate economic methods (such

For a comprehensive analysis of policy options, the social cost of mea-
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Abstract 

The Spanish Ministry of Environment has launched forth into a project 
related to the evaluation of the environmental impacts of biodiesel 
production in Spain, in order to support its biofuels promotion policies. 
The objective of this project is to evaluate the environmental impacts of 
four different fuels composed by biodiesel from several crude vegetable 
oils and waste vegetable oils in comparison to diesel EN-590 along their 
whole life cycle, and to identify the opportunities to reduce the environ-
mental impacts. Biodiesel is produced from sunflower oil, soybean oil, 
rapeseed oil, and palm oil, and also from waste vegetable oils. The 
transformation technology is that currently used in the Spanish biodiesel 
plants. 

Introduction  

The Spanish Renewable Energy Plan 2005–2010 and the 2003/30/EC  
Directive of the European Parliament in relation to the promotion of the use 
of biofuels and other renewable fuels have generated an important public 
discussion on the real environmental benefits of these biofuels compared 
to the conventional fuels used in the transport activities. 

The necessary increase in the use of biofuels in order to reach the objec-
tives described in the directive and to achieve the Kyoto Protocol com-
mitments, should be accompanied by detailed analysis of the produced  
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environmental impacts in order to know which fuels should be promoted 
and the best way to do it. 

The environmental impacts of the production of biofuels depend, to a large 
extent, on the particular conditions in which they are produced. These con-
ditions vary in each country due to the use of different raw materials, trans-
formation processes, and the end-use technologies and blends. The Spanish 
Ministry of Environment has launched forth into a project related to the 
evaluation of the environmental impacts of biofuels production in Spain. 
Bioethanol production in Spain was analysed in a previous stage. In this 
project, environmental impacts of biodiesel production in Spain have been 
studied. The study presented in this paper has been carried out and finan-
ced within the framework of this initiative. 

Methodology  

Life cycle assessment 

Life cycle assessment has been chosen as the methodology to evaluate the 
environmental loads of the studied fuels. This methodology is described in 
the international standards series ISO 14040. The main stages in the method-
ology are: (1) goal definition and scoping, (2) inventory analysis, (3) impact 
assessment, and (4) interpretation. 

Goal definition and scoping 
The objectives of the study are to: 

• Evaluate the environmental impacts of different blends of biodiesel 
from crude vegetable oils with diesel EN-590 and biodiesel of waste 
vegetable oil also with diesel EN-590, in comparison to those of diesel 
EN-590 along their whole life cycle. 

• Identify and evaluate the opportunities to reduce the environmental 
impacts along the life cycle of the studied fuels. 

The studied systems are defined as: 

• System BD10A1: 10% biodiesel from crude vegetable oils (10% sun-
flower oil, 40% soybean oil, 25% rapeseed oil, and 25% palm oil) and 
90% diesel EN-590 

• System BD100A1: 100% biodiesel from crude vegetable oils (10% 
sunflower oil, 40% soybean oil, 25% rapeseed oil, and 25% palm oil) 

• System BD10A2: 10% biodiesel from waste vegetable oils and 90% 
diesel EN-590 
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• System BD100A2: 100% biodiesel from waste vegetable oils 
• System Diesel EN-590: 100% diesel EN-590  

Diesel EN-590 has been considered to have a 5% of biodiesel from crude 
vegetable oils, also in the blends BD10A1 and BD10A2. 

The functional unit (FU) has been defined as the amount of each fuel, 
expressed in megajoules (MJ), needed to drive 1 km in a diesel passenger 
vehicle in the driven cycle defined by the 98/69/EC Directive, and is used 
to compare the studied systems. 

In order to define the FU, Ford [1] has provided data of diesel (without 
biodiesel addition) consumption. Fuel consumptions for diesel EN-590 
with 5% biodiesel from crude vegetable oils, and for BD10A1, BD100A1, 
BD10A2, and BD100A2 in the same vehicle have been estimated based on 
the lower heating value (LHV) of each fuel and are shown in Table 1. 

Limits of the systems 

• Geographical limits: This study takes into account the use of the stud-
ied fuels in Spain. Original national data have been used, whenever it 
has been possible. However, some stages of the life cycle are located 
outside the Spanish boundaries. In these cases, average industrial data 
or primary data reported in scientific papers have been used. 

• Temporal limits: The time horizon considered for the production sys-
tems and the different technologies is the year 2005. 

• Stages excluded from the study are the construction and maintenance 
of capital goods as infrastructure, machinery and equipment, transport 
vehicles, and diesel passenger vehicles. 

• Soil as part of the productive system: The soil down to the depth of the 
water table is included within the system limits in the agricultural 
stages and is considered as a productive system and not as part of the 
environment. 

Table 1. Fuel consumption of the studied fuels 

 LHV 
(MJ L–1)

Fuel consumption
(L km–1) 

Diesel EN-590 34.950 0.05400 
Diesel EN-590 (+5% BD) 34.840 0.05416 
BD10A1 34.642 0.05448 
BD100A1 32.840 0.05747 
BD10A2 34.702 0.05438 
BD100A2 33.440 0.05673 
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Description of the systems 

Figure 1 shows all the systems included in the life cycle analysis. 
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Fig. 1. Life cycle scheme of the studied systems 

Hypothesis used in the inventory of biodiesel from crude 
vegetable oils  

The methodology developed in the EU Concerted Action AIR3-CT94-
2028 “Harmonisation of Environmental Life Cycle Assessment for Agri-
culture” [2] has been the base of the methods used in the agricultural 
stages of the biodiesel from crude vegetable oil inventory. 
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• Biodiesel is produced from several seeds in a mixture of 40% soybean 
oil, 25% rapeseed oil, 25% palm oil, and 10% sunflower oil. Sunflower 
seeds are all produced in Spain. Of the rapeseeds 5% are produced in 
Spain, whereas 95% are cultivated in France. Soybeans are imported 
from the USA. Palm seeds are produced and imported from Thailand 
as palm oil. The Laboratory of Agro Energy of the Botanic and Vegetal 
Production, Department of the Higher Technical School of Agricultural 
Engineers of the Polytechnical University of Madrid, has provided nati-
onal seed production data. Soybean production data have been taken 
from Sheehan et al. [3]. Data from rapeseed cultivation have been taken 
from Ceuterick et al. [4]. Data used for the palm seed cultivation and 
palm oil production have been taken from Gheewala et al. [5]. 

• Growing biomass is an important sink of atmospheric CO2. This CO2 is 
used in the photosynthesis process in the crop in order to form its  
organic carbon compounds: the seed, the aerial part, and the roots. 

• The CO2 contained in the seed will be transformed into oil and flour in 
a first step. The flour will be mainly used as animal food and finally 
this organic carbon will evolve into CO2 again. This emission will not 
be considered since the carbon has been previously fixed during the 
plant growth. In the case of the palm oil production, palm fibres are 
consumed as fuel in oil mills and taking into account the same argu-
ment, no CO2 emissions from the boilers are considered. In the palm 
oil production, other by-products are obtained, such as the kernel, that 
is sold to other mills to be used as raw material, and the shells, sold as 
fuel. Although the organic carbon will become CO2, it is not taking 
into account either. 

• The oil is transformed into biodiesel, yielding glycerine as by-product. 
This glycerine will also eventually become CO2, but, following the 
same reasoning as with the other by-products, these emissions are not 
taken into account. 

• The roots of the plant and the aerial biomass that is not collected and 
left in the field, will be, with time degraded, emitting in the process 
CO2 that was fixed during the growth. These CO2 emissions have not 
been taken into account. No additional net fixation of C in the soil due 
to rhizodeposits has been taken into account. 

• During the combustion of biodiesel in the vehicle engine, CO2 will be 
emitted. But, as it has been mentioned before, these emissions have not 
been considered in the inventory. 

• N2O emissions from the field produced after the application of nitrogen 
fertilizers contribute to the greenhouse gas (GHG) balance in the agri-
cultural systems. Data of these emissions can be found in the literature 
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but with a very variable range based on the conditions under which the 
experiments and measures are made. Studies performed in Spain have 
reported N2O emissions rates of around 1% of the N applied in the fertili-
zation [6]. This is the emission factor that has been used in this study 
in the domestically grown seeds since it is within the range of values 
reported by the Intergovernmental Panel on Climate Change (IPCC) 
methodology. 

• Allocation rules have been applied in the processes where several  
by-products are originated, following the methodology described in the 
ISO-14040 series. These processes are the agricultural production 
processes, the extraction of oil from the different seeds, and the trans-
formation process of the vegetable oil into biodiesel. The extension of 
the system limits has been carried out in order to avoid the allocation 
of the environmental loads to the different by-products. 

Hypothesis used in the inventory of biodiesel from waste 
vegetable oils  

• Data used for the collection and recycling of the waste vegetable oils 
have been provided by companies involved in these activities in Spain. 

• Waste vegetable oil is a non-hazardous residue that must be treated 
properly. In this study, waste vegetable oil has been considered as the 
initial raw material and the stages and processes in which this oil has 
participated before have not been taken into account. 

• In order to estimate the distances driven to collect the waste vegetable 
oils, the ArcGIS 9.1 tool has been used. The municipality of Alsasua 
has been considered as the central collection point. Taking into account 
the towns where the waste oil is collected from and the road network, 
average distances have been estimated. 

• Allocation rules had to be considered in the transesterification process. 
To avoid the allocation procedures, the extension of the system limits 
has been made. 

Hypothesis used in the diesel EN-590 inventory  

• Data belong to a Spanish refinery with fluid catalytic cracking and 
have been obtained from Annual Operating Plan (AOP). AOP has also 
provided data on the origin of the crude oil. Other data such as the extrac-
tion and transportation of the crude oil have been taken from literature. 
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• Allocation rules have been applied in the crude oil extraction process, 
where natural gas is a by-product, and in the refinery process, where 
other several refinery products are produced. 

• In this inventory, allocation of the environmental loads due to the  
by-products has been done based on the energy content of the different 
products. 

Results 

Results presented in this work are related to two relevant aspects: (1) energy 
use in the production and distribution of the studied fuels and (2) GHG 
emissions along the whole life cycle of each considered fuel. 

Regarding the energy use, it has been estimated the fossil energy used in 
the production and distribution of the fuels as well as the energy efficiency 
of the processes. 

Life cycle energy use and efficiency 

The energy efficiency calculated in this study has been taken as the fossil 
energy ratio defined as the ratio of the fuel product energy to the amount 
of fossil energy required to produce the fuel. Results of the fossil energy
consumption in the production and distribution of each studied fuel are 
shown in Table 2. 

The larger the amount of biodiesel in the blend, the lower is the fossil 
energy consumption, with a reduction of 6% in the case of BD10A1, and 

A2

–1

 
Table 2. Fossil energy used in the production and distribution of the studied fuels 

 Fossil energy 
(MJ km–1) 

Diesel EN-590 1.881 
BD10A1 1.767 
BD10A2 1.742 
BD100A1 0.433 
BD100A2 0.237 

7% in the case of BD10 .  The production of biodiesel from crude vegetable
oils saves 1.42 MJ of fossil energy per kilometre driven compared to the
production of diesel EN-590, which amounts a saving of 77% fossil energy.
Besides, biodiesel production from waste vegetable oil saves 1.64 MJ km 
driven, that means a saving of 87% fossil energy. Figure 2 shows which
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Fig. 2. Fossil energy consumption by life cycle stage 

Crude oil refining is the fuel life cycle stage that represents the highest 
fossil energy consumption in the Diesel EN-590, BD10A1, and BD10A2, 
while for BD100A1, the highest consumption corresponds to the agricultural 
stages. Oil extraction is also an important consumer of fossil energy. 

The production of biodiesel from waste vegetable oil is the less fossil 
energy consumer. One of the reasons for this behaviour is that the waste 
oil has been considered as the raw material and it has not been taken into 
account the environmental loads of its production as food oil. Fossil energy 
ratio is shown in Table 3. In all cases, fossil energy contained in the fuel is 
higher than the fossil energy needed to produce and distribute the fuel with 
the only exception of Diesel EN-590. 

Table 3. Fossil energy ratio 

 Fossil energy ratio
MJfuel/MJ fossil energy

Diesel EN-590 1.00 
BD10A1 1.07 
BD10A2 1.08 
BD100A1 4.36 
BD100A2 7.96 

stages of the production and distribution of the studied fuels are the main
consumers of fossil energy. 
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Table 4. GHG emissions in the life cycle of the studied fuels (g CO2 eq km–1) 

 CO2 N2O CH4 GHG total
Diesel EN-590 151.8 5.6 1.0 158.4 
BD10A1 141.2 7.9 1.3 150.4 
BD10A2 139.7 5.5 1.0 145.3 
BD100A1 38.0 29.1  3.6 70.7 
BD100A2 24.5 4.5 0.9 29.9 

In terms of CO2 eq, production and use of pure biodiesel from crude 
vegetable oils avoid the emission of 88 g CO2 eq km–1 driven compared to 
production and use of diesel EN-590. That means a saving of 55%. In the 
case of pure biodiesel from waste vegetable oils, production and use avoid 

2
–1

A1 and BD10A2
–1

 driven, respectively. 
Paying attention to the different stages of the life cycle of each fuel, it 

can be noticed (Fig. 3) that the most important emissions in the life cycle 
of biodiesel from crude vegetable oils (BD100A1) are produced in the seed 
production and in the oil extraction stages. In the life cycle of biodiesel  

Fig. 3. Greenhouse gas emissions distribution by life cycle stage 

the emission of 128 g CO  eq km drive n, 81% emission reduction. Blends
 BD10 2 can avoid the emission of 8 and 12 g CO  e q km

CO2, N2O, and CH4 emissions along the whole life cycle of the studied  
fuels have been calculated and are shown in Table 4. 

Life cycle greenhouse gas emissions 

-40.00

-20.00

0.00 

20.00

40.00

60.00

80.00

100.00

120.00

140.00

160.00

180.00

Diesel EN-590 BD10A1 BD100A1 BD10A2 BD100A2

g 
C

O
2 

eq
ui

v/
km

 

Final use 

Waste veg. Oil transesterifi. 
Recycled oil transport 
Recycling
Waste Veg. Oil collection 

Blend distribution 

Crude refining 

Crude transport 
Crude extraction 

Transesterificacion 

Vegetable oil refining 

Vegetable oil transport 
Vegetable oil extraction 

Seed  transport 
Seed  production 



22      C de la Rúa et al.  

from waste vegetable oils (BD100A2), the transesterification process contri-
butes the most to the GHG emissions followed by the waste oil collection 
stage. 

Conclusions 

Results obtained from the life cycle analysis conducted show a clear benefit 
of the use of both biodiesel from crude vegetable oil as well as biodiesel 
from waste vegetable oil in comparison with Diesel EN-590. The production 
and distribution of the blends with biodiesel mean an important saving of 
fossil energy that amounts 0.114 MJ km–1 for BD10A1 and 0.139 MJ km–1 
in the case of BD10A2. The larger the amount of biodiesel in the blend, the 
more important the energy saving is. Production and distribution of BD100A1 
save 1.45 MJ km–1, for BD100A2 save 1.64 MJ km–1. 

In terms of CO2 emissions, BD100A1 avoids 88 g CO2 eq, while 
BD100A2 avoids 128 g CO2 eq km–1 driven that means a saving in GHG 
emissions of 55% and 81%, respectively. 

As a consequence of this study, some improvements in the biodiesel 
production process have been proposed. As far as the energy use is related, 
cogeneration plants in the oil extraction processes could optimize the energy 
consumption. Besides, the use of residual biomass, as in the case of the palm 
oil extraction, could reduce the fossil energy consumption. Regarding the 
agricultural procedures, it is proposed to reduce the consumption of fertili-
zers and cultural labours without affecting the seed production efficiency, 
and to find new seeds with higher production. The waste vegetable oil col-
lection process could be improved in order to reduce the number of trips. 
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Abstract 

Ethanol has been used in Brazil as a passenger vehicle fuel since 1979. Until 
the year 2000, vehicles were made to run exclusively with either gasoline 
or ethanol. The MultiFuel engine control module (ECM) was developed  
allowing vehicles to use fuels with any ethanol percentage, relying only on 
the existing oxygen sensor as opposed to an add-on ethanol sensor for the 
percent ethanol evaluation. The use of tank fuel level information allowed 
for far more robust ethanol percent detection and improved drivability. 
Four years later, compressed natural gas (CNG) capability was integrated 
into the MultiFuel technology. Prior to that, vehicles using CNG normally 
required a second ECM. The MultiFuel integrated with CNG capability is 
known as the Tri-Fuel system. It uses only one ECM, seamlessly control-
ling both liquid (ethanol blends and gasoline) and CNG fuels with little 
power loss, and excellent drivability and fuel consumption. This paper will 
present both the MultiFuel and Tri-Fuel technologies. 

Introduction 

In the quest for diminishing its dependence on foreign petrol along with its 
vast agricultural capabilities, Brazil launched the “ProAlcool” program 
giving tax incentives to alcohol vehicles. The first ethanol (E100) vehicles 

G.M. Morrison and S. Rauch (eds.), Highway and Urban Environment: Proceedings of the 8th Highway  

© 2007 Springer. 
 

23

and Urban Environment Symposium, 23–33.



24      O Volpato et al. 

appeared in 1979. In order to solve engine starting difficulties in cold 
weather, an auxiliary gasoline tank, fuel pump, and injector solenoid were 
used. E100 vehicles became a success and after 6 years, they accounted for 
nearly 80% of the Brazilian market [1]. Later, due to an ethanol shortage, 
the market for E100 vehicles diminished, and by 1990 they accounted for 
only 1% of the total production [1]. 

The fuel mixtures are named in function of their ethanol content. The name 
E85 refers to a mixture of 15% gasoline and 85% ethanol. With the rising 
costs of petrol and anticipated future shortages, in the year 2000 the Brazilian 
government again fostered the use of ethanol in vehicles. In response, the 
MultiFuel engine management system was developed where any fuel mix-
ture between E20 and E100 could be used. The production of flex fuel vehi-
cles has reached the 40% mark and is increasing, as shown in Figure 1. 
The accumulated production for 2005 shown is an estimate. 

In addition to the flex fuel advent, Brazil has been experiencing an 
abundance of compressed natural gas (CNG), which is expected to last for 
decades. In response, a system using only one ECM was developed. The 
system integrates CNG capability into the MultiFuel algorithms. This 
technology is known as Tri-Fuel. In the following sections, the MultiFuel 
and Tri-Fuel systems are discussed in detail, highlighting their uniqueness 
and advantages over existing technologies. In addition, some comments 
about the benefits of flex fuel and CNG vehicles are made. The term flex 
fuel is used in reference to any vehicle that can use fuels from E20 to 
E100; the details given below are about the MultiFuel technology. 

 

 
Fig. 1. Brazilian production of ethanol vehicles [1] 
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MultiFuel system (E20 to E100) 

An engine control module (ECM) with algorithms that evaluate the ethanol 
percentage in fuel by software using the oxygen sensor feedback was devel-
oped. The ECM uses this information to adjust the amount of fuel and spark 
advance in order to meet all the requirements of performance, fuel economy, 
and emissions. 

In Brazil, the fuel stations sell two types of fuel: E20 and E100. E100 is 
100% hydrated ethanol (7% water, 93% ethanol). E20 is 80% gasoline (either 
regular or premium) and 20% ethanol. Since 1992, the use of lead-based 
octane booster has been forbidden in Brazil and the amount of ethanol in 
gasoline is regulated by the government, varying from 20% to 26%. The 
ethanol added to pure gasoline to make the E20 gasoline consists of ethyl 
alcohol dehydrated to remove the 5% of eutectic water remaining after 
normal distillation. See Figure 2 for ethanol and E20 blends in Brazil. 

The percent ethanol evaluation algorithm is only launched after a refuel-
ling is detected, so as to avoid a change in engine and component charac-
teristics being interpreted as an ethanol percentage change in fuel. Because 
of differences in octane rating, stoichiometric air/fuel ratio (AFR) and vapour 
curve, the base engine design and engine management system should be 
different between various ethanol blends and thus result in different vehicles. 
Until the year 2000, vehicles were made to run exclusively with gasoline 
or ethanol. Flex fuel vehicles should have a means to evaluate the current 
ethanol content in the fuel in order to adjust fuelling and spark ignition para-
meters. 

 

 
Fig. 2. Ethanol and gasoline blends 
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Flex fuel vehicles that use an ethanol sensor are already commercially 
available in some markets, but have a high add-on cost to the vehicle. This 
makes them economically unfeasible in Brazil. Another disadvantage is 
that E100 fuel has 7% water and the ethanol sensor cannot distinguish  
between water and alcohol. 

Sensorless percent ethanol estimation 

The use of the existing oxygen sensor for percent ethanol estimation is 
possible because the stoichiometric AFR changes in function with the per-
cent of ethanol in the fuel. Fuels with high percentages of ethanol burn 
lean when low percentage ethanol fuel injection parameters are in opera-
tion and vice versa. Figure 3 illustrates this fact. 

The ECM monitors the fuel tank level to determine when a refuelling 
occurs, setting the MultiFuel algorithm in one of the several learning 
modes and minimizing driveability side effects due to different fuels. The 
algorithm then adjusts the fuelling to address the updated alcohol content 
in the fuel, taking into account that the ECM’s closed loop control keeps 
the AFR at stoichiometric value. 

In order to distinguish the closed loop fuel control change due to alcohol 
content change from changes due to long-term component characteristic 
changes, the alcohol percentage learn algorithm is active only for a limited 
time window. 

 

 
Fig. 3. ECM’s fuel integrator versus air/fuel ratio 
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The quantity of “old” fuel inside the fuel line, fuel rail, and inside the  
injector body is accounted for by the triggering of the ethanol percentage 
learning mode. These features are unique to the MultiFuel flex fuel tech-
nology and represent a major advantage. 

Based on this alcohol content, the spark timing is advanced or retarded 
to either take advantage of the engine’s power or to reduce the likelihood 
of knock. The AFR is also modified based on the alcohol content. As the 
alcohol content increases, the AFR decreases. 

Advantages of a sensorless system are clear: It is a low-cost system as it 
has no add-on components, it does not require a new engine management 
system layout and it does percent ethanol estimation right after combustion 
without sensor-to-injector delays. 

Tri-Fuel systems (E20 to E100 + CNG) 

After the construction of a CNG gas duct between Bolivia and the main 
Brazilian cities, Brazil began to experience an abundance of CNG. On top 
of that, recently huge CNG fields were discovered in Brazil. Using the 
available CNG could free Brazil from importing petrol. As a result of this 
CNG availability, vehicles using CNG have proliferated. Due to its lower 
cost, many taxi fleets are converting their vehicles to run with CNG as a 
dual-fuel system. Add-on systems, normally a second ECM installed in 
“parallel” with the original one, have been used for this purpose. However, 
the resulting engine performance and fuel economy are less than the ideal. 
These systems also interfere with existing sensors and actuators, making 
installation cumbersome and requiring changes designed to “cheat” on the 
original ECM diagnostics. 

The majority of those systems consisted of a CNG tank, safety valve,  
refuelling valve, shut-off valve, CNG pressure regulator, a “venturi type” 
single point injector, a CNG switch, and electronic control units used to 
avoid the logging injector and oxygen sensor malfunctions by the original 
vehicle’s ECM. Optionally, a spark advance control module was added. 
Later, more sophisticated CNG systems appeared but they continue to be 
installed “in parallel” with the original ECM with many splices in the wir-
ing harness. Their purchase and mounting costs are usually high. By the 
end of 2004, a cost-effective MultiFuel–CNG system was developed using 
only one ECM, seamlessly controlling both fuel systems with very little 
power loss in aspirated engines and excellent drivability and fuel con-
sumption. 
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Fig. 4. Corsa’s engine with liquid fuel injectors and CNG injectors 

A Corsa 1.8 L, 4-cylinder engine was the first production Brazilian  
vehicle with a single ECM flex fuel–CNG system. The same engine used 
for the MultiFuel vehicle was used without modifications. The engine fitted 
with CNG injectors can be seen in Figure 4 

System performance 

One requirement for Tri-Fuel vehicles was to use the same engine as  
MultiFuel vehicles and get the best performance with all three fuels. CNG 
exhibits a narrow flammability range that goes from 5% to 15% in volume 
of air [4,5]. In order to meet emission regulations, the system runs at 
stoichiometric AFR using a current production oxygen sensor. The per-
formance for CNG is lower than the theoretical optimum but if the engine 
is changed to achieve this, it could not be used with either E100 or E20. 
The achieved performance is very close to the optimum, considering the 
characteristics of the engine used. With CNG, the maximum torque is 
lower because the fuel volume accounts for 7% of engine displacement. 
With liquid fuels, the maximum torque point is achieved at rich conditions 
and it is approximately 5% higher than the stoichiometric torque [2]. When 
the E100 effect takes place, its high vaporization heat cools down the  
intake air, increasing the volumetric efficiency and resulting in higher 
torques than E20 [2]. A table with basic characteristics of the three fuels is 
shown in Table 1 [4,5]. 

Performance comparison 

Performance data for Tri-Fuel vehicles using E100, E20, and CNG were 
taken and are shown in Table 2. Note that only a 13% performance loss
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resulted with CNG, a much better figure than the ones for most of the add-
on CNG systems. The Tri-Fuel vehicle passes the current emissions require-
ments for all tree fuels and any blend of E20 and E100. A catalyst with a 
slightly larger noble metal charge and better high temperature handling 
was developed for CNG usage. The vehicle performance with liquid fuel 
blends between E20 and E100 will exhibit an intermediate performance. 
 

Table 1. Fuel properties table 

 

Boiling  
temperature 

(ºC) 

Stoichiometric 
AFR 

Vaporization 
heat  

(KJ kg–1) 

Fuel volume 
stoich mix 

(%) 
E100 78 9.0 850 6.5
E20 25–175 13.4 418 2.7
CNG – 17.2 – 6.9
 

 

Calorific 
value  

(MJ kg–1) 

Calorific value 
stoich mix 
(MJ kg–1) 

stoich mix 
(MJ m3) 

E100 16.9 2.69 3.89 107
E20 39.0 2.71 3.58 92
CNG 49.5 2.72 3.72 120

 RON 
Calorific value Octane 

Table 2. Vehicle performance with E100, E20, and CNG 

Corsa MultiPower 
Fuels E22 E100 CNG 
Engine type C18XE 4 Cylinder SOHC 
Displacement (L) 1.8 
Compression ratio 10.5 
MaxPower (kW) 77.2 80.2 67.2 
@rpm 5400.0 5400.0 5400.0
Torque (Nm) 170.0 178.0 148.0 
@rpm 3000.0 3000.0 2800.0
Transmission type 5 gear manual 
Top speed (km h–1) 182.0 184.0 175.0
Time from 0–100 km h–1 (s) 10.6 10.4 11.2 
Fuel economy – per 
NBR7024 

 

City (km h–1) 11.0 7.6 14.7
Highway (km L–1) 16.3 11.0 18.7
Relative fuel cost per km (%) 100.0 82.0 43.0 
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Benefits of flex fuel and CNG vehicles 

“In 2000, over 40% of automobile fuel consumption and 20% of total motor 
vehicle fuel consumption in Brazil was ethanol. According to one estimate, 
around US$140 billion would have been added to Brazil’s foreign debt if 
ethanol had not been used as a fuel over the past 25 years” [7]. “Since its 
launch in March 2003, the flex fuel car, which can run on any mixture of 
ethanol and petrol, has captured a large slice of Brazil’s vehicle market. In 
2004, nearly 330,000 units were sold and analysts predict further growth 
this year. At about R$1.20 (46 US cents, 36 euro cents, 25 pence) per litre, 
ethanol costs nearly half the price of regular gasoline. Because of a shortage 
of ethanol in the late 1980s, many motorists were hesi tant to buy cars  
running only on the fuel. The new flex fuel car gives them the security of 
being able to switch to petrol partially or entirely.”[8] 

Lower dependence on foreign fuel 

The consumption of diesel accounts for about 25% of the petrol based energy 
matrix in Brazil, considering that the transportation of goods is mainly 
done by diesel-powered trucks over a continent-sized country. In addition, 
the Brazilian petrol is not the best for diesel production; for that reason, 
petrol and diesel is imported and Brazilian petrol and gasoline is exported 
[9] (see Fig. 5). 

Figure 6 shows an estimated evolution of the passenger vehicle fleet up 
to 2010 [9]. This data was used to make an estimate of the savings on pet-
rol imports. The use of ethanol and CNG visibly contributes to reducing 
Brazil’s foreign debt. Figure 7 illustrates the amount of petrol saved when 
considering that the average passenger vehicle is driven 25,000 km year–1 
with the following consumption rates: gasoline: 12.7 m L–1; ethanol: 9.9 
km L–1 and CNG: 11.3 km L–1. The values for ethanol and CNG are expressed 
in equivalent gasoline mileage. Also 1 m3 of gasoline is equivalent to 
5.636 barrels of petrol [9]. 

Lower emission of greenhouse gases  

Vehicles fuelled with ethanol and CNG are a good environmental choice 
when considering air quality and global warming issues [9]. Carbon mon-
oxide and non-methane hydrocarbon emissions are reduced with flex fuel 
and CNG vehicles. These elements form ground-level ozone, the main
component of smog [9]. The ethanol has negative greenhouse gas (GHG)
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Fig. 5. Trade balance for petrol, gasoline, and diesel 

 

 
Fig. 6. Passenger vehicle fleet evolution 

emissions because of carbon uptake sequestration during growth of sugar 
cane. All the carbon sequestered during biomass growth is released back to 
the air during combustion of ethanol in vehicles [10]. The amount of GHG, 
on an energy basis, released during production/distribution (well to tank) 
and released by vehicles (tank to wheel); the overall efficiency of vehicles’ 
engines and the emitted GHG on g km–1 can be seen on Table 3. Data from 
[10] and [11] were used to construct Table 3. In Brazil, the production of 
ethanol is efficient because all energy used in the process comes from 
sugar cane, e.g., electricity comes from the burn of sugar cane, trucks use 
either ethanol or methane, made from sugar cane moist. The distribution, 
however, still uses diesel. 

 
According to one study, the ethanol produced in Brazil from sugar cane, 

considering the complete CO2 life cycle, emits 461 g L–1 (best scenario) to 
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Table 3. Green house gases life cycle for different fuels 

Fuel GHG 
Well–tank 

(g mmBTU–1) 

GHG 
Well–wheel 

(g mmBTU–1)

Overall engine
efficiency 

(%) 

GHG  emitted 
(g km–1) 

E0 21,000 76,477 16.7 344 
E20 – – – 289 
E100 57,000 76,218 16.7 68 
CNG 16,000 60,185 16.9 312 
1 mmBTU = 1,000,000 BTU, factor (mmBTU km–1) = 4, 9e – 4 

 

 

 
Fig. 7. Estimated savings on petrol imports and CO2 emissions (considering com-
plete CO2 life cycle) 

572 g L–1 (worst scenario) while ethanol produced in the USA from corn 
emits 1392 g L–1 to 1459 g L–1 [11]. Considering the complete CO2 life cycle, 
compared to gasoline (E0), the production of CO2 is 80% lower for ethanol 
and 9% lower for natural gas [9,10]. This information was used to calcu-
late the amount of CO2 emitted, on a per vehicle basis, shown on Figure 7. 

The considered time frame does not show a significant improvement in 
the decrease of CO2 emissions due to the fact that most vehicles are not  
enabled to use alternative fuels; however, as older vehicles are replaced by 
flex fuel vehicles, the improvement will be significant in a decade or two. 

Conclusions 

The reduction of fossil oil dependence and emissions of toxic and GHGs 
will gradually be realized by an increase in the use of alternative fuels. 
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Drivers can choose to use E20, E100, or CNG depending on cost, availa-
bility, or preference. Automakers and system solution providers work  
together to use alternative fuels without increasing system costs. 

An efficient and cost-effective solution has been developed for the use 
of gasoline, ethanol, and CNG on the same engine using only one ECM, 
seamlessly controlling both fuel systems with very little power loss in aspi-
rated engines, excellent drivability, and fuel consumption. Such technology 
clearly contributes to a healthier environment and higher alternative fuels 
demand. 
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Abstract 

This study summarizes most recent findings on the contribution of transport, 
especially road transport, to air pollution and emissions of greenhouse 
gases (GHG) in Spain. The evaluation of the national emissions inventory 
and the calculation of vehicle emissions during the period 1990–2003, using 
the database developed by the Direction of Air Quality, Spanish Ministry 
of Environment, reflects a significant reduction of ozone precursors (–21.8%), 
acidifying substances (–7.4%), and particles (–2.2%). The economical 
growth (31%) and the transport demand growth, passengers (76%) and 
freight (49.9%), are coupled.  

This study compares vehicle emissions with current pollution concentra-
tions and analyses air quality relating it with the European relevant legisla-
tion. The concentrations are lower than the permissible values of pollutants 
fixed by the directives, except the particles. 

The emissions of GHG have grown 47.1%, at a much higher rate than the 
15% increment warned by the Kyoto Protocol and one of the most urgent 
present priorities is to reduce them. Even though the transport, which a 
passenger uses like road, rail, and air has improved its efficiency by 15%, 
41%, and 50% respectively, additional measures are needed to reduce 
emissions and energy consumption. These measures require time to be  
effective. 
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Transport problems and environment 

In the context of a constantly increasing transport demand, in terms of pas-
sengers and freight, transport is the main anthropogenic source of certain 
atmospheric pollutants [1]. The emissions of these polluting substances 
make the air concentrations of these substances exceeding the limits, in 
many sites, the levels considered to have harmful effects on human health 
and the environment. Therefore, transport is a growing source of carbon 
dioxide (CO2) emissions, and CO2 is the most important GHG [2]. 

The national emissions inventory, database developed by the Spanish 
Ministry of Environment, gives time series of the most important atmos-
pheric pollutants and GHG. The transport sector contributes to 20.1% of 
total national emissions of acidifying substances (AS) in 2003. Similarly, 
transport is the main source of ozone precursors (OP) emissions and con-
tributes to 28.2% in 2003. Finally, transport is the second main source of 
PM10, and contributes to 32.2% of total national emissions. The transport 
sector is the second main source of GHG and accounts 28% of total emis-
sions [3]. 

This study reviews transport and environment trends in Spain and dis-
cusses if the current transport system is sustainable from the energy and 
environment point of view. These discussions are supported by a national 
database of transport, environment, economy, and demography, which was 
also used for developing indicators of transport sustainability and for statis-
tical analysis [4]. The paper concludes with recommendations for an energy 
efficiency strategy, suggesting approaches, policies, and measures that can 
make transportation relevant in the attainment of higher energy efficiency. 

Growing mobility 

In Spain, transport demand grew considerably during the period 1990–2003, 
both passengers (76%) and freight (49.9%). Transport demand increments 
are higher than economic activity growth, as gross domestic product (GDP) 
per capita grew 31% during that period. Similarly, transport GHG emissions, 
increased by 47.1%. Transport AS emissions, OP, and PM, decreased by 
7.4%, 21.8%, and 2.2%, respectively (Table 1). Figure 1 shows emissions, 
GDP, and transport demand trends during the period 1990–2003. There is 
a correlation between transport demand and GHG emissions growth, closer 
in freight than in passengers transport; similarly GDP growth correlates 
transport demand, as is showed in all international trends. It is significant  
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Table 1. Transport and environment indicators in 1990, 2003, relative growth 
rates in 1990 basis, and annual growth 

Indicator 1990 2003 Mean Change
1990–

2003 (%)

Mean 
change 

(% year–1) 
Green house gases  
(CO2 kg eq inhabitant–1 year–1) 

1.760 2.589 2.174 47 3.0

Acidifying substances  
(AS kg eq inhabitant–1 year–1) 

0.510 0.470 0.51  –7 –0.6

Ozone precursors  
(NMVOCa kg eq inhabitant–1 
year–1) 

42.000 33.000 40.000 –22  –1.9

Particulate matter (PM kg eq 
inhabitant–1 year–1) 

20.000 20.000 21.000 –2 –0.2

Passenger-km (pkm inhabitant–1 
year–1) 

5.832 10.262 8.194 76 4.4

Tons-km (tkm inhabitant–1 year–1) 6.261 9.387 7.620 50 3.2
Gross domestic productb  
(€ inhabitant–1 year–1) 

10.183 13.304 11.729 31 2.1

aNon-methane volatile organic compounds  
b1995 constant prizes 

 

Fig. 1. Trends in green house gases, acidifying substances, ozone precursors,  
particles, passengers and freight transport, and gross domestic product  
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Table 2. Pearson coefficients for sustainability indicators. Period adjustment 
1990–2003 

Indicator: Correlated with: P-values 
pkm inhabitant –1 year–1 0.976a 
tkm inhabitant–1 year–1 0.986a 

GHG (CO2 kg eq inhabitant–1 year–1)

GDP (€ inhabitant–1 year–1) 0.994a 
AS (AS kg eq inhabitant–1 year–1) OP (NMVOC kg eq inhabitant–1 

year–1) 
0.903a 

Passengers (km inhabitant–1 year–1) 0.972a GDP (€ inhabitant–1 year–1) 
tkm inhabitant–1 year–1 0.989a 

aSignificant at 99% confidence level 

that passengers’ mobility growth is higher, for what, lifestyle factors must 
be considered, which influence this trend. 

The analysis of the data consisted of simple bivariate regressions to 
show whether there are certain basic relationships between the former 
indicators or not and whether these relationships are consistent across time 
or not. Table 2 shows the correlations and all values are statistically 
significant at the 95% confidence interval. Transport demand, passengers 
and freight, and GDP are positively correlated with GHG emissions, as are 
shown by Pearson product moment coefficients (P-values) 0.97, 0.98, and 
0.99, respectively. AS emissions are positively correlated with OP 
emissions (0.9). GDP is positively correlated with transport demand, 
passengers (0.97), and freight (0.99). 

Air quality 

In this study emission levels of several pollutants are analysed. The aver-
age annual concentrations of different pollutants during last years (from 
1995 to 2003): NO2, PM10, SO2, CO, decreased by 12%, 16.3%, 52.4%, 
and 53.3%, respectively. Only ozone (O3) increased in its concentration by 
5.3%. Figure 2 shows average annual concentrations in Spain. These results 
are derived from urban roadside stations where pollution mainly comes 
from vehicle emissions: 73, 105, 93, 87, and 82 stations for NO2, PM10, SO2, 
O3, and CO, respectively. 

The European directives determine and regulate the maximum permissi-
ble air concentration values for different pollutants. These air concentration 
values could not exceed a number of days/hours per year. Therefore, the 
average annual concentrations of different pollutants could not exceed cer-

2 10,  tain values. Directive 1999/30/EC establishes, among others, NO , PM
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Fig. 2. Trends in average pollution concentrations in Spain of SO2, PM10, NO2, O3, 
and CO (1995–2003) 

and SO2 concentration limit values. Similarly, Directives 2000/69/EC and 
2002/3/EC establish concentration limit values of CO and O3. 

days, for NO2, PM10, SO2, and O3 by population range of the Spanish munici-
palities and for the period 1995–2003. For NO2 and PM10, the maximum 
permissible values fixed by the European directives are exceeded certain 
number of times per year in many Spanish municipalities. PM10 exceeded 
allowable values, though the number by which it exceeds follows a nega-
tive trend for municipalities between 250,000 and 500,000 inhabitants. The 
number by which NO2 exceeds follows a negative trend for all population 
ranges and in 2002 only the value for municipalities bigger than 500,000 
inhabitants was critical. For the other pollutants, SO2 and O3, the average 
number of exceedances do not exceed the limit values according with the di-
rectives. These results are derived from urban roadside stations with real time 
monitoring provided: 96, 127, 115, and 110 stations for NO2, PM10, SO2, 
and O3, respectively. Therefore, Figure 3 presents the limit values of the 
exceedances (18, 35, 24, and 25) together with the years when the directives 
are effective. 

 

Figure 3 shows air pollution exceeds, expressed in number of hours/
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Fig. 3. Air pollution in Spain (1995–2003), number of times the concentration 
levels exceed emission permissible limits for: NO2 h 200 µg m–³ (A), PM10 24 h 50 
µg m–³ (B), SO2 24 h 125 µg m–³ (C), and O3 24 h 120 µg m–³ (D) 

Consumption and energy efficiency 

Transport energy consumption during the period 1990–2003 grew by 57.5%, 
and in 2003 it reached 38 million tons of oil equivalent (Mtoe). Figure 4 
shows energy consumption forecast, horizon 2012, considering the trend 
curve. The graph includes the consumption levels corresponding to the 
Kyoto Protocol, which limits total emission rates in Spain, hence con-
sumption, to 15%, compared to 1990 levels. Similarly, Figure 4 includes 
the levels integrated in the E4 strategy of the National Plan of Emission 
Rights 2005–2007, which pretends to reach 48 Mtoe in the year 2012, 4.7 
Mtoe less than the 53 corresponding to the trend scenario. To accomplish 

improve energy efficiency [5]. E4 distinguishes between short and mean/ 
long-term measures. Measures of short term are traffic management-
(development of Urban Transport Plans in cities bigger than 100,000

the objective, the E4 includes measures oriented to decrease GHG and
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Fig. 4. Estimation of transport energy consumption in Spain, future scenarios, and 
normative framework 

inhabitants), congestion charges, parking constraints, traffic calming (com-
mute transport plans, improvement, and development of public transport), 
promotion of non-motorized transport systems, and improvement of freight 
transport logistics in the city. Measures of mean/long term are efficient use 
of transport (road fleet management, driving, and best practises) and energy 
efficiency improvement of vehicles (alternative fuels and modal shifts). 
The efficiency during the period 1990–2003, expressed in kilograms of oil 
equivalent per passenger kilometre (koe pkm–1) or ton kilometre (koe tkm–1), 
improves by 15% in road passenger transport, and worsens by 7.1% in road 
freight transport. Rail and air passenger transport, improve their efficien-
cies 40.8% and 50%, respectively. Figure 5 shows changes in consump-
tion, demand per inhabitant, and energy efficiency. Air passenger transport 
has experienced the highest demand increments, coupled with small incre-
ments in GHG and energy consumption. This is due to big technological 
improvements that air passenger transport is a high cost transport mode, 
which could assume additional costs of these improvements. Therefore, oil 
cost is an important percentage of total costs and energy savings ensure the 
profitability of air services. Railway, which was electrified in those lines 
with high demand, has experienced GHG reductions coupled with new 
rolling stock and, energy efficiency improvements. Road has improved its 
efficiency and experienced GHG emissions increments smaller than demand 
increments, even though energy consumption reduction was scarce due to 
congestion increase and higher share of metropolitan trips. 

 



42      PJ Pérez-Martínez 

Fig. 5. Energy consumption change, demand and road transport energy efficiency 
(passengers and freight), and rail transport and air transport (only passengers), 
1990–2003 

Conclusion and discussions 

Transport is a growing source of GHG emissions in Spain. GHG emissions 
growth is related to transport demand and socio-economic circumstances 
[6]. In the same manner, transport is an important source, although not 
growing, of atmospheric pollutants emissions. Pollutant emissions data are 
correlated with emission data and reflect the importance of PM10 and NO2 

air concentrations. The air concentrations of PM10 exceed the thresholds of 
the European directive. The concentrations of other pollutants do not exceed 
these thresholds though NO2 concentrations are close. All the concentra-
tions of pollutants, except O3, are decreasing. 

Transport energy use will grow exponentially in Spain in the next years 
at least that transport activity and income could be decoupled [7]. It is nec-
essary to stimulate measures and policies which help to revert to energy 
consumption current trends [8]. In this line, the implementation of efficient 
policy measures, effective transport systems and technology developments, 
might offer possibilities to control emission and consumption in a short 
and long term [9]. However, it is doubtful whether the proposed measures 
are sufficient to bring about this energy consumption and emission reduc-
tions and meet the Kyoto Protocol alone. These measures demand time to 
be effective and need to be supported by changes on lifestyles to influence 
transport growth in the following decades [10]. 

The success in the improvement of passenger transport efficiency is 
partially due to new cars and improvement of the traffic management. The 

facturers to fabricate less pollute vehicles but also by a shift to diesel vehicles, 
technological developments, partially due to a compromise of cars manu-
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have contribute to these improvements [11]. However, continued efforts and 
additional measures are needed to reduce energy use per transport activity 
unit. Despite of new fleet (improvement in energy efficiency of vehicles 
and engines) and improvements in operational factors (speed, network 
characteristics, and dynamics), freight transport has not improved its effi-
ciency. For this reason, shifts to relatively low energy intensity forms of 
transport, such as rail, are advisable [12]. 
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Abstract 

This study explores the influence of gear-changing behaviour on vehicular 
exhaust emissions and fuel consumption using real drive cycles as an input. 
As many as 235 different drive cycles, recorded from people participating 
in a survey, were imported in an emission simulation tool called Vehicle 
Transient Emissions Simulation Software (VeTESS). Emissions and fuel 
consumption were calculated with VeTESS using two different gear change 
assumptions (normal and aggressive). This paper reports on the differences 
in vehicle exhaust emissions between trips made with those two different 
settings. 

Introduction 

The largest potential to improve fuel use and reduce pollutant emissions in 
road transport probably lies in enhancing vehicle technology. However, 
such an approach involves a relatively large implementation time and con-
siderable costs. An effective way to improve fuel economy in the short 
term is to aim at a change in driver behaviour and promote an environ-
ment-friendly driving style. 
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Environment-friendly driving includes different behavioural aspects to 
obtain a more fuel-efficient driving, one of them implying a selective use 
of gears. By shifting gear early one can avoid high engine speeds and 
therefore achieve a reduction of emissions and fuel consumption. When 
applying this kind of soft measures it is therefore important to assess the 
potential benefits of these actions. 

Methodology 

This section first describes how data about driving behaviour were col-
lected and then presents how this information can be used to estimate the 
vehicle exhaust emissions caused by every trip. 

Data collection 

Data were obtained in a small-scale travel survey, collecting trip informa-
tion from 32 participating respondents. During a period, varying from two 
days to 1 week, these respondents were asked to fill in a travel diary and to 
activate a personal digital assistant (PDA) with built-in Global Positioning 
System (GPS) receiver when making a trip. The use of this device allows 
acquiring accurate information about the travel behaviour of the individual 
respondents. It is able to collect second-by-second trip information (speed, 
location, etc) for every vehicle trip during the survey period. In total 303 
vehicle trips were reported by the respondents of which 235 trips were  
recorded completely by the GPS receiver. After data processing, 235 speed 
profiles were developed for the calculation of emission estimates and fuel 
consumption. 

The VeTESS emission model 

Within the European Union (EU) 5th framework project DECADE (2001–
2003), a vehicle level simulation tool was developed for the simulation of 
fuel consumption and emissions of vehicles in real traffic transient opera-
tion conditions. The final simulation tool, which is called Vehicle Transient 
Emissions Simulation Software (VeTESS), calculates emissions and fuel 
consumption made by a single vehicle during a defined “drive-cycle” [1]. 
The following description of the model can be found more detailed in [2]. 

In the project DECADE a new method for characterizing engine behav-
iour was developed, including the description of transient effects. Within the 



new measuring procedure, the effect on emissions and fuel consumption of 
sudden torque changes (in a step of about 0.2 s) at constant speed are recor-
ded on an engine test bed. Based on three independent variables from the 
experimental procedure, namely engine speed, engine torque, and change 
in torque, four parameters are defined for each pollutant: steady state emis-
sion rate, jump fraction, time constant, and transient emissions. The steady 
state emission rate is the rate at which the pollutant is produced as the engine 
runs under steady state, i.e., at constant speed and torque. The jump fraction 
characterizes the fraction by which the emission rate increases or decreases 
after a change in torque not taking into account the dynamic behaviour. 
The time constant is a measure for the time required to approach the steady 
state emission value after a torque change. The transient emission is a dis-
creet amount of additional pollutant generated after the change of torque. 
The overall emissions of the trip are obtained by adding up the emissions 
produced under the different load conditions during the drive cycle. 

VeTESS calculates the emissions per second for CO2, CO, NOx, HC, 
and particulate matter (PM), but, for the moment, detailed engine maps are 
only available for three types of passenger cars: a Euro II LGV, a Euro III 
diesel car, and a Euro IV petrol car. Since all the participants in the survey 
drove a diesel car, most vehicle kilometres in Belgium are covered by die-
sel vehicles, and VeTESS produces the best results for diesel cars, this 
study was limited to the EURO III diesel car, described in Table 1. 

Gear-changing behaviour 

VeTESS uses specific gear change rules to determine the gear change points 
for the vehicle [4]. Three options are available to simulate aggressive, 
 

Table 1. The EURO III diesel car in the VeTESS emissions model [3] 

Make of car Skoda Octavia 1.9 Tdi 

Engine size 1896 cm3 diesel engine 

Fuel system Direct injection 

Euro class EURO III certified 

Max. power 66 kW at 4000 rpm 

Max. torque 210 Nm at 1900 rpm 

Engine aspiration Turbo + intercooler 

Exhaust gas recirculation Yes 

Emissions control device Oxidation catalyst 
 

normal, or gentle style driving. A custom option is also available allowing 
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the user to alter the values to suit a particular driving style. In this study a 
comparison was made between the “normal” and the “aggressive” gear-
changing behaviour and therefore only those two options will be discussed. 

When selecting the “normal” gear-changing assumptions VeTESS will 
simulate average engine speeds and an average number of gear changes 
over a given route. “Normal” gear-changing settings will assume a gear 
shift to a higher gear when the engine speed exceeds 55% of the maximum 
engine speed. In case of the EURO III diesel car in the model, this maxi-
mum engine speed amounts 4800 rpm. The “aggressive” gear-changing  
assumptions on the other hand will allow higher engine speeds and less 
engine torque than values used during normal driving. This will result in a 
larger number of gear changes. When using this “aggressive” setting, gear 
shifting will occur at 80% of the maximum engine speed. 

Analysis 

The analysis aimed at answering the following question: What can be the 
influence of gear-changing behaviour on vehicle exhaust emissions? By 
using the recorded driving cycles as an input in the emission model VeTESS, 
emissions and fuel consumption were therefore calculated according to two 
different gear-changing assumptions. The relative difference of the emission 
and fuel-use estimates for those two assumptions was discussed. 

Results 

This section presents the results of the calculations where 235 real driving 
cycles where converted into emission estimates using the VeTESS emission 
tool. The results from the emission estimates are presented for the trips 
made by two different gear-changing assumptions: normal and aggressive. 

Tables 2 and 3 present the calculated values for the total emissions and 
the emission factors, respectively. In Tables 2 and 3 the results indicate 
that an aggressive gear-changing behaviour will result in higher emissions 
of CO2, NOx, PM, and HC and in an increased fuel consumption. This con-
clusion accounts for the average total values as well as for the emission 
factors of those pollutants. The emissions of CO seem to be influenced dif-
ferently since an aggressive gear shifting apparently implies a decrease of the 
average CO emissions per trip. A paired two-sided t-test was performed on  



Table 2. Average total emissions and fuel consumptions per trip using two differ-
ent gear-changing assumptions 

  Fuel 
(L) 

CO2 
(g) 

CO 
(g) 

NOx 

(g) 
PM 
(g) 

HC 
(g) 

Normal 0.76 1996.98 0.43 9.31 0.09 0.99 

Aggressive 0.95 2475.43 0.28 11.91 0.14 1.24 

t-test (p-value) <0.05 <0.05 <0.05 <0.05 <0.05 <0.05  

Table 3. Average emission factors and fuel consumptions per trip using two dif-
ferent gear-changing assumptions 

  Fuel 
(100 L km–1)

CO2 
(g km–1)

CO 
(g km–1)

NOx 

(g km–1)
PM 

(g km–1)
HC 

(g km–1)
Normal 7.15 186.59 0.05 0.97 0.01 0.09

Aggressive 9.19 240.21 0.03 1.1  0.01 0.12

t-test (p-value) <0.05  <0.05 <0.05  <0.05  <0.05  <0.05

 

the results to check the differences between the values of different gear-
changing settings. The statistical test demonstrated that the differences 
were all significant ( p < 0.05). 

Tables 4 and 5 present the relative difference of the “aggressive” estimates 
in comparison with the “normal” estimates to demonstrate the extra emis-
sions one can cause by using an aggressive gear-changing behaviour. In 
these tables, the results indicate that one will increase the emissions of CO2 

settings. This means that one can save an average of 30% of the fuel con-
sumption per trip by avoiding an aggressive gear change. 

The results for the NOx emissions also indicate an increase of the emis-
sions when the aggressive gear settings were applied. NOx emissions will 
increase by 15% when changing gear at higher engine speeds. Concerning 
the emissions of PM and HC, the results show an average increase of the 
pollutant emissions of 41% and 38%, respectively. The impact on CO 
emissions on the other hand shows an average decrease of the emissions 
by 30%. Apparently the emissions of this pollutant are influenced differ-
ently than the pollutant mentioned before. 

and the average fuel consumption per trip by 30% when applying the aggres-
sive gear-changing settings in the VeTESS model instead of the normal
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Table 4. Average total emissions and fuel consumptions using two different gear-
changing assumptions. Relative difference of aggressive to normal settings (%) 

  Fuel 
(L) 

CO2 
(g) 

CO 
(g) 

NOx 

(g) 
PM 
(g) 

HC 
(g) 

Average % 29.45 29.47 –29.67 15.79 41.59 38.80
SD 8.41 7.88 37.90 17.02 29.44 14.11

Table 5. Average emission factors and fuel consumptions using two different gear-
changing assumptions. Relative difference of aggressive to normal settings (%) 

  Fuel 
(100 L km–1)

CO2 
(g km–1)

CO 
(g km–1)

NOx 

(g km–1)
PM 

(g km–1)
HC 

(g km–1)
Average % 29.27 29.35  –29.38 15.74 22.84 38.58
SD 7.79  7.86  43.97  17.08 40.54 14.81

Discussion 

The emission model VeTESS calculated the emission values based on  
second-by-second speed measurements of 235 vehicle trips. Both, the total 
amount of emissions as well as the emission factors were calculated accord-
ing to two different gear-changing settings. The results indicate that, on 
average, the use of an aggressive gear-changing behaviour results in an  
increase of the emissions of CO2, NOx, PM, and HC. Fuel consumption 
will increase by 30% when using an aggressive gear use. The impact on 
CO emissions appears to be opposite to the other impacts and needs to be 
studied in future research. Apparently the emission of this pollutant is  
influenced differently when changing gears at higher engine speeds. 

Another aspect that needs to be studied more into detail is the impact on 
the emissions of PM. The impact of an aggressive gear shifting on the emis-
sions of this pollutant seems to display large variations between the differ-
ent values. Possibly there is a difference between the different “kinds” of 
trips, but this assumption needs more research. 

Further research should also include other vehicle types to study the  
impact of gear changing on vehicle exhaust emissions. This study was per-
formed by using the engine details of only one EURO III diesel car, but the 
same methodology should be applied at other vehicles to gain more insight 
into the consequences of this kind of measures and obtain some general  
results. At the moment the VeTESS model is less accurate for gasoline  
vehicles. This is due to the important role the catalyst plays, an issue which 
should be investigated in more depth in the future. 



Conclusions 

This paper demonstrates how a selective use of gears can contribute to a 
more environment-friendly driving behaviour. By using the driving cycles 
of real trips as an input in the emission model, VeTESS the benefits of using 
a more gentle driving behaviour were estimated. When changing gears early, 
one can reduce fuel consumption by 30% on average and prevent the extra 
emissions due to running up the engine. Future research will include more 
vehicle types in the study to generate more results and the differences in 
impact between the different pollutants will be studied thoroughly. 
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Abstract 

In many European countries the speed limit for trucks is under discussion 
or review. The speed limit for heavy trucks is 80 km h–1 in most countries, 
but 90 km h–1 in Belgium. We investigated the effect of reducing the speed 
limit on fuel consumption and emissions of CO2, NOx, and particulate  
matter (PM). 

To ensure robust conclusions under a strict deadline, our evaluation used 
two existing, complementary approaches: the macroscopic emission model 
TEMAT and the microscopic emission simulation model VeTESS. Both 
models show a CO2 reduction between 5% and 15%. The results for NOx 
and PM were ambiguous. 

Introduction 

In June 2005 the Flemish Transport Minister proposed to lower the maxi-
mum speed for trucks on highways from 90 to 80 km h–1. This resulted in 
an enormous wave of critique from various stakeholders. Reference was 
made to time losses, economic losses, and serious doubts were cast over 
the assumed environmental and safety benefits. Unfortunately most of the 
discussion was on the basis of ideology and prejudice. Scientific analysis 
was either ignored or was unavailable for use in the discussion at that time. 
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Given the strict deadlines for the debate in parliament, the Flemish Institute 
for Technological Research (VITO) conducted a fast screening to assess 
the possible effects on emissions of the proposed policy. We defined the 
scope of the study to include only two scenarios: 

1. A reduction of the maximum speed from 90 km h–1 to 80 km h–1 for 
trucks (12–40 t; equipped with a speed limiter) on motorways. 

2. A reduction of the maximum speed of trucks having a gross weight 
between 3.5 and 12 t (those currently not equipped with a speed limit-
ing device) from 100 km h–1 to 90 or 80 km h–1. 

Only the direct effect of the speed reduction on the emissions of trucks was 
taken into account. Second and third order effects on the speed distribution 
of other vehicles and their emissions were not included in this screening. 
For this reason the third question of the minister, about the effect of a 
complete ban on overtaking by trucks, was not answered because it would 
require the use of sophisticated traffic simulation models, which was far 
outside the scope of the allocated budget. 

Methodology 

Scope, general approach, and models used 

Given the context it was decided to perform a screening based on existing 
tools to ensure that existing scientific knowledge would be used in the politi-
cal discussions. In this respect it reflects a common situation for scientists 
involved in policy advice. Because there was broad agreement that the 
emissions to air would be the dominant impact, it was decided to estimate 
the emissions for the three most important pollutants in the transport sector: 
CO2, NOx, and particulate matter (PM) [1,2]. To ensure robust conclusions 
the problem was tackled from three angles simultaneously. We discuss the 
results of two complementary models and compare them with results from 
an inquiry among truck manufacturers. 

The fleet-based emission model TEMAT 

Fleet emission factors (in grams per vehicle-km – vkm) were estimated 
with the macroscopic model TEMAT [3]. The model essentially uses well 
established COPERT III emission functions but was updated with informa-
tion from our own emission measurements [4] and results from the Emis-
sion Factor Handbook [5,6], the COST 346 report, as well as the European 
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ARTEMIS project (mainly for NOx and PM) because earlier versions 
tended to underestimate the “real” on the road emission for some of the 
more advanced engines (Euro II and later standards). The model was fed 
with both theoretical maximum speeds as well as generalized average 
speeds on highways (which are typically between 3% and 6% lower). 

There are two disadvantages to using the TEMAT model in this study: 

1. A break at 12 t, important from a policy viewpoint, was unavailable 
from the TEMAT model (developed from a technical perspective for 
optimal emission modelling cfr. COPERT III). 

2. COPERT functions for heavy duty vehicles are inherently unreliable 
at speeds above 100 km h–1. 

The vehicle-based VeTESS model 

The same scenarios were also evaluated with a completely different model. 
VeTESS is a microscopic model that estimates fuel consumption and 
emissions for a single vehicle on the basis of specific (second-by-second) 
speed profiles, gear choice and the efficiency of all elements of the power 
train, and other vehicle characteristics. VeTESS calculates total engine 
power demand and uses 3D engine maps to estimate emissions. 

The main disadvantage of this complex model is that detailed dynamical 
engine maps are available for only three trucks. All three comply with the 
Euro II standard. Nevertheless, differences found between these trucks 
may hint at the reliability of the results. The reader is referred to [7] for a 
detailed description of the VeTESS model. 

For the current situation the model was run with a compilation of speed 
profiles measured on Flemish highways in normal traffic. The maximum 
speed is legally limited to 90 km h–1 and the average real speed is appro-
ximately 86–87 km h–1. Small variations that occur between 85 and 90 km h–1 
can be attributed to the presence of other vehicles. The measured speed 
profiles were then converted to lower speeds to reflect a change in the  
legal speed limit. The speed variation was left unchanged whereas the  
average speed in scenario 1 was 77–78 km h–1. 

Integrated analysis and uncertainty 

To arrive at an integrated conclusion and test its robustness, emission reduc-
tions for the entire fleet were converted to external environmental costs 
using the methodology described in [8]. Uncertainty was assessed by Monte 
Carlo (MC) techniques in which single value assumptions were replaced 
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by probability distributions. The assessment of uncertainty in external 
costs was formalized by [9] and the use of MC techniques in the context of 
transport policy is described in detail in [10]. 

Results 

General context 

Heavy trucks (32–40 t) are the most important emitters for each of the pol-
lutants studied. Their emissions equal at least two-thirds of the total emis-
sions (of trucks) because of their large share in the total mileage driven on 
highways. Smaller trucks are driven less far, less frequently, and relatively 
more on other road types. 

Results for policy scenario 1 

In Table 1 the relative emissions under scenario 1 are given. Summarizing 
we can say that the total CO2 emission would decrease by 5–10%. This 
trend is consistent for all weight classes and years. Results from the  
detailed vehicle-based modelling (VeTESS) confirm the results for CO2 

Table 1. Emissions at 80 km h–1 relative to 90 km h–1 (From TEMAT) 

 Emission (t) Max. speeds (%) Real speeds (%) 

  2005 2010 2020 2005 2010 2020 

3.5–7.5  86 86 86 86 86 86 
7.5–16  86 86 86 89 89 89 
16–32  92 92 92 95 95 95 
32–40  91 91 91 94 94 94 

CO2 

Fleet average 91 91 91 94 94 94 

3.5–7.5  84 84 84 84 84 84 
7.5–16  89 89 89 93 93 93 
16–32  94 94 94 97 97 97 
32–40  105 105 105 105 105 105 

NOx 

Fleet average 102 102 103 103 103 103 

3.5–7.5  97 97 97 98 98 97 
7.5–16  102 102 102 103 103 102 
16–32  97 97 98 98 98 98 
32–40  106 106 106 105 105 106 

PM 

Fleet average 103 104 104 103 104 104 
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CO2 emission factors would on average drop by approximately 100 g km –1 
if the policy resulted in a decrease from 90 to 80 km h–1. Using more real-

–1. 
For the other pollutants, TEMAT predicts an increase in the fleet aver-

age emissions of NOx and PM with 2–3% and 3–4%, respectively (Table 1). 

reduction of only 50–70 g km
istic estimates of the impact of the policy on real traffic speeds yields a

(Table 2), which makes the results more credible. In absolute numbers the

Faced by these partially conflicting and uncertain findings we looked for 
tools to convert the result into one integrated conclusion. The observed 
emission differences where converted to (avoided) external costs [8]. In 
this way we could balance the positive effect for CO2 against the impacts 
for NOx and PM by expressing them in similar monetary units. All the

The results for PM are even more confusing (Fig. 2). PM emission factors 
decrease for the 3.5–7.5 and 16–32 t weight classes and increase for the 
7.5–16 and 32–40 t weight classes. All changes (increases and decreases) 
become smaller in the future. Because of the dominance of the largest 
trucks the fleet average emission factor also increases. 

A high R2 was reported in MEET for this emission function, indicating 
it was based on a small sample. The lack of consistency between the  
effects for the different classes indicates a large amount of uncertainty. 

Detailed modelling of the engine and vehicle characteristics with VeTESS 
provides us with an additional set of results (Table 2). Emissions of NOx 
are expected to decrease for the selected vehicles, while only one vehicle 
showed a very small increase in PM emissions. 

most types of trucks (3.5–32 t). In sharp contrast an increased emission is 
simulated for the heaviest trucks (+0.2–0.5 g km–1) (Fig. 1). As a result the 
fleet averaged emission factor is also higher.  

Table 2. Relative emissions for different speed reductions (From VeTESS) 

 
CO2 

(%) 
NOx 

(%) 
PM 
(%) 

Scenario 1: 90 km h–1  80 km h–1    
IVECO Eurocargo 7,500 kg 84 71 84 
IVECO Eurocargo 12,000 kg 86 72 100 
MAN 30,000 kg 91 89 103 
Scania 30,000 kg 90 85 n.a. 

Scenario 2: 100 km h–1  90 km h–1  
IVECO Eurocargo 7,500 kg 73 85 71 
IVECO Eurocargo 12,000 kg 80 88 67 

.

.

Emission factors of NOx derived from both models show a decrease for 

assumptions were converted to probability distributions and used in MC
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Fig. 1. Scenario1, difference in the NOx fleet emission factors (From TEMAT)  

Fig. 2. Absolute difference in the PM fleet emission factors for the 3.5–32 t trucks, 
90 km h–1 compared to 80 km h–1 (From TEMAT) 

Table 3. Avoided external costs under scenario 1 (median, 95% CI)  

2005 6 million euros  
(48; –34) 

62% chance for positive  
Outcome 

2020 10 million euros  
(38; –8) 

85% chance for positive  
Outcome 
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Table 4. Relative emissions for lighter truck categories (From TEMAT) 

 Emissions (t) Max. speed (%) Real speed (%) 
100 ≥ 80 km h–1 2005 2010 2020 2005 2010 2020 

3.5–7.5 72 72 72 73 73 73 CO2 
7.5–16 73 73 73 77 77 77 
3.5–7.5 69 69 69 69 69 69 NOx 
7.5–16 76 76 76 82 82 82 
3.5–7.5 91 91 91 92 93 93 PM 
7.5–16 103 103 102 104 104 105 

Results for policy scenario 2 

This scenario only looks at effects on trucks below 12 t because they are 
the only class that can drive faster than 90 km h–1. Policy options for these 
vehicles include the installation of mandatory speed limiters like those used 
on all heavier trucks at this moment (90 km h–1) or reducing their speed 
even further to 80 km h–1 similar to the proposed policy under scenario 1 for 
heavier trucks. 

In the results presented in Table 4 we see that there is a consistent and 
significant decrease in the emissions of CO2 and NOx (–13% to 28% and  
–12% to 31%, respectively). For PM there is a difference between both 
weight classes. The PM emissions for the smallest category (3.5–7.5 t) 
would decrease by 3–9% but trucks in the 7.5–16 t class could see their 
PM emissions increase by up to 5%.  

Discussion 

The finding that emissions of CO2 decrease but emissions of NOx and PM 
could increase is consistent with the results from other studies. Using other 
models and different fleets [5,11] similar results were obtained. The COST 

analysis. The total benefit of the proposed policy was found to be positive 
and likely to increase. Nevertheless, the range of results was wide and the 
possibility that a speed reduction could have negative environmental 
impacts could not be ruled out (Table 3). 

346 [12] working group decided that a further speed reduction (below 80 
km h–1) would not affect fuel consumption but would increase emissions of 
NOx and PM. The large uncertainties are blamed on the fleet composition 
[5,12] and on difficulties to derive a typical driving pattern [13]. 
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The choice of gear features among the most prominent changes to the 
driving pattern and is likely to be influenced by changes to the speed limit. 
This may be more important in urban locations than on highways. The 
VeTESS model was therefore used to study the effect of different gear-

any speed reduction down to 80 km h–1 although we found some variation 
in the magnitude of the effect. Further speed reductions below 80 km h–1 
however, resulted in much higher emissions for some (but not all) trucks 
although the fuel consumption remained fairly stable. These results were 
presented to and discussed with both individual manufacturers and the 
Advisory Committee on Environmental Aspects (ACEA) expert group. It 
is clear that they design and build long distance haulage trucks to minimize 
fuel consumption at the most prevailing speed limits in Europe (80 km h–1 
on highways). The optimum is between 80 and 85 km h–1, which confirms 
our findings. They would, however, not elaborate on effects on the other 

Under scenario 2 we found that all changes in emissions are larger when 
the speed reduction is more important. On the other hand the effects are 
expected to decrease significantly in the future with more advanced fleets. 
The absolute difference then becomes very small and given the small share 
of light trucks on highways, the overall effect is likely to be negligible. 
Manufacturers confirm that fuel consumption is not perceived as an issue 
in this case. Manoeuvrability and other qualities prevail. 

Conclusions 

1. All results consistently indicate that lower maximum speeds for trucks 
on motorways result in lower emissions of CO2. 

2. Results for NOx and PM are not consistent and uncertain but probably 
too small to offset the clear benefits of the CO2 reduction. 

3. The chances that this policy has environmental benefits increases over 
time (with future fleets that are technologically more advanced). 

4. The magnitude of the overall environmental benefits is very uncertain 
but averages between 6 and 10 million euros per year. 

5. Scenario 2 has clear environmental benefits, but the magnitude of the 
effects is much smaller than those of scenario 1. 

engine certification. 
emissions because only the standardized driving cycles are used in the

This study was heavily debated in parliament and on national radio and 
TV. Although it answered some questions and raised others, people found 

shifting strategies in connection with different speed limits (see [2] for
details). Our conclusions were confirmed for any gear-shifting strategy for
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it hard to ignore the conclusions. Paradoxically none of the parties referred 
to the large uncertainties. The discussion faded away and later reports on 
safety and economic effects drew less attention. The proposal was later 
discussed by the Belgian government that recently decided not to change 
the speed limits but to impose a ban on overtaking on all two-lane motor-
ways. 
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Abstract 

This study explores the relationship between the vehicle exhaust emissions 
caused by a trip and the characteristics of the driver involved. The hypo-
thesis formulated is that certain “groups” of individuals produce more emis-
sions (per kilometre) than others and therefore should be treated differently 
when aiming vehicle emission reduction. To support this hypothesis an acti-
vity-based (AB) survey collected speed profiles and driver characteristics 
of different car drivers. The speed profiles of the individual trips served as 
input for the emission model Vehicle Transient Emissions Simulation Soft-
ware (VeTESS), to calculate the instantaneous emissions made by a single 
vehicle. This paper reports on the differences in vehicle exhaust emissions 
between trips made by men and women. 

Introduction 

Policy measures to reduce vehicle exhaust emissions often include cam-
paigns to induce efficient trip chaining, environment-friendly driving  
behaviour, or reduced car use. When applying these soft measures it is not 
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just important to assess the potential benefits but also to determine the 
proper target group for each of these actions to obtain the most efficient 
results. People displaying different travel behaviour will, for example, 
respond to different policy measures. 

To gain an insight into the travel behaviour of people travel surveys can 
provide useful information. A travel survey generally starts with standard 
questions about the person and then questions his/her travel behaviour. As 
a result the travel behaviour can often be classified according to certain 
personal characteristics like age, education, and household structure. 

A recently developed travel survey is the activity-based (AB) survey, 
asking people to fill in an activity diary during several days. The data col-
lected through this survey can then be used to develop an AB transport-
ation model, which aims at predicting the trips and the activities conducted 
by people [1]. To acquire this kind of information in more detail but still 
taking into account the respondent’s burden, new data collecting technolo-
gies are being developed [e.g., 2]. Accurate information on facets like activ-
ity, location, and route choice, for example, are nowadays often obtained 
through the use of a personal digital assistant (PDA) with built-in Gobal 
Positioning System (GPS) receiver.  

Methodology 

This section describes how the database with details on emissions and 
driving behaviour was obtained and how the data were processed. 

Data collection 

Data were obtained in a small-scale AB survey collecting activity diary 
data using self-reporting of activities and trips by respondents in a paper 
activity diary. A PDA with built-in GPS receiver was used to acquire infor-

rate information on the reported trips (route choice, trip distance, driving 
speed, etc.) 

This study was actually intended as a pilot survey preceding a large-scale 
AB survey (2500 households) for the development of an AB transportation 
model. Therefore the original data set from this small-scale survey contained 
only information of 32 respondents, 15 men and 17 women, varying in age, 
education, income, etc. They all filled in the activity diary for a period 
varying from 2 days to 1 week. In total 1014 trips were reported in the paper 
activity diaries of which 303 trips were made as a car driver. 

mation about the exact location of activities and to provide more accu-
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Data processing 

After data collection, data were organized and converted into usable formats. 
Trips were classified according to different variables like trip purpose, 
gender of the driver, age of the driver, number of accompanying persons, 
etc. The GPS logs, consisting of second-by-second information on location, 
time, speed, and date were downloaded from the GPS receiver. Next, these 
NMEA, GPRMC sentences were converted into formats usable for further 
analysis. The following step in the data processing was linking the activity 
diary data and the GPS logs based on the trip departure and ending times. 
A manual check was finally performed to ensure that all the GPS records 
associated with vehicle trips were included in the analysis and, if necessary, 
trip timings were adjusted. After this processing procedure 235 vehicle 
trips remained.  

Emission modelling 

Within the European Union (EU) 5th framework project DECADE (2001–
2003), a vehicle level simulation tool was developed for the simulation of 
fuel consumption and emissions of vehicles in real traffic transient operation 
conditions [3]. A specific task in the project was to develop and validate a 
method for calculating very accurately dynamic emissions, and thereby 
reaching higher accuracy than traditional emission simulation modelling. 
The final simulation tool, which is called Vehicle Transient Emissions 
simulation Software (VeTESS), calculates emissions and fuel consumption 
made by a single vehicle during a defined “drive-cycle” [3]. The VeTESS 
emissions model uses new methods based on experimental characterization 
of engines and aims to provide a more realistic simulation by incorporating 
transient engine behaviour [4]. Together with the associated speed profiles, 
the actual power demands allow a detailed calculation of emissions. 

VeTESS calculates the emissions per second for CO2, CO, NOx, HC, 
and particulate matter (PM), but for the moment detailed engine maps are 
only available for three types of passenger cars: a Euro II LGV, a Euro III 
diesel car, and a Euro IV petrol car. Since all the participants in the survey 
drove a diesel car and, moreover, most vehicle kilometres in Belgium are 
covered by diesel vehicles, this study was limited to the EURO III diesel 
car, described in Table 1. The other assumptions used in the model include 
flat terrain, “normal” driving, and gear change assumptions, and no air condi-
tioning or additional payload carried by the vehicle.  
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Table 1. The EURO III diesel car in the VeTESS emissions model [4] 

Make of car Skoda Octavia 1.9 Tdi 

Engine size 1896 cm3 diesel engine 
Fuel system Direct injection 
Euro class EURO III certified 
Max. power 66 kW at 4000 rpm 
Max. torque 210 Nm at 1900 rpm 
Engine aspiration Turbo + intercooler 
Exhaust gas recirculation Yes 
Emissions control device Oxidation catalyst 

 
Speed profiles, based on the instantaneous speed data from the GPS  

receiver, were composed for every detected vehicle trip and used as input 
for the VeTESS tool. The model output consisted of second-by-second 
emission data, total emission data, and emission factors for every trip. 

Driving behaviour 

A set of driving parameters was calculated based on the speed and accel-
eration profiles from the GPS receiver. The driving parameters applied in 
this study include average speed, average positive acceleration, relative 
positive acceleration (RPA), and the percentage of stop time (PST) (see 
Table 2). RPA is calculated from the power that is needed for all vehicle 
accelerations in the cycle, divided by the distance driven. It gets high when 
the driving pattern includes a lot of high power-demand accelerations and 
is found to increase exhaust emissions and fuel consumption [5]. RPA is 
calculated as: 

0

1 Τ
+∫x

–1), a+ = positive  

acceleration (m s–²) and x = total distance (m). 

Table 2. Driving pattern parameters for the study 

Driving pattern parameter Denotation Unit 

Average speed vavg km h–1

Average positive acceleration a+
avg m s–1 

Relative positive acceleration RPA m s–1 
Percentage of stop time PST % 

va dt,  where ™  = total  cycle time (s), v = speed (m s
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Analysis 

Vehicle trips were classified according to the characteristics of their driver. 
The analysis aimed at answering the following question: Is there a relation-
ship between the “type” of the car driver and its driving behaviour and/or 
amount of vehicle emissions caused per trip? To answer this question, the 
calculated emission factors and driving parameters had to be linked with 
the trip driver information. Since the trip number was attached to every 
calculated value, each driving pattern and emission estimate could be 
coded with information concerning the driver of the vehicle trip. In this 
study, due to the small scale, trips were classified either as made by a man, 
or as driven by a woman. An analysis was then performed to find out if 
there was a gender-linked disparity in vehicle exhaust emissions. 

Results 

This section presents the results from the small-scale survey where 32 res-
pondents participated in an AB survey with GPS tracking technology. Both 
the results from the emission estimates and the driving parameters are pre-
sented for the trips made by men and the trips made by women. In total 
235 trips were analysed. 

Emission estimates 

The emission model VeTESS calculated the emission values based on  
second-by-second speed measurements. Both the total amount of emissions 
as well as the emission factors were calculated. Tables 3 and 4 present, res-
pectively, the average total emission values and the average emission factors 
per trip as calculated by the emission model. An unpaired two-sided t-test 
was performed to check the differences between the values of different trip 
purposes (p < 0.05). The results in Table 3 show clearly that there is a dif-
ference between the total emission values of trips made by men and women. 
In the first place, the average distance of a trip driven by a man is almost 
twice as high comparing to the average distance of trips made by woman 
(p < 0.05). Mainly due to this, the total fuel consumption and the total 
amount of emissions per trip are also higher for trips made by men. When 
taking into account the distance values and calculating the emission factors 
for every trip, Table 4 shows that the differences between men and women 
remain significant. The mean emission factors for trips made by women 
are always higher than the values for trips made by men (p < 0.05). 
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Table 3. Distance, total emissions, and fuel consumption. Averages per trip and 
per gender 

  Distance 
(km) 

Fuel 
(L) 

CO2 
(g) 

CO 
(g) 

NOx 

(g) 
PM 
(g) 

HC 
(g) 

Male 16.34 1.05 2733.99 0.56 12.86 1.36 0.11 

Female 9.9 0.63 1651.51 0.36 7.65 0.82 0.08 

t-test <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05  

Table 4. Emission factors and fuel consumption. Averages per trip and per gender 

  Fuel 
(100 L km–1) 

CO2 

(g km–1) 
CO 

(g km–1)
NOx 

(g km–1)
HC 

(g km–1)
PM 

(g km–1) 
Male 6.77 176.78 0.04 0.89 0.01 0.08
Female 7.32 191.18 0.06 1.00 0.01 0.09
t-test  <0.05  <0.05 <0.05  <0.05  <0.05  <0.05

Driving behaviour 

Driving parameters used in this study include average speed (vavg), average 
positive acceleration ( avg

+a ), RPA and PST. Table 5 presents the calculated 
driving parameter values for the trips in this pilot study. 

The average driving speed for trips made by men is significantly higher 
than the average speed for trips made by women ( p < 0.05). Trips with a 
male driver have an average speed of 40.45 km h–1 whilst the trips with 
female chauffeurs are driven at an average speed of 33.30 km h–1. The para-
meters concerning the positive acceleration, avg

+a  and RPA, and the driving 
parameter PST are all higher for trips made by women ( p < 0.05). 

Table 5. Driving parameters. Averages per trip and per gender  

  vavg (km h–1) a+
avg (m s–²) RPA (m s–²) PST (%)

Male 40.45 0.56 0.22 20.13 
Female 33.30 0.64 0.25 26.57 
t-test <0.05 <0.05  <0.05  <0.05 

vavg a+
avg  average driving speed; average positive accelera-

stop time 
tion; RPA relative positive acceleration; PST: percentage of
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Discussion 

The methodology and results presented in this paper demonstrate that use-
ful information can be obtained by enlarging an AB survey with GPS 
technology and linking information of the car driver to other parameters, 
like emission estimates and driving parameters. This kind of travel survey 
does not only provide the necessary information for the calculation of all 
these parameters, but also offers useful information on the travel behaviour 
of people. Information is provided on different facets like the reason of the 
trip, the trip distance, and the driving behaviour. Individuals displaying the 
same travel behaviour can be classified into groups, e.g., according to age, 
income, gender, etc. When aiming policy measures to reduce the traffic air 
pollution, this kind of information can then be used to work with “target 
groups” for every action. Since every “group” will respond differently to 
policy measures, these actions can then be tuned to the proper target group. 
Based on the results of the pilot study one could, for example, suggest focus-
ing on the target group “men,” when considering policy measures like car 
pooling or the use of public transport, since they seem to make only a few 
trips a day, mainly for work. An analysis of the travel behaviour of 
women, on the other hand, reveals that women seem to combine several 
short trips (going to work, shopping, bringing/getting children, etc.), limiting 
their possibilities to leave the car at home. But since the driving behaviour 
of women apparently is the main cause of the higher emission estimates 
per kilometre, this target group would benefit more from other policy 
measures, like environment-friendly driving tips. 

Still there are some aspects that need to be considered when applying 
this methodology. Firstly, the travel survey procedure needs to be updated 
with more recent technology reducing the respondent’s burden and increas-
ing the detail of information. Trip detection needs to be done automatically 
and the paper work needs to be reduced. Secondly, the emissions should be 
calculated more realistically. At present, the vehicle emissions are calculated 
assuming only one vehicle type for all the recorded speed profiles. This  
assumption needs to be validated since changes in vehicle type have an 
impact on emission simulations. On the other hand, the use of only one  
vehicle type offers advantages for the analysis excluding the influence of the 
vehicle type. Another aspect that needs our attention deals with gear-changing 
behaviour. When calculating the emissions, the default gear-changing values 
were used as provided within the VeTESS model. Since gear-shifting behavi-
our can have a great influence on the emission exhaust, this needs to be taken 
into consideration. If possible, future research could include an in-vehicle 
tool recording this information.  
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The first results from this pilot study demonstrate the application of the 
developed methodology and indicate the field of application. Real explica-
tions and conclusions based on the results will require more data. Future 
research will therefore also include a large scale survey. 

Conclusions 

This paper demonstrates the methodology to link information on the driver 
of a trip to driving parameters and emission estimates. This kind of approach 
provides useful information when aiming target groups for policy measures. 
This method includes the completion of an AB survey extended with GPS 
technology and the calculation of parameters like vehicle exhaust emis-
sions and driving parameters. In this pilot study, differences were found 
between these parameters depending on the gender of the trip driver. 
Women seem to emit more emissions per kilometre than men, but more 
data are needed to acquire meaningful results and explanations. Future  
research will therefore include the application of the developed methodology 
on a large-scale survey. 
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Abstract 

In its early stage, tracking devices were primarily used to locate stolen vehi-
cles. However functionalities can be expanded very far. Built-in functions 
can be added and extra sensor signals can be added to the standard regis-
trations. Especially, fleet management solutions are envisaged currently. 
With the use of intelligent transport systems, service companies can provide 
live traffic data, picked up from sensors that monitor vehicle speed, com-
bined with incident reports. The tracking device can be in direct contact 
with a central server or can send regular reports and data. 

Within the Floating Automotive Data Collection (FADC) project (carried 
out with the support of the European Union (EU)–Asia Information Tech-
nology and Communications (IT&C) Programme) experiments were done on 
the combination of a tracking device with automated traffic jam detection. 
On specific routes in Belgium and in India, speeds and acceleration profiles 
were monitored as a function of location, in order to automatically detect 
deviations from normal fluent traffic. The detection can be done on-board 
the vehicle and in case of traffic jam detection, the device will send a mes-
sage to a central server, which maps different traffic jam detection massages. 
The system will of course operate optimal if a sufficient number of vehi-
cles in the traffic are equipped with such device. 
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Introduction 

FADC project 

The project Floating Automotive Data Collection (FADC) is carried out 
with the support of the EU–Asia Information Technology and Communi-
cations (IT&C) Programme [1]. The project involves three partners: Flemish 
Institute for Technological Research (VITO) in Belgium, the University of 
Udine in Italy, and Network for Preventive Environmental Management 
(NETPEM) in India [2]. 

The project aims at providing information and tools for helping Asian 
small and medium enterprises (SMEs) to optimize transport management 
from a starting point to a destination point and hence to minimize fuel con-
sumption and environmental pollution. Direct input would be provided for 
optimized transport routing techniques and automatic detection of traffic 
jam situations. 

The main activities in the project envisage the calibration of the fleet 
management functionalities of a mobile and in-built vehicle device to local 
requirements in India. Activities include dynamic floating data collection, 
quantification of fuel consumption, and pollutant emissions related to traffic 
conditions, organization of dedicated workshops, and development of a 

India. 

Vehicle tracking and traffic jam detection 

In its early stage, tracking devices were mostly used to locate stolen vehi-
cles. However functionalities can be expanded very far. Built-in functions 
can be added and extra sensor signals can be added to the standard regis-
trations. Especially fleet management solutions are envisaged currently. 
With the use of intelligent transport systems, service companies can provide 
live traffic data, picked up from sensors that monitor vehicle speed, com-
bined with incident reports. The tracking device can be in direct contact with 
a central server or can send regular reports and data. 

Within the FADC project the idea of combining a tracking device with 
automated traffic jam detection was looked into. The idea was that an in-built 
tracking device monitors speeds and acceleration profiles as a function of 
location, and automatically detects deviations from normal fluent traffic. 
The detection is done on-board the vehicle and in case of traffic jam detec-
tion, the device sends a message to a central server, which maps different  
 

reference framework for pilot applications in specific types of roads in Delhi,
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traffic jam detection massages. The system will of course operate optimal 
if a sufficient number of vehicles in the traffic are equipped with such device. 

Working principle 

There are two main parts in the entire system. On the one hand, reference 
data needs to be collected and typical speed profiles need to be determined 
for various roads (off-line). This database can then be used in the on-board 
tracking system to detect if there is a traffic jam.  

The off-line component, called “instructor” runs on a server, and per-
forms two main tasks: 

• Makes a statistical analysis of data collected along a set of training 
runs and manages a set of road profiles. Each road profile contains a 
set of statistical information about a single road segment. This module 
can handle information collected also from non-systematic runs and is 
able to update the road profile accordingly. 

• Allows the user to build a custom route profile (i.e., a collection of 
road profiles) by extracting it from the road profiles database. A route 
profile is used as configuration data for the detector module. 

The second part is the “detector”, which actually runs on the on-board device 
and relies on the route profile provided by the instructor. This software 
module analyses the real-time data coming from the sensors of the on-board 
device and checks them against the profile in order to detect abnormal traf-
fic conditions. The traffic jam detection algorithm is running in the vehicle 
and is comparing the actual speed with the speed stored in the profile of 
that road previously calculated based on test drives. 

Fig. 1. System for automated traffic jam detection [2]
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Fig. 2. General architecture of the system 

Instructor 

The instructor is provided with a training set database, made up of system-
atic runs on given routes and (possibly) with non-systematic data collected 
during additional runs. 

The training set data are collected in a set of test measurements performed 
on a set of roads selected in an a priori design phase. The design phase 
consists in identifying the set of road of interest (each of them is called a 
segment) by means of two way-points, i.e., the geographic position of the 
beginning and of the end of the road. Furthermore, each segment has asso-
ciated some information about road type (urban, rural, or highway) and the 
maximum speed limit on that road. In the data collection for the training 
set, the driver signals the presence of a traffic jam, so that the sensors data 
are augmented with a field that records this event. This allows to recognize  
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and to discard those data from the training set and permits to perform the 
statistical analyses on “normal conditions” only. 

Detector 

The detector is a control module that processes the real-time data coming 
from the on-board sensors and the Global Positioning System (GPS) de-
vice in order to identify abnormal traffic situations. The configuration of 
the detector is given by a route profile, generated by the instructor as the 
output of a user request. 

The data is sampled by the microcontroller on the on-board device at 
fixed intervals. Each sample includes, among other data, the position of the 
vehicle (latitude, longitude expressed in degrees, primes, and decimals of 
primes), the speed, the current time, and a validity flag. 

The detector processes each sample in real time and maintains a record 
called traffic status that summarizes the history of the run. For each sample, 
based on its values and on the record, the detector issues a traffic alert level 
(the possible values are normal, low alert, high alert, and jam). Figure 3 
shows the flow diagram of the different steps in the detector algorithm. 

 

Fig. 3. Flow diagram of detector algorithm 
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Fig. 4. Test area and reference route in Delhi 

Application in Delhi, India 

Reference measurements  

As a basis for feeding the database with typical speed profiles as a function 
of specific roads and road types, reference measurements were performed 
on a fixed route in Belgium and in Delhi, India. The tests in Delhi were 

 
The following eight segments were defined: 

1. Subramaniam Bharti Marg: city traffic (1.0 km) 
2. Dr. Zakir Hussain Marg: city traffic (1.7 km) 
3. Mathura Road: suburb traffic (2.6 km) 
4. Mathura Road: suburb traffic (1.5 km) 
5. Mathura Road/NH 2 motorway (with regular stops) (6.8 km) 
6. Border Zone Delhi: always slow traffic (0.9 km)  
7. Mathura Road/NH 2 motorway continue until turn left (6.4 km) 
8. Sector 31 – rural traffic (1.5 km) 

All segments are also driven back. The tests were driven with two diesel 
Toyota Qualis 2.4D taxis of Lucky Taxi Company in Delhi. Figure 5 
shows a typical speed profile on the Delhi reference route as a function of 
the distance. It gives a good indication of where stops are situated (usually 
related to crossings). Segments are also indicated. 

most on and around Mathura Road (Fig. 4). 
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Fig. 5. Typical speed profile in Delhi track 

Fig. 6. Average speeds recorded on every segment 

Figure 6 shows the average speeds recorded on every segment. 
 

• Segment 1 (city traffic): variation of average speed between 8 and 30 
km h–1. Variations are due to standstill at crossroads, other traffic and 
traffic jams. 

• Segment 2 (city traffic): variation of average speed between 30 and 50 
km h–1. Variations are due to standstill at crossroads or some other traffic. 

• Segment 3 (suburb traffic): variation of average speed between 10 and 
30 km h–1. Variations are due to standstill at crossroads, other traffic 
and traffic jams. 

• Segment 4 (suburb traffic): variation of average speed between 10 and 
40 km h–1. High variations, related to the traffic circumstances. 
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• Segment 5 (motorway traffic): variation of average speed between 30 
and 45 km h–1. Motorway circumstances are different from the European 
situations. No traffic jams were recorded in this part. 

• Segment 6 (border area): variation of average speed between 3 and 30 
km h–1. High amount of queuing for the border control. 

• Segment 7 (motorway traffic): variation of average speed between 20 
and 45 km h–1. Generally traffic goes quite fluently in this part. 

• Segment 8 (rural traffic): variation of average speed between 30 and 45 
km h–1. Generally quite calm road.  

Speed limit within the city area is 60 km h–1, outside the city area there is 
no speed limit, but generally speeds do not exceed 100 km h–1 (linked to 
other traffic). 

Road profiles 

The detector contains the profile of the road, calculated based on the many 
test drives in the reference road in Delhi. The detector will on the other 
hand capture live position and speed information from the GPS receiver 
mounted on the roof of the vehicle. Figure 7 shows a typical example of 
the profiles in Delhi. The idea of the profiles is clear: based on the refer-
ence measurements three values have been defined for each part of the 
segment (every 100 m): an average speed, maximum speed, and minimum 
speed. These values will be used in the traffic jam detection algorithm. On 
some spots a minimum speed of 0 km h–1 is taken. These are generally 
stops for crossings and traffic lights. Between traffic lights the minimum 
speed is generally above zero. 

The algorithm will first try to detect whether the vehicle is on the refer-
ence road or not. After that, once on the reference road, the detector will, 
based on live position and speed data, decide whether the vehicle is enter-
ing, driving, or leaving a traffic jam. A signal will be given when the vehi-
cle is in a traffic jam. This signal can then be sent to the traffic monitoring 
room for traffic jam management. 

Validation 

In December 2004 the methodology was first tested in Belgium and  
in January 2005, in Delhi. Traffic jam was actually detected when the  
recorded speed was outside the calculated profiles. Figure 8 shows an exam-
ple where three times a traffic jam was detected (marked by the stars). 
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Fig. 8. Traffic jam detections on Mathura Road, Delhi 

Conclusions 

The paper showed the approach used to test a system of traffic jam detec-
tion, integrated in a tracking device. The scope of the FADC project ends 
at the detection and the signalling of traffic jam to a central server. Traffic 
jam management and the feedback to the drivers will be covered by a new 
project that will be the follow-up of FADC. The idea is to finalize a pre-
commercial product that will help SMEs to reduce their fleet management 
costs and hence improve environmental protection due to less time spent in 

Fig. 7. Typical road profile in Delhi track 
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traffic jam, better information on coming traffic jam hence reducing speed 
on time, hence reducing gas emission and pollution. It is strongly believed 
that SMEs and other local institutions involved in transport as well as fleet 
companies, insurance companies, vehicle leasing companies, etc. can all 
take the benefits of the project results and ensure the financial sustainability. 
The project results and its further developments have indeed applications 
in the fleet market and can adequately be exploited according to different 
opportunities. One of the most reliable possibilities is based on a major  
involvement of local SMEs, which provides the funding needed as donors 
or customers of an independent service provider. 
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Abstract 

Madrid is suffering a rapid suburbanization process where population and 
jobs are moving out of the central city. This process produces an imbal-
anced mobility pattern and more car dependency. Car pressure is increas-
ing as well as its negative environmental impacts. Pollutant emissions and 
noise exposure form one of the key problems in central areas. 

To reverse the present situation, a number of actions were envisaged 
constituting a whole strategy to maintain current standards of mobility and 
to avoid its negative effects. This strategy endeavours to maintain the social 
and economic vitality of the urban centre, in a sustainable framework, in 
order to reduce externalities and to enhance citizen quality of life. It inclu-
des transport policy measures such as pedestrianization, parking pricing, 
bus priorities, and new metro lines. Additionally, plans exist to improve 
the inner orbital to bypass out traffic, a measure that would seem to be 
contrary to the rest of the strategy. On the air quality control side, a low
emissions zone has been designed in central districts. 

The paper presents an evaluation of the effects of the new orbital on 
both mobility patterns and air quality levels. Paradoxically, the new

entire city. 
motorway could reduce pollutant emissions and improve mobility in the
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The Madrid Region, with its 5.4 million inhabitants, is moving towards a 
polinuclei metropolitan area (Fig. 1), where the denser core is offset by a 
metropolitan ring. Mobility rates by crowns indicate that this serves as 
dormitory and business/mix areas. However, its high population density 
and the quality of the public transport provided place Madrid at the top of 
public transport patronage within Europe [1]. 
 Mobility patterns are not uniform. Their complexity is related to many 
factors such as population densities, land uses, and the provision of differ-
ent means of transport [2]. Bus and metro services are in plentiful supply 
in the City of Madrid, whereas interurban bus and rail services have their 
higher share in the metropolitan ring. All these performance patterns  
induce very different transport costs, both by trip and by passenger-km 
(pkm), for each individual transport mode involved and for its geogra-
phical environment. They also produce different environmental and social 
effects associated with different trip lengths between the denser central 
districts (Madrid City) and its suburbs. But it is clear that there is a steady 
growth in trips in outlying areas, which are heavily car dependent. 
 Figure 2 shows that car trips are competitive with public transport both 
in central and in suburban areas. This is surprising because the central area

–1is fairly congested and average speed is about 14 km h . The consequence 

Fig. 1. Madrid metropolitan area 

Mobility patterns and environmental problems 



Fig. 2. Time and distance in urban/suburban trips in the Madrid region 

is that, although Madrid has a good supply of public transport, car is still 
an attractive option even in central areas. Following the Zahavi principle 
[3–5], users choose their transport option according to time spent. 
 On the other hand, economic activities in Madrid City have their biggest 
competitor in the towns within the Madrid metropolitan belt. Many com-
panies and commercial activities are moving out towards the periphery in 
the search for cheaper and greater space for their businesses. Consequently, 
Madrid City is losing part of its competitiveness owing to congestion and 
other agglomeration-based disutility [6]. Figure 3 shows the comparison in 
mechanized trips between zones in the Madrid region. It is clear that the 
Madrid Central Business District and periphery are losing trips in favour of 
outer areas in the metropolitan ring. 
 Cairncross [7] predicts the death of distance of cities like Madrid where 
new activity location patterns could change their functionality and com-
petitiveness. The new concept of meta-town planning [8,9] indicates a way 
forward in the form of a collaborative approach among means of trans-
port and development policies to achieve better mobility patterns, and to 
improve citizen quality of life in residential areas. A systematic approach 
to this vision is formulated by the Transportation Research Board (TRB) 
[10]. Monzón [11] analyses the relationships among local and arterial 
roads in the metropolitan planning process. In fact, Madrid City is already 
experiencing disadvantages against alternative locations in its metropolitan 
ring. It is necessary to design a comprehensive policy to reorganize mobility 
in order to preserve liveable streets in central areas and, at the same time,
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Fig. 3. Evolution in mechanized mobility in the Madrid region 

to attract new businesses and keep the old ones alive if its attractiveness 
and economic vitality is to be increased [12]. 

Sustainable development, however, has to cope with three aspects, 
namely economic, environmental, and mobility-related [13]. This whole 
process is producing substantial environmental problems. Longer trips and 
greater car dependency are steadily increasing the emission of pollutants 
and global warming gases [14]. 

caused by traffic. These values are too high and Madrid City Council has 
launched an environmental strategy to reduce emissions over the 2006-2010 
period [15]. It includes a reduction of NOx emissions by as much as 16,500 t, 
implying 27% less than current values. There is no specific target for par-

10

Table 1. Annual traffic-related emissions 

 NOx (t) PM10 (t) CO2 (kt) COVNM (t) 
Year 2002 22,585 1591 4268 18,908 

Table 2. Contribution of traffic emissions to the total 

 NOx PM10 CO2 COVNM 

% of total 77.03%  74.79%  51.15%  33.60% 

) but there are many measures designed toticulate matter emissions (PM

Tables 1 and 2 show the level of emissions in Madrid City in 2002



reduce the emission of these particles in line with European legislation. 
Spain has to reduce its CO2 emissions by 14,500 t in the near future. Madrid 
has taken on board the challenge of reducing a quantity equivalent to 4.8% 
of Spain’s total emissions. The environmental strategy includes several 
measures to reduce traffic rates, comprising one of the key problems, par-
ticularly in the Convention of Biological Diversity (CBD). 

A new strategy 

A number of activities are in place to recover city vitality and environ-
mental quality through a series of initiatives in various sectors, including 
transport. The main principles for achieving a better mobility distribution 
are to reduce car pressure and increase pedestrian  trips (PT) in the CBD, 
to foster PT in radial trips travelling in and out of the CBD and to alleviate 
car pressure on local streets by conveying traffic through the orbital road 
surrounding the CBD. 
 To achieve these goals a number of policy actions have been started: 

• Pedestrianization of historical zones: pedestrian priority, improved  
accessibility, greener streets, and squares.  

• Parking restrictions: a parking pricing scheme, called SER, has been 
implemented in a wide area since 2001. More than 110,000 parking 
spaces are now under control, covering most of the Madrid CBD. 

• Improving PT provision and the seamless mobility targets: reserved bus 
lanes, extensions to the metro network, intermodal interchanges, etc. 

• Redesign of the M-30 inner orbital motorway: this road is undergoing 
total redesign to attract car traffic out of the CBD. The main goal is to 
improve the level of service and to reduce accidents. The number of 
lanes will remain approximately the same, but the more uniform design 
and better integration with urban arteries is intended to reduce conges-
tion. Three tunnels will also be built to avoid traffic nuisance and to  
improve environmental quality in some stretches such as the river banks 
and two parks. 

The first three actions are “traditional” ones in any transport policy package 
designed to foster PT patronage and improve walking and cycling [16,17]. 
The fourth one, however, is quite controversial. The concept of improving 
an urban motorway seems to be an action going in the opposite direction. 
Many planners and media have protested over this scheme that will eventually 

bigger environmental impact. 
attract more cars towards the city centre and will, in principle, produce
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Mobility impacts 

The rationale behind the approach is to model the impacts of the alterna-
tives – to do nothing or to rebuild the M-30, thereby reducing traffic pressure 
on the urban grid and improving its safety conditions (the scheme proposed). 

We developed a model to test the medium-term impacts on mobility, 
energy consumption, and pollutant emissions. It forecasts the different im-
pacts of the project modelled against the “do nothing” scenario. Two differ-
ent time horizons were tested – immediately post-completion of the works 
(2007) and the medium-term evolution (2012). Although absolute figures 
vary, the tendency and location of effects are about the same. Results are 

The scheme to rebuild the M-30 orbital will reduce car pressure on  
urban streets both in the CBD and in the city periphery. On the contrary, it 
will attract many more cars along the renovated motorway. The outer  
M-40 ring road will see its traffic load reduced. In short, the M-30 will 
concentrate many of the trips that are currently attempting to obtain their 
shortest route across the city or bypassing it via the outer ring road. The 
change in the behaviour of the first group will reduce car pressure on the 
CBD and its environmental impacts. Current M-40 users moving to the 
M-30 will produce less CO2 and pollutant emissions, but in more central 
areas, also meaning less dispersion effect. 
 Driving conditions in the CBD will be better, even in the areas surround-
ing the M-30, owing to less congestion. This implies lower pollutant emis-
sions [18,19]. 

given in Table 3. 

Table 3. Impacts of the M-30 Orbital Improvement Scheme 

2007 2012 
Traffic flow 

variation 
Trip time 
variation 

Traffic flow 
variation 

Trip time 
variation 

  (veh-km) (veh-h) (veh-km) (veh-h) 

CBD –91,581 –6,057 –118,843 –8,699 
M-30 909,465 2,559 1,053,843 1,478 
City periphery –129,065 –4,228 –154,861 –5,492 
M-40 –577,650 –9,884 –613,402 –11,716 
Metropolitan 
ring –292,912 –1,000 –303,871 –3,364 

 



Fig. 4. Reduction of emissions associated with the Madrid strategy 
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Environmental effects 

A further noticeable advantage of improving this “urban” motorway will 
be a reduction of certain environmental impacts and, above all, in the 
number of accidents. This is also paradoxical as although more traffic will 
be attracted to central areas, the overall nuisance will be less significant. 
The explanation is related to the results shown in the previous section and 
the effects of the three tunnels that will avoid noise and direct pollutant 
emissions in some densely populated central districts. 
 Pollutant emissions are mainly due to traffic in the city. The characteris-
tics of the construction lower the impacts on the environment and the 
number of traffic accidents. The new M-30 route will be more uniform and 
this will alleviate congestion. Additionally, almost 8 km of tunnels among 
the total 32.6 km will reduce environmental problems precisely where the 
population exposed is greatest. 
 The results of the assignment model feed the emissions model based in 
COPERT [20]. The calculations take into account the road type, the distance 
and the vehicle type. Overall, emissions will be reduced as illustrated in 
Figure 4. Higher CO2 and NOx emissions will, however, appear in the M-30 
orbital, but far less important than the reductions in other zones. Emissions 
inside the tunnels will be filtered and treated to eliminate PM and other 
pollutants. We could therefore conclude that the new scheme will produce 
better quality standards and environmental impact in the streets as a result 
of the concentration of heavy traffic on only one artery – the M-30. 

Conclusions 

As a result of the modelling exercise and the evaluation process, we could 
forecast that the improvement of the M-30 inner orbital is consistent with 
other sustainable transport policies in the City of Madrid. The concentration 
of traffic flow on this orbital could alleviate traffic pressure on the streets 
and reduce environmental impact. 
 The environmental benefits are important as the scheme will reduce CO2 
and pollutant emissions throughout the metropolitan area by concentrating 
them on the M-30, but with a clearly positive overall balance.  
 Madrid will also be recuperating economic vitality with mixed develop-
ments of housing and commercial areas that benefit from the better quality of 
the central districts. 
 The key elements of the positive strategy are the combination of push 
and pull measures in the design of complementary policy measures to  



control traffic in Madrid. The three central points of the strategy are reduc-
ing traffic in the CBD, attracting more passengers to PT, and improving 
traffic conditions in the M-30 urban orbital as an alternative to crossing the 
city and avoiding longer trips in the periphery. 
 The M-30 urban orbital will have more capacity as a result of the lower 
traffic congestion. In addition, traffic will be reduced in the CBD because 
the M-30 takes it up. In both cases, the M-30 and the CBD, traffic condi-
tions will improve and the emission of pollutants drop off. 
 Further actions are envisaged, such as reducing the average driving speed 
along the M-30 to obtain further reduction of emissions and accidents. 
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Evaluation of car control measures based  
on an Internet-based travel survey system 

N Harata, S Aono 

Department of Urban Engineering, School of Engineering, University  
of Tokyo 

Abstract 

This paper presents the development of an Internet-based travel survey 
system for designing car control measures for a new campus site. This sys-
tem was developed for collecting stated preference (SP) data on commuter 
trips after relocation to the new campus. Using the personal attributes of 
the respondents and transportation network data, the system produced cus-
tomized alternatives for the SP questionnaire. It was found that clear differ-
ences exist between stay patterns and modes of travel of faculty, clerks, and 
students. Finally, the effective control measures of car use were designed 
and it was found that the Internet-based travel survey system is useful for 
finding effective package measures. 

Introduction 

The relocation of large-scale facilities such as workplaces, schools, univer-
sities, and commercial facilities has a considerable impact on the surround-
ing transport infrastructure; the relocation affects traffic congestion, parking 
problems, road safety, and environmental impact. Sometimes these projects 
themselves include restructuring of the existing transportation network. 
Transportation planners should facilitate the use of multiple modes of  
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transport to reduce the impact. Therefore, multimodal transportation plan-
ning and the assessment of its impact are very important for development 
projects. 

The relocation of a facility causes behavioural changes in people with 
regard to mode choice, destination choice, and induced travel. In the long 
run, residential choice, and land-use pattern will also change. In order to 
forecast the changes and assess their impact, the SP data should be col-
lected from potential commuters or visitors to the facility. However, because 
it is likely that they do not have sufficient knowledge on the level-of-
service (LOS) variables of choice alternatives with regard to personal factors 
(social status, geographical location, car availability, etc.), it is difficult to 
collect reliable data using traditional travel survey methods. In such a situa-
tion, computer-based interactive survey methods integrating the Geographic 
Information System (GIS) function can be effective [1–4]. 

This paper presents the development of an Internet-based travel survey 
system for designing car control measures for a new campus site. The sys-
tem was developed for collecting stated preference (SP) data on commuter 
trips after relocation to the new campus [3]. By using this collected data, 
the combined effects of the control measures of car use are examined. 

Development of the survey system 

The new campus of the University of Tokyo in Kashiwa City was com-
pleted in April 2006. About 2000 faculty, clerks, and students commute to 
the campus. It was expected that the transportation infrastructure around 
the campus would be heavily affected by the newly established commuter 
trips. There are three railway stations in the proximity of the campus; one 
of them was under construction at the time of this study (July 2002). 
Therefore, multimodal transportation planning and impact assessments 
were needed. 

This Internet-based travel survey system was developed for collecting 
commuter modes and route choice preferences of faculty, clerks, and stu-
dents of the University of Tokyo who had already moved or were planning 
to move to the new campus at Kashiwa. The survey system had a client-
server type architecture. On the server side, the Web server software was 
installed (Microsoft Corp. Internet Information Server 4.0) on the server 
PC to handle requests from clients and transmit the questionnaire; the  
Web GIS software (MapInfo Corp. MapXtreme 2.02) was installed to han-
dle and display spatial data, and the recoding database (Microsoft Corp. 
Access format) was used to record answers from the respondents. On the  
 



Fig. 1. Outline of the survey system 

client side, a respondent can access the website from a PC by using a Web 
browser and answer the displayed questionnaire. Figure 1 shows the con-
ceptual outline of the system. 

The respondents of the survey were asked about their personal attrib-
utes, current commuter trip situations, and stations near their homes. Then, 
they were required to answer the SP questionnaire about the egress mode 
choice from the three stations near the campus. The alternatives were 
walking, bicycles, motorbikes, and buses. The time required and out-of-
pocket costs per month were used as the LOS variables. 

Figure 2 shows an example of the SP questionnaire with regard to com-
muter route choice. In the questionnaire, a hypothetical new railway line 
that would directly connect to the inner city of Tokyo was supposed to be 
established. The alternatives included a maximum of six routes – three 
railway routes that correspond to three egress stations, the express bus 
from Tokyo station, and two car routes with/without toll. If respondents 
did not own a car and had no future intention of using a car, the two car 
routes mentioned above were excluded from the alternatives. 

In order to customize the questionnaire to correspond to the geographical 
location of a respondent, the system used Web GIS software. The respon-
dents had inputted the station near their homes using the map displayed. 
Then, the system searched for minimum path routes to the campus from 
the minimum path routes database files for each alternative route.  
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Fig. 2. Commuter route choice questionnaire 

The LOS variables for the main mode included the time required and the 
out-of-pocket costs per month. For faculty and clerks, commuter allowance 
was considered. These values were computed from future railway and road 
network data. The LOS variables for the egress modes included time and 
costs of each mode selected by the respondent in the questionnaire. The  
respondent was then asked to select the most preferable route from the  
alternatives. 

The survey 

The respondents of the survey were the faculty, clerks, and students of the 
University of Tokyo. Most of them used PCs routinely, could access the 
Internet, and had their own email addresses. Therefore, email could be 
used to recruit the respondents. The population was relatively very homo-
geneous in terms of accessibility to the Internet; therefore, the problem of 
representativeness of the population could be avoided; this is a serious 
problem in an Internet survey. 

LOS of public 

LOS of private 

Choice but-

Route 

Time vari-
bl

Cost vari-
bl



Table 1. Attributes of valid respondents 

Gender Male 79.8% Female 20.2% 

Position Faculty and clerks 41.4% Students 58.6% 

Driver’s license Yes 85.9% No 14.1% 

Commute to the new 
campus 

Commutes presently 34.4% Does not commute 65.6% 

 
The recruiting mails had been dispatched in July 2002. Two months 

later, there had been 657 accesses to the website. Of these, 326 of them 
provided valid responses (Table 1). 

The respondents who had already commuted to the campus at Kashiwa 
were required to provide their usual arrival and departure times at the 
campus. Figure 3 shows these results. There are clear differences in stay 
patterns according to the position of the respondents. 

The egress bus lines from the nearer two of the three alternative stations 
(Stations 2 and 3) are not operated frequently: in particular in the evening 
and night. Therefore, when estimating the modes and route share, the LOS 
variables in the return trips should be considered as well as in the trips 
from home to the campus. 

Fig. 3. Number of respondents in the campus 
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Results of stated preference questionnaire 

Table 2 shows the shares in the SP data with regard to the egress modes. 

Table 2. Shares in the SP data with regard to the egress modes (%) 

 Station 1 Station 2 Station 3 (new) 
 F&C S F&C S F&C S 
Walking – – 4.2 3.6 7.6 4.2 
Bicycle 1.7 35.9 26.3 75.4 33.1 77.2 
Motorbike 4.2 9.6 3.4 3.6 3.4 2.4 
Bus 94.1  54.5 66.1 17.4 55.9 16.2 
F&C: faculty and clerks; S: students 

 
Station 1 is about 5 km away from the campus. Stations 2 and 3 (new 

station) are about 3 km away. It could be consistent result that many  
students choose the bicycle as the egress mode. 

For most cases, travel route using station 1 was longer and cheaper as 
compared to station 3. Many of the faculty and clerks could compensate 
for all their costs by using their commuter allowance up to 50,000 
(JPY/month). On the other hand, students had to incur their costs by them-
selves. This factor affected the choice results between the two groups. 

Estimation of commuter mode and route choice models 

Considering the abovementioned results, the collected data was divided 
into two groups – group F&C (faculty and clerks) and group S (students). 
For each group, the nested logit type commuter mode and route choice 

 
Table 3. Shares in the SP data with regard to the commuter routes (%) 

 F&C S Total

Station 1 15.8 49.7 36.0 
Station 2 8.1 10.3 9.4 
Station 3 (new) 47.6 26.5 35.1 
Express bus 9.8 0.6 4.4 
Car (using toll road) 6.2 1.3 3.3 
Car (not using toll road) 12.5 11.6 12.0 

models were estimated. Figure 4 shows the assumed choice structure of

Table 3 shows shares in the SP data with regard to the commuter routes. 



 
 
 

 
 
 
 
 
 

 

Fig. 4. Choice structures of the mode and route choice models 

both the models. Also, parameters of time variable are assumed to be the 
same for different level of the nested structure 

cant nested logit models for both the group F&C and the group S. Because 
of the upper limit of the commuter allowances, some respondents could 
not completely compensate their monthly cost when buses were selected as 
the egress mode. Therefore, the cost variable was adopted on the level of 
the egress mode choice in the group F&C model.  

Table 4. Estimation results of the group F&C model 

Levels Variables  Parameter 
estimates 

t(0) t(1) 

Main mode choice Car specific 0.352 0.518  
 Scale parameter 2 0.646 2.09* 1.150 
Route choice Time –0.121 –4.72**  
 Exp. bus specific –2.330 –2.69**  
 Scale parameter 1 0.557 4.78** 3.80** 
Egress mode choice Time –0.121 –4.72**  
 Out-of-pocket

cost/month 
–2.05E-04 –2.72**  

 Bicycle-specific –0.213 –0.783
L(0) – –199.010

–161.010
Adjusted 2 – 0.182
Number of samples – 101.000 

Transit                        Car 

Sta.1      Sta.2    Sta.3   Exp.Bus 

Bicycle**    Bus 

Main Mode 

Route 

Egress Mode* 
*for Sta.1 to Sta.3 
**except for Sta.1 

Transit                        Car 

Sta.1          Sta.2         Sta.3 

group: S model 

group: F&C model  
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*95% level of significance; **99% level of significance  

Tables 4 and 5 show that it was possible to estimate statistically signifi-
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Table 5. Estimation results of the group S model 

Levels Variables Parameter 
estimates 

t(0) t(1) 

Main mode choice Car–specific 0.824 0.953  
 Scale parameter 2 0.467 2.35* 2.69** 
Route choice Time –0.133 –4.37**  
 Cost/month –1.82E-04 –3.42**  
 Scale parameter 1 0.786 2.77** 0.7560 
Egress mode choice Time –0.133 –4.37**  
 Cost/month –1.82E-04 –3.42**
 Bicycle-specific 1.750  3.02**
 Bus-specific  

station1 
3.010  5.00**  

L(0) –   –266.71**
L( ) –   –193.58**
Adjusted 2 –   0.2690
Number of samples –   139.0000 
*95% level of significance; **99% level of significance 

Effects of control measures of car use 

Using the models above, the effects of car control measures were esti-
mated. The total number of commuters comprised 400 faculty, 200 clerks, 
and 1400 students. Because of the limitation of data, it was assumed that 
the geographical distribution of the commuters was similar to the SP sam-
ples. The arrival/departure time pattern in actual commuting samples was 
assigned to the SP samples that had not reported their arrival/departure 
times. The express bus was excluded from the alternatives because it had 
been abandoned after the opening of the new railway line. The alternatives 
in the egress mode choices were bicycles and buses. Because bicycles 
were very popular as an egress mode, large number of bicycles were used 
without restriction. However, there should be a limitation with regard to 
bicycle availability, parking site, or bicycle ownership. Initially, the num-
ber of person who could use bicycles was restricted to one in four people. 

Table 6 shows the estimated mode and route share considering trips 
from home to campus only. In this case, the LOS variables of the morning 
time were used.  

θ
ρ



Table 6. Mode and route share: considering home to the campus trips only 

  Station 1 Station 2 Station 3 Car Total 
 Bicycle Bus Bicycle Bus Bicycle Bus   
Faculty 0 104 4  49 22 151 70 400 
Clerks 0 49 2  25 9 67 48 200 
Students 69 902 31  53 66 69 210 1400 
Total 69 1055  37  127 97 287 328 2000 

 
On the other hand, Table 7 shows the results considering both home to 

the campus trips and return trips. In this case, the time variables of the egress 
buses are the averages of the home to the campus trips and the return trips. 
In the return trips, the waiting time at the campus bus stop (headway/2) 
was considered. Considering the low LOS in the return trips, the number 
of cars used increased by 14.3%. This was the base case. 

In measure 1, it was assumed that availability of bicycles improved due 
to a bicycle rental system or provision of sufficient number of parking 
sites. Then, the number of persons who could use bicycles was one in two 
people. In this case, the number of cars used was 353 (–5.9% from the base 
case). In measure 2, the egress bus service was assumed to improve and 
waiting time at the bus stop was reduced to 5 min for the entire day. A 
shuttle bus service in the evening and night, and a bus location system by 
which responders can determine the optimum time to leave a lab/office to 
board a bus will be instrumental in reducing the waiting time. The number 
of cars used was 352 (–6.1%). In measure 3, a parking fee of JPY 
3000/month was collected from faculty and clerks and JPY 1500/month 
from students. The number of cars used was 343 (–8.5%). 

Finally, Table 8 shows the combined effect of these three measures. The 
number of cars used was 304 (–18.9%). Further, Figure 5 shows the tem-
poral change in the number of cars parked in the campus between the base 
case and the package case. 
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Table 7. Mode and route share in the base case 

  
 Bicycle Bus Bicycle Bus Bicycle Bus   
Faculty 0  113 7 26 32  138 84 400
Clerks 0  53 4  15 12  63  53 200
Students 93  868 37 28 79  57 238 1400
Total 93 1034 48 69 123 258 375 2000

 

Station 1 Station 2 Station 3 Car Total 
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Table 8. Mode and route share: the package of three measures 

  Station 1 Station 2 Station 3 Car Total 
 Bicycle Bus Bicycle Bus Bicycle Bus   
Faculty 0  107 10 36 57 126  64  400  
Clerks 0  47 7 22  22  59  43  200  
Students 166 743 69 34 145 46 197 1400 
Total 166 897 86 92 224 231 304 2000 

Fig. 5. Number of cars parked in the campus: the base case and the package case 

Conclusions 

This paper presents the design of car control measures for a new campus 
site based on an Internet-based travel survey system.  

The survey system using the Web GIS function can customize the SP 
questionnaire corresponding to the position of the respondent in the uni-
versity, his/her geographical location, and car availability. There were 
clear differences in the stay patterns and modes of travel of faculty, clerks, 
and students.  

Based on the Internet-based travel survey, it was possible to estimate the 
statistically significant nested-logit type mode and route choice models for 
both the F&C group and the S group. Using the estimated models, effec-
tive control measures of car use were designed. At first, the importance of  
 



low LOS for egress buses in the evening and night were examined by con-
sidering both home to campus trips and return trips. Then, the effects of 
improvement in bicycle availability, bus accessibility, and parking fee con-
trol were estimated. Finally, it was found that car use can be reduced by 
about 19% by the package of all three measures. 

In conclusion, it is shown that the proposed Internet-based travel survey 
system is useful for designing effective package of car control measures in 
the new campus based on the detailed and reliable response data. 

Because the campus has been completely relocated, another survey is 
needed to ensure a precise and updated evaluation of the car control meas-
ures. In the future survey, a more customized questionnaire should be  
developed by considering the variation of arrival/departure time pattern 
depending on the day of the week and the railway time table. 
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Abstract 

Since the introduction of motor vehicles, practicing engineers and city 
planner have underestimated the potential of non-motorized transport. As 
traffic congestion has become severe in many large cities, especially in the 
developing world, other transport alternatives need to be considered and 
efficient public transport systems should be given utter priority as they 
have enormous environmental, social and commercial benefits. There are 
several options of public transport system. However, in recent times the 
Bus Rapid Transit (BRT) system option is fast catching up with develop-
ing countries. Accra has in recent years been grappling to put in place a 
public transport system. The BRT concept has been introduced and the 
World Bank has pledged to support it having ascertained its feasibility 
[1,2]. Inevitably, there has arisen the need to integrate cycling into the 
BRT system owing to the increasing use of bicycles in Accra. The integra-
tion will afford commuters the opportunity to combined different modes in 
the most efficient, time and cost-effective manner. This would therefore 
require strategic planning to link cycle routes to terminals on major route.  

Introduction 

Transport as simply defined is the movement of people and goods. Obviously 
the common forms of movement since creation had been non-motorized 
transport. In the last 80 years when the motorcar emerged, decision makers, 
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practicing engineers, and planners, have grossly underestimated these 
common and prominent forms. Whilst several developed cities face the 
challenge of turning the wheels back such is not the case of third world cities. 
Traffic congestion has become phenomenal with several of cities. Instead 
of addressing transport several of these cities continue to mitigate conges-
tion by just improving the road infrastructure. The question is what if there 
is no more space to widen roads to accommodate the ever-increasing depen-
dence of the motorcar? There is therefore the need for decision makers, 
practicing engineers, and planners in Third World cities to appreciate what 
transport really is, i.e., especially from road users point of view. Obviously 
there is no doubt that efficient public transport systems should be given 
priority as they have enormous environmental, social, and commercial 
benefits. In most developing cities such as Accra the public transport sys-
tem is characterized by what is termed the individual public transport. This 
is a scenario where individual owners of small vans in the case of Accra 
called the “tro-tro” either form unions or operate routes. This obviously is 
not and has not been reliable. With the growing of Accra’s population at a 
nearly 4% growth rate and the attendant traffic congestion there is no 
doubt that the city requires an efficient public transport system. The grow-
ing cyclist population also calls for concern and the need to integrate cycle 
facilities into the existing road network and necessarily integrating cycling 
into any effective public transport system in order to facilitate movement 
from areas or zones that may not have motorable roads notwithstanding the 
fact that the cyclists ply on these routes anyway. A clear understanding of 
public transport dispensation over time is necessary for discussion. 

Accra’s public transport: a serious look 

A trail of public transport in Ghana 

Since independence, public transport has been characterized by what is 
termed individual public transport. That is to say individuals own mini 
vans and over time come together to dispense this service. In 1969, the 
government passed the Omnibus Services Authority Decree, which nation-
alized all City, Municipal, Urban, and Local Council bus undertakings 
within one unitary body responsible both for the planning and the provi-
sion of public transport services. The Omnibus Services Decree of 1972 
then split these two functions by creating a separate Licensing Authority to 
regulate the omnibus sector. The Omnibus Services Authority continued in 
existence but with the sole objective of bus service provision in its specified 
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areas. Later legislation concerning the commercialization of service delivery 
bodies within the public sector resulted in its restructuring as OSA Transport 
Ltd. 

In 1996, the government decided to privatize its passenger transport under-
takings, which by then also included the State Transport Corporation and 
City Express Services Ltd. However, it was unable to find any buyers for 
these businesses at the time, which resulted in their continuing decline in 
the absence of public investment in rolling stock and other assets. Urban 
public transport services were largely replaced by private sector provision 
of Para-transit, known locally as tro-tro. Individual owners came together 
to dispense public transport service under a union (i.e., The Ghana Private 
Road Transport Union – GPRTU), which was affiliated to the Trades Union 
Congress), though smaller bodies such as the Progressive Transport Owners 
Association have since emerged. 

The current administration, first elected in 2000, came to power on a 
platform that included a strong commitment to improving the transport 
sector in general and urban transport services in particular. Despite these 
commitments, however, it has been reluctant to relinquish total control 
over public transport fares as required by the legislation. It has also reversed 
the policy of the previous administration of public procurement of rolling 
stock for leasing to private operators through GPRTU [3]. 

Technical conditions 

Typical traditional transportation organization can be grouped in three 
main levels: the individual owners or family owners of usually one or two 
vehicles, the drivers, and the unions, which usually gather most of the 
owners and represent them before the authorities. 

This system of organization exists in Accra. Currently, the minibus opera-
tors in Accra are mostly small private owners with only one or two vehicles, 
but they are organized into the syndicates (i.e., GPRTU with approximately 
17,000 members, the Ghana Transport Cooperative, and Progressive 
Transport Association – PROTOA). All of these groups are coordinated by 
the Ghana Road Transport Coordinating Council (GRTCC). 

The GRTCC regulates services, sets fares. Over the years, most of the 
stations have been controlled by GPRTU. Efforts are being made to accom-
modate the other groups. These para-transit operators run without subsidies 
and have operated for years, even under financially stressful times. However, 
the vehicles are typically older, polluting, and are run for longer than is 
safe. They follow no predictable schedule – routes and times. 
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The traditional transportation system has reached its most difficult sce-
nario as an industry. The prime motivation of the transportation business is 
to transport the greatest number of people at the smallest possible cost. 
This should translate to the least number of capital goods (i.e., buses) 
without neglecting minimum levels of quality service for the users. Never-
theless, the transportation industry has managed to break this basic busi-
ness principle, in detriment to itself. 

The traditional scheme between the unions and the owners is as follows: 
the transport authority authorizes permits to service the public routes of the 
city. However, due to low levels of capacity and the proliferation of the 
competition, the industry took a wrong turn. Instead of having companies 
that own a large fleet of buses and have paid employees like any formal, 
organized, and productive industry, it has been fragmented into thousands 
of individual owners, competitors, and mini-entrepreneurs. This has caused 
an indiscriminate and rapid increase of the fleet and has begun the Penny 
War for the owner and/or driver. The Penny War is the fight to find the  
resources to pay for the affiliation to the union, for day-hires, for small  
repairs, to pay for the use of terminals, and then for the fuel, for food, and 
education for the family. This Penny War is being fought in the streets as 
drivers compete for passengers and the passengers end up bearing the costs 
of the Penny War. The resources are never enough to do preventive main-
tenance or for depreciation of the vehicle, and barely for the strictly neces-
sary repairs. Obviously, the conditions for safety and health and the quality 
of service for the citizens are being compromized by the reality that cur-
rently persists in the streets. 

The government has made the proactive decision to help resolve these 
problems that face the majority of the population that uses this service. 
However, the road system has been designed and continues to be devel-
oped for the extreme minority of the higher income population that has ac-
cess to a private vehicle. But for the city to be competitive, this subject of 
mobility must be one of the critical factors for its development. 

Accra opts for BUS Rapid Transit system 

The origins of the BRT can be traced back to Latin American planners and 
officials seeking a cost effective solution to the dilemma of urban trans-
port. Facing a high population growth from the citizenry dependent upon 
public transport and having limited financial resources to develop car-
based infrastructure. The planners were challenged to create a new para-
digm. The result is the BRT, a surface metro system that utilizes exclusive 
right of way bus lanes. The developers of the Latin American BRT concept 
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astutely observed that the ultimate objective was to swiftly, efficiently, and 
cost-effectively move people rather than cars. 

In general, BRT is a high-quality customer-oriented transit that delivers 
fast, comfortable, and cost effective urban mobility. The main characteri-
stics of BRT systems include: 

• Segregated bus ways 
• Rapid boarding and alighting 
• Clean, secure, and comfortable stations and terminals 
• Efficient pre-board fare collection 
• Effective licensing and regulatory regimes for bus operators 
• Clear and prominent signage and real time information displays 
• Transit prioritization at intersections 
• Modal integration at stations and terminals 
• Clean bus technologies 
• Sophisticated marketing identity 
• Excellence in customer service 

One main goal of BRTs is to improve quality of life and city competitive-
ness. BRTs seek to be more efficient systems that yield significant reduc-
tions in travel time and reduce traffic fatalities, as well as harmful air and 
noise pollution. They are designed to provide full accessibility to disabled, 
elderly, and children. Service must be high quality and low cost. High qual-
ity standards for cleaning, security, and maintenance of buses and stations, 
and respect of schedules must be maintained at a reasonable price for users 
and low capital costs for taxpayers. However, it still needs to have the possi-
bility for the government to afford infrastructure costs, for the private sector 
to recover bus acquisition, and operation costs from fares without public 
subsidies, and for the users to be able to afford such fares.  

Components of the BRT system 

Five basic organizational components that can be found in the BRTs are: 

1. A government that regulates and controls this public service, repre-
sented by the independent transit authority 

2. The companies that render the transportation service, that is to say, 
the companies that own and operate the buses 

3. The companies in charge of the fare collection system 
4. The entity in charge of the administration and payments of the resources 

earned from the bus fares. (For the foregoing four components, it is 
necessary to develop the BRT Operational Model and the Financial 
Model) 
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5. The infrastructure specially built for the system, which should not only 
include the main routes, feeder routes, stations, and maintenance yards, 
but also parallel routes, platforms, and bicycle routes and bicycle 
parking close to the system  

Accra BRT study background 

Accra, the capital city and main administrative and commercial centre of 
Ghana, had a population of 1,659,000 in 2000, while the populations of the 
other urban centres were: Tema 506,000 and Ga 550,000. The combined 
effect of growth and migration will increase the population of Greater  
Accra Metropolitan Area (GAMA) to just less than 4 million by 2013, and by 
2023 the combined population of the three assemblies will exceed 5 million. 

Population growth and increasing rates of car ownership are expected to 
increase the number of cars in GAMA from 181,000 in 2004 to over 1 mil-

These vehicle trips correspond to 50,000 inbound passenger trips into 
the Accra central area and 85,000 into the area inside the motorway exten-
sion in the morning peak hour. Approximately 1.3 million passenger trips 
per day are estimated to enter or leave the area within the Accra Ring Road 
and 1.6 million passenger trips into or out of the area within the motorway 
extension. Almost 84% of these passenger trips are made by public trans-
port. Over half (56%) of daily passengers are carried by tro-tros, and a further 
15% by taxi. Approximately 1 million passenger trips are made each day 
into and out of the central area of Accra using trotros and taxis. In Accra 
tro-tros and taxis carry an average number of passengers per trip of 13 and 
2.3, respectively. These vehicles are inefficient in terms of the amount of 
road space used, and congestion caused, to transport each passenger. 

Congestion is a major problem on arterial routes with 70% of major 
roads operating at unacceptable level of service at some time during the day 
(<20 km h–1). Considerable scope therefore exists to improve the efficiency 
of people movement through a shift from low capacity public transport  
vehicles to large and double-decker or articulated buses with the potential to 

The highest traffic volumes are found in the Winneba Road and Liber-
ation Road corridors, which have volumes over 50,000 vehicles per day at 
certain points. Approximately 10,000 vehicles enter the central area of  
Accra within the Ring Road in the morning peak hour and on a typical 
weekday 270,000 vehicle trips are made into, or out of, the Accra central 
area. Higher volumes, of approximately inbound 16,000 vehicle trips in the 
morning peak hour and 300,000 daily vehicles trips in both directions, 
cross into the area inside the motorway extension. 

lation of Ghana own private motor vehicles. 
lion in 2023. Under the prevailing conditions less than 5% of the popu-
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carry over 100 passengers. Government control over the operation of pub-
lic transport is very limited; however, the private operations are strictly con-
trolled by trade unions of which the most powerful is the GPRTU. The 
overall quality of public transport is poor, most vehicles are old, and main-
tenance standards are extremely low. High vehicle maintenance costs aris-
ing from poor road surfaces and limitations imposed on earnings by the 
acute congestion on the urban roads constrain the operators to invest in 
new vehicles. The limited number of vehicles and their low capacities result 
in long waiting times during the morning and evening rush hours. 

The study considered seven major arterials in the city namely: 

Diversity (CBD) 
2. BRT 2 Winneba Road from Mallam to CBD 
3. BRT 3 Nsawam Road from Apenkwa to CBD 

to CBD 
5. BRT 5 Ring Road from Korle Bu to Labadi 
6. BRT 6 Motorway Extension from Mallam to Tetteh Quarshie 
7. BRT 7 Labadi Road from the Accra CBD to Tema 

After a thorough evaluation and assessment of key factors, the BRT2 Win-
neba Road from Mallam to CBD was proposed for the first BRT pilot 
route. The BRT 2 is a six-lane east-west corridor. At present, in some sec-
tions hawkers have occupied a lane whilst public transport operators have 
also occupied a lane or two. 

The main corridor would have six feeder routes. Several communities, 
which abound the present unofficial feeder route stations, do not have proper 
local access roads. The opportunity for integrating cycling facilities into 
the overall system is strategic and imminent. Commuters would therefore 
have the option of parking and riding from feeder station or even further 
parking and riding from the main corridor stations or major terminals. 

The need for integrating cycling into BRT system 

Non-motorized Transport Service (NMT) feeder services do add value to 
the BRT. This provides commuters who do not have direct access to the 
service on the trunk route to ride or walk to terminal and or stations, park 
and continue journey on the bus. This would improve safety for cyclists 
and contribute drastically to reducing air pollution from the transport sector. 
This integration is a means to liveable city where people from all walks of 
life rich or poor, no matter the status in society, and income levels are  

1. BRT 1 Guggisberg Avenue from Mpoase to Convention of Biological

4. BRT 4 Liberation Road and Independence Avenue from Tetteh Quarshie
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equitably provided for in terms of transport, feel safe and secure, have a 
sense of belongingness, a sense of respect. Transport is not just a means but 
a strong tool for integrating society when the right choices are made for a 
city. Bogotá’s depicts a strong case where this integration of cycling or 
NMT with BRT is a success. Schoolchildren especially who walk or cycle 
have then a friendly and safe environment to commute. 

Some planners perceive the difficulty of this integration but a good 
knowledge of cycling planning proves the possibility of integrating cycle 
facilities in existing road network. The bottleneck usually exists at inter-
section but this could be easily integrated. 

The Winneba Road case 

Provision for regular bike commuters on this route should be made espe-
cially at at-grade intersections to facilitate movement in the perpendicular 
direction to the BRT route. The NMT feeder requires all-weather, safe,  
and continuous pedestrian walkways and cycle ways to the interchange 
points and/or designated stations. This service facilitates the movements of 
commuters in low incomes areas and brings generally some dignity to 
commuters. Besides the cycle routes, parking facilities for cyclist does  
improve the system when commuters are confident of not losing their 
bikes. In cities where this facility exists, the integration of cycling into the 
BRT has been enhanced. Graphic road section of the BRT 2 route already 
have all-weather walkways and cycle ways.; except that the cycle ways 
begin from the Obetsebi–Lamptey circle and ends at the signalized inter-
section in front the Toyota Ghana showroom. The current provision though 
discontinuous does have some user unfriendliness, especially at intersec-
tions that must be improved. Cyclists are therefore forced to use the motor 
traffic way. Under this project the cycle route would have to be continuous 
between the trunk terminal at Mallam and the CBD. This will be on either 
side of the main road. Intersections shall be design preferably at-grade to 
incorporate NMT. Depending on the function of the bus feeder service 
routes the appropriate bike facilities should be provided. Obviously these 
are distributor collectors and bikes lanes of 1.5 m wide should be provided. 
The following routes should be considered under the project for bike facilities: 

1. Mallam to CBD through Graphic Road 11 km 
2. Santa Maria to Odorkor station 5.9 km 
3. Anyaa to Odorkor station 9.4 km 
4. Gbawe to Mallam Trunk terminal 7.5 km 
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Full-scale bicycle parking facilities shall be provided at the trunk terminals 
and a medium-scale parking facilities provided at selected trunk station. 
This will comprise bike-parking racks under aesthetically designed sheds 
where commuters can store bikes safely. The free parking facilities shall 
have full security for which payment is factored in the bus service. 

The following modal interchanges should be considered for full-scale 
bicycle parking facility. The stations shall have medium-scale bicycle 
parking facilities as shown below: 

• 
• Kaneshie Trunk Terminal 
• CMB Trunk Terminal 
• Odorkor Station 
• Darkuman Junction 
• Liberty House 

Cycling in Accra: a recent study 

The Centre for Cycling expertise’s study of Accra’s cycling situation [4] 
does give a clear picture of the city taking to cycling. Despite the difficul-
ties and lack of traffic safety cyclists are increasing by day. This may be 
attributed to high transport fares, which are a ripple effect from increases 
in petroleum products. The following are some of the key issues of the 
study. 

Bike ownership and ability to cycle 

years and the 20–30 years bracket. As the population ages, bikes ownership

 

reduces. Nevertheless, it is envisaged that a greater percentage of the popula-
tion would have the ability to cycle and own bikes as the population ages. 

 

Fig. 1. Bike ownership per age group 

Mallam Trunk Terminal 

Bike ownership and ability to cycle is highest among age group below 20
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Frequency of bike usage 

 

Fig. 2. Bike weekly usage in Accra 

Among those who cycle the study did establish the frequency of use of 
bikes (Fig. 2). The high usage of 4–6 times a week represents students and 
artisans. 

Obstacles to riding 

A point of interest therefore, was to discover hindrances to bike use within 
this group (Fig. 3). Largely it was due to lack of traffic safety that most 
people would not cycle and this represented 50% of the views. This was 
followed by no safe parking places for bikes (21%) then fear of lack of  
social safety (9%). This had to do with unfriendliness of desired routes and 
dark areas in the evening. 

The study discovered, from people who did not own bikes, what use 
they would put a bike to should they own one in future (Fig. 4). Whilst 
31% would use it over weekends for exercise, 25% indicated that they 
would like to park and ride on a bus with a bike. 

Fig. 3. Reasons for not using a bike 
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Fig. 4. Predicted use for persons who do not own a bike (left) and recommended 
measures for increase bike use (right) 

The study also found out what responders propose government should 
do regarding cyclists (Fig. 4). Out of the total of 700 responders, 51% indi-
cated that government should implement a safe network of bicycle paths, 
whilst 36% advocated that the price of bicycle should be made affordable. 

Attitudes towards cycling 

Generally in many developing cities such as Accra attitude towards cyclists 
is quite worrisome. It is obvious that most decision makers drive motor 
vehicles and for that matter almost always prepare and implement plans 
that favour motorists. People make cities happen and for that matter city 
planners and engineers should appreciate how people commute in cites 
and/or built-up areas in order to plan equitably. Transport as indicated is 
the movement of people and goods. This, of course, includes walking and 
cycling. It is quite ambivalent to find implementation of road networks in 
cities, which clearly leave out these modes of travel. Some have argued, 
for example, that cycling is not our culture. The question is Ghana has no 
car manufacturing industry neither have we discovered fossils fuel; is driv-
ing motor vehicle then our culture? Understandably we have adopted the 
motor vehicle to move from place to place. Why then is cycling not looked 
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Obviously, one major issue is the lack of technical know-how of inte-
grating NMT into road network. The general lack of knowledge in this 
area provides a platform and interface for Civil Society Organizations 
(CSOs) such as community and continuing education (CCE) to stand in the 
gap. The Centre recently organized a workshop for city planners and engi-
neers to discuss issues on NMT including planning and design. The Centre 
has also supported some staff in government agencies to attend interna-
tional conferences on NMT to give them a better appreciation of the facts. 

Fig. 5. Accra bicycle master plan 

at as a mode of transport but rather as a cultural disposition? Motor vehi-
cles are on the verge of choking our cities with attendant pollution and 
rapid increases in accidents, unfortunately many decision makers see motor 
vehicles as an epitome of development. What we ought to understand is 
that cities and transport is about people. People must therefore be the centre 
of the provision of transport infrastructure. 

Owing to the fact that there is no existing plan that characterizes NMT, 
the Centre has been working assiduously in collaboration with the Depart-
ment of Urban Roads to develop the first ever Bicycle Masterplan (BMP) 
for the Capital City and eventually for the regional capitals. As part of this 

tion on cyclists especially as this is non-existent. The BMP document, which 
will be a strategic policy document, will at the same time provide infor-
mation for a comprehensive network of the National Capital territory and 
provide some details such as what type of bike facility is required for a 
particular route. Already, the Centre has also supported international con-
sultants working for the Department of Urban Roads to provide for the

the Centre has conducted mobility survey studies to provide informa-

relevant bicycle infrastructure in preliminary designs in recent contract.
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Portions of the networked developed have been adopted. Figure 5 shows 
the proposed plan for the city’s bicycle network. 

Economic significance of the integration 

An efficient and effective public transport system such as the proposed 
BRT system for Accra brings with it enormous economic significance. Of 
course, with the integration with cycling, the city is yet to experience sav-
ings in time and money. Ghana’s urban economy contributes 46% of the 
GDP. 

Analysis on the corridor shows that estimated annual trips for 2004 the 
year of study were 69,400,000. With the proposed system annual time sav-
ings is estimated to be 10 million man-hours, which is expressed in money 
terms as US$ 4.2 million. 

The health impacts of the vehicular emissions cannot be underestimated. 
The Ghana Health Services believes that many respiratory and heart prob-
lems is contributed by vehicular emissions. A move such as the integration 
of cycling with BRT will certainly reduce emissions and impact positively 
on the health of people. 

Conclusions 

In conclusion, a BRT system integrated with cycling is no less a system to 
pursue for Accra. The following benefits shall be derived: 

• Significant time savings 
• Reduced travel costs indirectly putting money in people’s pockets 
• Reduction in vehicular emissions 
• Dignity of people improved with improved urban transport services. 
• Significant travel safety for commuters especially schoolchildren and 

the physically challenged 
• High sense of personal and mutual respect and a sense of belong 

ingness  
• A healthy population 
• Enhanced business environment for the private sector 
• Positive impacts to growth in all sectors of the economy 

To facilitate the process the following is inevitably required: 

• Support for the policy to introduce a high capacity bus system for the 
major urban settlements 
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• Support for the comprehensive integration of land use and transport 
• Support for the policy to introduce strong environmental quality stan-

dards for procuring motor vehicles and monitoring of same 
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Abstract 

Introduction 

The acidification of wet precipitation is a well-known environmental prob-
lem in large urban areas and high industrialized regions. The effects of the 
acid precipitation on the different ecosystems have been known since the 

The concentration of hydrogen peroxide (H2O2) in rainwater samples 
collected between April 2003 and April 2004 in downtown São Paulo were 
determined. The concentrations of H2O2 ranged from 2.29 to 48.6 µmol L–1, 
with an average value (n = 70) of 13.1 (±11.3) µmol L–1. The higher 
concentrations were observed in spring and summer. The volume-
weighted mean (VWM) of the free H+ was 6.5 µmol L–1, corresponding 
to a pH of 5.2. The analysis of SO4

2–, NO3
–, and HCOO–, in the same set of 

samples, showed an average concentration of 11.7 (±10.9), 20.0 (±18.0), 
and 6.18 (±12.4) µmol L–1, respectively. The HCOO– concentrations 
showed correlation (r = 0.43) with H2O2, which can indicate reactions in 
aqueous phase where these two species are formed. 
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19th century, when the main cause of the acid rain was attributed to sulphur 
dioxide (SO2) and nitrogen oxides (NOx) emitted to the atmosphere from 
the coal burn used for domestic heating and as power source in industrial 
plants [1]. Acid rain can cause several environmental damages including 
lake acidification, adverse effect on the vegetation, corrosion of buildings 
and monuments, and modification on chemical composition of soils [2]. 

The increasing acidity of the liquid phase in the atmosphere has been 
associated to the presence of inorganic acids like nitric (HNO3) and 

2 4 3

carbon compounds, respectively. Acidifying compounds in the atmosphere 
have been produced in liquid and gas phase. In the aqueous phase of the 
troposphere, when the pH is lower than 5.0, the hydrogen peroxide (H2O2) is 
considered the most effective oxidant agent for the conversion of dissolved 
SO2 to sulphuric acid, the main contributor of the rainwater acidity [3]. 

Among the various oxidant compounds in the atmosphere, H2O2 and 
organic hydroperoxides have received great attention from several groups 
in last 25 years mainly for acting as reservoirs of OH and HO2 radicals, 
producing and consuming this chemical species by cyclic reactions in the 
atmosphere [4], and also for presenting adverse effects on plants and 
human health [5,6]. 

The role of H2O2 on atmosphere chemistry has been studied under 
different aspects including the formation of sulphuric acid [7], the ozone 
decomposition, and oxidation of organic compounds. The presence of 
H2O2 in the liquid phase (cloud, rain, and snow) of the atmosphere can be 
attributed to two sources: dissolution of H2O2 gas phase (KH = 1.2 × 105 
mol L–1 atm–1 at 25°C) and direct production of H2O2 by chemical reactions 
in the liquid phase [8]. 

H2O2 determination in gas and liquid phase over continents and oceans 
has been investigated extensively in the last decades. The results of these 
studies had shown that the ambient concentration of H2O2 ranges typically 
from 0.1 to 2.0 ppb in the gas phase and from <10–7 to 10–4 mol L–1 in fog, 
cloud, and rainwater, with higher concentrations observed in the summer 
and lower concentrations during the winter [8,9]. The first results of the 
H2O2 evaluation in 20 rainwater samples collected between September 2001 
and March 2002 in São Paulo downtown were described previously [10]. 

The atmospheric emissions in the metropolitan area of São Paulo 
(MASP) are due to pollutants released by industries and, principally, by 
the large fleet of light and heavy vehicles, reaching approximately 8 million, 
with an estimate of 2.5 million running every day. Diesel, hydrated etha-
nol, and gasohol (gas + 25% of ethanol) are the most common fuels used 
by vehicles. According to estimates of the São Paulo State Environmental 

sulphuric (H SO ) and some organic acids like acetic (CH COOH) and for-
mic (HCOOH), produced by oxidation reactions of sulphur, nitrogen, and 
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Agency (CETESB) the fluxes of the main pollutants emitted into the at-
mosphere were 1.7 million ton year–1 of carbon monoxide (CO), 404,000 t 
year–1 of hydrocarbons (HC), 371,000 t year  of nitrogen oxides (NOx), 
63,000 t year–1 of inhalable particles (PM10), and 38,000 t year–1 of sulphur 
oxides (SOx). 

The vehicular fleet is mainly responsible for the emissions of these 
pollutants (98% CO, 97% HC, 96% NOx, 55% SO2, and 40% PM10) [11]. 
Since the 1970s, CETESB has been monitoring these pollutants, the ozone 
and also some meteorological parameters. In 1988, CETESB and National 

2 x
After that, a decrease in SO2 concentrations was observed, with annual 

average of 65 µg m–3 in 1983 and 15 µg m–3 in 2003. This indicates that 
PROCONVE’s legal actions, such as the increase of the fuel quality 
(desulphurization, substitution of tetraethyl lead by ethanol) and the 
introduction of electronic injection and catalytic converters in the cars, 
were effective to reduce some pollutant emissions. However, this decrease 
was not observed in NOx and hydrocarbons, which produce ozone. 

The quality of the air in MASP has been harmed a great deal because of 
this tropospheric ozone. The overrun of the O3 standard (160 µg m–3) was 

3 2 2

This study presents the magnitude of wet precipitation of H2O2 in the 
same sampling site for 34 events (70 samples) occurring between April 
2003 and April 2004 and a correlation analysis between H2O2, hydrogen 
ion, nitrate, sulphate, and formate. The effects of rainfall and of the air 
temperature on the H2O2 concentration were also analysed. 

Experimental 

The city of São Paulo (Fig. 1) is located in the south-eastern region of the 
São Paulo State, Brazil, around 45 km from the Atlantic Ocean, at an 
altitude of 780 m. The MASP is one of the most populated regions in the 
world, with more than 17 million inhabitants distributed in 1747 km2 of 
unplanned urban area.  

–1

Commission of the Environment (CONAMA) initiated a progressive emis- 
sions control program for automotive vehicles (PROCONVE), addres-
sing CO, SO , hydrocarbons, NO , aldehydes, and particles. 

stronger in October, during 1997 and 2003 [11]. Also the same photo- 
chemical process which produces O , also produces H O  in the atmos-
phere. It is important to highlight that there is no official net in Brazil
for monitoring the rainwater chemical composition.  

Site sampling 
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of São Paulo city. 

Methodology 

Fig. 1. Localization of MASP in the south-east of Brazil: (a) South America and 
Brazil (b) MASP and the São Paulo city. The symbol ■ shows the central region 

lector, model G.K. Walter, within the campus of Mackenzie University, 
in downtown São Paulo. On arrival at the laboratory, each sample was 
weighed for volume determination. After this step, an aliquot of sample 
was filtered with 0.45 µm porous Teflon membrane (Millipore) to remove 
solid particles and, subsequently, the spectrophotometric determination of 
H2O2 was carried out. Afterwards, the sample was separated into aliquots 
in the high-density polyethylene (PE) flasks for additional analytical deter-

chromatographic determinations a filtered aliquot was stored in a freezer at 
–18°C. 

All reagents used were of analytical grade. The solutions were prepared 
with ultra pure water (Nanopure, Barnstead, USA). The enzyme peroxidase 
(E.C.1.11.1.7 – 115 U mg–1) was purchased from Sigma (St. Louis, 
Missouri, USA). All the reference solutions were prepared just before their 
use. 

Wet-only (WO) samples were collected with an automatic rainwater col- 
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an unfiltered aliquot was preserved at 4°C in a refrigerator, while for
minations, which were carried out 1 week after the rain event. For pH
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The pH values were measured with a Digimed DM-20 pH meter pro-
vided with a glass electrode combined with an Ag/AgCl (KCl sat.) refer-
ence electrode. 

The H2O2 determinations in rainwater samples were carried out by using 
a flow injection analysis system combined with a spectrophotometer 
Femto, model 600, provided with a micro flow-through cell of 10 mm light 
path. The spectrophotometric detection is based on the reaction of H2O2 
with phenol and 4-aminoantipyrine in the presence of peroxidase enzyme 
that yields a quinoneimine dye (red compound) with a maximum absorp-
tion at 505 nm. 

Results and discussion 

The chemical composition data of the 70 samples correspond to 34 events 

2 2

samples varied between 2.29 and 48.6 µmol L–1 with an average value and 
standard deviation of (13.1 ±11.3) µmol L–1. However, most samples have 
concentrations below 10 µmol L–1. On the other hand, for the same rainfall 
amount, there was a great variability of H2O2 concentration (Fig. 2). 

Fig. 2. Rainfall influence in the hydrogen peroxide concentration 
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of rain. Pluviometry was 420 mm, 30% of the total 1400 mm rainfall bet-
ween April 2003 and April 2004. The concentrations of H O  in rainwater 

The chromatographic analyses were made by ion chromatography 
Metrohm model 761 provided with an electrical conductivity detector. 
The mobile phase was a solution of Na2CO3 4.0 mmol L–1/NaHCO3 1.2 
mmol L–1 and column Metrohm suppressor was regenerated with 50 mmol 
L–1 H2SO4. 
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Fig. 3. Air temperature influence in the rainwater H2O2 concentrations 

The effect of the temperature indicated that there was a range of 
optimum temperature for the presence of peroxide in rainwater (Fig. 3). 
This temperature range was between 20 and 25°C. Higher temperatures 
may cause H2O2 decomposition, while lower temperatures do not provide 
conditions for photochemical reactions. 

Table 1 shows great variation in the H2O2 concentrations in the different 
seasons, being the maximum media value observed in the spring, which 
corresponds to the period between dry and rainy seasons. In the spring the 
first rainfalls start and remove the particles which had been accumulated 
in the atmosphere during the dry winter. Therefore, sunnier and hot days 
become more frequent, favouring the photochemical reactions and the 
H2O2 formation. Moreover, it is important to consider that the ozone 
concentration is higher during springtime, mostly in October [11]. 

Table 1. Seasonal variation of the hydrogen peroxide concentrations 

H2O2 ( µmol L–1) 
Samples 
number  

Min. Max. Mean (±SD) VWM  

Spring 2.74 42.6 18.40 (13.2) 14.60 21 

Summer 2.46 48.6 11.00 (10.6) 11.70 37 

Autumn 2.29 14.3   7.46 (4.06)   7.71 08 

Winter 6.81 23.9 15.90 (4.10) 14.40 04 

Annual 2.29 48.6 13.10 (11.3) 12.20 70

VWM: volume-weighted mean 
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The analysis of SO4
2–, NO3

–, and HCOO–, in the same set of samples, 
showed an average concentration of 11.7 (±10.9), 20.0 (±18.0), and 6.18 
(±12.4) µmol L–1, respectively. The volume-weighted mean (VWM) of the 
free H+ was 6.5 µmol L–1, corresponding to a pH of 5.2. Figure 4 shows the 
sulphate, nitrate, formate, and hydrogen ions concentrations versus H2O2 
concentration. In these rainwater samples, H2O2 concentration had the 

2 2
correlation was observed among the other ions, except for sulphate and 
nitrate (r = 0.85, p < 0.0001). 

Fig. 4. Sulfate, nitrate, formate, and hydrogen ion concentrations (µmol L–1) versus 
hydrogen peroxide concentrations 
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same magnitude order as that in these ions. A little correlation (r = 0.43,  
p = 0.0002) among H O  and formate ion was observed, while no significant 
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These results can be interpreted as incorporation by different processes of 
these compounds in rainwater. Sulphate and nitrate were dissolved from 
particles incorporated by processes in- and below-cloud, while formate and 
H2O2 were produced by reactions in liquid phase [3]. The HCOOH and 
H2O2 formation happens through oxidation of formaldehyde by OH radicals: 

Table 2 shows that the H2O2 concentrations found in the rainwater 
downtown São Paulo were similar to those in other sampling sites des-
cribed in the literature. However, among studies presented in Table 2, the 
north-west of Spain is highlighted, since lower peroxide concentrations are 
due to high SO2 concentrations from the thermal power plant in the region 
[5]. In this region, the mean and maximum values of the non-sea salt 
sulphate concentration were 40.8 and 236 µmol L–1. On the other hand, 
the mean and maximum values of the sulphate concentration were 11.7 
and 51.0 µmol L–1, respectively, in rainwater samples from São Paulo, 
therefore showed to be much lower than the values observed in Spain. 

Table 2. Hydrogen peroxide concentrations in rainwater from different regions 
worldwide 

Min. Max. Mean (±SD) Sampling period Samples 
number Sampling site 

(µmol L–1) 
São Paulo # 2.290 48.60 13.10 (11.3) 4/2003–4/2004 70 
São Paulo [10] 0.500 78.10 20.30 (17.0) 9/2001–3/2002 20 
Santiago do Chile [12] 0.100 32.00 6.60* 1997 06 
Miami [7] 0.300 38.60 6.90* 4/1995–10/1996 80 
Kyoto (daytime) [13] 1.200 65.00 12.9 1999–2000 29 
North Carolina [4] 0.130 48.40 12.00 (11.0) 10/1992–10/2004 61 
South and central  
Atlantic Ocean [15] 3.500 71.00 26.00 (22.0) 5–6/1996 25 

North-west of Spain 
(thermal power plant  
region) [5] 

<0.002 2.70 0.36 (0.42) 1933–1995 138 

Min: Minimum, Max: Maximum, SD: standard deviation, #: present study 
*Volume-weighted mean 

HCHO(g)   +    H2O     CH2(OH)2 (1)

CH2(OH)2 +     OH. → CH(OH)2
. +    H2O (2)

CH(OH)2
. +     O2 → HCOOH +    HO2

. (3)

HO2
. +    HO2

. → H2O2 +     O2 (4)

HCHO(g)   +    H2O     CH2(OH)2 (1)

CH2(OH)2 +     OH. → CH(OH)2
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. +     O2 → HCOOH +    HO2

. (3)

HO2
. +    HO2

. → H2O2 +     O2 (4)
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Conclusions 

The concentrations of H2O2 and some major ions were measured in 
rainwater samples collected between April 2003 and April 2004 in the 
central region of São Paulo city. The results ranged from 2.29 to 48.6 µmol 
L–1 and the average value was 13.1 µmol L–1, showing seasonal variability 
and dependence on the air temperature. These concentrations with values 
above 20 µmol L–1 were obtained in rainwater samples collected between 
September and January, during spring and summer. Higher concentrations 
were observed in air temperature between 20 and 25°C. The positive relation 
between H2O2 and formate suggested that both compounds were produced 
in the liquid phase, through oxidation of formaldehyde by OH radicals. 
The magnitude of H2O2 concentration in rainwater is also an indicative of 
the strongly oxidant capacity of the atmosphere in São Paulo city. 
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Abstract 

and throughfall 

The paper presents mutual comparison of samples of individual kinds of 
precipitation – deposited from fog, precipitation below the tree canopies 
(the throughfall), and bulk – and wet-only (WO) precipitation on an open 
place. The throughfall samples reach the highest conductivity values and 
maximum mean concentrations of individual components with the excep-
tion of Cu, Pb, and Cd. The throughfall exhibits also the lowest mean pH 
values. It was also found that the mean concentrations of several compo-
nents in fog water are significantly higher than those in the WO samples, 
but not by one order of magnitude, as it is presented in several papers. 

The majority of components in throughfall exhibit considerably higher 
concentrations throughout the autumn season. On the other hand, concentra-
tions of only several distinct components in fog water exhibit an increase 
in autumn (K, Mn, Fe, Be, Cd, Al, Ba, and Rb), in effect without any 
changes remain values and concentrations of pH, Na, F–, Cl–, Cu, Pb, and 
As. Concentrations or values of other components are higher in spring than 
in autumn. 

G.M. Morrison and S. Rauch (eds.), Highway and Urban Environment: Proceedings of the 8th Highway  

© 2007 Springer. 
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Introduction 

The atmosphere is purified from contaminants, as well as from dry fallout, 
through the wet precipitation. Each type of precipitation is entrapping the 
atmospheric pollutants in different ways and intensity. This is caused also 
by different residence time of precipitation and its activity in contaminated 
earth-bound atmospheric layers. The falling precipitation (rain, drizzle) inter-
acts with the atmosphere for the shortest time, while the deposited precipi-
tation indicates the longest reaction time, as it originates from fog or low 
cloudiness (in higher altitudes). The highest concentration of pollutants, 
however, shows the below-tree-canopy precipitation (the throughfall) that 
contains both the washed out solid aerosol and the leached metabolites of 
the vegetation. 

At the Milesovka Observatory (837 m a.s.l.), the fog water has been 
sampled and analysed since 1999. Since the second half of 2004, there 
have been also collected samples of blue spruce (Picea pungens Engelm.), 
and beech (Fagus sylvatica L.) throughfall. Since 2005, samples of falling 
precipitation (both the monthly bulk samples and the WO samples) have 
been collected as well. Consequently, there is an excellent opportunity to 
compare the pollutant concentration in various types of the precipitation 
samples collected at a single place with same local contamination and 
emission load from the local industry. Another advantage comes from the 
location of site, which is situated in a heavily polluted region. In spite of 

activities in last 10 years), territory around the Milesovka Observatory 
belongs to the most polluted regions of the Czech Republic. In our contri-
bution, attention will be focused on the comparison of concentrations of 
selected ions and trace elements in the individual precipitation types. 

So far, concentrations of pollutants were compared in particular kinds of 
precipitation individually. The samples of falling precipitation and water 
from fog and rime were sampled on various sampling sites, often were 
compared results presented by various authors. In this contribution, various 
kinds of samples collected at single locality are compared. All instruments 
determined to collect precipitation (WO, bulk, fog water, and throughfall) 
are distributed on an area of 50 × 50 m. Even here, however, emerged certain 
disproportions caused especially by the seasonal occurrence of fog. 
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considerable improvements in the mentioned region (complete desulphur-
ization of local large power plants in the 1990s and attenuation of mining



The comparison of pollutant concentrations in liquid falling 

Experimental 

The meteorological Milesovka Observatory (50°33′17″N, 13°55′57″´E, 
837 m a.s.l.), which belongs to the Institute of Atmospheric Physics, 
Academy of Science of the Czech Republic (ASCR), is situated in the 
northern part of the Czech Republic at the top of the conical isolated hill 
Milesovka (Fig. 1). The region around the Milesovka Mt. is one of the most  

 

Fig. 1. Location of the Milesovka Observatory 

Site description 
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polluted areas in the Czech Republic, with numerous coal-burning power 
plants, opencast lignite mines, and chemical facilities. Most of the power 
plants have been equipped with the desulphurization technology or ceased 
operation in the second half of the 1990s. Power plant desulphurization in 
this region was completed at the end of 1997. There is a road with a heavy 
traffic of both freight and public transport near the Milesovka Mt. 

The samples of fog water were collected using the active fog water collec-
tor (AFWC) (Fig. 2), described in Tesar et al. [1], Daube et al. [2], or Fisak 
and Rezacova [3]. Sampling runs during time periods of above-zero air 
temperature. At the Milesovka Mt. such periods usually cover the time inter-
vals from March to the end of October, depending on actual meteorological 
conditions. The AFWC measurements were switched on (off) automati-
cally by using the present weather detector (PWD21) device when visi-
bility dropped (exceeded) the threshold of 1 km. Sampling goes on during 
the whole fog event and the sampling bottles are replaced when the sample 
volume exceeds approximately 100 ml. The collector efficiency and the 
stored fraction of fog droplet size spectrum could not be exactly deter-
mined. A fog event was defined by a time period with the visibility lower 
than the threshold value of 1 km. The visibility was not allowed to exceed 
the threshold for more than 60 min during the fog event. Just after sam-
pling termination the AFWC cartridge (position 3 in Fig. 2) is taken away, 

Fig. 2. Active fog water collector (1: sampling box; 2: fan; 3: cartridge with Teflon 
fibres; 4: tripod; 5: collection bottle)  

The collectors and their cleansing 
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Fig. 3. Bulk precipitation collector 

cleansed by hot water vapour, and rinsed by warm demineralized water. 
The cleansing procedure was applied also to the sampling box (position 1 
in Fig. 2) and it was repeated routinely each week even when no sampling 
took place. 

The bulk precipitation (BP) collectors (Fig. 3) consist of a glass funnel 
protected by polyethylene (PE) casing whose upper rim is arranged in a 
sawtooth pattern to protect samples from contamination by birds. The 

3
(Merck, Suprapur) to prevent the adsorption of dissolved elements onto the 
walls of the sampling bottle. The resulting aqueous sample therefore 
represents the sum of dissolved solutes in precipitation together with the 
forms of the solutes weakly bound to the solid particles of deposition. 
Aliquots of BP used for determination of anions, as well as for laboratory 
pH and conductivity measurements, were collected separately. 

The throughfall collector (Fig. 4) is additionally equipped with a glass 
conical bulb placed onto the funnel so that the throughfall flows down into 
the collecting bottle without contamination by needles or other organic 
debris. Further details of the sampling techniques were described in Skrivan 
et al. [4,5]. The throughfall sampling site is equipped by four collectors 
used for spruce throughfall (STH) sampling and five collectors used for 
sampling of beech throughfall (BTH). 

mouth of glass funnel is leading to 1 L PE collection bottles. The col- 
lection bottles were pre-dosed with 2.5 mL of diluted (22% v/v) HNO  
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The WO collector (Fig. 5) is equipped with PE sampling funnel. It is 
opened (closed) automatically at the beginning (end) of the precipitation 
episode. The WO collector opening (closing) is driven with a rainfall 
detector. The rainwater pours into the 1 L PE bottle. The sample is taken 
away from the collector after the finished precipitation episode and stored 

All samples are filtered using the 0.45 µm membrane filter. The samples 
determined for the study of trace elements are acidified (samples of BP in 
advance, samples of throughfall additionally after the filtration) by diluted 

Fig. 4. Throughfall collector. (A: glass conical bulb; B: polyethylene holder; C: 
glass funnel; D: glass bubble; C: collection bottle) 

until its elaboration, similarly to the samples of other kinds of preci- 
pitation, in darkness at temperature up to +5°C. 
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HNO3 (Merck, Suprapur) to prevent losses by adsorption. The filtrates 
were stored at +4°C in a cooler until the analysis. 

The samples of BP determined for the study of major cations and anions 
were also employed to the conductivity and pH measurement. The bottles 
were washed in hot distilled water and then rinsed out until the conducti-
vity of the rinsing water decreased below 4 µS. 

Table 1. Analysed elements and ions, analytical methods, and determination limits 

Determination limit 
Fe, Mn, Zn Flame analysis (acetylene-air) (FAAS) 

Atomic absorption spectrometer 
VARIAN, model SpectrAA 300 

30 µg L–1 (Fe); 20 µg L–1 
(Mn); 10 µg L–1 (Zn) 

Al, Be, Cd, 
Cu, Mn, Pb, 
Sr, Ni, Ba, 
Rb 

Electrothermic atomization in graphite 
tube atomizer Varian GTA 96 (GFAAS) 
Atomic absorption spectrometer 
VARIAN, model SpectrAA 300 

1 µg L–1 (Al); 0.1 µg L–1 
(Be, Cd); 0.5 µg L–1

As Hydride-generation technique 
Atomic absorption spectrometer 
VARIAN, model SpectrAA 300 + 

0.5 µg L–1 

Ca, K, Mg, 
Na 

AAS-flame analysis;  
Perkin Elmer 3100 

0.1 µg L–1 

Cl–, NO3
–, 

SO4
2– 

High-pressure liquid chromatography 
(HPLC); Schimadzu SPD-6A 

–1 (Cl–); 0.3 mg L
 (NO3

–); 1 mg L–1 (SO4
2–) 

F– Ion-selective electrode (ISE) method 0.02 mg L–1 

Mean concentration values of selected elements were calculated for the 
rainwater collected both on an open place and below-tree canopies (the 
throughfall) and for water collected from fog (FW). The precipitation 
water was collected both as the WO and BP. The data set was elaborated 

Analytical methods 

Elemention Type of analysis 

vapour generation accessory (VGA-76) 

–1

The major cations and anions, represented by Na, K, Mg, Ca, NH4
+, F–, Cl–, 

NO3
–, and SO4

2– were analysed in the laboratories of Czech Geological 
Survey, Prague. Analyses of trace metals (Cu, Mn, Fe, Zn, Pb, Be, As, Sr, 
Cd, Al, Ni, Ba, and Rb) have been carried out in the Geological Institute, 
ASCR. Applied methods for the chemical analyses and their determination 
limits are summarized in Table 1. 
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Table 2. Processed sampling periods of various types of precipitation at Milesovka 
Observatory 

Processed period Precipitation type 
From To 

STH VI/2004 IX/2005 
BTH VI/2004 IX/2005 
FW III/2004 IX/2005 
WO III/2005 IX/2005 
BP IV/2005 IX/2005 

vity (304.6 µS), and concentrations of selected components (except for Cu, 
Pb, and Cd) are reached in STH samples. On the contrary, the lowest mean 
conductivity value (21.8 µS) and concentrations of selected components 
(except for Cu, Pb, As, and Al) exhibits the open place BP. The maximal 
values of mean concentrations of Pb and Cd were found in WO samples 
(Table 3). 

In spite of the fact that the chemical analyses of WO samples do not 

Table 3 indicates that the FW samples exhibit lower pH values than the 
WO ones. Similarly, the conductivity and concentrations of several com-
ponents (Al, SO4

2–, Fe, Zn, and Cu) are significantly higher in FW than in 
the WO samples. On the other hand, considerably lower (than in WO sam-
ples) are the concentrations of Cd, Pb, and K in the FW. Table 4 shows the 
sequence of concentrations in the individual kinds of precipitation for all 
studied components. 

as a whole and with respect to the seasonal character of fogs the data were 
also separately processed for the spring and autumn seasons. With respect 
to the limited size of the data set, its extensive statistical elaboration was 
not realized. Table 2 presents the sampling periods for the individual pre-
cipitation types. 

The analysed components of WO samples are not so extensive as those 
of the STH and BTH, or as of the FW and BP samples. The sampling of 
BP at the Milesovka site has been initiated later and the number of samples 
insufficiently covers the so-called transient seasons. The data elaboration 
involved calculations of the concentration ratios of individual sampled 
components among STH, BTH, and BP, accordingly the bulk samples, and 
FW and WO, i.e., samples collected at fog and precipitation episodes 
(Table 2). The results are presented in Tables 3 and 4. 

involve all components as the FW samples, we compared at least the com- 
ponents common to both sample types. Both sample types were collected
on the open place at precipitation (fog) episodes. 
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Table 3 shows that the lowest mean pH (4.1), the highest mean conducti-
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Table 4. Size of component concentrations in individual precipitation types 

Components Concentrations/values  
order 

Comments 

Cond., Na, Mg, 
Mn 

STH > BTH >> FW > 
WO >BP 

K, Ca STH > BTH >> WO > 
FW > BP 

Fe, Al STH >> FW > BTH > 
BP > WO 

SO4
2– STH > FW > BTH >> 

WO > BP 

Cu FW > STH > WO > BP 
> BTH 

Zn STH > FW > WO > 
BTH > BP 

Pb WO > FW > STH > BP 
> BTH 

Cd WO > FW > STH > 
BTH > BP 

pH WO > BTH > BP > FW 
> STH 

Whole 
precipitation 
types 
 

F–, Cl–, Sr, Ba, Rb STH > BTH > FW > BP

NH4
+, NO3

–, Be, 
As, Ni STH > FW > BTH > BP

Without WO 

The other kinds of atmospheric precipitation (FW and WO) exhibit sea-
sonal differences only in selected components. Maximum mean values of 
conductivity, pH, and concentrations of Na, K, and SO4

2– were found in 
WO samples during the autumn season. Maximum mean concentrations of 
Mg, Ca, Mn, Fe, and Al were observed in WO samples throughout the 
spring season (Tables 5 and 6). In case of FW, the maximum values of 
conductivity, pH, and concentrations of Mg, Ca, and SO4

2– were found in 
spring, and mean concentrations of Na, K, Mn, Fe, and Al were found in 
autumn. 

The results of chemical analyses from autumn and spring seasons were 
processed separately. Tables 5 and 6 were eked out with the ratios of con-
centrations or values of individual components from autumn and spring 
seasons. Tables 5 and 6 show that concentrations of several selected com-
ponents embody a seasonal character. The concentrations of selected com-
ponents in STH and BTH (except for Fe in STH and Fe and Al in BTH) 
are approximately double-fold higher in autumn than in spring (Tables 5 
and 6). 
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Conclusions 

mainly from analyses of samples that were not collected on the same place. 
As was already mentioned, the sampling of FW and WO on the top of 
Milesovka Mt. occurred on the same place (distance of the FW and WO 
collectors is 10 m only). Unfortunately, the analyses of WO samples lack 
any information concerning the concentrations of NH4

+, NO3
–, and Cl–. 

Table 3 nevertheless confirms that the maximal value of FW to WO ratio 
was detected in SO4

2– (4.4). Concentrations of Mg, K, and Ca seem to  
be almost identical in both types of samples. It is therefore possible to state 
that the mean concentrations of several components in FW samples are 

According to the expectation, the coniferous growth most effectively puri-
fies the near-surface layer of atmosphere. As it is shown in Tables 3 and 4, 
the STH reaches maximum values in conductivity and in mean concen-
trations of individual chemical components except for Cu, Pb, and Cd. 
Likewise, the lowest mean pH value is recorded in STH. Further in the 
sequence are the samples of BTH and FW. The BTH samples exhibit the 
highest mean conductivity value and higher concentrations of Na, Mg, K, 
Cl–, Sr, and Rb than in FW samples. Comparable mean concentrations in 
both sample types were observed in F–, Fe, Be, Al, and Ba. The remaining 
components (NH4

+, NO3
–, SO4

2–, Zn, Pb, As, Cd, and Ni) exhibit higher 
mean concentrations in FW than in BTH samples. High mean concentra-
tions of the individual components in STH and BTH are not surprising, as 
the samples contain also the washed out solid atmospheric aerosol (the 
fallout) and the metabolic products of trees leached from their assimilatory 
organs. Pronounced seasonal differences are caused both by the varying 

ferences in the metabolic activity of the forest growth in these two annual 
seasons.  

It is, however, necessary not to underestimate high concentrations of 
particular components in FW samples, as the influence of deposited pre-
cipitation on the tree growth is more complex and as it acts for a longer 
time (hours and even days) compared to the falling (vertical) precipitation 
(WO, BP). In contrast to the unambiguous increase of concentrations of 
majority of components in throughfall, concentrations of several compo-
nents in FW show increase in autumn (K, Mn, Fe, Be, Cd, Al, Ba, and Rb), 
practically without any change remain concentrations and values of pH, 
Na, F–, Cl–, Cu, Pb, and As. Concentrations or values of remaining compo-
nents are higher in spring than in autumn. 
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in FW even by one order higher than in WO. These conclusions followed 

state of development of foliage in spring and autumn, and chiefly by dif-

References [e.g., 6] denote the concentrations of individual components 
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considerably higher than in WO. It cannot be however unambiguously 
stated that the mean concentrations of components in FW are by one order 
higher than those in WO. As the concentrations of pollutants in FW depend 
mainly on local conditions, it is very difficult to extrapolate the results 
from one sampling site to another. Likewise, the relatively low distances 
(on order of several tenths of kilometres) between the sampling localities 
of FW and WO samples can play an important role in the determination of 
FW to WO ratios. These conclusions will have to be verified on a larger 
set of analytical results covering longer time span of monitoring and the 
results will have to be extended by the analyses of as yet missing ions 
(NH4

+, NO3
–, and Cl–). 
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Abstract 

Wales receives rainfall for about 210 days in a year. Chemical characteristics 
of rainfall and its seasonal variation at the Llandaff campus station located 
in Cardiff, Wales were studied for the period from June 2003 to July 2004. 
The station is located in an urban area about 3 km north of Cardiff centre. 
The rainwater samples were collected weekly using bulk precipitation tech-
niques and analysed for pH and major ion concentration by atomic absorp-
tion spectrophotometer (AAS). The samples were collected from two sample 
collectors at different heights and separated by about 200 m, the ground level 
of house sample being designated (Hs) and upper level of roof sample (Rs). 

Over the period of investigation, the volume of rainfall measured was 
almost the same for Hs and Rs. The pH of Hs and Rs was 5.6 and 5.3, res-
pectively. Average wet deposition of ions in parts per million (ppm) of Hs 
and Rs were: Mg2+ (0.56, 0.73), Na+ (7.3, 8.0), Ca2+ (3.17, 3.10), K+ (3.03, 
1.76), and Cl– (10.6, 12.0). The ratio of the total average concentration of 
chloride to that of sodium for Hs and Rs are 1.45 and 1.5, respectively, 
which is close to the ratio of seawater, 1.8. Seasonal variations for some 
major ions appear to be pronounced. Generally, the maximum pH occurred 
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in the autumn season and the minimum pH in winter season for both 
samples. Dust, insects, and tree debris found in both samples may have 
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Introduction 

Wet deposition is defined as the process by which atmospheric 
compounds are attached to and dissolved in cloud and precipitation 
droplets and delivered to the earth’s surface by rain, hail, or snow [5,6]. 
During the last 3 decades, the chemistry of precipitation has been widely 
investigated in many industrialized areas, such as Western Europe, the 
USA, southern China, and Canada, which is significantly affected by acid 
rain [7,8]. In 1995, bulk precipitation was sampled at weekly intervals 
from 25 collectors located across Wales in rural stations. The precipitation 
chemistry was dilute, acidic (overall mean pH 4.9), and dominated by sea 
salts with sodium to chloride ratio close to that of seawater [9]. 

Location, materials, and method 

The rainfall data used in this study was collected at UWIC (Llandaff cam-
pus). The Llandaff station is located at 53°08′N; 3°11′W. It is in the north of 
Cardiff in an urban area about 3 km from the centre. There are no major indus-
trial activities in the area. Figure 1 shows the location of the station and the 
surrounding areas. The site of the station has been chosen in accordance with 

Acid species and wet deposition into terrestrial environments can poten-
tially affect the health of the ecosystem. In order to make an assessment of 
the input of materials into terrestrial system sources, the composition of 
atmospheric deposition needs to be determined [1,2]. The pollutants can 
originate in the atmosphere from both natural and anthropogenic sources. 
The main sources of the anthropogenic pollutants are vehicles, industrial, 
and power-generating plants [3,4]. 

In order to gain an insight into rainwater composition and acidity in 
Cardiff, research was carried out from June 2003 to July 2004 at the at-
mospheric monitoring station of the University of Wales Institute, Cardiff 
(UWIC). The objective of this study was to determine the variation in 
chemical composition of the rainwater samples collected at an urban sta-
tion in Cardiff City (the Llandaff station) using bulk collectors, and explain 
the possible reasons for the seasonal variation of the concentration of 
major ions for the period between June 2003 and July 2004. 

 been the reason for the increased pH, and was more pronounced in the Hss. 
This study provides the influence of wet deposition in Cardiff. 

144



Wet deposition at Llandaff station in Cardiff 

Two bulk collectors were used in sample collection. Each collector 
comprised a 200 mm diameter polypropylene funnel mounted above a 3 L 

Fig. 1. Map showing the location of Llandaff rainfall collection sites in Cardiff 
(www.wikipedia.org) 

within a stainless steel canister with an air gap of 25 mm. A three-legged 
stainless steel wire frame extended above the metal sleeve to just below 
the funnel opening to provide support for the funnel and for the bird guard 
protruded above the funnel. The sampling head was mounted on a plastic-
coated aluminium stand with the funnel rim 1.75 m above the ground surface. 
The funnel was rinsed using deionized water and shaken dry when each 
sample was collected. The house collector was fixed on a steel table 1.0 m 

polythene collecting bottle. The funnel and bottle assembly were located 

obtained. 
general guidelines so that background precipitation in the region can be 
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measured immediately using a Fisherbrand Hydrus 300 pH meter. The pH 
meter was calibrated before and after each set of precipitation samples at a 
minimum of two points in the expected pH 4.0 and 7.0 buffer solutions. 
After pH measurement, the samples were filtered through 11 µm pore size 
Whatman No. 1 membrane filter paper. The samples were transferred into 
high-density polyethylene storage bottles and stored in a refrigerator at 
4°C until they were analysed. Although low-temperature storage could be 
as long as 6 months without any appreciable change on major ion concen-
tration [10], the samples were analysed within 2 weeks after collection. 

Samples were analysed for sodium, calcium, magnesium, and potassium 

photometer) and analysed chloride using an ion-selective electrode. 

Results 

Ionic compositions of rainwater samples from the Llandaff station over a 
14-month period, from June 2003 to July 2004, were utilized in this study. 
The total number of the samples was 61. A statistical summary of volume-
weighted mean (VWM) concentration of major ions in the rain samples 
and their pH values along with the mean precipitation amounts for the 
period between June 2003 and July 2004 are presented in Table 1. 

The mean measured volume was almost the same for Hs (555 mL) and 
Rs (558 mL). This indicates that the flux of rainfall is the same at different 
levels, and also the effect of wind is minimal. The five ions involved were 
four cations and one anion: namely Na+, Mg+2, K+, and Ca+2 as cations and 
Cl– as anion. The average pH of house sample (Hs) and roof (Rs) sample 
rainwater in the Llandaff stations for the period of study was 5.6 ± 0.5 and 
5.3 ± 0.4, respectively. These values are higher than the reported results 
(pH 4.9) across Wales [9]. The cause of higher values of pH in this research 

between the two collectors is about 200 m. 
the ground level (13.75 m above ground level for Rs). The distance

ions, using atomic emission/absorption techniques (Solaar 969A Spectro- 

above ground level (2.75 m above ground level for Hs). The roof collector 
was fixed on the roof of a three-floor building, which is about 12 m above 

might be due to dust, files, and insects, which contaminated the bulk 

The precipitation samples were collected weekly every Monday at 9 a.m. 
local time and returned to the laboratory at UWIC, where the volume of
the sample was recorded using a graduated cylinder and the pH was 
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Table 1. Selection of statistical parameters in precipitation chemistry data 

 n Mean SD Max. Min. 
V of Hs (mL) 61 555 604.0 2450.0 0.00 
V of Rs (mL) 61 558.00 630.0 2640.0 0.00 
pH (Hs) 51 5.60 0.5 7.3 4.20 
pH (Rs) 51 5.30 0.4 6.9 4.00 
Cl– of Hs (ppm) 51 10.60  4.8 36.3 2.80 
Cl– of Rs (ppm) 51 12.00  6.7 61.2 1.80 
Na+ of Hs (ppm) 51 7.30 3.2 29.3 2.80 
Na+ of Rs (ppm) 51 8.00 4.1 35.7 1.30 
Mg2+ of Hs (ppm) 51 0.56 0.4 3.9 0.05 
Mg2+ of Rs (ppm) 51 0.73 0.5 4.2 0.06 
K+ of Hs (ppm) 51 3.03 4.8 37.5 0.10 
K+ of Rs (ppm) 51 1.76 1.6 16.4 0.10 
Ca2+ of Hs (ppm) 51 3.17 3.5 29.4 0.20 
Ca2+ of Hr (ppm) 51 3.10 3.5 29.9 0.30 

 
Mg2+, Na+, Ca2+, K+, and Cl– ion concentrations in rain samples were 

analysed in this study as shown in Table 1. The mean concentration of ions 
2+ (0.56, 0.73), Na+  (7.3, 8.0), Ca2+

–

spray may have been more evident on the Rss, since Mg2+, Na+, and Cl– 
ions in the Rss were higher than in Hss which was located about 14 m 
above the ground level, but the soil alkalinity may have had an effect on 
the Hss, since Ca2+ and K+ ions of Hss were higher than in Rss. However, 
this concentration is significantly lower than the concentration in the urban 
area when compared with the results of [12] because of lower dust particle 
concentration in the urban atmosphere originating from the soil. 

The ratio of the total average concentration of chloride ratio to that of so-
dium for Hs and Rs is 1.45 and 1.50, respectively, that is closed to the ratio 
of seawater at 1.8. These values support the possible effects of sea-spray. 

due to a carbonate buffer as a result of CO2 dissolved in rain droplets [11]. 
The pH of the rainwater is determined by the relative composition of acids 
and bases, i.e., relative composition of anions and cations present in the 
rainwater.  

samples especially in the Hss. Usually, the pH of the rainwater is around 5.6, 
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K  (3.03, 1.76), and Cl  (10.6, 12.0), all units being ppm. The effect of sea-
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Fig. 2. Monthly mean of rainfall in Llandaff, Cardiff 

Fig. 3. Monthly mean of pH in Llandaff, Cardiff 

Figure 2 shows monthly mean rainfall taken from the Llandaff stations 
between June 2003 and July 2004. The maximum rainfall has been meas-
ured in January (1000 mL) and the minimum was in August (180 mL) for 
both collectors (Hs and Rs). 

Figure 3 shows the variation of pH over the period from June 2003 to 
July 2004 for both collectors. The maximum pH for Hs observed in Sep-
tember was 6.2 and the minimum in January was 4.8. Also, the maximum 
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Seasonal variation 

The climate of Cardiff and surrounding areas is wet and cold for most of 
the year [13]. The temperature in Cardiff ranges from 2.0 to 21.0°C with a 
maximum temperature of 21.0°C in July and with a minimum temperature 
of 2.0°C in January [12]. In order to look into the seasonal variations of 
ion concentrations, the rain data were separated into four groups: summer 
samples (June to August), autumn samples (September to November), win-
ter samples (December to February), and spring samples (March to May) 
and the results presented in Table 2. 

The seasonal mean value for Rss of pH ranged between 4.7 and 5.5, 
with a maximum value of pH 5.5 and a minimum value of pH 4.7 for  
autumn and winter, respectively. On the other hand, mean pH values for 

Table 2. Seasonal volume-weighted mean concentration (ppm) of major ions of 
rainwater, samples at the Llandaff stations in Cardiff 

Season Summer Autumn Winter Spring 
Total precipitation (Hs) (mL) 462.0 465  859.00 445.0 
Total precipitation (Rs) (mL) 484.0 451  895.00 481.0 
pH of Hs 5.6 5.80  5.00 5.5 
pH of Rs 5.2 5.70  4.70 5.3 
Mg+2 (Hs) 0.75 0.46 0.47 0.5 
Mg+2 (Rs) 0.82 0.68 0.78 0.6 
Na+ (Hs) 6.9 7.70  6.60 8.2 
Na+ (Rs) 8.9 9.80  8.00 6.8 
Ca2+ (Hs) 4.9 2.50  1.50 2.7 
Ca2+ (Rs) 4.8 2.60  1.40 2.4 
K+ (Hs) 5.5 2.60  0.90 1.5 
K+ (Rs) 2.7 1.70  1.2  1.0 
Cl– (Hs) 8.3 13.50  13.30 10.9 
Cl– (Rs) 9.9 14.80  14.10 11.8 

pH of the Rs observed in September was 5.9 and the minimum value in 
January was 4.7. In general, variable weather patterns cause the seasonal 
difference in precipitation chemistry. 
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spring, i.e., 8.2 ppm and Rss in autumn, i.e., 9.8 ppm, but the minimum 
value of Hss was 6.6 ppm in winter and for Rs recorded 6.8 ppm in spring. 

The minimum concentration of Ca2+ and K+ occurred in winterwith 1.5 
and 0.9 ppm for Hs, and 1.4 and 1.2 ppm for Rs, respectively. The maxi-
mum concentration recorded in the summer with 4.9 and 5.5 ppm for Hs, 
and 4.8 and 2.7 ppm for Rs, respectively. Furthermore, the minimum con-
centration of Mg2+ for Hs occurred in the autumn, 0.46 ppm but for Rs was 
in the spring season, 0.6 ppm and maximum concentrations were in the 
summer season, for Hs 0.75 ppm and for Rs 0.82 ppm, respectively. 

Statistical analysis 

Relationships between measured parameters were examined through 

given in Table 3. We consider the correlation is good if 0.7 ≤ r ≤ 0.8 and 
strong if r >0.9 [1]. 

spring and summer were similar (spring and summer values are 5.2 and 
5.3, respectively), but the value of pH for the Hs is about 5% more than the 
Rss in all seasons which might be due to the contamination of Hss by dust, 
insects, and leaf. 

It is clearly seen in Table 2 that Cl– and Na+ concentrations are much 
–

+

higher than other ion concentrations measured in this study. Cl  concen-
tration was found to be at maximum in autumn for both samples, (Hs = 13.5 
ppm and Rs = 14.8 ppm) and at a minimum in the summer season (Hs = 8.3
ppm and Rs = 9.9 ppm). Na  concentrations are at maximumfor Hss in 

Table 3 shows a good correlation between Mg2+ and Na+ in both samples 
(r = 0.7) and strong correlation between Mg2+ and Na+ in Rss (r = 0.9), 
which might be due to effect of sea-spry especially in Rs. In addition, 
strong correlation is found between Mg2+ in Hs and K+ in Rs (r = 0.9) and 
good correlation between Mg2+ and K+ in Rs (r = 0.8). The reason might 
possible to the interaction between dusts and sea-spry. Furthermore, there 
is a good correlation between Na+ in both samples and Cl– in Hs (r = 0.7), 
which maybe due to the effect of sodium chloride. Although the relation-
ship between Ca2+ in both samples and K+ in Hs is strong correlation  
(r = 0.9), there is a good correlation between Ca2+ in both samples and K+ 
in Rs (r = 0.7). This might have caused by dust-rich local and surrounding 
limestone environment around Cardiff. 
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Table 3. Correlation coefficients of precipitation chemistry data at Llandaff  
stations in Cardiff 

 Vol. 
(Hs) 

Vol. 
(Rs) 

pH 
(Hs) 

pH 
(Rs)

Mg2+

(Hs)
Mg2+ 
(Rs) 

Na+ 
(Hs)

Na+ 
(Rs)

Ca2+

(Hs)
Ca2+

(Rs)
K+ 

(Hs) 
K+ 

(Rs) 
Cl– 

(Hs) 

Vol. (Hs)              

Vol. (Rs) 1.0             

pH (Hs) –0.9 –0.9            

pH (Rs) –0.7 –0.7 0.7           

Mg2+ (Hs) –0.1 –0.1 –0.0 0.2          

Mg2+ (Rs) –0.0 –0.0 –0.2 0.2 0.9         

Na+ (Hs) 0.2 0.2 –0.1 0.2 0.7 0.7        

Na+ (Rs) 0.0 –0.0 –0.2 0.3 0.7 0.9 0.6       

Ca2+ (Hs) –0.5 –0.5 0.3 0.5 0.6 0.6 0.2 0.6      

Ca2+ (Rs) –0.5 –0.5 0.2 0.5 0.6 0.6 0.1 0.6 1.0     

K+(Hs) –0.5 –0.6 0.2 0.5 0.6 0.6 0.1 0.6 0.9 0.9    

K+(Rs) –0.4 –0.4 0.1 0.4 0.9 0.8 0.4 0.6 0.7 0.7 0.7   

Cl– (Hs) 0.3 0.3 –0.2 0.2 0.3 0.5 0.7 0.7 0.3 0.3 0.2 0.1  

Cl– (Rs) 0.6 0.6 –0.5 –0.1 –0.1 0.2 0.4 0.5 –0.2 –0.2 –0.3 –0.3 0.7 

Conclusions 

An investigation of chemical composition of rainwater was carried out at 
the Llandaff stations in Cardiff, Wales during the period of June 2003–July 
2004. Precipitation data of 14 months were analysed to find out the varia-
tions in the chemical composition of the rainwater samples collected from 
an urban stations reflecting the background concentration of various ions 
present in rainwater. Seasonal variations of the concentration of major ions 
in rainwater samples within the period considered, namely June 2003 and 
July 2004, were examined. 
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1. Observation that the pH of the ground level is higher than the pH of 
elevated for all of the seasons might be due to contamination of the 
ground level by dust, (alkalinity), insects, and leaves which are found 
in Hss, and the reason for contamination might be because the house 
collector is fixed 2.75 m above the ground level, but the roof collector 
was 13.75 m above the ground level. 

2. The minimum average pH for both samples was in autumn and winter 
but the maximum average was in spring and summer seasons. 

4. Weak correlations are found between pH and Cl– ion for all season 
because of the neutralization with alkaline particles, consequently 
strong correlation between Ca2+ ion and K+ ion. 

5. The dust-rich local and surrounding limestone environment might 
have caused the high concentration of Ca2+ and K+ in Cardiff area. 
The relatively high concentration of Na+, Mg2+, and Cl– may due to 
the effect of seawater. 
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Abstract 

Based on the determination of Zn, Cu, Pb, Ni, and Cd in soils, street dusts, 
and sediments from the urban area of Coventry, UK, two sets of bioaccu-
mulators were located around Coventry City Centre. The first set of 12 
peat-containing seed trays were located on a busy road traffic island with a 
second set placed for comparison with a rural area. One tray was removed 
each month from each site for analysis. Whilst the concentrations of most 
metals were higher in the urban area, the temporal trends were similar, 
with the concentrations of Pb indicating that urban levels had declined. 
The second set of biomonitors of three moss bags were located at 16 sites 
in the City Centre; one bag was removed every 2 months, making a 6-
month study in all. The temporal trends for the moss bags were generally 
increasing concentrations with time, although two sites declined in the last 
sampling month. Concentrations of Zn and Cu in the street dusts, sedi-
ments, and soils were high, as was Zn in both biomonitors and Ni in just 
the moss bags. 
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Introduction 

The potential hazard of road and pavement dusts and gully pot sediments 
to the urban environment has been studied fairly widely [1,2]. From these 
studies it has emerged that, whilst the residence time of dusts on the street 
is fairly short, they still retain the signature of past industry and as a con-
sequence, levels of metals associated with them can be significantly above 
both background and statutory guideline values.  

Sources of these contaminants to urban deposits include the naturally 
weathered underlying geology, soil, as well as anthropogenic emission 
sources, which in the UK include motor vehicles (23.7%) as well as gene-
ral industrial combustion plants (7.8%) including large power plants 
(17.4%), uncontrolled domestic coal burning and major mining, quarrying, 
and construction activities (27.4%) [3]. 

However, whilst studies such as these give a snap shot of conditions on 
the pavement surface or in the gully pot, it can give no indication of the 
changing concentrations of metals with time which monitoring airborne 
particulate-associated metals can. 

This study therefore seeks to: 

1. Establish the spatial distribution of particulate-associated heavy 
metals in urban soils, street deposits, and gully pot sediments 

2. Establish the temporal distribution of atmosphere-derived dust-
associated metals. 

Experimental – Method 

Coventry in the West Midlands, UK (see Fig. 1a,b) was chosen since several 
studies of metals in street dusts had already been carried out there [e.g., 2]. 
Coventry has a population of 0.3 million and the road network is structured 
around a central ring road with nine major roads radiating from it (Fig. 1c). 
Much of the area within the ring road is pedestrianized or with restricted 
vehicular access. A detailed description of the sampling and analytical 
methodology for the soils, street dusts, and gully pot sediments are given 
in [2] and so this is not repeated here; however, the locations of the bio-
monitors were based on the street dust and soil sample sites, so this will be 
described. 
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Fig. 1. Location of a. the West Midlands, b. Coventry in the West Midlands,  

Soils, street dusts, and sediments 

Sampling sites for the street dusts and gully pot sediments were based on a 
street map of Coventry which divided the city into 0.4 km2 grid squares. 

157

c. sampling sites in Coventry, d. City center (black circles indicate soils, street dusts, 

Soil and material from the pavement, gully pot, and road gutter was 

and sediment locations, and grey circles indicate where the moss bags were located) 



  SM Charlesworth et al. 

Biomonitors 

The results of the soil and dust analysis (detailed later) indicated that the 
major repository of all the heavy metals was associated with the nine main 
roads leading off the ring road. It was decided, therefore, to locate the 
biomonitors in association with these major road junctions, as shown by 
the grey circles in Fig. 1c. Two approaches were used: a busy road traffic 
island was chosen (“Sky Blue Way” on Fig. 1c) and 12 seed trays contain-
ing peat placed in the middle in January 2003. As a control, 12 similar 
trays were deployed at a rural site in Warwick, 20 km to the south-east of 
Coventry. Coarse gravel was placed in the bottom of the trays to ensure 
sufficient drainage and the peat was screened to <2 mm to remove any 
large lumps. One tray from each site was retrieved each month and the sur-
face material removed using a plastic scoop to a depth of approximately 
0.5 cm. The sample was dried, gently disaggregated, and stored in a plastic 
bag prior to digestion. Unfortunately, it was only possible to collect trays 
for 7 months of the trial since the remaining five at the urban site were des-
troyed when the grass on the island was mown. 

The second set of biomonitors used were moss bags of the type deve-
loped initially by [4], and used widely ever since due to their high surface 
to volume ratio, simple anatomy, and lack of cuticle [5], as well as their 
substantial cation exchange capacity [6]. They are also cheap, and large 
numbers can be deployed in the same trial [7]. 

The moss bags were made up of 30 g of moss and 20 × 20 cm nylon pond 
netting enclosed using plastic-coated garden wire. Three bags were sus-
pended from trees and fences 2 m from the ground [8], at 16 sites on 15 
April 2005. One bag per site was to be retrieved from each site on the same 
date in June, August, and October. However, by June only 11 sites had moss 
bags left, by August there were only 10, and only 4 sites were eventually 
monitored for the full 6 months. Once collected, the moss was removed from 
the nylon netting, dried at 50°C and gently disaggregated. All of the bio-
monitor material was wet-digested using a microwave prior to analysis by 
inductively coupled plasma optical emission spectroscopy (ICP-OES). 

For both biomonitors, samples of the original material was analysed for 

collected as close as possible to the intersection of the grid squares
(some samples are located in Fig. 1c). After analysis of the spatial distribu-
tion of heavy metals in these samples, it was decided to concentrate on the 
centre of the city for the soils, making 25 samples in all, as is shown in

 Fig. 1c. 

a background value. Digestion of certified reference materials using this 
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Results and discussion 

Many of the urban deposits collected from Coventry exceeded background 
[2], but on comparison with published background values [9], contami-
nated land exposure assessment (CLEA) soil guideline values (SGVs) [10] 
where available and ICRCL trigger concentrations [11] where not, it was 
discovered that Cu in particular and to some extent Zn, were particularly 
high. Similar to the street dust results, soil Cu and Zn had the highest con-
centrations (Table 1), so their spatial distributions are provided in Figure 2. 
These show that the highest concentrations of both elements appear to be 
associated with main roads. However, when the results are sorted by land 
use, it was found that residential gardens were an important repository for 
all of the heavy metals apart from Cu (Table 2), as well as roads and indus-

Table 1. Percentages of heavy metals exceeding background, ICRCL trigger 
concentration, and CLEA SGV in soils from Coventry City Centre, n = 24 

 Ni Cd Zn Cu Pb 
Percentage above 29 38 100 79 21 

Percentage above 
CLEA/trigger 

0 0 21 2 0 

Percentage above ICRCL 
action 

0 0 0 0 0 

Table 2. Relative loadings in Coventry soils for each metal in each land use 

Zn Roadside> gardens> industrial> parks> scrub> agricultural 
Pb Gardens > industrial> scrub > agricultural > roadside > parks 
Cu Industrial > roadside> gardens> scrub > parks> agricultural 
Ni Industrial > gardens>roadside> agricultural > scrub> parks 
Cd Industrial>gardens> parks> scrub> roadside>agricultural 

 

Atmospheric deposition of particulate-associated urban contaminants

Many of these gardens are close to the roads and it would be expected 
trial soil, whereas parks, scrub, and agricultural land were the least important.

background 

and results reported in this paper have not been corrected for recovery
efficiency. 

Street dusts, sediments, and soils 
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Fig. 2. Spatial distribution of Zn (A) and Cu (B) concentrations in soils in Coventry 
(mg kg–1) 

ment using Kolmogorov–Smirnov and given in Table 3 indicates that there 
is no significant difference between Cd in soils and dusts, a significant dif-
ference between the Ni in soils, pavements, and gully pots at the 5% level, 
but no significant difference with the road gutters and a significant differ-
ence between Cu, Zn, and Pb in the soils and all the dusts and sediments. 

that they had the potential to become contaminated. The lowest concentra-
tions for all metals were found in the soils from parks and agricultural use. 

A comparison of metal concentration in soils, dusts, and gully pot sedi-
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dusts, and gully pot sediments. Where NS = no significant difference; P = 0.05 or
0.01 where the significant difference is at the 5% or 1% level, respectively 

Soil and pavement Cd Zn Ni Pb Cu 
significance 0.08 2.05E–05 0.02 0.01 0  
P NS 0.01 0.05 0.01 0.01 
Soil and gutters Cd Zn Ni Pb Cu 
significance 0.46 6.63E–05 0.08 4.8E–05 0  
P NS 0.01 NS 0.01 0.01 
Soil and gully pots Cd Zn Ni Pb Cu 
significance 0.33 2.66E–07 0.01 1.1E–08 0
P NS 0.01 0.05 0.01 0.01 

As outlined above, because all of the moss in the bag and the top 0.5 cm of 
the peat were removed for analysis from the biomonitors, the results pre-
sented here will have been diluted with uncontaminated material and will 

road end of the Foleshill Road and particularly the Belgrade (Fig. 3). It is 
difficult to compare these results with statutory guidelines, since absolute 
concentrations are generally not used, and it is these which were needed 
for comparison against the street dusts and soils. Published soil back-
ground [9], CLEA SGV, or ICRCL trigger were therefore used, and it was 
found that all biomonitored Zn exceeded background; both peats (rural and 
urban), but not the moss exceeded Cu and Pb background and all the moss 
was higher than Ni background. None of the Zn, Cu, or Pb results in the 
biomonitored material exceeded statutory levels; however, the Ni concen-
trations in all of the moss were above guidelines, but nowhere near ICRCL 

Biomonitors 

therefore be an underestimate. It was found that metal concentrations dec-
lined over the period of monitoring at two sites; Junction 4 at the ring 

action levels. Figure 4 shows the results of 7 months monitoring at the
urban and rural sites. In general, the trends are similar with the possible
exception of Zn. The Pb levels at both sites are very similar suggesting
that whilst they do vary at around 10 times background, concentrations in
the urban airborne dusts have declined to those found in rural areas.  
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Fig. 3. Temporal trends in Zn (A) and Cu (B) concentrations in moss bags for 6 
months at four sites in Coventry, shown in C 
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Fig. 4. Temporal trends in heavy metal concentrations (mg kg–1) Cu (A), Pb (B), 
Zn (C), and Ni (D) in peat biomonitors 
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Conclusions 

Findings from earlier studies of Coventry street dusts [1,2] flagged up con-
cerns regarding activities of radionuclides and concentrations of metals, 
particularly Cu and Zn in pavement and road gutter dust. However, con-
centrations of Pb appear to be declining commensurate with the introduc-
tion of unleaded petrol. The extension to these studies using biomonitors 
has confirmed the decline of Pb to rural levels, although neither rural nor 
urban concentrations are as low as soil background. Street dusts retain the 
pollution history of the area in which they are found [1], since one of their 
main sources is surrounding soils [12]. Soils are “the ultimate sink for 
heavy metals” [13] and are also one of the main sources of material con-
tributing to street dusts. The soil survey of Coventry revealed that whilst 

metals in soil exceeded background levels, none exceeded CLEA SGV or 
ICRCL trigger concentrations. This suggests that whilst contaminated soil

Ni concentrations relatively high in the airborne particulates, there must be 
other sources for Zn, Cu, and Pb. Nickel has been identified as a “marker 
species” for fossil fuel burning [12], with Zn and Cu being characteristic of 
incineration and Pb associated with traffic, but also incineration and road 
dust. This study has differentiated Ni from the other metals which may be 
reflected in their different sources. 

The European Air Quality Directive (Council Directive 96/62/EC) at 
present focuses on “pollutants of concern” of which Pb is the only metal. 
Other metals such as Cd and Ni have been included in Directive 
2004/107/EC (2005), but there does not appear to be legislation to cover 
the elements with the highest concentrations found in the present study: Zn 
and Cu. Pb in particular, but also Cd in Coventry dusts and particulates 
now appear to have declined to lower values.  
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Abstract 

One of the most air-polluted cities in the world is Beijing, where PM2.5 
was sampled on filters by a mini-volume sampler (200 L h–1) and coarse par-
ticles on collection plates by means of the passive sampler Sigma-2. From 
15 January to 5 February 2005, sampling was carried out in two modes, by 
collecting particles over periods of several days separated in day and night 
samples, and alternately during night and daytime in intervals of 12 h. The 
sampling site was located in north-west of Beijing. Automated microscopic 
image analysis of coarse particles showed significantly differing size dis-
tributions of particle fractions between 3 and 100 µm for day and night 
samples. The different size distributions could be attributed to varying 
conditions of atmospheric dispersion and particularities due to local traffic. 
Elemental carbon containing particles accounted for 10% to 30% of total 
coarse particles. Scanning electron microprobe analyses identified a wide 
range of different anthropogenic and geogenic particles. Average PM2.5 
concentration during daytime was about 75µg m–³ in the first, 200 µg m–³ 

G.M. Morrison and S. Rauch (eds.), Highway and Urban Environment: Proceedings of the 8th Highway  

© 2007 Springer. 
 

167 

and Urban Environment Symposium, 167–180.



S Norra et al. 

such as Pb, As, Cu, and Zn showed similar temporal courses. Several dif-
ferent sources of aerosols were identified by means of scanning electron 
microscopy (SEM). Backward trajectories indicated that highly polluted 
air masses reaching Beijing during the second week were advected from 
south. These air masses passed with low velocities industrial areas in the 
south and the whole city before reaching the sampling site, whereas air 
masses entering Beijing during the first and third week came from less in-
dustrialized regions in the north. Due to the specific spatial distribution of 
air pollution sources in the area of Beijing, trajectories could provide a 
simple approach to an air pollution forecast. 

Introduction 

During the last decade, epidemiological studies showed that atmospheric 
particles contribute to a decreasing life expectancy of man, especially in 
intensively polluted areas, such as cities. In the UK, 12,000 deaths are 
attributed to total PM10 and 7000 death to anthropogenic PM10 [1]. For 
total Europe, 288,000 deaths every year can be attributed to PM10 [2]. 
This was the reason that European Union (EU)-wide threshold values for 
PM10 were set in 2005. Recently, research is focused, in particular, on 
PM2.5 since there is more and more evidence that negative health effects 
can be attributed to this fraction [3]. 

Beijing is regarded as one of the most air-polluted cities in the world. 
About 15 million inhabitants are affected by seasonal occurring dust 
storms and a mixture of different anthropogenic air pollution sources, such 
as power plants, traffic, heavy and chemical industry, and domestic heat-
ing. Although the Beijing Municipality as well as the central government 
is increasingly paying attention to the atmospheric pollution of China’s 
capital and has carried out many countermeasures, the efficiency of these 
countermeasures are still affected by a limited knowledge about the spatial 
distribution and temporal behaviour of involved sources. 

The Beijing Environmental Protection Bureau currently monitors PM10, 
SO2, NO2, and CO. The indexes of SO2, NO, O3, and CO dramatically 
exceed the National Air Quality Standards of China. Coal and natural gas 
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in the second, and 64 µg m–³ in the third week. Peaks of daily PM2.5 con-
centrations reached more than 300 µg m–³ in the second week. Trace metals 



still widespread use of solid fuels, such as coal and lignite for private heat-
ing and industrial energy production causing far above-average particle 
emissions in comparison with oil and gas. Furthermore, local construction 
sites, coal heaps, and bare soils considerably contribute to particle pollution, 
in particular to a high coarse particle load. Additionally, the dust and aerosol 
load is also related to geogenic sources such as dust transport from deserts. 
During spring, in average four to five sand and dust storm events occur in 
northern China causing high loads of particulate matter (PM) in Beijing. 

Sampling and methods 

The area chosen for sampling of atmospheric particles was located in 
north-west of Beijing (Fig. 1) in the campus of the China University of 
Geosciences (CUG) near to a highly frequented street artery. For particle 
sampling, active and passive techniques were used. The sampling period 
was from 15 January to 5 February 2005. Partly, particles were sampled 

Fig. 1. Sampling location at China University of Geosciences (CUG)  

Sampling location and period 
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are the main sources for heating in winter in Beijing and traffic is another 
important source of aerosol. However, the situation is characterized by the 
 

 

for several days interval, differentiating between day and night sampling; 
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Passive sampling of atmospheric particles larger than 3 µm in diameter by 
Sigma-2 technique is described in the technical guideline VDI 2129/4 [4]. 

plate located at the bottom of the tube. Airborne particles are allowed to 
enter the tube through four rectangular windows in the cap and the tube, as 
well but twisted against one another. Due to this construction the inside of 
the sampler is widely protected against the impact of precipitation and 
wind. In the claimed interior of the tube, particles are settling down onto 
the highly transparent collection plate suitable for optical microscopy. The 
particles are fixed on the surface of the collection plate by a weather-
resistant adhesive. Microscopic analysis provides a size fractioned number 
deposition rate of collected particles. By assuming spherical shape and unit 
density for all particles, a size-fractionated mass deposition rate of parti-
cles can be calculated. Finally, a size-fractionated particle mass concentra-

the calmed conditions in the interior of Sigma-2. An automatic image 
analysis system consisting of an optical microscope, high-resolution CCD 

diameter and mean grey value. This approach provided a size-fractionated 
particle concentration of a transparent, typically mineral component and a 
black, typically elemental carbon containing component of the size interval 
from 3 to 100 µm optical equivalent diameter [5]. 

PM2.5 was collected with mini-volume samplers (Leckel, Berlin) at a 
pump rate of 200 L h–1. Aerosols were sampled on cellulose nitrate filters 
(Sartorius) and quartz fibre filters (QF 20, Schleicher & Schüll, Dassel, 
Germany). Gravimetric analysis was performed after at least 48 h equili-
bration with a microbalance (Sartorius MP2) for three times. One quarter 
of the filter was used for chemical element analysis.  

Passive sampling of coarse particulates (>3 µm) 

nium. The interior of the sampler contains a carrier with an inlaid sampling 
The Sigma-2 sampler consists of a tube and a protective cap out of alumi-

tion can be calculated from the mass deposition rate by approximating
individual particle deposition velocity by its settling velocity assumed under 

sure object-specific features of individual particles, such as projected area 
Camera and a PC-aided image analysis system was used in order to mea-

Active sampling of PM2.5 
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7 p.m. and 7 p.m. and 7 a.m. All samples were taken at 1.5 m height. 
partly, particles were sampled for 12 h intervals only, between 7 a.m. and 
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For the analysis of trace metals, parts of the filters were digested in Teflon 
vessels using concentrated HNO3 (Merck, sub-boiled), concentrated HF 
(Merck, p.a.), and concentrated HClO4 (Merck, s.p.). Determination of ele-
ments was performed by inductively coupled plasma mass spectrometry 
(ICP-MS) PQ 3 (VG Elemental). Quality control was performed by addi-
tional analysis of reference material SRM 1648 (urban PM) acquired from 
National Institute of Standards (NIST), USA. Results of standard material 
are within ±10% of the certified values for element concentrations [6]. 

Scanning electron microscopy (SEM) was carried out at the Laboratory for 
Scanning Electron Microscopy, Universität Karlsruhe. Adhesive collection 
plates and cellulose nitrate filters were sputtered with Ag to guarantee 
electrical conductivity. Particles on these plates were investigated with 
respect to morphology (image) and main element composition. 

Results and discussion 

Generally, particles collected during the sampling period could be classi-
fied as particles of anthropogenic sources, such as fuel combustion and 
traffic (e.g., fly ashes, soot, pure metallic particles, and tire wear), of bio-
logical sources (pollen and diatoms), and of geogenic sources (e.g., salts 
such as halite, sulphates and carbonates, quartz, silicates, and aluminosili-
cates). Some anthropogenic particles are presented in Figure 2. Although 
many geogenic particles were found on the filters and adhesive plates, 
anthropogenic particles contribute for a great portion to the overall particle 
load in the atmosphere of Beijing. Besides soot and fly ashes, many coal 
particles were identified. Geogenic particles comprise minerals such as 
quartz, amphiboles, calcite, and halite. Halite might be formed secondarily 
by crystallization from liquid phases in the atmosphere or might be an 
indicator for oceanic air masses transporting sea salt particles towards 
Beijing from the coast around 200 km east of Beijing. Only little portion of 
biogenic particles were found owing to the sampling period during winter 
with relatively low biological activity. 

Chemical element analysis 

Scanning electron microscopy 

Morphology of particles of Beijing atmosphere 
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Fig. 2. Examples of Beijing atmospheric particulates of anthropogenic sources. 
A. Incompletely incinerated carbon particle carrying a pure sulphur particle (S) 
sampled in the period 31 January till 3 February. B. Fly ash particle (F) and soot (St) 
sampled in the period 17 January, 7 p.m., till 18 January, 7 a.m. C. Pure Cu particle 
collected on 23 January between 7 a.m. and 7 p.m. 

Concentrations of a coarse total particle (CTP) component and a coarse 
black component (CBC) between 3 and 100 µm were determined for the 
period from 17 January, 7 p.m. to 22 January, 7 p.m. Adhesive collection 
plates were changed every 12 h. Concentrations of CTP varied between 
170 and 400 µg m–³ from 17 January until 20 January and increased up to 
530 µg m–³ on 22 January during daytime (Fig. 3). 

CBC varied between 40 and 120 µg m–³ and counted for 10–30% of 
CTP. The small increase of CBC towards the end of the monitoring time is 
much less intensive as the increase of CTP. Small CBC particles of size 
3–6 and 6–12 µm show higher concentrations during night than during 
daytime (Fig. 4). 

 

S
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Temporal course of coarse particulates (>3 µm) 

172



Size, morphological, and chemical characterization of aerosols polluting  

 

0

100

200

300

400

500

600

17
/01

/05-N

18
/01

/05-D

18
/01

/05-N

19
/01

/05-D

19
/01

/05-N

20
/01

/05-D

20
/01

/05-N

21
/01

/05-D

21
/01

/05-N

22
/01

/05-D

µg
/m

3
BC
TP

 
Fig. 3. Temporal course of CTP and CBC in Beijing from 17 January, 7 p.m. to 22 
January, 7 p.m. 2005 

 

CBC 

CTP

Fig. 4. Average mass concentrations of atmospheric particles (A. CBC and B. CTP) 
of different size classes collected during night and daytime from 17 January, 7 p.m., 
to 22 January, 7 p.m. 
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PM2.5 was sampled in two different modes. In the first mode, PM2.5 was 
sampled for several days during daytime and night-time. In the second 
mode, PM2.5 was sampled for 12 h periods. Daytime sampling always 
lasted from 7 a.m. to 7 p.m., night-time sampling from 7 p.m. to 7 a.m. 
During the first week (15–22 January), PM2.5 concentration at daytime 
accounted for about 75 µg m and at night-time for around 90 µg m .
Average PM2.5 concentrations increased during the second week (22–27 
January) to almost 200 µg m  showing no significant difference between 
day and night-time (Fig. 5). Between 31 January and 5 February, PM2.5 
showed lowest average concentrations with 50 µg m  during night-time 
and 64 µg m during daytime. Between the both periods last mentioned, 
PM2.5 showed intermediate concentrations, which were during night-time 
(162 µg m ) almost twice as high as during daytime (85 µg m ). Sam-
pling of PM2.5 for short intervals of 12 h resulted in a more differentiated 

during  
  

Two reasons are assumed to produce this pattern. First, during night-time 
in winter heating processes will be more intensive than during daytime owing 
to lower temperatures. Secondly, atmospheric mixing height typically is 
decreasing during night limiting particle dispersal to a shallow layer below 
an intensifying temperature inversion. Additionally, a particularity of 
heavy transport in Beijing may be responsible for this effect. Lorries are 
normally only allowed to enter Beijing at night to mitigate traffic jams dur-
ing daytime. Lorries are not only emitting elevated amounts of soot, but 
are also an important source of coarse particles by resuspending road dust 
particles and producing an high amount of tire wear. CTP concentrations at 
day are more or less on the same level (about 90 µg m ) for the size inter-
vals 3–6, 6–12, and 12–24 µm particle diameter, but rapidly decrease 
towards the largest fraction above 48 µm. At night, CTP concentrations of all 
size fractions uniformly decrease from about 105 up to less than 5 µg m–3. 
According to often reported particle mass size distributions [e.g., 7], the 
coarse mode shows a maximum in particle concentration at about 10 µm 
particle diameter. The actual pattern can considerably differ from this ideali-
zed pattern due to the impact of local coarse particles [8]. At Beijing, par-
ticle concentration of 3–6 µm class is comparable with the concentration of 
the size class 6–12 µm in case of CBC and even higher in case of CTP 
reflecting a flat concentration maximum around 10 µm for CBC and a shal-
low shoulder reaching up to 20 µm particle diameter for CTP, respectively. 

–3
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–3

–3

–3

–3
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Temporal course of PM2.5 

appearance. PM2.5 showed highest concentrations of 307 µg m



Fig. 5. Temporal courses of PM2.5 concentrations. Horizontal lines represent aver-
age concentrations of integrating sampling over specific periods of several nights 
and days; grey lines show PM2.5 concentrations at day; black lines indicate PM2.5 

daytime of 23 January. A second peak of high PM2.5 concentrations of 

The increase of PM2.5 concentrations towards 22 January corresponds 
with the temporal course of the fraction >3 µm. Modelling trajectories of 

(HYSPLIT) model showed that air masses reached Beijing from southern 
directions during periods of high concentrations of particles and from 
northern directions during periods of low concentrations of particulates. In 
periods when air masses reached the sampling station from south, those air 
masses are polluted by emissions from industry south of Beijing and by the 
diverse pollution sources of the city itself. When the air masses reached the 
sampling station from northern directions the air pollution was less since 
north of Beijing larger industrial complexes do not exist and the extension 
of the city itself is less towards north in comparison with the areas south of 
the sampling station. Furthermore, wind velocities of only about 2 m s–1 
occurred during the first and second week indicating an elevated probability 
for inversion conditions. During the third week, wind velocities reached up 

7 a.m. till 7 p.m.; night: 7 p.m. till 7 a.m.). Grey circles indicate PM2.5 concentra-
tions during daytime; black triangles indicate PM2.5 concentrations during night-
time. Data of night-time sampling are plotted at the x-axis. Labelling of data of
day time sampling is disabled. 

concentrations at night. Single symbols represent sampling periods of 12 h (day:  

tion (NOAA) hybrid Single-particle Lagrangian integrated trajectory 
air masses by means of National Oceanic and Atmospheric Administra-

227 µg m  occurred in the night from 27 to 28 January. –3
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to 6 m s–1 causing more intense turbulence and less residence time of air 
masses in the areas they pass. Thus, owing to processes of concentration of 
pollutants in the atmosphere, air pollution increases in cases of elevated 
residence times of air masses above Beijing and industrialized areas, 
whereas less air pollution occurs during periods of shorter residence times 
of air masses above areas of intensive emissions. 

Higher PM2.5 concentrations at night during the period of 15 January to 
22 January 2005, correspond to the results for coarser particles. Especially 

can not be generalized as was observed for following sampling periods. In 
general, weather conditions (e.g., wind directions, inversion layers, tem-
perature) and diverse urban activities (heating modes, construction activi-
ties, intensity of lorry traffic, etc.) can cause differences in air pollution 
and corresponding temporal course and size distributions, respectively. 
The specific mechanisms responsible for changes of Beijing aerosol pollu-
tion are still not fully understood and have to be investigated. 

Trace element concentrations (Cd, Cu, Zn, As, Pb) of particulates show a 
similar temporal course of concentration as total PM2.5. Again, two peaks of 
maximum concentrations were observed on 23 and 27 January 2005. Figure 6 
exemplarily shows this course for Pb and As, both toxic elements for human 
beings. Lead reaches maximum concentration during the night from 27 to 28 
January and as was found peaking during daytime of 27 January. In contrast 
to the temporal course of PM2.5, which showed its maximum concentration 
on 23 January, Pb and As show their maximum concentrations on 27 January. 

Arsenic concentrations of PM2.5 varied from about 200 to 300 mg kg–1. 
Lead concentrations varied from about 2000 to 3000 mg kg–1 till 30 Janu-
ary and from 1200 to 1700 mg kg–1 during the last sampling period. Con-
centrations of Pb, As, Cd, Cu, and Zn of PM2.5 were less during the first 
short period of high pollution (23 January) than during the second short 
period of high pollution (27 January). Aerosols sampled in the 12 h mode 
showed concentrations up to 2260 mg kg–1 Pb and 226 mg kg–1 as during 
the first and 3310 mg kg–1 Pb and 400 mg kg–1 as during the second pollu-
tion period. Thus, aerosols during both periods were slightly differently 
composed. With respect to harmful trace elements, the second period of 
pollution was the more toxic one. 

the finer fractions of coarse particles (CBC: 3–6 and 6–12 µm; CTP: 3–6 µm)
show higher concentrations at night than at day. However, this pattern 

Temporal courses of trace element concentrations in PM2.5
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Fig. 6. Concentrations of Pb (A) and As (B) in PM2.5 of Beijing air. Lines repre-
sent courses of integrating sampling over specific periods of several nights and 
days. Grey lines indicate element concentrations at day and black lines indicate 

concentrations during daytime; black symbols indicate element concentrations 
during night-time. Dates of night-time sampling are plotted at the x-axis. Labelling 
of dates of daytime sampling is disabled 
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element concentrations at night. Single symbols represent sampling periods of 12 h 
(day: 7 a.m. till 7 p.m.; night: 7 p.m. till 7 a.m.). Grey symbols indicate element 
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Conclusions 

China has not established air quality standards for PM2.5 yet. However, 
PM2.5 pollution at Beijing exceeded even the long-term standards for 
PM10 according to regulations of China of 250 µg m–³ and the EU (40 µg 
m ³) for most days during the sampling period. During the first week of 
sampling, also standards for daily total suspended particles (TSPs) (China: 
300 µg m–³; EU: 150 µg m–³) were already exceeded by the mass concen-
tration only of the coarse particle fraction between 3 and 100 µm. Until 
now, no limit values exist for BC and the concentration of harmful chemi-
cals in PM2.5 as well. Nevertheless, both variables show high concentra-
tions in Beijing atmosphere and should be reduced as much and as quickly 
as possible because of expected adverse health effects these extreme con-
centrations mean to the population. 

Pb and As concentrations with respect to PM2.5 fraction observed in 
Beijing are far higher than in other cities of the western hemisphere such 
as New York (Pb about 6 ng m–³, as about 1 ng m–³) [9]. He et al. [10] 
already observed in 1999 and 2000 at Beijing similar concentration ranges 
of PM2.5 and of Pb in the fraction of PM2.5 in comparison with this study. 
Some research already has been carried out to identify the sources causing 
Beijing air pollution [11]. World wide, those sources (fossil fuel combus-
tion, secondary particles, particle resuspension, industry, biomass burning, 
etc.) are typically the same and only vary with respect to the portions they 
contribute to the pollution. Thus, additional to investigations on Beijing air 
pollution, further studies have to focus on the reasons for the not decreas-
ing air pollution, which have to include urban planning and development 
aspects. Those studies may also contribute details to an identification of 
the specific reasons of different pollution levels. For example, lorry traffic 
and heating modes are processes, which can be regulated by urban manage-
ment if their consequences to air pollution are comprehensively understood 
for the specific urban situation. A valuable contribution to a better under-
standing of the relation between effective sources, occurring pollution and 
ruling atmospheric conditions are provided by separate day and night-time 
sampling, even when only cost-effective, passive, or active techniques are 
used. 

Furthermore, results of this study clearly demonstrate that high air pol-
lution is typically related to air masses entering the Beijing area from 
southern directions with low wind velocities, whereas lower air pollution 
occurs in times when air masses reach Beijing from northern directions 
with elevated wind velocities. This relationship could be used to develop 
an air pollution forecast system for Beijing. 

–
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Abstract 

of Brazil’s gross national product (GNP), the subway serves as a major 
transportation mode, transporting 2.7 million people daily. The underground 
portion of the subway system is a confined space that may permit the con-
centration of contaminants either from the outside atmosphere or generated 
internally. The objective of this study is to evaluate the air quality of two 

the fungi species, the nitrogen dioxide (NO2), BTEX (benzene, toluene, 
ethylbenzene, and xylene), and particulate material (PM10) concentrations. 
Afterwards, a comparison of the internal pollutants concentration values 
with external atmosphere parameters is performed. 

Introduction 

The Metrô São Paulo is responsible for the operation and expansion of the 
subway transport, a system with high transportation and connection capa-
city inside the public transportation network in the metropolitan area. The 
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In megacities like São Paulo, which is responsible for approximately 16% 

of São Paulo’s subway stations (Clínicas and Praça da Sé), by identifying 
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The contaminants concentration levels became an air quality marker for 
confined environments. This epidemiologic marker has been used to assess 
the ventilation system performance and to verify the external air renewal, 

2 x 2
compounds (VOCs), and micro-organisms’ concentration levels can be 
used to evaluate the ventilation ratio, indicating the air quality in these 
places. 

way stations (Clínicas and Praça da Sé), by identifying the fungi species, 
the nitrogen dioxide (NO2), BTEX, and PM10 concentrations and monitor-
ing data on temperature and relative humidity. Afterwards, a comparison 
of the internal pollutants concentration values with external atmosphere 
parameters was performed. 

Methodology 

Two stations were selected for the present study. The main characteristics 
taken into account in that selection were: architecture, depth, users/hour 
rate, and geographic localization. 

1. CLÍNICAS (CLI) – Inaugurated on 12 September 1992, is located at 
2

2. PRAÇA DA SÉ (PSE) – Inaugurated on 17 February 1978, is located 
at the Praça da Sé, with 39,925 m2 of area, and has a 100,000 
passengers/hour/peak capacity. This station links two subway lines: 
1 and 3 being, for this reason, the busiest station of the entire subway 
network. 

The samples for fungi, NO2, and benzene analyses were collected in the 
different levels of each studied station. In PSE station, the samples were 
collected in line 1 and line 3 platforms, access mezzanine, and the outdoor 

182

29 of which are underground, distributed in four lines, with 2.7 million
passengers daily. 

assessment of CO, CO , NO , NO , suspended particles, volatile organic 
with the support of Technical Reports and Referential Standards. Thus,

Studied sites 

Dr. Arnaldo Avenue, with 9510 m  of area, and has a 20,000 passengers/
hour/peak capacity. It has access to the hospital complex of  Clínicas 
and Emílio Ribas Hospital therefore having a comparatively high 
traffic of sick people. 

São Paulo subway system operates in 60.5 km of extension with 54 stations,

This study aimed at evaluating the air quality of two of São Paulo sub-
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environment. In CLI station the sampling sites were platform, mezzanine, 
offices, and outdoor environment. 

The samples collection was performed on a continuous sampling basis 
or specific sample collection during the busiest periods of both the morn-
ing and the afternoon. 

The air samples for microbiologic analyses were collected during the busi-
est morning and afternoon periods, in different levels of the station, and at 
the external surrounding area. The sample collection was performed by a 
1-stage impactor with 28 L min–1 flow, 1.5 m from the ground level (respi-
ratory zone) and the material was cultivated in a 4% Sabouraud dextrose 
agar culture medium. 

After the sample collection, the plates were incubated at 28°C for 7 days 
in the laboratory. The fungi identification and the colony-forming units 
(CFU m–3) quantification were made with an optical microscope, and the 
plates were stained with lactofenol blue [1]. 

The analyses considered the CFUs count by genus, the percentage of 
fungi genus by sample, and a second analysis quantified the CFU amount 
per cubic metre of collected air. 

which had their concentrations measured by the following techniques. 

DOAS continuous analyser 

This measuring system allows for the monitoring of several pollutants pre-
sent in the air in a continuous way. This can be selected at the instrument’s 
operating programme according to their light-absorption characteristics at 
different wavelengths. These compound concentrations are determined by 
using the differential optical absorption spectroscopy (DOAS) technique, 
which is based on the Lambert-Beer’s law. A DOAS system basically con-

to be located some distance and to be kept indoors. Light absorption is 
produced when the beam crosses the air at some predetermined frequencies 
by means of the existing chemicals. The light being received at the analyser 
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Fungi samples 

Gaseous pollutants 

The gaseous pollutants of interest were nitrogen dioxide and BTEX, 

sists of a light transmitter that displays a long and fine beam, and a recei-
ver that collects such light and sends it to an analysing device by means of
fibre optics. Light transmission through fibre optics allows the analyser 
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is processed by comparing it through references kept in the instrument and 
is finally assessed on the absorption produced, which is proportional to the 
averaged concentration along the measuring beam. The length of the optic 
trip can vary from some hundreds of metres to some kilometres and is 
conditioned by the compound being tested, among other parameters [2]. 

Hourly averages were calculated using the DOAS NO2 concentration 
data to make comparisons with the passive sampler results at the same 
sampled period. 

Passive samplers 

Passive samplers have previously been used to BTEX and NO2. They con-
stitute an interesting complement to the continuous monitors, because they 
allow an inexpensive monitoring with a high space resolution. The measure-
ment principle is that the ambient air is diffused passively through a filter 
covered with a certain absorbent material specific for the compound to be 
determined. In order to assure that the flow is laminar – though strong winds 
may blow – a stainless steel filter or Teflon mesh is placed at the open side 
of the sampler [3,4]. After the sampler has been exposed to ambient air 
concentrations, the BTEX and NO2 contents are analysed at the laboratory 
by using gas chromatography for BTEX and flow injection analysis (FIA) 
for NO2. 

The NO2 passive samplers were installed in pairs. Two sampling cam-
paigns with a 30-day exposure period each – June 2005 and between August 
and September 2005 were carried out. There was only one campaign for 

2

Particulate material 

The DataRAM4 continuously monitors the real-time concentration and 
median particle size of airborne dust, smoke, mist, and fumes. The instru-
ment also displays air temperature and humidity. With appropriate particle 
discriminators, the unit provides high-reliability measurements correlated 
with PM10, PM2.5, PM1.0, and breathable fractions. This instrument moni-
tors the concentration of fine particulates in ambient air by a combination 
of aerodynamic size pre-selection, dual-wavelength nephelometry, and 
concurrent relative humidity sensing. With its self-calibrating internal filter 
and automatic zeroing, the DataRAM4 determines median particle size 
down to 0.05 µm regardless of concentration. The monitoring campaign 
was carried out, for each station, with two instruments during a 7-day period 
in June 2005. 
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the BTEX tubes, with one tube for each place of interest. These were
installed during the second NO  tubes campaign. 
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Temperature and relative humidity 

These parameters were registered by the DataRAM4 in the indoor environ-
ment of each station. For the outdoor temperature and relative humidity 
parameters, data from a case study released by the same research group 
were used [5]. 

Results and discussion 

A total of 40 air samples were collected for fungi analyses, 8 being from 
the stations’ outdoor environment, and the other 32 from the different levels 
of each station. There were 681 CFU isolated by the mycologic exam, with 
major occurrences of Cladosporium sp., Alternaria sp., Penicillium sp., 
Candida sp., and Aspergillus sp., as shown in Table 1. 

Low-toxicity regular fungi were found in the analysed samples, though it 
is cautious to point out that, in sensitized individuals, they can cause aller-
gic or toxic reactions. In each station the fungi percentiles for indoor and 
outdoor environment were quite similar, as well as the values for the indoor 
environment for the two stations. 

There are neither indoor nor outdoor biological air contamination stan-
dard levels, because even having a low air micro-organism concentration it 
could contain high pathogenicity species. Low air micro-organism concen-
tration levels does not necessarily mean healthy and clean environment. 

The fungi genus incidences found in this study are quite similar to those 
observed by Awad [6], although it is important to point out that the subter-
ranean station in Cairo has an air conditioning system. 

Table 1. Indoor and outdoor fungi percentiles in Clínicas and Praça da Sé subway 

Fungi Clínicas station Praça da Sé Station 
 Indoor (%) Outdoor (%) Indoor (%) Outdoor (%) 
Alternaria sp. 18.4 27.7 16.8 10.8 
Aspergillus sp.   3.9   6.0   2.3   1.1 
Candida sp.   3.9   2.4   2.7   1.1 
Cladosporium sp. 52.7 37.3 52.7 61.3 
Curvularia sp.  3.4   2.4   2.0   1.1 
Penicillium sp. 15.0   8.4 14.1   7.5 
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The results obtained with passive samplers indicated that the outdoor envi-
ronment pollution has an influence over the indoor stations’ environment 
and tunnels. Those pollutants are transported by the ventilation system or 
captured by the station access area, which makes the indoor and outdoor 
concentration values similar. 

Table 2 shows the results obtained for nitrogen dioxide (NO2) in each 
station’s indoor and outdoor environments. 

Table 2. Nitrogen dioxide (NO2) average, maximum and minimum concentration 
levels, standard deviation, and number of measurements at Clínicas and Praça da 
Sé station’s indoor and outdoor environments, São Paulo, 2005 

The maximum and minimum values shown in Table 2 for the indoor 
environment of the PSE occurred in the line 1 platform, which suggests 
some external agent influence during the station’s cleaning or maintenance 
process. 

Hourly averages were calculated and comparisons with the passive 
sampler results at the same sampled period were used. 

Figure 1 shows the comparisons between the DOAS NO2 concentration 
data and the passive sampler values, which substantiate the feasibility of the 
passive sampler technique. The BTEX passive sampler’s data indicate low 
concentration values, as seen for NO2, and we concluded that the presence 
of those two gaseous pollutants in the indoor environment of the stations is 
due to the concentrations on the outdoor atmosphere. The use of this sampler 
category allows for a regional mapping indicating the BTEX behaviour at 
different points. Table 3 presents the BTEX concentration levels with one 
sample collected per referred area. 
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Gaseous pollutants 

 Clínicas station Praça da Sé station 
 Outdoor (µg m–³) Indoor (µg m–³) Outdoor (µg m–³) Indoor (µg m–³) 
Average 62.81 68.01 77.28   76.56 
Max. 87.08 76.95 89.56 142.00 
Min. 21.91 52.09 43.38    6.53 
Std. 23.35 7.80 17.30 32.66 
No.  10.00 8. 0 6  18  
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Fig. 1. Comparisons between the DOAS NO2 concentration data and the passive 

Indoor and outdoor concentrations of NO2, benzene, toluene, and xylene 
were similar, indicating that the observed values are connected to the 
external environment atmosphere. In this case the subway station acts as 
an external contaminants receptor. 

Table 3. Benzene, toluene, ethylbenzene, and xylene concentration distribution 

Sampler area Benzene 
(µg m–³) 

Toluene 
(µg m–³) 

Ethylbenzene 
(µg m–³) 

p- + m-
Xylene

 (µg m–³)  
o-Xylene 
(µg m–³) 

FSP/USPa 6.2 21.2 4.4   8.6 2.7 
CLI platform 5.7 22.7 4.7   9.1 2.8 
CLI mezzanine 5.6 22.2 5.6 10.1 3.0 
CLI outdoor 5.7 22.8 4.7   9.3 2.9 
PSE line 1 4.1 16.8 2.7   5.3 1.9 
PSE mezzanine 4.4 17.8 2.6   5.1 1.6 
PSE outdoor 4.3 21.3 2.9   5.7 1.9 
PSE line 3 3.8 18.0 2.7   5.2 1.7 
aSchool of Public Health – DOAS site [5]. 
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Particulate material 

As shown in Table 4, the particulate material (PM) concentration levels are 
high. The CONAMA’s year average air quality standard for this pollutant 
is 50 µg m–³ [7]. 

Table 4.  PM10

 
CLI platform 

(µg m–³) 
CLI mezzanine

(µg m–³) 
PSE line 1 
(µg m–³) 

PSE line 3 
(µg m–³) 

Average 312.40 243.90 150.90 124.20 
Standard 145.01 112.03   54.94   47.00 
Max. 742.10 585.80 297.20 234.20 
Min.   38.10   28.60   50.70   34.40 

 
Many studies that investigate PM also observed high concentration levels, 

which characterize the subway transport system as a particle generator due 
to the spinning parts attrition, incoming external PM, and air flux inside 
the tunnels, associated with the impracticability of a ventilation system 
installation with the capability to remove this sort of pollutants [8–10]. 

Another feature that must be better known is the PM composition, 
which could help in the identification of those particles’ toxicity as well as 

Temperature and relative humidity 

Station’s temperature and relative humidity are related to the ventilation 
system activity, with 72% of the removed heat from the tunnels being due 

conduction [11]. 

simultaneously with the PM10 samples, showed a high temperature and low 
humidity in the Clínicas station. This condition makes the air drier, con-
tributing to the high PM concentrations. On the other hand, this condition 
is unsuitable for micro-organism development. 

The temperature for line 1 of Praça da Sé station was highly correlated 
with that for line 3 platform (r = 0.83), while its association with the out-
door environment was lower (r = 0.66). 

In the Clínicas station we observed a low correlation between the mez-
zanine and platform temperatures (r = 0.42), which was very similar to the 
correlation between the platform and the outdoor environment (r = 0.44). 
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their source – external environment atmosphere or subway system itself. 

to mechanic ventilation and air motion, and 28% being due to ground heat 

The temperature and relative humidity data (Table 5) collected by DataRAM4 

observed in Clínicas and Praça da Sé stations, São Paulo, 2005 
 average concentration levels, standard deviation, and limits

RK Fujii et al. 
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the outdoor environment (r = 0.10). 

2005 

Sampler area Temperature (°C) Relative humidity (%) 
 Average Standard Average Standard 
CLI mezzanine 33.8 0.55 35.6   2.13 
CLI platform 33.4 1.08 37.8   3.21 
CLI outdoor 19.1 3.42 75.8 17.06 
PSE line 3 28.6 0.79 44.9   5.74 
PSE line 1 27.7 1.48 50.1   3.76 
PSE outdoor 18.2 3.76 78.3 18.22 

 
In the Clínicas station, internal temperature is extremely high and has a 

particular behaviour. In addition, its dynamics is not affected by external 

Another fact that must be highlighted is that the data collection instrument 
was not properly located in the Clínicas station (very close to the station’s 
ceiling). 

Conclusions 

The present study completed its main purpose of evaluating the air quality 

Although high pathogenicity fungi were not found in the analysed sam-
ples, it is reasonable to recommend that periodic analyses be performed in 
different sites, as most of them have appropriate conditions for pathogenic 
fungi development. A preventive procedure that should be adopted is the 
use of disinfectant cleaning solutions, even for the tunnels which are periodi-
cally cleaned. 

For gaseous pollutants, the NO2 measurements presented similar values 
when compared to those obtained by DOAS equipment. This study was the 

important reference. 
Concerning the comparisons between the two stations, Praça da Sé sta-

tion showed a better condition concerning temperature and humidity when 
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mechanical ventilation system of the station is still undergoing installation. 
environment parameter variations. It is important to point out that the

There was no association between the temperatures of the mezzanine and 

Table 5. Temperature and relative humidity averages per sampled area, São Paulo, 

of the Clínicas and Praça da Sé subway stations in the city of São Paulo. 

first opportunity of measuring BTEX in São Paulo city, being therefore an 
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compared to the Clínicas station, most likely because there is a functioning 
ventilation system. 

Considering the substances and micro-organisms focused in this study, 
PM10 must have the main attention. Although in this study it was possible 
to know that its concentration levels are extremely high, further studies are 
necessary to assess what substances compose this PM and their toxicity. 
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Abstract 

A study has been carried out to evaluate the air quality impact under differ-
ent typologies of motorways in Portugal. The monitoring of atmospheric 
pollutants with the use of indicative and continuous simultaneous measure-
ment methods was the strategy to evaluate the conformity with National/ 
European air quality legislation. This paper gathers results obtained in two 
major air quality-monitoring campaigns. Meteorological and traffic data 
were also collected. Benzene showed a decreasing linear dispersion behav-
iour for all the considered motorways and seems to be the best descriptor 
to evaluate the impact on air pollution through indicative measurements. 

Introduction 

The main purpose of this paper is to evaluate the road traffic impact on air 
quality under different typologies of motorways in Portugal: A1 North, 
A2 South, and A5 Cascais that links Lisbon to Porto, Faro, and Cascais, 
respectively (Fig. 1). The first is marked by a pendular traffic with two 
significant peaks along the day, but with more heavy-duty diesel traffic 
than the others. The second has a peculiar characteristic, meant for expres-
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sive traffic peaks associated with a seasonal increase to/from Algarve, a 



Fig. 1. Geographical points location map 
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much requested tourist area. The last one has similar characteristics to the 
first but with much higher average daily traffic [1]. 

The Directive 96/62/CE mainly aims to maintain and improve the air 
quality through the establishment of long-term quality objectives, common 
criteria, and methods, on the European Union (EU) level for the air quality 
assessment in order to get information on ambient air quality and ensure 
that it is made available to the public [2]. Therefore, the obtained results 
were also compared with the current legislation in order to evaluate the 
impact in the nearly population exposure due to the vehicles circulation in 
those motorways. 

This paper gathers results obtained in two major air quality-monitoring 
campaigns, accomplished between 8 March and 10 May (first campaign), 
and between 28 June and 18 August (second campaign), 2004. Both cam-
paigns were made during 3 weeks each one. 



Three sampling points distributed along three main sections of each motor-
way were selected, namely: Santarém (S) – Torres Novas (TN) for A1, 
Oeiras (O) – Carcavelos I for A5, and Almodôvar (ALM) – São Bartolomeu 
de Messines (SBM) for A2. 

Experimental – Method 

The two campaigns implied the continuous measurement of gases (CO and 
NO2) and particles (PM10). Also, the weekly averaged concentrations of 
NO2 and C6H6 with diffusion sampling tubes placed at some particular 
points, previously chosen [3]. Meteorological parameters were measured 
due to their influence in the dispersion of atmospheric pollutants, namely 
wind speed and wind direction, rainfall, temperature, and humidity [4]. 
A meteorological station was always placed in the same location where 
pollutants were monitored in the vicinity of the Snif-Airlab (mobile labora-
tory of the New University of Lisbon) and close to the places where the 
indicative measurement with diffusion tubes was taking place [5]. Figure 2 
presents a scheme with the location of the measuring equipment. 

The rank of diffusion tubes at different distances (10, 25, 50, 75, and 
100 m) of the berm and at both sides of the motorway, aimed to provide a 
better understanding of the dispersion pattern of the pollutants along those 

Fig. 2. Project of installation of the measuring equipment and Snif Lab 

areas. The chosen points had looked for to be representative of the popula-
tion exposure in their vicinity to the pollutant concentrations as also condi-
tioned by the needed two requests: the existence of plain land in both 
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sides of the road, for the indicative measurement, and on the other hand, 
the existence of electric energy to the Snif analysers for the continuous 
measurement. 

The monitoring of pollutant gases was made using passive Radiello dif-
fusion tubes for sampling of NO2 and BTX (benzene, toluene, and xylene). 
Toluene and xylene are pollutants not currently legislated in terms of air 
quality. This equipment allows collecting an integrated pollutant sample for 
one specific exposure period. The results correspond to the average concen-
tration for the chosen period of exposure. The exposure time of the diffusers 
in the sampling points was 1 week. 

The pollutants CO and NO2 were measured using a chemiluminescence 
continuous measurement technique with integrated average concentrations 
of 15 min, which were compiled in hourly average values. For CO, taking 
into account the legislated 8-h base averaged value, this integrated period 
was used to allow a comparison with the air quality limit value foreseen in 
the Council Directives 1999/30/EC and 2000/69/CE.  

The monitoring of particles was carried through continuous beta radia-
tion equipment. The Directive 1999/30/EC indicates the method of refer-

10

passes through a size-selective inlet with a 50% efficiency cut-off at 10 µm 
aerodynamic diameter) as the one described in the European norm EN 
12341. This norm considers the gravimetric method as the reference 
method. However, this legislation allows the use of other methods if demon-
strated that their results are equivalent to the ones of the reference method. 
Therefore, a correction factor of 1.18 to the PM10-collected data (correc-
tion factor for traffic stations) was applied on the basis of intercomparison 
studies performed by the Portuguese Institute for the Environment. Aver-
aged concentrations of 15 min were collected and integrated as hourly 
averaged values. Since the legislation establishes daily and annual limit 
values, the hourly data were then integrated on a daily basis to aim the 
respective comparison with the Directive 1999/30/EC. 

The meteorological conditions influence the concentration and the dis-
tribution of the atmospheric pollutants [6]; therefore, the measurement of 
the meteorological parameters was performed in all sampled locations. A 
portable meteorological station measuring wind direction and speed, rain-

motorway berm. The collected data are on hourly basis. 
The simultaneous use of these two methods (indicative and continuous) 

is sufficient to verify the conformity with the legislation, as well as evalu-
ating and comparing the correspondent obtain concentration levels in the 
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), which ence for sampling and measuring of particulate matter (PM

fall, temperature, and sun radiation, was used for this purpose. Those para-
meters were measured at height of 5 m above ground level and 25 m far 
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Results and discussion 

The results obtained were compared with the current EU legislation. The 
comparison was made with the legislative values for the year 2005 (limit 
value – LV and/or limit value + margin of tolerance – LV + MT), assum-
ing different time basis (hourly, octo-hourly, or daily), depending on the 
pollutant. Also, it was made an analysis with the purpose of evaluating the 
road traffic impact on air quality under three different typologies of motor-
ways associated with the distinct use of those. 

Continuous measurement 

Considering the analysis of the concentration behaviour of the several pol-
lutants monitored, it was proceeded to the intercomparison of measured val-
ues, in hourly basis. Figure 3 shows the evolution of hourly concentrations 
of CO that occurred during the first campaign in the three different motor-
ways and it shows that for the Lagoas Park (A5), those concentrations are 
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Fig. 3. CO hourly concentrations under different typologies of motorways (first 
campaign) 

obtained values are only representative of the sampling period. 
different studied motorways. However, salient that for each method the

always higher compared with the other evaluated motorways. Nevertheless



same concentrations levels, however through distinct trend along the day. 
Relative to daily analysis some concentration peaks have a coincident 
trend, even so with different concentration levels; on the other hand occa-
sionally such behaviour is completely divergent. Matching the first and 
second campaigns, the concentrations levels are similar once the trend 
lines were in analogous baseline. 

This pollutant is well correlated with traffic flow and those concentra-
tion variations could be associated with the affluence of vehicles through 
this road section. 

Those values can be considered as very low taking into account the cor-
respondent threshold value of 10 mg m–3 (octo-hourly basis). Figure 4 
shows the evolution of hourly concentrations of NO2 occur during the first 
campaign in the three different motorways and like CO, this pollutant had 
similarly behaviour in what concerns to the highest measured values in 
Lagoas Park (A5) and also concerning with the general occurred peaks at 
the beginning or at the end of the day. This could be explained because of 
the correspondent increment on traffic marked notoriously by two flow 
peaks along the day. Differentiate levels of concentration along all weeks 
were observed for all the three motorways, but with more expression for 
 

2
campaign) 
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Fig. 4. NO  hourly concentrations under different typologies of motorways (first  

Torres Novas (A1) and Paderne (A2) seem to have more or less the
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Fig. 5. PM10 daily concentrations under different typologies of motorways (first 
campaign) 

A5 than the others. This could be associated to the distinct traffic flow 
verified during both monitoring periods. Measured concentrations are 
under the hourly threshold value for NO2 (250 µg m–3). 

Concerning PM10, these had the opposite performance to the one veri-
fied for the gases, once the highest concentrations were observed in the 
Paderne (A2). 

This comparison was made only for A2 and A5 motorways, due to tech-
nical problems with the analyser during the sampling campaign in Torres 
Novas (A1). No exceedances to the daily limit value were observed with 
an exception for the A2 (Fig. 5). 

Indicative measurement 

The next NO2 weekly averaged concentrations are related with the indi-
cative measurement made in Torres Novas (A1), Lagoas Park (A5), and 
Paderne (A2) (Fig. 6). 

Those concentration levels were relatively different concerning the motor-
way, but always with low observed values. It is possible to verify, mainly 
for the first campaign, a decreasing linear pollutant dispersion behaviour 
with the distance to the road, especially until 50 m. 
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2
and second campaigns) 

Concerning to the second campaign, the pollutant behaviour in what 
concerns to the A5 motorway was random and it was not possible to obtain 
linear pollutant dispersion. The wind variable conditions can explain not 
only the linear trend but also the error associated with this measurement 
methodology. NO2 concentration values are higher at the first campaign 
than those from the second one. This is related with the different number 
of vehicles circulating in each campaign. Nevertheless, the measured val-
ues never exceeded the correspondent limit value. There is approximate 
linear dispersion behaviour of the registered concentration values with the 
distance from the road. The NO2 concentration between campaigns, show a 
similar relation with the concentrations registered by the continuous meas-
urement, mainly in the second campaign, which had met higher measured 
values close to twice more, relatively to those of first campaign. The 
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Fig. 6. NO  weekly concentrations under different typologies of motorways (first  

weekly averaged concentrations of C6H6 could be observed in Figure 7. 
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values were much more higher than the observed in the other two locations 
at A1 and A2 motorways. This could be explained because of about 3600 
vehicles of hourly average traffic in that motorway, against nearly 1500 
vehicles at the A1 and A2 motorways. The comparison of the concentra-
tions through both measurement campaigns also indicate that the value 
levels were slightly higher in the first campaign although, for the A5 loca-
tion there was a very big difference between those concentrations levels, 
just because of the nearly half vehicles that circulated during the second 
campaign period. 

It is possible to observe the presence of a clear dispersion pattern of 
benzene pollutant during some different distances from the motorways and 
for both sides of the road. 

A direct comparison with the legislation is not possible because meas-
ured benzene concentrations correspond to weekly averages and not annual 
averages. 
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Benzene (C6H6) measured values are low and similar for the two cam-
paigns, with an exception for Lagoas Park in the A5 motorway, once their 

6 6
and second campaigns) 
Fig. 7. C H  weekly concentrations under different typologies of motorways (first  



Conclusions 

In general, the concentration values obtained along the two campaigns for 
all the pollutants were low, except for benzene. 

Regarding the measurements of CO and NO2, very low concentrations 
values were observed, but with some significant variations along the day, 
however, quite below the threshold value for the protection of human 
health. 

The monitoring air quality data for A2 South only indicates potential 
problems for particulate atmospheric pollution. High concentration levels 
were measured close to the motorway and possibly associated to the PM10 
direct emission through the vehicles exhaustion as to the resuspension 
from the vehicles circulation. 
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C6H6 values presented decreasing linear dispersion behaviour mainly 
until 50 m distance from the motorway. For NO2 pollutant this occurrence 
is not so clear. The NO to NO2 oxidation time could explain this, since it is 
flowed from the pipe. Benzene seems to be a better pollutant to character-
rize traffic pollution nearby motorways. Knowledge about the traffic 
counts for the campaign periods allowed a better explanation of the motor-
way impact in terms of air quality, through the relationship established with 
certain observed peaks. However, the notorious cyclic pattern described, 
under the three motorways, by two systematic peaks in a number of vehicles 
every day, although with distinct levels of hourly average traffic, it allows 
to see a non-direct correspondence to the measured concentrations trend. 
These non-linear behaviours can be explained once the distinct meteoro-
logical conditions occurred over those several monitored points as also by 
the punctual occurrences of calm situations during the respective sampling 
periods. Additionally, the winds did not assume a systematic dominant 
direction; therefore, those points were not always in such a position that 
allowed catching the pollutant mass source from the traffic roads. 

The monitoring of atmospheric pollutant through two different measure-
ment methods (indicative and continuous measurement) was sufficient to 
evaluate the conformity with the air quality legislation. The obtained results 
through several campaigns that had taken place in those motorways, allowed 
congregating some useful information that could be used by stakeholders 
in order to support the air quality assessment in motorways. 
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Abstract 

The Alpine environment as a sensitive region is heavily influenced by major 
traffic routes. Within the project ALPNAP (monitoring and minimization 
of traffic-induced noise and air pollution along major Alpine transport 
routes) the integration of advanced scientific methods of monitoring and 
simulating the air quality distribution and noise propagation is a key aspect 
for the impact analysis on human health. A methodology for measurement 
strategies and model simulations for air pollutants will be demonstrated for 
the Brenner traverse. First, results of a field measurement campaign give 
detailed insights of the complexity of the atmospheric conditions and the 
distribution of air pollutants in the Inn valley. 

Introduction 

Road traffic emissions combined with unfavourable meteorological condi-
tions like calm winds and low inversion layers have severe impacts on the 
natural environment as well as on the socio-economic development of 
regions in the vicinity of major Alpine traffic routes. Increasing amounts 
of heavy-duty vehicles and passenger cars force the increase of traffic 
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emissions, which continually violate the EU air quality thresholds of, e.g., 
PM10 and/or NO2 not only in this region. 

ALPNAP is an ongoing European Union (EU) research project focusing 
on corresponding effects along several major transit routes across the 
European Alps. Assisting regional authorities with appropriate output, a 
unique cooperation of scientists within the Alpine region was set-up to 
better assess and predict the spatial and temporal distribution of air pollu-
tion and noise propagation close to major Alpine traverses. 

In a first step, a measurement campaign in the lower Inn valley was 
designed to determine cross-valley air pollution and meteorological infor-
mation, as well as vertical profiles to determine flow regimes (valley, slope 
winds), mixing layer height, stability in the boundary layer, and emission 
sources at specific locations. Covering the major part of the winter season, 
this data will be used for enhanced analysis as well as for the set-up and 
validation of corresponding models merging the wealth of different remote 
sensing and in situ measurements. In a second step, air quality simulations 
will be carried out, in order to receive detailed three-dimensional (3D) 
information of the distribution of air quality parameters. 

Methodology 

In the frame work of ALPNAP, a field campaign in the Inn valley was per-
formed between November 2005 and February 2006. The campaign was 
based on existing background information and was focused on air pollu-
tion and noise strain in the lower Inn valley. The target area was centred on 
Schwaz/Vomp (47°20′N, 11°41′E, 540 m a.s.l.), where exceedances of 
NO2 and PM10 are frequently recorded. 

From the viewpoint of air pollution induced by inner Alpine traffic, the 
most important goals for the field campaign are outlined below: 

• Study the spatial and temporal variation and distribution of air pollution 
concentrations within a cross section of the valley induced by inner 
Alpine traffic. 

• Determine the dependence of the observed air pollution patterns on 
meteorological parameters like wind, stability or mixing height, etc. 
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Measurements 
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• Evaluate the best use of an existing slope temperature profile for mixing 
height and stability analyses. 

• Use the field data for the set-up and validation of analysis of dispersion 
models used in the area of investigation. 

Based on the existing routine air pollution measurements, a two-way approach 
was introduced for the field phase. Permanent air pollution and meteoro-
logical instrumentation including a SODAR (vertical profiles of acoustic 
backscatter intensity and Doppler signal, as well as derived wind and tur-
bulence parameters and mixing layer heights), a ceilometer (vertical pro-
files of optical backscatter intensity and derived mixing layer heights), an 
open-path differential optical absorption spectroscopy (DOAS), a long-
path air pollution information at different paths), three automated weather 
stations (AWS), and 10 passive samplers for NO2 provide consistent data 
sets of the temporal development of the meteorology and air pollutants 
throughout the winter. The location of the instruments as well as some im-
ages of the measurement devices are shown in Figure 1. During high air 
 

Fig. 1. Target area Schwaz/Vomp and instrumentation. Note the river Inn and the 
A12 highway (closer to the northern slopes). Images of the measurement devices 

10 
device, (5) SODAR, and (6) AWS Arzberg. At location 5 a ceilometer was set up 
additionally. Tiny circles denote NO2 passive sampler locations 
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• Evaluate the spatial representativeness of routine air pollution networks 
in the area as a function of distance to the main sources and altitude. 

receiver or emitter unit, (3) 10 m AWS Schwaz, (4) measurement van with PM
clockwise from bottom left: (1) AWS Vomperberg on power pylon, (2) DOAS



Fig. 2. Operation periods of the different measurement instruments. Cal denotes 
calibration phase. The dashed lines represent additional measurements, where 
tethersonde profiles, car traverses, and VOC sampling were performed 

pollution episodes, additional measurements were performed. These include 
measurements with a tethered balloon to determine the vertical structure of 
dust particles, temperature, humidity, and wind. Mobile car traverses yielded 
PM10 and meteorological information and sampling of volatile organic 
compounds (VOCs) at selected spots. The operation periods of the differ-
ent measurement instruments are given in Figure 2. 

Modelling 

Additional to air quality measurements also the simulation of the horizon-
tal and vertical distribution of air pollutants on a high temporal and spatial 
resolution is a key aspect. In this study it should be demonstrated how to 
utilize advanced methods to simulate the concentrations of airborne pollut-
ants, such as NO, NO2, different VOCs, and PM, as a function of the emis-
sions within such a complex topography. Furthermore, the evaluation of 
the consequences of specific emission reduction measures (e.g., traffic ban 
on certain vehicles as a function of time of day and year, future develop-
ment of traffic) will be considered. 

Therefore, a model hierarchy from the microscale to mesoscale has to be 
set up to calculate traffic emissions, to simulate meteorological and air  
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pollution parameters for supporting further studies on the health impact  
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Fig. 3. Model chain and modelling tools used by the ALPNAP project partners 
and their possible spatial and temporal field of application 

in an Alpine environment. In Figure 3, the hierarchy of the models starting 

2 3 10

Results 

Generally, the NO concentrations are clearly dominated by the traffic vol-
ume. Thus, the highest values are found at the highway (DOAS, 570 m 
a.s.l.) followed by the valley floor in 800 m distance to the highway 
(Schwaz, 540 m a.s.l.) and at the southern slope (Arzberg, 720 m a.s.l.). 
The exceedance at the valley floor as compared to the slope station is basi-
cally related to a stable layering of the valley atmosphere more or less 
during all the time. Outstanding high pollution episodes were found dur-
ing: 20–24 December 2005, 09–22 January and 25 January–02 February 
2006, when the detailed structure of the valley atmosphere was captured 
by the additional intensive measurements periods. 

Moreover, the data indicate that the ratio of concentrations near the high-
way to the background is systematically higher for NO2 and NO by more 
than a factor of 2. On a local scale the data allow, e.g., to demonstrate the 
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like RAMS/HYPACT to the online-coupled mesoscale Chemistry-Transport
from the traffic emission model system NEMO/GRAL, to forecast tools like 

Model MCCM with a spatial resolution of less than 100 m and up to
100 km, respectively, is shown. The simulation period varies between hours
and more than 1 year for the calculation of annual mean thresholds of 
NO , O , and PM  according to the European air quality directives for the 
whole Brenner traverse from Rosenheim/Germany to Verona/Italy. 
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impact of nearby construction work imposing on the CO, NO, and NOx 
measurements. As a well-known feature on the other hand, a dominant 
“new year” peak in PM10 concentration at midnight (31 December 2005/01 
January 2006) was found. 

These features are exemplified for the 10-day period from 6 to 15 January 
2006, which was characterized by stable conditions within the valley 
boundary layer. A very regular and undisturbed weather pattern is revealed 
by Figure 4. The almost undisturbed cycle of short wave radiation indi-
cates the prevailing clear sky conditions. Very cold (dense) air at the valley 
bottom leads to inversion conditions most of the time (temperature gradi-
ent is positive, warmer air at AWS Arzberg 180 m a.g.l. than at AWS 
Schwaz), except for almost isothermal conditions in the early afternoon. 
The according wind pattern shows a typical winter-time valley regime. 
Outflow from south-west, usually stronger in the second half of the night 
(more cold air has formed in the upper Inn valley), except for some early 
afternoon periods with very weak valley inflow. 

Fig. 4. Weather conditions during the period from 6 to 14 Jan 2006. 2 m tempera-
ture at AWS Schwaz in °C (top), Temperature gradient between AWS Schwaz and 
Arzberg in K 100 m–1 and short wave radiation at AWS Schwaz in W m–2 (middle), 
and wind speed in m s–1 and direction in deg at AWS Schwaz (bottom) 
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Fig. 5. Diurnal variation of the vertical thermal structure of the valley boundary 
layer from SODAR acoustic backscatter and vertical velocity variance observa-
tions. Upper grey line shows top of turbulent layer. Small bars indicate multiple 
lifted inversions, grey shading from below marks a stable surface layer. Small 
bullets signify the mixing layer height defined as the top of the stable surface layer 
or – if absent – the height of the lowest lifted inversion 

The temporal variations of air pollution concentration (CO, PM10, and 
NO2) at the valley ground are clearly dominated by the mentioned weather 
conditions and emissions. As for the NO2 and CO emissions, the main 

2

early afternoon mixing height rises (see thin lower line in Fig. 5) and the
concentrations decrease (Fig. 6), whereas the ozone concentrations increase. 
During midnight the CO concentrations show a maximum and PM10 and 
NO2 concentrations show a minimum. As outlined in Table 1, the daily 
mean values of PM10 and NO2 are increasing within this 10-day period. 
This effect is attributed to the accumulation of pollutants due to a stable 
and high pressure-dominated Grosswetterlage with an inefficient air mass 
exchange. 

In Arzberg, the NO2 concentrations are generally lower than at the valley 
bottom. Only in the beginning of the period during well-mixed conditions 
in the early afternoon the concentrations are on the same level as at the 
valley ground. 
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source is road traffic at the highway. The NO  and CO maxima in the morn-
ing and in the evening correspond to the local traffic maxima. In the



Fig. 6. Time series of NO2, O3, PM10, and CO at the station Schwaz and NO2 at 
Arzberg (instrument TE42C-96) 

2 2
southern slope (Arzberg), and PM10 at Schwaz between 6 and 15 Jan 2006 

Date NO2-Schwaz 
(µg m–³) 

NO2-Arzberg 
m–³) 

PM10-Schwaz 
(µg m–³) 

06 Jan 24.9 8.8 43.8 
07 Jan 27.1 11.6 42.7 
08 Jan 28.2 10.3 42.2 
09 Jan 30.7 10.4 44.8 
10 Jan 48.7 11.7 52.3 
11 Jan 63.9 12.9 51.7 
12 Jan 54.1 15.8 65.8 
13 Jan 61.7 16.6 52.3 
14 Jan 61.1 20.5 57.4 
15 Jan 65.7 28.3 80.2 

The typical evolution of the polluted boundary layer is shown for 13 
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Table 1. Daily mean concentrations of NO  in the valley (Schwaz), NO  on the 

(µ

January 2006. The acoustic remote sensing technique of the SODAR
detects vertical stratification (Fig. 7a) and vertical wind profiles. The opti-

(Fig. 7b). An inversion in the lowest 100 m persists until midday, when solar
cal backscatter from a ceilometer is an indication of the aerosol density
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Fig. 7. Diurnal variation of vertical structures of the valley boundary layer on 13 
January 2006. (a) Acoustic backscatter intensity from SODAR observations. The 
darker grey shading near the surface signifies the most stable thermal stratifica-
tion. (b) Optical backscatter intensity from ceilometer observations. The whitish 
and grey shades indicate high aerosol concentrations; the black areas near the 
surface signify moist mist or even fog 

211 

about 80 m a.g.l. before noon, when the intensity decreases from the bot-
tom while still present below the sharp inversion layer. 

A more detailed picture at a given time can be seen from the tethersonde 
ascents depicted in Figure 8. The left graph shows the vertical structure 
around 1030 CET. The beginning of the marked inversion around 90 m 

10
–3

After 2 h, radiation has heated up the surface layer, leaving a more pro-
nounced inversion layer at 140 m a.g.l. Consequently, the dust particles 
where vertically redistributed leading to more uniform values of around 50 
µg m–3. Hence, the surface exposure is reduced due to a deeper and more 
uniformly distributed aerosol layer. 

radiation leads to a short break up in the early afternoon before reforming 
after sunset. The ceilometer reveals that the polluted layer is restricted to 

decreasing with height from 70 µg m  to background values close to zero.
a.g.l. marks the top of the polluted layer, with PM   values  gradually



 

Fig. 8. Tethersonde ascents on 13 Jan 2006 at (a) 1007–1042 CET, (b) 1154–1234 
CET The four panels show temperature in °C, relative humidity in %, wind vanes 
and PM10 in µg m–3 
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Fig. 9.  PM10
–3

The mobile measurements of the PM10 concentrations give detailed infor-
mation of the distribution at the valley bottom and on both slopes up to 
200 m a.g.l. (Fig. 9). In the morning PM10 levels at the valley bottom are 
close to 80 µg m–3 and at the slopes close to 10 µg m–3. Towards noon, 
as already seen in the tethersonde graph, the concentration in the valley  
decreases due to lower emissions. Moreover, the lowest layers show a more 
evenly distribution, while in levels above the PM10 concentrations are 
nearly unchanged.  

Conclusions 

A methodology for the assessment of the air quality within Alpine valleys 
was introduced. Both, measurements and simulations will be used to  
extend our knowledge about the distribution of air pollutants in the inho-
mogeneous terrain of a valley and the impact on human health. 

In a first review a brief description of the air quality situation within the 
cross section of the Inn valley near Innsbruck was summarized. First results 
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between 1011 and 1123 CET (left) and between 1154 and 1256 CET (right) includ-
ing GLOBE30 topography. Note the decrease in concentration on the valley bottom 
towards noon due to the better mixing conditions 

) on 13 Jan  2006 from car  measurements concentration (µg m



of the measurements show the influence of weather conditions and traffic 
emissions to the overall air quality situation within the valley. Their quali-
tative interpretation confirms that stable meteorological conditions without 
relevant vertical and horizontal exchange are the main reasons for the ob-
served NO2 and PM10 threshold exceedances during winter 2006. How-
ever, the detailed evolution indicates a number of complex interactions 
linking, e.g., small-scale topography, diurnal variation of sources (traffic 

However, even detailed measurements like these cannot reflect the full 
temporal and spatial variability of the complex flow regimes or the hori-
zontal and vertical distribution of chemical parameters in alpine valleys. 
Future numerical simulations will contribute there and the corresponding 
validation process will greatly benefit from the available data. Thus, set-

Further information about the ongoing work can be obtained at the 
ALPNAP website http://www.alpnap.org/. 
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Abstract 

Elevated platinum group elements (PGEs) concentrations have been reported 
at Summit in Central Greenland. Automobile catalysts and Russian smelters 
have been suggested as potential sources of PGEs at Summit, but the rela-
tive importance of these sources still needs to be determined. Here, we 
provide a source characterization based on relative PGE concentrations and 
air mass modelling. This study suggests that both catalysts and smelters are 
potential sources of PGE in Greenland, but that the contribution of smelt-
ers is relatively limited. The larger contribution from catalysts is probably 

Introduction 

Platinum group elements (PGEs) are among the least abundant elements in 
the earth’s crust. However, emission of Pt, Pd, and Rh from automobile 
catalysts [1] is resulting in elevated concentrations of these elements in 
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the result of higher emission rates related to the number of vehicle equip-
ped with a catalyst. The presence of automobile catalysts-derived PGE in
Greenland suggests that automobile catalysts are resulting in widespread
contamination. 

the urban and roadside environment [2–4]. Whereas emitted PGE were  
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Fig. 1. Location of the Summit site in Central Greenland and Russian smelters 
(Moncehgorsk and Taymir) for which dispersion has been modelled 

believed to remain in the roadside environment, the recent finding of  
increasing PGE concentrations at Summit in Central Greenland [5,6] has 
raised concern over the possible widespread dispersion of these metals. 
Because of the rapid increase, potential natural sources are unlikely to be 
responsible for the observed increase. Until now, two possible anthropo-
genic sources of PGE in Greenland have been discussed, i.e., automobile 
catalysts [5] and Russian smelters [7]. Because fine particles have rela-
tively long atmospheric residence time and can be transported over long 
distances, the occurrence of PGE fine particles in automobile exhaust 
might explain elevated PGE concentrations in Greenland [8]. Russian 
smelters are important PGE emitters [9,10] and their location above the 
Arctic Circle (Fig. 1) makes them a potential source of PGE in Greenland. 

At present, there is no agreement on the relative contribution from these 
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two sources and the source of PGE at Summit still needs to be determined. 

in Greenland, we have used relative PGE composition in Greenland snow
To determine the relative importance of these sources to PGE deposition

and an atmospheric circulation model in both backward and forward modes. 
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Characterization of PGE deposition in Greenland 

Elevated PGE concentrations were observed at Summit in Central 
Greenland in the mid-1990s [5]. Platinum, Pd, and Rh deposition rates in 
Greenland in the mid-1990s were estimated to be approximately 0.08 ± 
0.04, 0.2 ± 0.1, and 0.011 ± 0.005 µg m–2 year–1 [8], respectively, based on 
PGE concentrations [5,6] and snow accumulation rates at Summit. 

Comparison of relative Pt, Pd, and Rh concentrations at Summit and in 
materials characteristic of automobile emissions and Russian PGE produc-
tion provide information relevant to PGE source identification at Summit. 
The plot of Pt/Pd versus Pt/Rh (Fig. 2) reveals differences in the relative 
composition of catalyst-derived materials and smelter-derived materials 
with an overlap. Deposition at Summit has a composition similar to that of 
urban samples, but has a low Pt/Pd resulting in the deposition at Summit 
also partially belonging to the overlap zone. Although the comparison in-
dicates that both automobile catalysts and smelters are viable sources of 
PGE at Summit, automobile catalysts appear to be a more important source 
(Fig. 2). 

Fig. 2. Relative PGE composition in recent Greenland ice compared with the 
composition of urban samples, catalysts, Russian ores, and samples in the vicinity 
of Russian smelters (Adapted from [8].) 
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Modelling 

The hybrid single-particle Lagrangian integrated trajectory (HYSPLIT) 
model was developed by the Air Resources Laboratory (ARL) (National 
Oceanographic and Atmospheric Administration, USA) and the Australian 
Bureau of Meteorology to assist in determining the impact of catastrophic 
pollution events and planning an effective response. The model is a com-
bination of Lagrangian and Eulerian modelling approaches, i.e., advection 
and diffusion are calculated separately (Lagrangian framework) and con-
centrations are determined on a fixed grid (Eulerian approach) [11,12]. 

Two independent modelling approaches were considered to determine 
the source of PGE at Summit. Because automobile catalysts are a diffuse 
source of PGE, it is difficult to model the fate of emitted particles. The 
possibility for catalyst-emitted particles to reach Summit was determined 
using back trajectories with Summit as an endpoint. In contrast, smelters 

Back trajectory modelling 

The origin of the air mass over an area can be determined using atmos-
pheric models and it is possible to determine the source of air pollutants 
from long-range transport. The back trajectory approach provides an inter-
esting approach for the study of PGE emitted from catalysts. If trajectories 
ending at Summit pass over urban areas, there is a good chance that fine 
particles can be transported from the urban areas to summit. In contrast, if 
trajectories pass over smelting areas in Russia, there is a high probability 
that PGE are transported from the smelters to Greenland. Although this 
approach is not quantitative, it can provide an indication of the source of 
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dispersion of emitted particles. The dispersion of PGE emitted from two 
are localized emission sources and it is therefore possible to model the 

Russian smelters was modelled in the forward mode. 

PGE at Summit. Ten-day back trajectory calculations were performed

specific source area. 

USA Reanalysis weather data. Trajectories were found to originate or pass 
performed using the National Centre for Environmental Prediction (NCEP, 
for a 1-year period. Calculations were based on vertical velocity and were 

over both smelters and urban areas (Fig. 3) with no clear tendency for a 
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different altitudes (triangles: 250 m; squares: 500 m; circles: 750 m). (A) Trajec-
tory passing over urban areas; (B) trajectories passing over northern Russia 
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Fig. 3. Examples of 10-day atmospheric trajectories ending at Summit at three 
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Dispersion modelling 

In addition to back trajectory calculations, HYSPLIT enables the model-
ling of atmospheric dispersion from a point source and can predict deposi-
tion at a specific location. Two smelters (Fig. 1) were selected as PGE 
emitters. Simulation was performed for a 100-day period using reanalysis 
weather data. Because PGE emission rates from Russian smelters and 
emitted particle sizes are not available, the following assumptions were 
made:  

• Two emission scenarios, i.e., low and high emission, were selected for 
input into the model. The scenarios are based on production numbers, 
emission factors for Cu and Pb. 

• Twenty-five percent of emitted particles (particle mass) were assumed 
to have a diameter of 0.5–5 µm, the remaining particles were assumed 
to have a diameter of 15 µm. 

Validation of the model and input parameters was performed by com-
paring the deposition estimates with measured deposition rates at a location 
approximately 8 km from the Monchegorsk smelter [13]. Estimates from 
the model with the high emission scenario are within 20% of the measured 
deposition, indicating that the input parameters and the model accurately 
describe the dispersion of PGE from the smelter. 
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Fig. 4. Comparison of deposition rates at the Summit. HYSPLIT estimates include 
emission from both Monchegorsk and Taymir. Measured deposition estimated 
from [8] estimated using reported deposition and snow accumulation rate 
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Conclusions 

The study presented here shows that smelters are a relatively minor con-
tributor to PGE deposition in Greenland. Automobile catalysts is the only 

to the growing number of vehicles worldwide and the implementation of 
catalyst-requiring legislation in developing countries. 
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The results show that the deposition of Pt and Pd from PGE emission by 
the two smelters is in the order of 0.01–0.1 µg Pt m–2 year–1 and 0.1–1 µg 
Pd m–2 year–1

measured PGE deposition at Summit demonstrates that the contribution of 
Russian smelters is limited in comparison with other sources. 

Because back trajectories did not point to a specific source area and the 
contribution from smelters is limited, deposition at Summit is attributed to 
a higher total emission rate for catalysts than for smelters, possibly due to 
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Abstract 

This paper reports a methodology for assessing the risk of damage caused 
to key cultural heritage buildings because of exposure to air pollution. 
Both corrosion and soiling damage are considered. Emissions inventories 
linked to a dispersion model allow the production of pollutant (SO2, O3, 
PM10) contour maps across a city. Combining this information with 
dose–response functions allows the rate of building material damage to 
be mapped. The location of key cultural heritage properties can be added 
to these maps, allowing the risk to these building to be evaluated. UN 
Educational, Scientific and Cultural Organization (UNESCO) World Heritage 
Sites in London and Barcelona are used to demonstrate the methodology. 

Introduction 

Cultural heritage properties (historic buildings, works of art, medieval 
glass, archaeological treasures, etc.) are valued by society, but are at risk of 
damage due to exposure to air pollution. The two main forms of damage 
are corrosion (this was principally due to SO2 exposure in the past but 
increasingly other pollutant effects are becoming more important as SO2 
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levels fall) and soiling (principally due to exposure to particulate air pollu-
tion). Cultural heritage damage presents a special cause for concern because, 
unlike most ecosystems, building materials have no ability to recover natu-
rally and the historic and artistic importance of the objects may be related 
to the preservation of the original materials, whereas materials in modern 
buildings may be replaced more readily. A number of research pro-
grammes, mostly supported by the European Commission, have examined 
the scientific basis for exposure and response and this has resulted in the 
availability of dose–response functions relating a number of materials to 
pollutant exposure [1]. These materials can be subdivided in the following 
categories depending on the availability of quantitative or qualitative data 
on effects of environmental parameters on degradation: 

• Category 1: Dose–response functions are available 
• Category 2: Damage functions might be obtained from, e.g., maintenance 

data 
• Category 3: Limited knowledge on environmentally affected degradation 

Dose–response and damage functions model the physical damage done 
by pollution but this is only the first necessary step in establishing the cost 
incurred. If policy or management practice is to be changed to increase 
protection of heritage, it is desirable that some measure of the extent of the 
risk is available. For regional, national or international scale air quality 
policy it is desirable to be able to estimate the cost implications involved 
and this involves estimation of the amount of material exposed. This is 
complex for heritage objects and will not be considered here. On the other 
hand, more local actions by heritage managers may not require such detail. 
It is likely that managers will have a good estimate of the amount of dif-
ferent material used in the construction of their object, but will be less 
familiar with the air pollution situation and the resultant implications for 
air quality. Thus it may be sufficient to have an indication of the likely 
damage at the location of the object – a risk map. We present this approach 
here and report on studies conducted in London and in Barcelona, which 
relied on bringing together two databases: 

1. The identification and location of cultural heritage buildings 
2. The spatial distribution of those air pollutants which can cause damage 

to these buildings 
In this case, the material composition is not collated, but the distribution 

of heritage objects spatially is related to the calculated damage functions 
(and potentially cost functions) to show how heritage is put at risk. Owners 
and managers, who have access to data on materials for their buildings, 
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Methods 

The identification and location of cultural heritage buildings occurs at inter-
national, national, and local levels. At the international level, UN Educa-
tional, Scientific and Cultural Organization (UNESCO) provides a list of 
cultural heritage with universal importance. The UNESCO list [2], identi-
fied by the World Heritage Committee as having outstanding universal 
value, includes 812 properties with 628 cultural, 160 natural, and 24 mixed 
properties. Almost half of the properties are located in Europe. 

The list is not sufficient for a comprehensive stock-at-risk evaluation 
since a huge number of valuable objects and monuments are not placed on 
the list for a variety of reasons, for example, a reluctance to provide the 
commitment to maintenance that is implied by inclusion. In addition, a 
number of sites represent collections of objects such as a historic city centre. 
At national and local level, most countries in Europe have an established 
procedure for identifying historic buildings and other valuable objects and 
monuments. For example, in the UK, the Department for Culture, Media 
and Sport is required to compile lists of scheduled monuments (nationally 
important archaeological remains) and also buildings with special architec-
tural or historic interest, in order to provide guidance for local planning 
authorities. The administration of the listing system is carried out by Eng-
lish Heritage and properties identified are called listed buildings [3]. Build-
ings which are chosen for the list are classified as grade 1, grade 11*, or 
grade 11. The stock of these buildings in England and Wales, and in London, 
is shown in Table 1. 
Table 1. Listed buildings in England and Wales 

Building type Description No. of building 
UK London 

Grade 1 Buildings of exceptional interest   13,000     584 
Grade 11* Buildings which are particularly im-

portant, of more than special interest 
  26,000   1356 

Grade 11 Buildings with special interest which 
warrant every effort being made to 
preserve them 

461,000 16,569 
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will be able to locate them on the map and learn about potential damage 
and policy makers will be made aware of the potential impact. 

Stock at risk for heritage objects 
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The City of Westminster contains 21% of the listed buildings and also 
three of the four UNESCO sites in London. The properties in London and 
Barcelona are: 

 
London Barcelona 
Westminster Palace 
Westminster Abbey 
St. Margaret’s Church 
Tower of London 

Palacio Guell 
Casa Mila 
Palaude la Música Catalana 
Hospital de Sant Pau 

 Some of the properties are shown in Figure 1. 

Fig. 1. UNESCO sites in Barcelona and London 

Results and discussion 

The modelling work undertaken used receptor-based or statistical model-
ling techniques, combined with the use of commercially available models.  
Receptor-based techniques have become more robust because of the in-
creased availability of measurements in London for the development of 
empirical and statistical modelling. In particular, the rapid growth of the 
London Air Quality Network (LAQN) since 1993 has provided a wealth of 
high-quality air pollution data for many different pollutants. The increased 
availability of these data has led to increasingly sophisticated model develop-
ments as well as providing new insights into the underlying mechanisms of 
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urban air pollution [4]. The model was run for the year 2002 using Heathrow 

Case study: London 
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hourly sequential meteorological data. All sources contained within the 
London Atmospheric Emissions Inventory (LAEI) were used. For road 
transport emissions, the new LAEI 2002 emissions were used. For the large 
combustion processes (known as part A processes) within and outside 

the LAEI 2001 and assumed that there was no change between 2001 and 
2002. The model runs for 2002 predict the annual average SO2, NO2, and O3. 
The resulting total SO2 concentration is shown in Figure 2. In terms of a 
general trend across London, high concentrations of 7–9 µg m–3 SO2 arise 
to the east of London and these decrease to 4–5 µg m–3 in incremental bands 
to west London. The influence of the part A sources in the east Thames area 
can be clearly seen. The addition of transport sources of SO2 has increased 
concentrations, particularly along the M25 motorway which lies along the 
outer edge of the map. A comparison with measurement sites in London 
showed that the model predictions were good, with, on average the model 
predictions being 6% higher than the measured concentrations. Errors 
(model – measured) are both positive and negative and 90% of the concen-
trations are within ±2.6 µg m–3. It is worth noting that annual mean con-
centrations in central London are very slightly reduced from surrounding  
areas, this reduction reflects the absence of large industrial sources in this area. 

Fig. 2. Total annual SO2 mean (µg m–3) for London – 2002 emission scenario 
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cess information updated to 2002. All other emission sources were taken from 
London, a detailed modelling approach was undertaken, using specific pro-
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To assess the corrosion implications, ozone maps were also produced 
using ozone equations derived from Tidblad et al. [5], and these maps 
combined with the dose–response functions were run for the year 2002 
using information from Heathrow hourly sequential meteorological data. 
The prediction results are illustrated in Figure 3 as detailed maps of 
London at a spatial resolution of 20 × 20 m2 for an area up to and includ-
ing the M25 motorway. It can be seen that the material loss data shows 
high copper corrosion in outer London and lower copper corrosion in central 
London. This is representative of the complex combination of both O3 and 
SO2 concentrations. The low ozone concentration in central London, sub-
urban “town” centres, Heathrow Airport and at roadside has been counter-
balanced by the high SO2 concentrations located in Heathrow Airport, the 
eastern edge of London and along main roads such as the M25 as seen. 

Soiling is determined by PM10 concentrations and the London Emissions 
Inventory contains all the relevant emissions data to enable a PM10 contour 
map to be produced. This is shown in Figure 4. 

Fig. 3. London mapping showing the material loss for copper in 2002 (in g m–2 

and in percentage of background corrosion) 
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Fig. 4. PM10 (µg g–1) levels in London, 2006 [6] 

Results from the Multi-Assess programme [7] provided dose–response 
functions for soiling. For painted steel, the result was: 

6
O PM0[1 exp ( 5.9 10 )]R R C T −∆ = − − × × ×  

where CPM10 is in µg m–3 and T is in days. 

Pollution levels (annual mean) 5.5 µg SO2 m–3 
30 µg PM10 m–3 

Material damage Corrosion: copper Material loss: 5.5 g m–2 per annum 
Surface recession rate: 0.61 µm per 
annum 

Soiling: painted steel 47% loss in reflectance over 10 years 

This information, combined with economic information on costs and 
benefits, statutory requirements and information on public attitudes, allows 
those responsible for the management of the building to establish an appro-
priate maintenance schedule. 
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or 27% loss in reflectance over 5 years 

allows the soiling damage at that location to be calculated. 
Application of a dose-response function to any location on the map

Estimated material damage at the London UNESCO sites 
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2
higher levels of PM10. This is a reflection of the relatively small number of 
major energy-consuming industrial plants within the city but the large 
amount of traffic present on non-motorway roads (carreteres secundàries) 
present in the city. The impact of emissions from these roads is shown in 
Figure 5. 

Pollution levels (annual mean) 5.0 µg SO2 m–3 
40 µg PM10 m–3 

Material 
damage 

Corrosion: copper Material loss: 5.1 g m–2 per annum 
Surface recession rate: 0.57 µm per annum 

 Soiling: painted steel 57% loss in reflectance over 10 years or 
35% loss in reflectance over 5 years 

Fig. 5. PM10 levels in Barcelona, 2006 
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Case study: Barcelona 

Estimated material damage at the Barcelona UNESCO site, Hospital 

Compared to London, Barcelona experiences lower levels of SO , but 

de Sant Pau
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Conclusions and future research 

This paper has demonstrated that the risk to heritage of damage from air 
pollution may be illustrated for managers of heritage and policy makers by 
the production of risk maps that combine damage functions and heritage 
location. The spatial distribution of air pollutant concentrations is gener-
ally well known for major cities in Europe. The identification and location 
of the major heritage properties, as identified in the UNESCO list, is widely 
available. However, the identification and location of additional heritage 
properties at national and local levels is much more variable. Detailed risk 
maps are being produced for a number of cities and regions within the 
European Union (EU)-sponsored Cult-Strat programme [8]. 

The materials composition of the properties is generally not known and 
without this information it is not possible to quantify the total amount of 
damage caused by air pollution nor is it possible to quantify the costs of 
maintenance, including conservation, repair, and cleaning. This informa-
tion is useful for development of another type of policy – air quality. The 
cost–benefit methods used to underpin this have leant heavily on health 
impacts, but materials damage is also included and it is therefore important 
to start to obtain an accurate inventory of heritage material at risk and the 
cost implications at national and European scales.  

Material composition and stock of modern buildings can be modelled by 
estimating the amount of different materials in typical types of building 
and then estimating the numbers of each type in a given region. This relies 
on that fact that, within limited geographical areas and over restricted 
timescales, buildings of a given type are frequently very similar to each 
other. Heritage buildings are typically much more diverse since they may 
be survivors of earlier periods and valuable since they are relatively rare 
and/or may be unique or unusual at the time of construction. A series of 
small-scale studies are being undertaken to evaluate the potential of using 
identikits for some types of heritage or to estimate heritage building stock 
by inspection. These will be reported elsewhere. The Cult-Strat project also 
has, as one of its major objectives, the development of a methodology which 
can be employed to provide this information.  

Three case studies are being conducted as key components of this  
research: 
• London and Barcelona will continue to develop the approaches 

described in this paper, and also undertake an audit of materials in 
selected zones of the cities. 

• Paris: a study is concentrating on the central part of Paris, adjacent to 
the banks of the River Seine between the Ile Saint Louis on the eastern 
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side and the Eiffel Tower on the western side. The study will produce 
an inventory of cultural heritage stock, map the stock, apply dose–
response functions, and identify the zones at risk [9]. 

• Madrid: this study is considering all monuments, monumental sites, 
buildings, and sculptures included in the Madrid City Regional Office 
list and exposed to the atmosphere. A total of 260 immovable objects 
and 1300 movable objects are included in the study and a database of 
material composition has been established. The study will be extended 
to the greater Madrid region [10]. 
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Abstract 

This is a study of the environmental impact of organic contaminants emitted 
from urban traffic and road infrastructure in Göteborg, Sweden. The vertical 
leaching of organic contaminants in road ditches has been investigated, as 
well as their occurrence in storm water sediment, urban soil, and shallow 
groundwater. 

A total of 80 specific organic contaminants were analysed in a storm water 
sediment sample, and of these as many as 40 specific organics were identi-
fied. The concentration of total semi-volatiles, alkylbenzenes, aliphatics, 
4-nonylphenols, total of mono- and di-nonylphenol ethoxylates, carcino-
genic polycyclic aromatic hydrocarbons (PAH), diethyl hexylphthalate 
(DEHP), and several brominated flame retardants, were all analysed in high 
concentration. Depth profiles, in clay, clay/sand, and sand road ditches, at four 
places along highway E20, were analysed for a total of 40 specific organic 
compounds. In the soil profiles, total semi-volatiles (<2300 mg kg–1 dw) and 
carcinogenic PAH-16 (<1.0 mg kg–1

sand profiles, total semi-volatiles were analysed in decreasing concentra-
tions but until a depth of 1 m, and the carcinogenic PAH-16 until 1.5 m. The 
relative composition of the specific PAH-16 indicates rubber tyres, vehicle 
exhausts, and asphalt materials to be the main sources of PAH contamination. 
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dw) were identified. In one of the clay/



Even in urban shallow groundwater, total semi-volatiles and carcinogenic 
PAH-16 were identified in remarkably high concentrations. 

The occurrence of total semi-volatiles and carcinogenic PAH deep in 
road ditches, and the high levels in urban groundwater, show the need for 
efficient construction of road ditches and treatment of road runoff to prevent 
contamination. The high levels of total semi-volatiles in all samples show 
that most of the contaminants occurring in urban environments are still 
unidentified compounds with unknown environmental effects. 

Introduction 

In modern industrial society, tens of thousands of different organic chemi-
cals have been brought into use as products in large quantities, or as addi-
tives in materials and products. Thousands of organic substances, most of 
them still unidentified, are also generated unintentionally as contaminants 
in the various manufacturing or combustion processes. Many of these com-
pounds had never occurred on earth before man began to produce them, 
and many of them are highly toxic, carcinogenic, suspected as hormone 
disruptors, and able to accumulate in food webs. Knowledge concerning 
the toxic organic contaminants in the urban soil and water environments 
is poor, and research in the area is now highly desired for sustainable 
management of the urban soils and water flows. 

One of the major pathways of pollutants in urban areas is the storm  
water system, collecting a mix of substances from, i.e., traffic, building 
materials, and atmospheric fallout. In the storm water systems, mainly 
heavy metals and organic substances are transported to the receiving waters. 
The sources and transport of many heavy metals have been investigated for 
decades and are well known today. This is however not the case for organic 
pollutants. Some measurements of, i.e., polycyclic aromatic hydrocarbons 
(PAHs) have been conducted [1–4], but the knowledge on most priority 
organic pollutants in storm water is poor. More than 600 compounds are 
potentially occurring in urban storm water, and 11 of these have been  
selected and prioritized as high-risk and toxic pollutants, after a chemical 
hazard identification and assessment tool (CHIAT) procedure [5,6]. 

The most important sources of toxic organic pollutants in the urban envi-
ronment are the traffic, besides leaching from construction and building 
materials. There are thousands of partially known substances in car exhausts, 
which are the major sources of hydrocarbons in the road environment [7]. 
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Vehicle exhaust, unburned petrol and diesel fuel, rubber tyre particles, vehicle
construction materials and paints, lubricating oils, the road environment’s



Knowledge of the content and possible release of hazardous substances 
from building material is scarce, but the content and leaching behaviour of 
such compounds in concrete constituents and paints on wooden facades have 
recently been presented [14]. Nonylphenol ethoxylates (NPE) and nonyl-
phenols (NP) are widely used as air-entraining admixtures in concrete [15], 
and these compounds could leach from concrete to the environment. NPE 
and NP have also been widely used as additives in paints, asphalt, lubri-
cants, stabilizers, petroleum demulsifiers, fungicides, bactericides, dyes, 
drugs, adhesives, rubber chemicals, phenolic resins, and plasticizers. Sur-
factants, such as NP, are genotoxic and persistent compounds with the 
ability to bioaccumulate, and are suspected hormone disruptors [16,17]. 
Phthalates are essentially used as plasticizers in the production of poly-
meric materials [18]. DBP and DEHP are used as a binding agent in rub-
bers, plastics, and surface coatings, and as a high boiling solvent. DBP is 
also readily used as an additive to bitumen [19], and could be leached from 
asphalt materials, which have been used for paving [9,20]. Phthalates are 
easily released into the environment and are ubiquitous environmental pol-
lutants [21]. Phthalates are also commonly used substances in urban areas, 
and potential sources such as lined panels, roofs, surface treatment of vehi-
cle under-bodies, cables, hoses, jointing materials, adhesives, and paints 
have been pointed out for these contaminants in Sweden. 

This study has focused on finding new organic contaminants in the urban 
water cycle through chemical analysis of urban storm water sediment and 
soil. The concentrations of total hydrocarbons and PAH have also been 
analysed in soil from road ditches, to assess the potential vertical leaching 
of organic contaminants from road runoff. Also surface soil and ground-
water have been collected at different places in Göteborg, and analysed as 
reference samples for total hydrocarbons and PAH. 

Experimental method 

Urban storm water sediment 

The sediment in the Järnbrott storm water pond was selected for screening 
of urban organic pollutants, and to be used as a reference for an urban area  
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concrete, and the asphalt material itself are all probable emission sources 
of PAH and other semi-volatile contaminants leaching from roads [3,8–13]. 

products or additives in vehicle or road construction materials. 
Many of the identified semi-volatile contaminants are combustion by-



with high degree of contamination. The goal was to identify as many organic 
contaminants as possible. The Järnbrott storm water pond has an urban 
catchment area with traffic, housing, and small-scale industrial activities [22, 

2 3

The sediment sample was taken with a core sampler in the middle of the 
pond, and sent to a certified environmental laboratory for chemical analysis. 
Based on findings from the literature, a total of 80 specific organic con-
taminants were selected for the chemical analysis. The groups of contami-
nants analysed were volatile aliphatic and aromatic hydrocarbons, volatile 
chlorinated aliphatics and aromatics, semi-volatile hydrocarbons, PAHs, phe-
nols, alkyl phenols and alkylphenol ethoxylates, phthalates, and brominated 
flame retardants. 

Soil and water – road ditches 

After a survey of local soil and bedrock maps, and discussions for possi-
bilities of soil sampling, two locations along highway E20, with different 
soil composition, were selected for the study of vertical leaching of organic 
contaminants. The locations were Partille, with clay and clay/sand ditches, 
and Jonsered with sand ditches. The traffic on E20 at Partille, 10 km from 
Göteborg centre, is characterized by slow-moving dense traffic and queues 
during rush hours. At Jonsered, 20 km from Göteborg centre, the traffic on 
E20 is more high-speed. The traffic load at Partille was estimated to be 
about 40,000 vehicles per day, and at Jonsered 30,000 vehicles. The selected 
road ditches treat the motorway runoff through infiltration in the ditches. 
At Partille, the ditches were cleaned from contaminants, through excavation 
of the top surface soil layer, 3 years before this study. 

The soil samples were collected through an auger sampler at two places, 
with a distance of 60 m between each, in the ditches at both Partille  
(L1 and L2) and Jonsered (M1 and M2). Soil samples were taken and depth 
profiles created. At Partille, the depth profile L1 had the following depths: 
0, 0.3, 1.1, 1.5, 1.9 m, and L2 had 0, 0.3, 0.5, 0.7 m; at Jonsered, M1 had 0 
and 0.4 m, while M2 had 0, 0.4, 1.0, 1.5 m. Sampling tubes for collection 
of groundwater were installed in the holes after the soil sampling. The 
depth of the groundwater tube at Partille was 1.5 m, and at Jonsered 1.6 m. 
At Jonsered, groundwater samples were successfully collected, but at Partille 
it was not possible to collect any groundwater, due to the dense clay soil 
structure in the ditches. Water and sediment samples were also collected in 
a nearby creek at Jonsered, for use as a reference sample.  

23]. The pond has a dry-weather area of 6200 m  and a volume of 6000 m , 
and the depth then varies from inlet to outlet between 0.5 and 1.6 m.
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During the sampling, soil profile L1 in Partille consisted of a topsoil 
layer until a depth of around 0.3 m, sand till a depth of 1.0 m, surface clay 
till 1.5 m, and pure clay till 1.9 m. The L2 profile had the topsoil in the 
surface layer, but the surface clay starting already at 0.3 m, and thereafter 
pure clay till a depth of 0.7 m. At the Jonsered M1 profile the surface layer 
was topsoil, and from a depth of 0.15 m the sand started until a depth of 
1.5 m. In the profile M2, the surface layer was topsoil with groundwater at 
the surface, and the sand started at 0.15 m till a depth of 1.5 m.  

At Partille and Jonsered, a total number of nine and six samples, respec-
tively were analysed for loss of ignition (organic content), semi-volatiles 
as chlorobenzenes, sum of hydrocarbons, sum of PCBs, and sum of PAHs, 
but also all the specific EPA PAH-16. Volatile aromatics and aliphatics, 
volatile chlorinated aliphatics and aromatics, and phthalates were also ana-
lysed in the surface soil samples in soil profile L1 (Partille) at depths 0 and 
0.3 m, and M1 and M2 (Jonsered) at 0 and 0.4 m. At Jonsered, also the 
reference groundwater, creek water, and sediment were analysed for loss 
of ignition (organic content) and total/dissolved organic carbon (TOC/DOC), 
semi-volatiles such as chlorobenzenes, sum of hydrocarbons, sum of PCBs 
and sum of PAH, and all the specific EPA PAH-16. For the water samples, 
also phenols and volatile aromatics and aliphatics were included in the 
analysis. 

Soil and groundwater – city areas 

As city area reference samples, surface soil (at 0 and 0.25 m) as well as 
groundwater were taken at three places in the city of Göteborg: Järntorget, 
Backaplan, and Packhusplatsen. The land use at the sites is: major city 
street (Järntorget), shopping centre (Backaplan), and minor city street 
(Packhusplatsen). The soil samples were taken through tubes pounded into 
the soil until a depth of 30 cm. The shallow groundwater samples were 
collected in groundwater collection tubes already installed at the places, 
through pumping from the wells. The wells were pumped dry the day before 
sampling to get refreshed groundwater. Surface soil samples were also  
collected in the area of Partille (Sävedalen), situated 500 m from E20 and 
with a land use of urban forest. All these reference samples were analysed 
for loss of ignition or TOC/DOC, semi-volatiles such as chlorobenzenes, 
sum of hydrocarbons, sum of PCBs, and sum of PAHs, and the specific 
EPA PAH-16. Selected samples were also analysed for NP and its mono- 
and di-ethoxylates, but also for specific phthalates.  

Organic contaminants in urban sediments      239 



Chemical analysis 

All sediment, soil, and water samples were collected in glass containers or 
bottles, and sent for chemical analysis to a certified environmental laboratory 
for chemical analysis following standardized methods. The water and 
sediment samples were sent immediately after collection, but some of the 
soil samples were deep-frozen, and were sent for chemical analysis first after 
reports of concentrations from the more surface layers.  

Results and discussion 

Järnbrott storm water sediment 

A total of 80 specific organic contaminants were analysed in the Järnbrott 
storm water sediment sample, see Table 1, and of these as many as 40 spe-
cific organic contaminants were identified. The total semi-volatiles, alkyl-
benzenes, aliphatics, 4-nonylphenols, total of mono- and di-nonylphenol 
etoxylates, carcinogenic EPA PAH-16, DEHP, and several brominated 
flame retardants, were all found in high concentration.  

The concentration of total semi-volatile hydrocarbons was as high as 
12,000 mg kg–1 and of this only 0.5% was identified and quantified as specific 
compounds. The result shows that most of the organic contaminants in the 
storm water sediment are still unknown compounds with potential environ-
mental effects. 

The concentration of 4-nonylphenol was 3.1 mg kg–1 and exceeds the 
Canadian quality criteria guideline value for NP and its ethoxy- lates in 
sediments of 1.4 mg kg–1 [25]. The concentrations of 4-NF-diethoxylate and 
4-NF-monoethoxylate were also high with values of 1.5 and 5.3 mg kg–1, 
respectively. Also 4-octylphenol and 4-OF-ethoxylates were identified in 
the sediment. Of the phthalates analysed, di-2-ethylhexyl-phthalate (DEHP) 
was identified in the sediment sample in a concentration of 23 mg kg–1. 
Eight specific compounds in the group of brominated flame retardants 
were also identified, where the pentabromo- and tetrabromo- diphenylether 

–1compounds were found in concentrations of around 10 µg kg . Many of the
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All of the 16 specific US EPA–PAH were identified in high concentration 
–1 –1

–1

–1

less sensitive sites [24]. 

(21 mg kg ) in the sediment, and the sum of carcinogenic PAH of 5.3 mg kg 
 for contaminated sites  exceeds the Swedish guideline value of 0.3 mg kg

 for less  with sensitive land use, but not the guideline value of 7 mg kg



Table 1. Organic contaminants identified in the Järnbrott storm water sediment  

Chemical parameter/analysis 
method 

Chemical  Conc. Guideline 
value 

Loss of ignition, % dw  16 KMa/MKMb 
Hydrocarbons 12,000  
PAHs 9.0  
Phenols 0.31 4/40c 

Semi-volatiles, mg kg–1 
dw/GC/MS 

Chlorobenzenes and PCBs <1 0.02/7c 
Toluene 0.52 10/35c 
Ethylbenzene 0.40 12/50c 
Xylenes 2.5 15/70c 
Some alkylbenzenes 40 – 
Naphthalene 3.2 – 
Indane 0.35 1.4d 

Volatiles, mg kg–1 

dw/GC/MS 
 
 

Aliphatics > C8–C10 34 100/350c 
Acenaphtene 0.16 – 
Fluorine 0.52 – 
Phenanthrene 3.2 – 
Anthracene 0.52 – 
Fluoranthene 5.5 – 
Pyrene 5.1 – 
Benzo(a)anthracene 1.0 – 
Chrysene 0.65 – 
Benso(b)fluoranthene 1.0 – 
Benso(k)fluoranthene 0.53 – 
Benso(a)pyrene 1.2 – 
Ideno(123cd)pyrene 0.17 – 
Benzo(ghi)perylene 0.96 – 
Dibenz(ah)anthracene 0.72 – 
ΣCarcinogenic PAH  5.3 0.3/7c 

US EPA PAH-16,  
mg kg–1 dw/HPLC 
 
 

Σ16 EPA–PAH 21 20/40c 
4-Nonylphenol (NP) 3.1
4-NP-monoethoxylate 5.3
4-NP-diethoxylate 1.5
4-Octylphenol (OP) 0.16
4-OP-monoethoxylate 0.051

Alkylphenols and their  
ethoxylates, mg kg–1 
dw/HPLC  
 
 

4-OP –diethoxylate  0.011

 
 

Sum of all: 
5.7/14d 

Di-(2-ethylhexyl) phthalate 23 59e Phthalates, mg kg–1 
dw/GC/MS Other specific phthalates  <0.80 – 

Tetrabromobisphenol-A 5.2 – 
Tetrabromodiphenylether 8.8 – 
Tetrabromodiphenylether 47 8.5 – 
Pentabromodiphenylether 11 – 
Pentabromodiphenylether 100 1.2 – 
Pentabromodiphenylether 99 9.8 – 
Hexabromodiphenylether 3.1 – 

Brominated flame retardants, 
µg kg–1 dw/GC/MS 
 
 

Heptabromodiphenylether 2.4 – 
aKM: sensitive land use 
bMKM: less sensitive land use 
cGeneric guideline values for contaminated soils in Sweden 
dCanadian Soil Quality Guidelines for protection of Environmental and Human Health 

eDutch guideline value for sediments 
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organic contaminants analysed were in concentrations below the detection 
limits of the methods.1  

Road ditches 

Depth profiles, in clay, clay/sand, and sand road ditches, at four places 
along the motorway E20, were analysed for a total number of 40 specific 
organic compounds. Of these only total semi-volatile hydrocarbons and 
PAH were found in concentrations high enough for quantification to be 
presented (see depth profiles in Fig. 1). In the surface soil in the road 
ditches, total semi-volatiles up to 2300 mg kg–1 in profile L2 (Partille), and 
carcinogenic EPA PAH-16 up to 1.0 mg kg–1 in profile L1 (Partille), were 
identified. In the clay profile L2, total semi-volatiles were identified in 

 

decreasing concentrations down to a depth of 1 m, and the carcinogenic 
PAH-16 in the clay/sand profile L1 until a depth of 1.5 m. These findings 
of high levels deep in the soil profiles, indicating vertical transport of 

 

organics in the soil, were not expected since organic contaminants are 
 

hydrophobic compounds and strongly bonded to organic particles in soil. 
A possible transport of the organics could be through adsorption to organic 
particles or colloids, small enough to be transported vertically in the 
ditches with the infiltration of road runoff. In the M1 and M2 profiles 
(Jonsered), the levels of organic contaminants were low (Fig. 1). 

PAH urban areas 

In the reference surface soil samples, taken in the centre of Göteborg, total 
semi-volatiles and carcinogenic PAH-16 were also analysed in high concen-
trations (for selected samples see Table 2). Even in the shallow urban ground-
water samples, taken in central Göteborg, total semi-volatile hydrocarbons 
and carcinogenic PAH-16 were identified in remarkably high concentrations, 
up to 1400 µg L–1 and up to 0.4 µg L–1, respectively. The results show that 

                                                      

4-OP-triethoxylate, -tetraethoxylate, dimethyl-, diethyl-, di-n-propyl- di-n-butyl-, di-isobutyl-, 
dipentyl-, dicyclohexyl-, butylbenzyl-, di-n-octyl-phthalate, hexabromocyclodecane, 
octa-, nona-bromodiphenylether, decabromobiphenyl, -diphenylether, 1,1,1-trichloro-, 
1,1,2,2-tetrachloro-, 1,1,2-trichloro-, 1,1-dichloro-, 1,2-dichloroethane, 1,2-dichloropropane, 
cis-1,2-dichloro-, trans-1,2-dichloro-, trichloroethene, dichloro-, trichloro-methane, vinyl-
chloride, monochlorobenzene, and dichlorobenzene. 

the concentration of carcinogenic PAHs in shallow urban groundwater exceeds
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1 Benzene, aliphatics >C5–C8, MTBE, acenaphtylene, 4-NP-triethoxylate, -tetraethoxylate, 



Fig. 1. Vertical soil profiles for concentrations of total semi-volatile hydrocarbons 
and polycyclic aromatic hydrocarbons (PAH) (profile L1) in road ditches along 
road E20 

the Swedish guideline value, 0.2 µg L–1, for contaminated groundwater at 
petrol stations [26]. 

water sediment, and soil from surface road ditches, are compared with the 
percentage in road runoff sediment at Gårda [8], urban surface soils, and 
urban shallow groundwater. Three of the most dominant specific PAH in 
several samples were phenanthrene (9–18%), fluoranthene (13–26%), and 
pyrene (12–26%), indicating that tyre rubber [12,13] and diesel exhaust

In Table 2, the relative composition of PAH-16 in the Järnbrott storm
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Table 2. The relative composition of PAHs in selected soil, storm water sediment, 
and shallow groundwater samples taken in Göteborg 

Location Soil 
(%) 

Sediment
(%) 

GW 
(%)  

 Partille Järn-
torget 

Backa-
Plan 

Säve-
dalen

Järn-
brott

Gårda Järn- 
torget 

Naphthalene n.d. n.d. n.d. n.d. n.d. 3.0 3.00 
Acenaphtylene n.d. 9.0 n.d. n.d. n.d. n.d. 4.2
Acenaphthene n.d. n.d. n.d. n.d. 0.7 0.6 n.d. 
Fluorene 3.4 n.d. 1.3 n.d. 2.4 1.0 4.9
Phenanthrene 13.0 5.9 120 8.10 15 18 9.0
Anthracene 3.0 0.9 1.1 3.10 2.4 4.1 2.3
Fluoranthene 21 13 20. 16 26.0 14 17
Pyrene 12 13 16. 16 24.0 26.0 15
Benzo(a)anthracene* 9.2 6.9 10. 6.1 4.7 3.9 7.4
Chrysene* 5.4 4.1 8.2 10 3.0 12 5.2
Benso(b)fluoranthene* 4.1 8.6 7.8 13e 2.5 4.2 6.7
Benso(k)fluoranthene* 3.4 3.8 3.8 5.6 0.8 3.3
Benso(a)pyrene* 9.6 7.9 7.8 7.10 5.6 2.1 8.1
Ideno(123cd)pyrene* 7.5 12. 6.5 6.10 3.4 3.7 6.7
Benzo(ghi)perylene 6.1 15. 7.4 5.10 4.5 3.0 6.7
Dibenz(ah)anthracene* n.d 1.0 n.d. n.d. 0.8 3.0 n.d. 
 ΣPAH*a, mg kg–1 dw 0.4 1.3 1.0 0.44 5.3 2.7e  0.37d 
ΣPAH-16b,mg kg–1 dw 1.0 2.9 2.3 0.98 21 9.2 0.98d 
rel. ΣPAH*c,% 40 45. 43. 45 25 29 38  
*Carcinogenic PAH 
aΣPAH* = sum of carcinogenic PAH 
bΣPAH-16 = sum of sixteen PAH analysed 
cRel. ΣPAH* = ΣPAH* divided by ΣPAH-16 
din µg L–1 
esum of benso(a)fluoranthene and benso(k)fluoranthene 

Järntorget, in central Göteborg, also benzo(ghi)perylene (15%) was a 
dominant PAH, and indicative for petrol exhaust [27,28]. The relatively 
high amount of chrysene at Sävedalen (10%) and in the Gårda sediment 
(12%), indicate diesel exhaust as well as leaching and surface abrasion of 
bitumen from road asphalt [9,12]. The relative amount of carcinogenic  
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PAH was higher in the soil samples (40–45%) than in the storm water 
sediment samples (25–38%). These results could be explained by the 
higher molecular weight of the carcinogenic PAH, and thereby a higher 

GW: groundwater 

[28] could be important sources of pollution. In the soil sample taken at 



hydrophobicity of these PAH with consequent higher affinity to the soil 
particles in road ditches. The non-carcinogenic PAH are more hydrophilic 
and thereby more easily transported to storm water sediments. 

Conclusions 

The occurrence of total semi-volatile hydrocarbons and carcinogenic PAH-
16 deep in road ditches, and the high levels in urban groundwater, show 
the need for efficient construction of road ditches and efficient treatment of 
road runoff water in urban and traffic-related areas to prevent contamination. 
Furthermore, the occurrence of PAH in soil at a great distance (500 m) 
from the highway shows that the contaminants are spread over a large area, 
far from the road. The high levels of total semi-volatiles in all samples 
show that most of the contaminants occurring in urban environments are 
still unidentified compounds with unknown environmental effects. The 
relative composition of the specific PAH-16 indicates rubber tyres, asphalt 
materials, and vehicle exhausts to be the main sources of PAH contamination. 
The occurrence of alkylphenols and alkylphenol ethoxylates, phthalates, 
and brominated flame retardants in the Järnbrott sediment should be further 
investigated with the goal of finding sources of pollution. 
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Abstract 

In the present work, Tillandsia usneoides L., an epiphytic bromeliad, was 
used as bioindicator of atmospheric metal pollution in São Paulo, Brazil, 
the biggest city in South America. Tillandsia samples were collected from 
an unpolluted area and were exposed bimonthly at ten sites of the city with 
different pollution levels and at a control site. Seven trace metals (Ni, Co, 
Cu, Cd, Pb, V, and Sb) were analysed in the plants by inductively coupled 
plasma mass spectrometry (ICP-MS) thereafter. The results indicated that 
Co, Ni, Cd, and V can be attributed to industrial sources while Cu can be 
associated to both vehicular and industrial sources. Sb is suggested to be 
influenced mainly by vehicular sources. For Pb, no evident sources could 
be identified so far as it was spread evenly along the monitoring sites. 
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Introduction 

Biomonitoring of air pollution with plants has been a common practice for 
many decades. In general, bioindicators can be defined as organisms that 
can be used for the identification and qualitative determination of human-
generated environmental factors, while biomonitors are organisms mainly 
used for the quantitative determination of contaminants. Bioindicators can 
be classified as being sensitive or accumulative. Bioaccumulation is the  
result of the equilibrium process of biota compound intake/discharge from 
and into the surrounding environment [1]. 

Spanish moss (Tillandsia usneoides L.) and many other species of this 
genus have been used recently as bioaccumulators, indicators, and moni-
tors of airborne elements [2–4]. Air quality studies have shown that geo-
graphic variations in mineral concentrations in plants of T. usneoides L. 
were often correlated with the proximity to aerosol sources, e.g., the ocean, 
roads, mines, power plants, soils, and urban centres [5]. 

The city of São Paulo is one of the biggest cities in the world. The met-
ropolitan region of São Paulo (MRSP) has a population of about 18 million 
people, with about 8000 km2, with severe environmental problems due to 
the atmospheric emissions of about 2000 highly pollutant industries and 
emissions from about 7.8 million motor vehicles [6]. Serious environ-
mental and health problems have specially been observed in the region due 
to particulate matter (PM10) with varied composition [7]. 

In previous studies [8,9], samples of T. usneoides, taken from an unpol-
luted area, were exposed for 8 weeks at different sites of the city of São 
Paulo, in order to evaluate the potentiality of this species as a bioindicator 
of atmospheric metal pollution in São Paulo. Instrumental neutron activa-
tion analysis (INAA) was used to analyse trace elements in the plants. This 
analytical technique allowed the determination of 21 elements, such as As, 
Ba, Cr, and Zn, and notable correlations of Zn and Ba to vehicular sources 
and of Cr to industrial emissions sources could be identified. However, in 
spite of the multi-elemental analysis characteristics of INAA, this analyti-
cal technique is not suitable for the determination of Pb, Ni, and Cd, which 
are also relevant elements in pollution studies. Thus, in the present study, 
seven trace metals (Co, Ni, Cu, Cd, Pb, V, and Sb) were analysed in the  
T. usneoides samples by inductively coupled plasma mass spectrometry  
(ICP-MS), providing a more complete description of the atmospheric 
metal pollution in São Paulo. 

250      AMG Figueiredo et al.



 

Sampling and exposure sites 

T. usneoides samples were sampled at a small farm with natural vegetation, 
located in the city of Mogi das Cruzes, about 70 km to the north-east of 
São Paulo city. The area has low industrialization and traffic influence and 
consequently low impact of PM10 and metal pollution. All samples were 
collected in the same area in order to guarantee same origin conditions 
during the experiments. 

In this study, ten monitoring sites next to automatic monitoring stations 
operated by the government agency of air quality control (CETESB) were 
chosen in MRSP to transplant the samples of T. usneoides (Fig. 1). Seven 
sites were situated in the city of São Paulo and three in the extended city 
(Santo André, São Caetano, and Mauá), having different levels of PM10 and 
metal pollution. Four exposure sites were located in the downtown area, 
representing a car shift region, where 20% of the total number of vehicles 
are not allowed to run one day of the week, by the number of the license 
plate (PI, DP, CC, and IB; Fig. 1). The transplantation of plants was also 
performed at Mogi das Cruzes, which served as the control site. Each exposed 
sample was composed of 5 g of plants, tied by Teflon strings to a gyrator 
apparatus (six samples per apparatus, 1.5 m above the soil), which turned 
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Fig. 1. Exposure sites of Tillandsia usneoides plants in the metropolitan region of 
São Paulo. Car shift region: area where 20% of the total number of vehicles are 
not allowed to run one day of the week by the number of the license plate 



 

Results and discussion 

Figures 2A–G show the enrichment of the element concentrations in  
T. usneoides exposed at the monitoring sites in relation to the concentra-
tions measured in plants from the control site during the different monitoring 
periods. This relation, in percentage, was calculated by: 

E A C CRC (CE CE / CE ) 100= − ×                                            (1) 
 

where: 

RCE = Enrichment (%) of the concentration of the element E 
CEA = Concentration of the element E in the sample 
CEC = Concentration of the element E in the control sample  
 
For Co and Ni, there was a significant enrichment in São Miguel Paulista 

(SM), compared to the other sites (Figs. 2A and B). In this area, there is a 
metal processing plant, which produces about 16,000 t year–1 of Ni and 600 t 
year–1 of Co, which may indicate that Co and Ni contents of T. usneoides 
are related to emissions from the mentioned metal plant. 
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teed. The samples were submitted to exposure for 8 weeks and, after expo-
sure time, were substituted by new samples allowing to performing eight 
transplantation experiments (A = April–May/2002; B = June–July/2002;  
C = November/2002–January/2003; D = February–April/2003; E = April–
May/2003; F = June–July/2003; G = September–October/2003; H =  
November/2003–January/2004). 

Experimental 

T. usneoides samples were freeze-dried without washing and homogenized 
using an agate vibratory micro-mill. At the IHI Zittau laboratories, the  
Tillandsia samples were digested by microwave-assisted dissolution using 
nitric acid and hydrogen peroxide (MLS microwave oven; PTFE reaction 
vessels). The measurements were done by ICP-MS, using a Perkin–Elmer–
Elan DRC. To evaluate the accuracy of the data, three biological reference 
materials were analysed: peach leaves (NIST SRM 1547), tea (GBW 08505), 
and white cabbage (BCR 679). The results obtained presented accuracy 
better than 15% in relation to the certified and recommended values. 
 

with the wind so that homogenous contact with air contaminants was guaran-
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Fig. 2. Enrichment of the elements (%) in T. usneoides in relation to the exposure 
sites and exposure periods. (A) Co; (B) Ni; (C) Cu; (D) Cd; (E) Pb; (F) V; (G) Sb. 
Exposure period: A = Apr–May/2002; B = June–July/2002; C = Nov/2002–
Jan/2003; D = Feb–Apr/2003; E = Apr–May/2003. F = June–July/2003; G = Sept–
Oct/2003; H = Nov/2003–Jan/2004. Stations: ST = Santana; IB = Ibirapuera;  
CG = Congonhas; SA = Santo André; SC = São Caetano; MA = Mauá; CC =  
Cerqueira César; PI = Pinheiros; DP = Parque D. Pedro; SM = São Miguel  

For a better understanding of the behaviour of the other elements analysed, 
a cluster analysis was applied by using Statistica software and the dendrogram 
obtained from the data analysis is presented in Figure 3. 

The dendrogram shows that V and Cd are in one group. Vanadium is 
considered a toxic element and is associated with industrialized areas [10].  

This element has increased during recent years in urban environments 
due to industrial dusts. In this study, in fact, high levels of vanadium were 
observed in Santo André (SA), São Caetano (SC), and Mauá (MA), which 
are highly industrialized (Fig. 2F). The highest enrichments of Cd were 
also observed in the same sites (Fig. 2D), and may be associated with the 
industrial emissions. 

T. usneoides showed high concentration of copper in Parque D. Pedro 
(DP), downtown, near big avenues with high volume of traffic, and in SA 
(Fig. 2C), with high density of metallurgic industries, indicating industrial 
and vehicular sources probably caused by the abrasion of car brakes. 

Antimony was highly concentrated in plants exposed in DP, and is sug-
gested to be mainly associated with vehicular sources. 

Pb (Fig. 2E) is still widespread in spite of lead-free gasoline in Brazil 
being available since 1983. However, fuel containing lead continues to be 
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Fig. 3. Dendrogram obtained from the data of Pb, Cd, Cu, V, and Sb  

used in aircraft and helicopters (São Paulo has intense helicopter traffic), 
which may explain this behaviour. 

Conclusions 

Traffic-related elements such as Cu and Sb presented high concentrations 
in exposure sites near heavy traffic avenues (cars, buses, and trucks) and
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may be associated to vehicular sources. For Cd, V, Co, and Ni, the high-

presence of anthropogenic emission sources. 
est contents were related to industrial zones and can be associated to the
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Abstract 

The use of commercially available cation exchange cartridges for the 
on/off-line removal of the major interferences of platinum group elements 
(PGEs) during analysis by inductively coupled plasma mass spectrometry 
(ICP-MS) was investigated and the method was validated using standard 
solutions and a certified reference material (BCR-723), road dust. The devel-
oped method was then applied to the analysis of dated sediment cores 
taken from the Venetian Lagoon. The results obtained showed enrichment 
for the PGEs when compared to the mean crustal values, and were in good 
agreement with the results found by other research groups for sediments 
from different parts of the globe. 

Introduction 

More and more restrictive regulations to control air pollution from emissions 
from cars became one of the most important aspects of the development 
and research activity on internal combustion engines in the last few decades. 
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After-treatment technologies have been developed to enable new vehicles 
to comply with the emission standards established by the latest legislation.  

The main pollutants from vehicle exhaust are hydrocarbons (HC), 
formed by the incomplete combustion of the fuel, carbon monoxide (CO) 
and nitrogen oxides (NOx); their emissions from cars can be reduced by 
more than the 90% through the employment of catalytic converters, whose 
main active components are Pt, Pd, and Rh, often referred to as platinum 
group elements (PGEs).  

Unfortunately, the ever increasing employment of the catalytic converters 
has lead to an increasingly widespread emission of PGEs into the environ-
ment; in fact, it is well known that, as a consequence of mechanical and 
thermal abrasion, these elements are released into the environment in amounts 
that are influenced by the speed of the automobile, type of engine, type, and 
age of catalyst [1,2]. A great number of studies have dealt with the disper-
sion and accumulation of PGEs in several environmental matrices (see for 
instance [3] and references listed herein). Of course, to assess the disper-
sion of PGEs into the environment, it is important to obtain time series of 
their changing occurrence in environmental archives, such as snow/ice and 
sediments. Studies of the levels of PGEs in snow and ice by Barbante et al. 
[4,5] in samples from the northern hemisphere have demonstrated that the 
levels have dramatically increased since the widespread introduction of 
catalytic converters. This data trend is also seen in studies on sediments 
from a lake in North America [6]. 

It is also known that a fraction of the PGEs released by cars is bio-available 
[7], so it has become really important to have a reliable analytical tech-
nique for the accurate determination of PGEs in environmental matrices. 
The determination of PGEs in environmental matrices is made very diffi-
cult by their very low concentrations and requires the use of very sensitive 
analytical techniques, such as inductively coupled plasma mass spectrometry 
(ICP-MS). In spite of the high sensitivity of the ICP-MS technique, the direct 
determination of PGEs is sometimes hampered by the presence of strong 
chemical interferences. For this reason it is necessary to introduce either a 
mathematical correction method [8,9] or a matrix separation technique for 
the removal of these interferences. In the case of geological samples, fusion 
with sodium peroxide followed by tellurium co-precipitation [10] or NiS 
fire-assay [11] has been successfully used, but the extensive sample handling, 
the high blank levels and the incomplete recovery of PGEs do not allow an 
easy application to environmental samples. Other suitable methods for the 
determination of PGEs employ the preconcentration of the analytes [12–15] 
or matrix separation [16–20] using ion chromatography or micro-columns 
for the removal of the interferences. The latter method exploits the property 
of PGEs to form anionic chlorocomplexes in HCl media [21], which are 
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unable to interact with the cationic surface of the resin and pass through the 
column, while interferences, present mainly as positive species, are retained 
on the resin itself.  

In this work the same property of PGEs has been exploited by using much 
smaller cation exchange columns to carry out the on/off-line separation of 
the matrix. The study of the retention of the major interferences and the 
elution of the PGEs has been carried out and the method was validated by 
analysing a certified reference material (BCR-723), road dust. The developed 
method was then applied to the analysis of dated sediment cores taken 
from the Venetian Lagoon. 

Experimental – Method 

Instrumentation 

The method development and the optimization of the matrix separation 
were carried out on an Agilent 7500i inductively coupled plasma quadrupole 
mass spectrometry (ICP-QMS) (Agilent Technologies, Yokogawa Analyti-
cal Systems, Tokyo, Japan) fitted with the Integrated Sample Introduction 
System (ISIS), consisting of two extra peristaltic pumps and two 6-port 
valves under full computer control, an ASX510 autosampler (CETAC 
Technologies, Omaha, USA) and a PFA double pass spray chamber (CPI 
International, the Netherlands), thermostated to 2ºC, fitted with the standard 
Agilent V-groove low flow nebulizer (Agilent Technologies). The method 
validation and the sample analysis were carried out both on the Agilent 
7500i ICP-MS, fitted with a PolyPro concentric nebulizer (ESI, Omaha, 
USA) and on an Element2 inductively coupled plasma sector field mass 
spectrometry (ICP-SFMS) (Thermo Finnigan MAT, Bremen, Germany) 
working in low resolution mode, fitted with a PFA microflow nebulizer 
(ESI, Omaha, USA). 

The strong cation exchange (SCE) cartridges used in this work, were 
Maxi Clean cartridges (Alltech Associates Inc., Deerfield, IL, USA), which 
consist of a styrene divinylbenzene polymer with a sulphonic acid func-
tional group (particle size range, 45–150 µm, molecular exclusion limit, 
1000 Da, exchange capacity, 2.0 meq mL–1).  

Reagents 

High purity deionized water (18 MΩ cm–1 resistivity) (Purelab Ultra, Elga, 
High Wycombe, UK) and high purity acids (Suprapur grade, Merck, 
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Darmstadt, Germany) were used throughout and all solutions were pre-
pared in a class 1000 clean room under a class 100 laminar flow bench. 

Standards of the PGEs (Pt, Pd, and Rh) and the main interferences were 
prepared from single element standards and a multielement standard, res-
pectively (CPI International, the Netherlands).  

BCR-723 urban road dust certified reference material (IRMM, Geel, 
Belgium) was used for quality control. 

Sample collection 

Six duplicate sediment cores were taken from near by the bridge that con-
nects Venice to the mainland at distances from the bridge of 1 m (core pair 1), 
every 10 m (core pairs 2–5), and at ∼200 m (core pair 6). For the sample 
collection a tube with a 7 cm internal diameter was used. The plastic tubes 
were closed with plastic film and then capped both at the bottom and at the 
top, and placed vertically in order to avoid any disturbance of the core. 

Sample preparation 

The sediment cores were kept frozen in a cold room at –20°C until sample 
preparation, which was carried out while they were still frozen. Starting 
from the top they were cut into 1 cm slices for the first 8 cm and then into 
2 cm slices for the rest of the core. From each slice the inner part of 4 cm 
diameter was taken, weighed, and dried to constant weight in an oven set 
at 105°C. The sediment was homogenized with a pestle and mortar and 
sieved through a 2 mm sieve. 

A 50 mg sample of sediment was digested in a microwave digester 
(Milestone FKV, Ethos 1600, Sorisole, Italy) using the operating parameters 
described in  Table 1 and the following mixture of reagents: 4 mL H2O, 3 mL 
HCl, and 1 mL HNO3. The digest was then cooled, made up to 25 mL and 
was stored at 4°C prior to analysis. 

Table 1. Operating conditions for microwave-assisted acid digestion of 50 mg of 
sediment or BCR-723 certified reference material  

Step Power 
(W) 

Time 
(min) 

1 250 10 
2 400 10 
3 650 8
4 400 10
5 250 10 
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About 50 mg of the certified reference material BCR-723 urban road 

Preparation of the strong cation exchange cartridges 

Before use, the SCE cartridges were conditioned by passing ultra-pure  
water for an hour, and then washed with 1% (v/v) hydrochloric acid for  
10 min at a flow rate of ∼0.7 mL min–1. The retention efficiency of the  
column for the matrix was tested and the acid strength of the digest optimized 
before use [22].  

Between two samples the micro-column was washed with 30% (v/v) 
hydrochloric acid plus 1% (v/v) hydrofluoric acid for 20 min, and then  
reconditioned with 1% (v/v) hydrochloric acid for 10 min at a flow rate of 
∼0.7 mL min–1.  

Analytical procedure 

To monitor the signal during analysis a time-resolved analysis acquisition 
was chosen. During each experiment the following phases were followed 
as the signal was acquired: initially a 1% (v/v) hydrochloric acid solution 
(blank solution) with no column in-line was analysed until a steady state 
signal was reach; after the reaching of a stable signal for the blank solu-
tion, the sample capillary was switched to the sample solution to obtain a 
response plateau of the analytes without the column in-line; the micro-
column was inserted in-line during the analysis of the sample solution; 

Results and discussion 

Analysis of the BCR-723 urban road dust reference material 

To study the retention and elution dynamics of the main interferents and of 
the PGEs, 50 mg of road dust reference material (BCR-723 urban road 
dust) was digested as described above, then cooled, made up to 25 mL and 
diluted 1:1 with water before matrix separation. 

methodology. 
dust was digested in the same manner to control the accuracy of the

signal monitoring was then stopped and the column regenerated as des-
cribed above. 
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For this the micro-columns were coupled on-line to the ICP-QMS. This 

is made possible by using the ISIS. 
Figures 1 and 2 show the results obtained respectively for the main  

interferences and for PGEs by analysing the road dust reference material. 
In Figure 1 the blank solution signal can be seen between 0 and ∼160 s; 

acid solution used to condition the micro-column itself. After the washing 
out of the clean acid solution, a steady state signal is reached as the major 
interferences are retained by the micro-column. 

Figure 2 shows the blank solution signal between 0 and ∼160 s, the sample 
peak between ∼160 and 240 s and the drop in the signal at ∼270 s due to
the elution from the micro-column of the conditioning solution. From ∼320 s
the signal starts to increase because the PGEs are not retained by the micro- 
column. Pd and Rh show a drop in signal, indicating that without interfer-
ences removal, they are subjected to heavy interferences. From Figure 2 
it could seem that Pd is retained by the micro-column because the drop in 
the signal is very big, but actually the mean signals before (~13 cps) and after 
(~30 cps) the insertion of the micro-column are significantly different. On 
the contrary, the Pt signal is unchanged before and after matrix removal, 
probably due to the fact that when HF is not used in the digestion mixture, 
Hf, the main interference for Pt, remains undigested (as most of the Hf in 

 

 

 

 

Fig. 1. Signal obtained for the major interferents in a 50 mg sample of BCR-723 
road dust certified reference material digested in 4 mL H2O, 3 mL HCl, and 1 mL 
HNO3, made up to 25 mL and diluted 1:1, before and after matrix separation at a 
flow rate of 0.7 mL min–1 

at ∼160 s starts the signal of the sample before the insertion of the column,
which takes place at ∼240 s. After the insertion of the micro-column the
signal drops (at ∼ 270 s) due to the elution from the micro-column of the

the samples comes from the ceramic substrate of the catalytic converters)
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Fig. 2. Signal obtained for the PGEs in a 50 mg sample of BCR-723 road dust cer-
tified reference material digested in 4 mL H2O, 3 mL HCl, and 1 mL HNO3, made 
up to 25 mL and diluted 1:1, before and after matrix separation at a flow rate of 
0.7 mL min–1 

and the small fraction that is mobilized is unable to form anionic complexes 
that normally elute with the PGEs and cause an increase in the Pt signal.  

The method validation was carried out by the analysis of a sample of the 
road dust reference material (BCR-723 urban road dust). About 50 mg of 
road dust reference material (BCR-723 urban road dust) was digested as 
explained before, then cooled, and made up to 25 mL. A standard additions 
calibration was done: standard additions of 0, 5, 13, 26, and 52 ng L–1 of 
Rh, 0, 5, 11, and 17 ng L–1 of Pd, and 0, 27, 53 and 107 ng L–1 of Pt were 
carried out before the matrix separation. The standard solutions were carried 
out before the matrix separation. The standard solutions were prepared in 20% 
(v/v) aqua regia. The interferences removal was done off-line and the cali-
bration solutions were analysed with both ICP-QMS and ICP-SFMS. 

The results obtained are summarized in Table 2 together with the 
method detection limits obtained with the ICP-QMS by 20 repetitions of a 
blank digest solution after passing through a micro-column. 

Good calibration curves and good agreement between the results and the 
certified values were obtained, except for Pd with the ICP-SFMS. This is 
probably due to the presence of residual interferences that can be amelio-
rated by further optimization of the ICP-SFMS method. 

reference material 
Quantitative analysis of the BCR-723 urban road dust 
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Table 2. Results obtained from the analysis of the urban road dust reference mate-
rial (BCR-723) and detection limits (3 × SD of the blank) obtained by 20 repeti-
tions of a blank digest solution after passing through a micro-column 

Element Concentration 
found 

(ng g–1) 

Certified value  
(ng g–1) 

Detection limit in 
the solid  
(pg g–1) 

ICP-SFMS Rh 14.9 ± 0.1 12.8 ± 1.2  
 Pd  6.0 ± 1.8  
 Pt 79.4 ± 1.6 81.3 ± 3.3  
    
ICP-QMS Rh 14.3 ± 0.1 12.8 ± 1.2 0.15 
 Pd 4.7 ± 0.4 6.0 ± 1.8 0.62 
 Pt 80.7 ± 0.4 81.3 ± 3.3 0.24 

Analysis of sediments cores from the Venetian Lagoon 

The developed method was applied to the analysis of dated sediment cores 
taken from the lagoon of Venice. It is well known that inside the city of 
Venice there are no cars, they are all stopped in a big car park at the entrance 
of the city. The bridge that connects Venice with the mainland has a very 
high volume of traffic (up to 30,000 vehicles per day cross the bridge 
when traffic volume is at its highest). This gave us the idea of collecting 
some sediment cores close to the bridge to see if an increase in the PGEs’ 
concentration was present compared with the mean value for these ele-
ments in the Continental Crust. 

Three sediment cores have been analysed up to now: the first, the third, 
and the sixth collected southward from halfway along the bridge. Both ins-
truments have been employed to analyse the sediment cores, and a stan-
dard additions calibration method was used. The results obtained for Rh 
and Pt with the ICP-QMS were close to or lower than the detection limits, 
whereas, as already seen when analysing the road dust reference material 
(BCR-723), the best results for Pd were obtained with the ICP-QMS. For 
these reasons, the results obtained for Pt and Rh with the ICP-SFMS and 
those obtained for Pd with the ICP-QMS are presented in Table 3. In Table 3 
a comparison between the obtained PGEs concentrations in the sediments 
and those of the continental crust are shown; the mean values obtained for 
each core are reported in this table with the ranges of values found in each 
core in brackets underneath. 

Table 3 shows that the results obtained for Pd and Rh are much higher 
than those of the continental crust, whereas for Pt the increase is less signifi-
cant, even if some samples are much higher than the crustal value. However,
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Table 3. Comparison between the mean concentrations of PGEs (ng g–1) in the 
continental crust and those obtained in sediments of the Venetian Lagoon  

  Rh Pd Pt 
Earth crust  0.06 0.4 0 0.4 0

Core no. 1 0.96 
(0.062–3.21)

4.81
(1.61–9.15)

0.59
(0.024–3.96)

Core no. 3 1.96
(0.56–7.10)

6.47
(1.43–30.1)

1.19
(0.33–10.04)

Sediments  

Core no. 6 5.32
(1.19–43.64)

7.48 
(1.62–34.07)

0.97
(0.44–6.30)

we have a high confidence in our results as they are in good agreement with 
those obtained by other research groups for river and surface sediments [3]. 

Conclusions  

This study has shown that commercially available reusable cation exchange 
micro-columns are able to remove the interferences that prevent the direct 
determination of PGEs by ICP-MS. The main advantages of using these 
small columns are that they can be reconditioned and used many times; 
moreover, they can work with small sample, elution, and regeneration 
volumes. In this way the matrix separation becomes simpler and less time 
consuming. 

The method has been successfully applied to an urban road dust reference 
material (BCR-723); good agreement between the results and the certified 
values were obtained, even if the ICP-SFMS method has still to be optimized 
for the determination of Pd.  

Moreover, the method has been applied to the analysis of Venetian  

both instruments was necessary. 
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Abstract 

The results of a comparative investigation on urban and natural matrices 
(soil, road, and tunnel dust) from Latium (central Italy) are used to evalu-
ate the influence of catalyzed traffic emission on the distribution of Pt and 
rare earth elements (REE). Normalized REE data show that REE distribu-
tion pattern in urban soils is strictly related to natural background. Road 
dust, although collected directly on asphalt and so richer in catalyst parti-
cles, do not show at the moment any significant difference: the results evi-
dence that REE in urban samples substantially maintains their original 
geological mark. In addition, laser ablation inductively coupled plasma 
mass spectrometry (LA-ICP-MS) technique is utilized to identify and ana-
lyse catalyst fragments in samples: in fact, the association of platinum 
group element–convoy-group element (PGE–Ce) or PGE– lanthanum (La), 
as high intensity peaks found in urban matrices, reveals the presence of 
catalyst particles. 

Introduction 

The study of platinum group elements (PGE) and rare earth elements (REE) 
distribution in urban environments has become extremely interesting in the 
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last decades, owing to the increasing use of these elements in car catalysts. 
In the catalyst PGE directly promote the conversion of harmful gases con-
tained in the exhaust fumes (unburned hydrocarbons, nitrogen oxides, and 
carbon monoxide) to N2, CO2, and H2O. REE, instead, mainly represented in 

based honeycomb) and enhance the oxidation of pollutants. The thermal 
and mechanical wear of catalyst, however, causes the release of fine parti-
cles, emitted in the order of few ng km–1, enriched in PGE and REE: about 
66% of them have a diameter >10 µm, while 21% ranges from 3.1 to 10 
µm and the remaining 13% is <3.1 µm [1]. Catalyst particles are mainly 
accumulated in the roadside sites and contribute to the composition of urban 
dust (a heterogeneous material in which components are differentiated for 
morphological, chemical, and physical properties). 

From a geochemical point of view, and despite the complexity of the urban 
environment, it is useful to introduce single and multi-element approaches 
as “tracers” to distinguish the different sources of pollution. For instance, 
PGE could give direct evidence for traffic emission contribution, Zn and 
Cd for tyre degradation and building corrosion, while the association of 
Co, Mn, and V reveals domestic emission. Instead, particles derived from 
natural soil weathering could be recognized by typical REE pattern and  
ratios, similar to those of earth crust or geological backgrounds. 

The aim of this paper is to study the composition of some urban matrices, 
collected along the main roads and tunnels of Latium (the Italian region 
comprising Rome), with particular regard to PGE and REE, to assess the 
influence of vehicular circulation. 

Experimental – Method 

Sampling and pre-treatment 

Urban samples (soils, road dust, and tunnel dust) were collected in municipal 
areas of Rome (inhabitants: 2,533,000; city area: 1285 km2) and Viterbo 
(inhabitants: 53,300; city area: 406 km2). We purposely selected these two 
cities with the aim to compare the result of a metropolis (Rome) and of a 
small town (Viterbo). Natural soils were collected from rural areas of 
Latium, including soils derived from volcanic materials, sedimentary rocks, 
and quaternary deposits. Soil and dust samples were dried at 50°C and 
sieved at 2 mm. Dust samples were further sieved to obtain the fraction 

this context by Ce, La, and Nd, stabilize the catalyst support (a -alumina 
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<63 µm, since this is the sample’s portion with the highest environmental 
relevance [2]. 

γ



Apart from these environmental matrices, in order to better characterize 
the major pollution source operating in urban sites, we also analysed two 
used autocatalysts taken from two of the most sold cars in Europe. It is 
also important to specify that we have chosen the two major catalyst types, 
a ceramic one and a metallic one, with the aim to point out any differences 
concerning their PGE and REE contents. The external wrapping of each 
catalyst was removed and the internal honeycomb structure was grounded 
and stored. 

Sample dissolution for total quantification 

Samples were mineralized through a microwave-assisted acid dissolution 
based on a mixture of ultra-pure reagents (HNO3–H2O2–HF–HclO4). Sam-
ples were then heated near to dryness and the residues were dissolved in 
1% HNO3. The analytical procedure was verified on four certified refer-
ence materials (CRMs): WGB-1, BCR-723, NIST-2556, NIST-2557 for 
PGE, and GSP-2 for REE determination. The results obtained on CRMs 
were in very good agreement to the certified values. 

Samples were quantitatively analysed by ICP-MS (Perkin–Elmer–Elan-
6100). Spectral interferences were mathematically corrected [3]. However, 
in many cases, interferences on Pd and Rh were too intense to obtain a  
reliable determination for these two elements. 

PGE–REE association for urban traffic fingerprint 

The recognition of catalysed traffic contribution in urban matrices can be 
obtained through the study of elemental association in solid samples. This 
objective, however, is impossible to reach by means of conventional ICP-
MS analysis. This technique in fact, requires the introduction of a solution, 
but the necessary dissolution procedure obtains only the total amounts of 
analytes in the whole sample. Laser ablation inductively coupled plasma 
mass spectrometry (LA-ICP-MS), instead, working directly on solid samples, 
can identify catalyst particles emitted with exhaust fumes [4]. In fact, the 
internal honeycomb structure of each catalyst has always a typical associa-
tion of a high Ce (and often also La) concentration combined with high 

fingerprint to distinguish autocatalyst particles. LA-ICP-MS analyses (using 

concentrations of PGE. Such composition and contemporary association
is not common in environmental matrices and represents a characteristic
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a Cetac-LSX-200 joined to a Perkin–Elmer–Elan-6000) were performed 
on solid (no grinded) samples. To better identify the influence of catalysed 
traffic on urban matrices, a subsample of tunnel dust was further sieved to 
split the fraction <20 µm and 20–63 µm ranges.  



Results and discussion 

Pt in urban matrices 

Results of Pt determination in urban soils and dusts are summarized in  
Table 1, where there are also listed the Pt background values obtained for 
Latium natural soils [5]. All urban samples show a Pt enrichment with res-
pect to the soil background. According with other studies [6], the highest 
Pt concentrations were found in tunnel dust samples (due to limited air cir-
culation and restricted atmospheric influence). The amount of noble metal 
is highly dependent on the traffic intensity and the tunnel age. Indeed, the 
latest realized or recent cleaned tunnels, “Castel S. Angelo” and “Collina 
Fleming”, show lower Pt amounts with respect to the other tunnels. 

PGE in autocatalysts 

The two autocatalysts analysed show a drastic differentiation about PGE 
contents, clearly related to their dissimilar structure (Table 2). The Pt/Rh 
ratio is compatible to the one generally associated to autocatalysts used in 
Europe (~5). From the introduction of the early models, in the mid-1970s, 
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Table 1. Pt contents in Latium urban and natural matrices (ng g–1) 

Urban matrices Pt 
Rome urban soils 11.2 ± 4.1

Viterbo urban soils 10.3 ± 3.4

Rome tunnel dusts 344 ± 250

Viterbo road dusts 110 ± 26
Latium natural soils 3.8 ± 1.9

Table 2. Pt contents in two European autocatalyst (µg g–1). Means of five replicates 

Catalyst type Pt Pd Rh 
Ceramic-based 990 ± 21
Metallic-based 2424 ± 89

307±3
16±1

218±2
567±2

to the most efficient Three-way types (TWC), in the 1980s, catalysts with 
different PGE contents have been produced to improve engine perform-
ances and to lower emissions. The amount of PGE in a catalyst, therefore, 



REE in urban matrices 

Results of REE determination in urban matrices of Latium are summarized 
in Table 3. The normalization of REE concentrations with respect to a geo-
logical “reference” value is surely a useful tool to obtain a comparison 
among information from different sites and, sometimes, allows relating 
samples to “contamination” sources. This approach was applied also on 
our samples (Fig. 1) using at first the upper continental crust (UCC) aver-
age data [7] as reference values (Table 3). Nevertheless, because of the 
variability and of the wide range of REE concentration in the different par-
ent materials, this normalization does not clearly evidence any possible 
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can give information on its history, considering as example that Pd came to  
the fore from 1989 onwards, Rh has been introduced from 1986, while the 
newest generation of autocatalysts contains mainly Pd. Consequently, the 
analysed metallic catalyst can be classified as an old TWC (pre-1989), 
heavily based on Pt, while the ceramic one as a more recent Pt–Pd TWC. 

Table 3. REE mean contents in Latium urban and natural matrices (µg g–1) 
 

REE  Rome  
urban 
soils 

Rome tun-
neldusts 

Viterbo  
urban 
soils 

Viterbo 
road dusts 

Latium sedi-
ment soils 

Latium vol-
canic soils 

Latium geo-
logical back-
ground 

UCC 
 [7] 

La 102 ± 4  51 ± 16 103 ± 15 88 ± 13 29 ± 13 99 ± 3 75 ± 31 30 

Ce 295 ± 17  106 ± 39 198 ± 27 175 ± 24 49 ± 17 301 ± 17 192 ± 105 64 
Pr 25 ± 1 11 ± 4 22 ± 3 19 ± 3 6.8 ± 2 25 ± 1 17 ± 8 7.10 

Nd 64 ± 7 42 ± 15 87 ± 16 71 ± 11 28 ± 12 62 ± 4 57 ± 17 26 

Sm 16 ± 0.8  7 ± 36 12 ± 2 10 ± 1 5.3 ± 2 16 ± 1 10 ± 5 4.50 
Eu 3.9 ± 0.1  1.7 ± 0.8 2.8 ± 0.5 2.6 ± 0.3 1.4 ± 0.5 3.4 ± 0.6 2.3 ± 1.1 0.88 

Gd 15 ± 0.8  6.3 ± 3 11 ± 2 10 ± 1 6.3 ± 3 15 ± 1 9.8 ± 4.7 3.80 

Tb 1.3 ± 0.3  1.2 ± 0.1 1.4 ± 0.2 1.2 ± 0.2 1 ± 0.1 1.2 ± 0.1 1.1 ± 0.2 0.64 
Dy 7.8 ± 0.4  3.4 ± 2 6.5 ± 1 5.7 ± 0.6 4.6 ± 2 8.2 ± 0.4 6 ± 2.4 3.50 

Ho 1.1 ± 0.1  1.2 ± 0.1 1.1 ± 0.1 0.9 ± 0.1 0.6 ± 0.1 1.1 ± 0.1 0.9 ± 0.1 0.80 

Er 3.7 ± 0.2  1.5 ± 0.7 3.2 ± 0.4 2.9 ± 0.3 2.7 ± 1.6 4.1 ± 0.1 3.2 ± 1.3 2.30 
Tm 0.4 ± .01  0.3 ± 0.01 0.4 ± 0.05 0.3 ± 0.04 0.2 ± 0.02 0.4 ± 0.02 0.3 ± 0.04 0.33 

Yb 2.7 ± 0.2  1.1 ± 0.5 2.6 ± 0.3 2.4 ± 0.3 2.2 ± 1 3.1 ± 0.4 2.6 ± 1 2.20 

Lu 0.4 ± .02  0.2 ± 0.08 0.4 ±0.05 0.3 ± 0.05 0.3 ± 0.20 0.5 ± 0.07 0.4 ± 0.2 0.32 
∑LREE 505.9 218.7 424.8 365.6 119.5 506.4 353.3 132.5

∑HREE 32.4 15.2 26.6 23.7 17.9 33.6 24.3 13.89

∑REE 538.4 233.9 451.4 392.2 137.4 540 377.6 146.4

 

weak enrichment. For this reason we also normalized our data with the 
geological background of the studied areas in (average of the available data 
on selected natural soil of Latium) Figure 2. However, the light enrichments 



Fig. 1. Latium REE pattern with respect to UCC 
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Fig. 2. Latium REE pattern with respect to geological background 

found in this way in Latium urban soils and road dust cannot be directly 
and entirely attributed to the vehicular traffic, since in urban environment 
both natural and anthropic sources contribute to the REE contents. Besides, 
road dusts of Viterbo show a REE pattern very similar to urban soils of the 
same area, evidencing that road dusts mainly derive from soil particles 
transported by local winds. Tunnel dusts of Rome, instead, also showing a 
pattern enough similar to the others, are depleted in REE with respect to 
both their geological background and urban soils, as a result of the lower 
degree of interaction and particles exchange between tunnel and the out-
door environment (this type of dust, in fact, is mainly composed by parti-
cles derived from the decomposition of the structural materials of tunnels). 

The relative concentration sequences of REE in the studied environmental 
matrices are very similar to those of related parent materials as reported in
Table 3. In Rome urban soils the concentration sequence is Ce > La >
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REE in autocatalysts 

Data on REE concentrations in autocatalysts are reported in Table 4. The 
normalization with respect to the UCC (Fig. 3) evidences characteristic 
patterns related to differences in manufacturing technique. These patterns 
can be used, through a comparison with the ones of known catalysts, to  
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describe and rapidly identify the typology of a catalyst. In fact, our ceramic  
European autocatalyst has a pattern strictly similar to NIST-2557, therefore 
we can declare that these two catalyst are based on an equivalent structure. 
The metallic European autocatalyst, instead, is clearly different to the 
others, since it is not based on a ceramic structure (like the ones mentioned 
above) and because the NIST-2556 is based on an aged configuration 
(called Pellet) never adopted in Europe. 

where the only differentiation is that Er > Eu. These sequences similarity 
means that, despite anthropic contribute, urban soils still preserve their 
original REE distribution. 

Multi-element approach 

Among urban matrices, dust can be considered the most relevant for the 
human health, since the particles <10 µm can be easily inhaled. This frac-
tion that represents about 35% of the catalyst fragments emitted with exhaust 
fumes can enter into contact with peoples and especially children (breath-

coinciding with that of tunnel dusts (with the slight difference Tb = Ho > Yb).
A similar sequence characterize also Viterbo urban soils and road dust,

Fig. 3. Catalysts REE pattern with respect to UCC 

ND > Pr > Sm > Gd > Dy > Eu > Er > Yb > Tb > Ho > Tm > Lu, substantially

ing, skin exposition, etc.). 
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Table 4. REE mean contents in autocatalysts (µg g–1) 

REE   Ceramic Metallic  
La  412 ± 0 7 80 ± 2
Ce  16650 ± 374 38440 ± 930
Pr  16 ± 0.6 1.1 ± 0.2
Nd  295 ± 21 634 ± 15
Sm  6.4 ± 0.1 3.5 ± 0.7
Eu  0.9 ± 0.01 0.3 ± 0.001
Gd  142 ± 4 359 ± 13
Tb  3.2 ± 0.1 6.5 ± 0.7
Dy  1.51 ± 0.01 0.12 ± 0.01
Ho  0.31 ± 0.01 0.03 ± 0.01
Er  0.75 ± 0.06 0.05 ± 0.01
Tm  0.11 ± 0.01 0.30 ± 0.01
Yb  0.62 ± 0.01 0.01 ± 0.001
Lu  0.21 ± 0.01 0.07 ± 0.01
∑LREE  17380 39160
∑HREE  149 366

ments with respect to natural background. It is possible to evidence such 
phenomena by introducing an enrichment factor expressed as (EF) = 
[M]us[R]ns/[M]ns[R]us, where M is the considered element in urban sample 
(us) or Latium natural soils (ns), while R is the element considered as  
reference. 

The urban environment promotes selective enrichment of some ele-
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In this work, the selected reference element is La, because it is included 
in the catalyst composition but, at the same time, is less abundant than Ce. 
Results are reported in Figure 4, where it is evident the Pt enrichment testi-
fying the autocatalyst-derived pollution. The log (EF) of REE results over-
all negative in Viterbo road dusts, while several positive values has been 
observed in tunnel dusts of Rome. Again, it is the aforesaid “enclosed” 
state of a tunnel that is responsible for this differentiation. Only Nd, among 
the key REE in the autocatalyst structure, show a positive enrichment, 
even though light, in both cases. 

Traffic pollution fingerprint 

A first application of LA-ICP-MS was carried out on a road dust sample. 
Some intense peaks of Ce and PGE are so elevated to shift the magnitude 



Fig. 4. Enrichment factors for Pt and REE, intended with respect to La, in Latium 
dusts 

of the y-axis to such a level that the baseline signals are practically invisi-
ble. This is a first clue to recognize catalyst particles, because it suggests 
that the sample has particles with peculiar and very high concentrations of 
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Ce and PGE (signal intensity is proportionally to analyte concentration). 
Moreover, the peaks appeared exactly at the same time, and this means 
that those high concentrations had been found in the same part of the sam-
ple; this is our second evidence, because the simultaneous presence of Ce 
and PGE in the same particles is not common (unless the particles derive 
from a catalyst). The definitive proof was obtained from LA analyses per-
formed on our catalyst samples: the signal intensities of Ce and PGE, in 
fact, had an order of magnitude comparable to those found in road dust 
(taking in account that catalyst sample produce a more intense signal be-
cause it derive from the entire honeycomb structure, while catalyst parti-
cles in urban samples derive essentially from wash-coat fragments). This 
validate that the peaks found in road dust can undoubtedly be associated to 
catalyst particles. 

tions previously separated (<20 µm and 20–63 µm) were analysed. The 
A similar analysis was performed on tunnel dust, and each of the two frac-
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Fig. 5. Scanning laser ablation (LA) on a Rome tunnel dust (fraction 20–63 µm) 
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20–63 µm fraction was characterized by more Ce–PGE peaks than the <20 µm 
fraction (Figs. 5 and 6), suggesting that catalyst particles accumulated in 
urban samples have probably a dimension >20 µm. However, this is only 
preliminary information and further investigations must be made. 

Fig. 6. Scanning laser ablation on a Rome tunnel dust (fraction <20 µm) 

Finally, from some tests executed on dust samples purposely enriched 
by crushed catalysts, we verified that, apart from Ce and PGE association, 
also other elemental association, such as La–PGE, can be used (in some 
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enrichments are not yet clearly identifiable, because of high background 
values and heterogeneity of the other anthropic inputs. However, it has 
been demonstrated that LA-ICP-MS can show the presence of autocatalyst 
particles in urban samples, analysing both their content of PGE and of 
REE, and allows to overcome the limits inherent in the acid dissolution of 
solid samples. 
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Abstract 

Experiments were carried out to investigate the role of the different soil 
minerals for adsorption, fixation, and remobilization of automobile catalyst 
emitted platinum group elements – PGE (Pt, Pd, Rh). It was shown that the 
adsorption capacity of the investigated soil minerals (kaolinite, Mn/Fe-
oxides, quartz, feldspar, calcite) shows large differences mainly depending 
on specific surface and surface loading. The pH value plays an important 
role for the buffer capacity of calcite. Kaolinite and Mn/Fe-oxides are 
characterized by high-specific surface and variable surface loading, express-
ing the highest adsorption capacity and also stronger bonding for the PGE. 

and Rh. Pd is the most easily removable element, even though it was 
adsorbed to a relatively high amount by all investigated minerals. 

The experiments demonstrated that mineralogical composition and  
geochemical conditions of soil exert a decisive influence on fixation and 
remobilization of catalyst emitted PGE. 
 

Sorption behaviour of Pt, Pd, and Rh 

Individual PGE show differences in respect of their adsorption behavi-
our. Platinum was adsorbed slower and to a much lower extend than Pd
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of an experimental study 



Introduction 

The use of platinum group elements (PGE) Pt, Pd, and Rh in automobile 
catalytic converters lead to their increasing emission into the environment. 
Meanwhile it was demonstrated that the catalyst emitted PGE are widely 
distributed not only in roadside soil, but also in plants, animals, and even 
in outlying areas such as Greenland ice [1–6]. The environmental rele-
vance of the mobility of PGE is well documented [7,8]. However, many 
processes concerning mobility, transformation or uptake by plants and 
animals are not understood.  

Soil is the first natural material getting in contact with catalyst emitted 
PGE and it is the interface to the living environment. Therefore the aim of 
our investigations was to obtain fundamental data concerning the behaviour 
of PGE in soil, focussing on the role of different soil minerals with regard 
to adsorption, fixation, and mobilization of PGE. Differences and mutual 
effects of the minerals as well as the strength of PGE bonding were inves-
tigated. Further on specific characteristics of Pt, Pd, and Rh were studied. 

Experimental set-up and analytical methods 

Experiments were carried out with five minerals, each having specific 
characteristics with respect to surface loading, specific surface, or chemi-
cal behaviour. The minerals were treated with low-concentrated PGE solu-
tions in batch and column experiments, which will be discussed in another 

Minerals 

–1. 

Germany) is a potassium feldspar with a grain size distribution ranging 
from 0.063 to 2 mm (85% between 0.2 and 0.63 mm), and a specific sur-
face area (BET) of about 3000 cm² g–1. 
 

waters, the strength of bonding of PGE on the materials from batch ex-
paper. In leaching experiments using different natural and near-natural
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periments was evaluated. 

Quartz was provided by Gebrüder Dorfner GmbH & Co (Hirschau/Germany).

the specific surface area (BET) is about 600 cm² g
Feldspar provided by Amberger Kaolin Werke Eduard Kick (Hirschau/

The grain-size distribution is very narrow in the range of 0.063–0.2 mm,



A very pure kaolinite with a specific surface area (BET) of about 157,000 
cm² g–1

Germany). 
Calcite from Deutsche Terrazo (commercial brand Juraperle TWA) has 

a grain size of 0.2–1.8 mm and a specific surface area of 200 cm² g–1. 
Mn/Fe-oxides were provided by the waterworks of Karlsruhe. The mate-

rial forms during purification of drinking water as coating of Mn- and 
Fe-oxides/-hydroxides on small quartz grains. The grain size ranges between 
0.2 and 2 mm, with most grains in the size of 0.63–2 mm. The material is 
very porous and has a specific surface area (BET) of ~466,000 cm² g–1. 

Batch experiments 

About 5 g of each mineral or mineral mixture were treated with 50 mL of 1 
µmol L–1 PGE solution, prepared from 1000 µg mL–1 Pt and Pd AAS stan-
dards (Alfa, USA), and RhCl3 nH2O (Merck, Germany), by diluting with 
double distilled water; pH was adjusted to 4 with nitric acid. The solutions 
were sampled at specific time intervals in order to assess the amount of  
adsorbed PGE. The concentration of PGE was analysed with high resolu-
tion inductively coupled mass spectrometry (HR-ICP-MS). 

Leaching experiments 

Leaching experiments were carried out with materials used in the batch 
experiments with individual minerals. Samples were dried at 40°C. About 
1 g of each mineral was treated separately with 10 mL of humic water of 
mountain moor lake (DOC 36.7 mg L–1; pH 4.5), molten snow (pH 4.0), 
and ammonium nitrate solution (1 M, pH 4.7). Ammonium nitrate extrac-
tion is a German standard method to estimate the plant-available amount of 
heavy metals in soils. 

The samples were shaken for 24 h with humic water and molten snow 
and 2 h with ammonium nitrate solution, respectively. Before analysing by 
HR-ICP-MS, samples were filtrated and stabilized with 100 µL HNO3. 
The desorption rate was calculated relative to the amount of PGE adsorbed 
by each mineral during the batch experiments. 

Procedural blank solutions were prepared in order to assess blank values 
and minimize matrix effects. 
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 was provided by Gebrüder Dorfner GmbH & Co (Hirschau/

.



Analytical methods 

PGE solutions were measured with HR-ICP-MS (Axiom, VG-Elemental) 
using external calibration in the range between 0.5 and 5 µg L–1 for Pt, Pd, 
and Rh, prepared from a 10 mg L–1 multi-element ICP-MS standard solution 
(Spex-Certi Prep. Inc., USA). Platinum was quantified by recording and 
averaging the signals for the isotopes 194Pt, 195Pt, and 196Pt, while for Pd the 
isotopes 104Pd, 105Pd, 106Pd, 108Pd were used. Solutions from the batch experi-
ments were measured at a mass resolution of 500 (m/∆m) for all isotopes, 
whereas solutions from the extraction experiments were analysed at a reso-
lution of 4500 for Pt and 9000 for Pd isotopes and Rh, respectively. 

Each reported value is the average of three separate runs. As internal 
standard Ir was used. 

Results 

Batch experiments with distinct mineral phases 

The batch experiments with separate minerals yielded specific results in 
respect of both, minerals and PGE (Fig. 1). Platinum is removed quantita-

Fig. 1. Diagram showing the results of the batch experiments with individual min-
eral phases. Percent loading values are calculated from concentrations in solution 
at the end of the experiment relative to the starting concentration 
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tively only by adsorption onto kaolinite, the other minerals show less adsorp-
tion, ranging between 40% (feldspar) and 70% (calcite). 



Palladium and Rh are almost quantitatively adsorbed by calcite, kaolinite, 
and Mn/Fe-oxide, and up to 75% (Pd) and 20% (Rh), respectively by quartz 
and feldspar. 

Summarizing the adsorption properties of the minerals relative to PGE, 
quartz, and feldspar show lower adsorption capacity as compared to calcite, 
Mn/Fe-oxide, and kaolinite. Similarly, Skerstupp et al. [9,10] reported 
about higher adsorption capacity for Fe oxides and the clay mineral mont-
morillonite. 

Batch experiments with mixtures of mineral phases 

Batch experiments with mineral mixtures were aimed to figure out mutual 
influences of the minerals investigated. 

Pair-wise mixtures of all minerals (except for quartz, which is more or 
less inert), composed similar to the ratio of the minerals in a typical local 
soil, were prepared in six possible combinations. Additionally a “simulated 
soil” corresponding to the local soil composition was prepared including 
all minerals (Table 1). 

The results show that Pt is adsorbed only to a minor portion (30–90%) 
compared to Pd and Rh by most of the mineral mixtures. Palladium and Rh 
were adsorbed to more than 90% by all mineral mixtures inclusively by the 
“simulated soil”. 

Figure 2 shows a very different behaviour for the investigated mixtures. 
The adsorption capacity of each mixture is in the range of the average of 
the adsorption capacities obtained from the experiments with individual 
minerals (Fig. 1). Mixtures with kaolinite or Mn/Fe-oxides display higher 
adsorption capacities, while feldspar and particularly calcite lead to a 
lower adsorption of PGE by the respective mixture. 

The “simulated soil” displays an adsorption capacity, which in average 
reflects the characteristics of the individual minerals. 

Table 1. Composition of the “simulated soil” (SS) 

Minerals Abbr. Content in %
Mn/Fe-oxides Mn 2 
Kaolinite K 4 
Feldspar F 15 
Calcite C 7 
Quartz – 72 
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Fig. 2. Diagram showing the results of the batch experiments with mineral mix-
tures. Percent loading values are calculated from concentrations in solution at the 
end of the experiment relative to the starting concentration. Abbreviations of min-
eral mixtures see Table 1 

These results clearly demonstrate that under the conditions of our experi-
ments minerals do not mutually influence each other in respect of their  
adsorption properties for PGE. 

Temporal trends of PGE adsorption 

During batch experiments the solutions were daily sampled. The relative 
amount of PGE adsorbed after different time intervals indicates, that the 
temporal evolution of adsorption depends much more on the characteristics 
of the individual element than on the composition of the mineral mixture, 
because in general, all mineral mixtures show a similar time pattern in the 
adsorption behaviour of Pt, Pd, and Rh, respectively (Fig. 3). 

Palladium was adsorbed by more than 80% by all mineral mixtures dur-
ing the first day. At the end of the experiments after 50 days, between 90% 
and almost 100% of Pd was removed from the solutions by different min-
eral mixtures. 

Rhodium showed the highest adsorption rate, with nearly 100% removal 
from the solution by all mineral mixtures. Most part of the Rh was adsorbed 
already during the first week of the experiments. 
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Fig. 3. Adsorption of Pt, Pd, and Rh by different mineral mixtures at different time 
intervals. Pt (A); Pd (B); Rh (C). For abbreviations of mineral mixtures see Table 1 

Platinum showed the lowest and slowest adsorption properties. Depending 

feldspar mixture) and nearly 100% (Mn/Fe-oxides/kaolinite mixture) from 
the solution. After 1 day only a small amount of Pt was adsorbed by all 

highest adsorption capacity for Pt. 

Leaching experiments 

In general, PGE-leaching experiments with molten snow and ammonium 

 
nitrate show similar patterns for the five minerals investigated, with Pd being
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mineral mixtures, most of Pt was adsorbed during the time interval bet-
ween 7 and 50 days. Mixtures containing kaolinite always showed the

on the mineral mixture, Pt was removed between 30% (Mn/Fe-oxides/
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Fig. 4. Diagram showing the extractable amount of Pt, Pd, and Rh from minerals 
treated with PGE solutions during batch experiments: (A) extraction with humic 
water; (B) extraction with ammonium nitrate; (C) extraction with molten snow 

easily desorbed than Pt and Rh (Figs. 4B and C). The only exception is in 
the relative amount of Rh released from quartz. This feature might be due 
to very less Rh retained by quartz during the batch experiments, which 
lead to a relatively high desorption ratio. 

Leaching experiments carried out with humic water display contrasting 
PGE patterns, with Pd being less removed from the mineral surfaces into 
the solution than Pt and Rh (Fig. 4A). Probably, PGE (especially Pd) are not 
directly adsorbed by the respective minerals, but are bond by humic acids, 
which coat the mineral surfaces. 

Obviously, minerals with the lowest adsorption capacity during the 
batch experiments (quartz and feldspar) also have the weakest bonding to 

(A) 

(B) 

(C) 
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PGE. Kaolinite and Mn/Fe-oxides display not only the highest amount of 
adsorbed PGE, but also the strongest bonding. 

Discussion 

The results show evident differences in the adsorption behaviour of the 
three investigated PGE, which is due to the pH dependent speciation of 
these element in solution, with complexes of different size, structure, and 
loading [11–15]. 

The nature of PGE complexes in solution and the zero point of charge of 
mineral surfaces is largely dependent on pH [11,16,17]. The adsorption  
of PGE by quartz and feldspar in order Pd > Pt > Rh reflects the degree of 
hydration of PGE chlorocomplexes [17]. The experiments were carried out 
at a starting pH of 4, at which Pd-chlorides are strongly hydrolyzed as 
compared to Pt- and Rh-complexes. Further on, Pt in solution was present 
in form of Pt(IV)- and Pt(II)-complexes, with the bivalent Pt complex  
being easily hydrolyzed than Pt(IV)- and Rh(IV)-complexes. Because in con-
trast to PGE chlorocomplexes, hydrolyzed PGE complexes have a positive 
loading, their adsorption by the negative surfaces of quartz and feldspar  
result in the observed order. 

In experiments including kaolinte, pH increased to neutral values. In this 
pH range PGE chlorocomplexes are hydrolyzed and completely adsorbed. 
At pH above 4 the surface loading of kaolinite becomes more and more 

At slightly alkaline pH values like in experiments with Mn/Fe-oxides, 
hydroxo-complexes occur. Pd complexes are positive in loading, while 
those of Pt and Rh are negative. The influence of pH on surface loading is 
especially important in the case of Mn/Fe-oxides. In neutral pH range (~5 
to ~8.5) Mn oxides have a negative and Fe oxides a positive surface loading. 
Due to this both positive and negative PGE complexes can be adsorbed 
from the solution. 

In batch experiments including calcite, pH was also slightly alkaline, but 
in this case, it is much likely that PGE precipitated as hydroxides or car-
bonates. 

The high adsorption capacity of kaolinite and Mn/Fe-oxides is due to 
their high surface area and permanent surface loading; additionally Mn/ 
Fe-oxides have a high porosity. Batch experiments with mineral mixtures 
show that the amount of adsorbed PGE is primarily controlled by the mineral 
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nite for positive hydrolyzed PGE complexes increases. 
negative, so that the adsorption capacity of mineral substrates with kaoli-



phase with the higher adsorption capacity. Consequently, in the mixture of 
kaolinite and Mn/Fe-oxides Pd, Rh, and Pt were adsorbed to nearly 100%. 

Calcite led to an increase of pH in all mineral mixtures, resulting in two 
effects: on the one hand to precipitation of carbonates, while the increasing 
negative surface loading of kaolinite and Mn/Fe-oxides resulted in a higher 
affinity for positively loaded PGE complexes. 

Because specific surface area, surface loading, and pH are the most  
important parameters for the adsorption of PGE, it can be concluded that the 
immobilization of PGE in the “simulated soil” is controlled by kaolinite, 
Mn/Fe-oxides and calcite. 

Conclusions 

Batch and extraction experiments demonstrate that different soil minerals 
have specific adsorption characteristics for PGE with distinct behaviour for 
Pt, Pd, and Rh. 

Specific surface, surface loading, and for calcite, also alkaline buffer 
capacity, are the main factors controlling the adsorption capacity of the 
minerals investigated. Additionally the minerals show differences in the 
strength of adsorption, corresponding to their adsorption capacity. Based 
on these characteristics minerals may be divided into two groups. Quartz 
and feldspar are characterized by low adsorption capacity and only weak 
bonding while kaolinite, Mn/Fe-oxides, and in part also calcite have rela-
tively high adsorption capacities and stronger bonding for the PGE. Kao-
linite and Mn/Fe-oxides are characterized by high specific surface and 
variable surface loading. In contrast adsorption on calcite is mainly con-
trolled by pH, due to its higher buffer capacity. 

It could be shown that the individual PGE have striking differences in 
respect of their adsorption behaviour. Platinum is adsorbed to a much 
lower extend than Pd and Rh. Additionally, kinetic effects lead to a con-
siderably slower adsorption of Pt compared to Pd and Rh. 

Among the PGE investigated, Pd is most readily adsorbed by all of the 
considered minerals. At the same time, it is also the element, which is most 
easily removed from the mineral surfaces by water. Our data support ear-
lier presumptions that Pd is the most mobile of the catalyst emitted PGE 
[2,8]. 

Rhodium is adsorbed to the highest amount among the three investi-
gated PGE. Its bonding strength is comparable to that of Pt as shown by 
the leaching experiments. 
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The experiments demonstrated that the mineralogical and geochemical 
composition of soil exerts a decisive influence on the fixation and mobili-
zation of PGE. Clay-minerals, Mn/Fe-oxides and carbonates are compo-
nents, which in conjunction with high pH values increase the bonding 
capacity of the soil for PGE.  

References 

1. Ek KH, Morrison GM, Rauch S (2004) Environmental routes for platinum 
group elements to biological materials – a review. Sci Total Environ 334–335: 
21–38 

2. Jarvis JK (2001) Temporal and spatial studies of autocatalyst-derived platinum, 
rhodium, and palladium and selected vehicle-derived trace elements in the 
environment. Environ Sci Tech 35:1031–1036 

3. Moldovan M, Rauch S, Gomez M, Palacios MA, Morrison GM (2001) Bio-
accumulation of palladium, platinum and rhodium from urban particulates and 
sediments by the freshwater isopod Asellus aquaticus. Wat Res 35:4175–4183 

4. Platinum (1991) Environmental health criteria: 125. WHO. Also at http://www. 
inchem.org/documents/ehc/ehc/ehc125.htm 

5. Palladium (2002) Environmental health criteria: 226. WHO. Also at http://www. 
inchem.org/documents/ehc/ehc/ehc226.htm 

6. Ravindra K, Bencs L, Grieken R (2004) Platinum group elements in the 
environment and their health risk. Sci Total Environ 318:1–43 

7. Fliegel D, Berner Z, Eckhardt JD, Stüben D (2004) New date on the mobility 
of Pt emitted from catalytic converters. Anal Bioanal Chem 397:131–136 

8. Moldovan M, Palacios MA, Gomez MM, Morrison G, Rauch S, McLeod C, 
Ma R, Caroli S, Almonti A, Petrucci F, Bocca B, Schramel P, Zischka M, 
Pettersson C, Wass U, Luna M, Saenz JC, Santamaria J (2002) Environmental 
risk of particulate and soluble platinum group elements released from gasoline 
and diesel engine catalytic converters. Sci Total Environ 296:199–208 

9. Skerstupp B, Frank G, Urban H (1994) Experimentelle Untersuchungen zur 
Adsorption von Chlorokomplexen und Kolloiden der Platingruppenelemente 
(PGE) auf Montmorilloniten, mit besonderer Berücksichtigung der Bestimmung 
der adsorbierten Spezies. Beiträge zur Jahrestagung, DTTG, Regensburg 

10. Skerstupp B, Zereini F, Urban H (1995) Adsorption of platinum and 
palladium on hydrous ferric oxide (HFO) – an investigation by TXRF and 
XPS. Ber Dtsch Mineral Ges 7:234 

11. Azaroual M, Romand B, Freyssinet P, Disnar JR (2001) Solubility of platinum 
in aqueous solutions at 25°C and pHs 4 to 10 under oxidizing conditions. 
Geochim Cosmochim Acta 65:4453–4466 

12. Cotton FA (1982) Anorganische Chemie. Weinheim, Germany 
13. Middlersworth JM, Wood, SA (1999) The stability of palladium (II) hydroxide 

and hydroxy-chloride complexes: An experimental solubility study at 25–85°C 
and 1 bar. Geochim Cosmochim Acta 63:1751–1765 

Sorption behaviour of Pt, Pd, and Rh on different soil components      293 



14. Tait CD, Janecky DR, Rogers PSZ (1991) Speciation of aqueous palladium 
(II) chloride solutions using optical spectroscopy. Geochim Cosmochim Acta 
55:1253–1264 

15. Wood SA (1991) Experimental determination of the hydrolysis constants of 
Pt(II) and Pd(II) an 25°C from the solubility of Pt and Pd in aqueous hydroxide 
solutions. Geochim Cosmochim Acta 55:1759–1767 

16. Scheffer F, Schachtschabel P (1998) Lehrbuch der Bodenkunde, 14 auflage. 
Enke, Stuttgart 

17. Wagner M, Salichow A, Stüben D (2001) Geochemische Reinigung kleiner 
Fließgewässer mit Mangankiesen, einem Abfallsprodukt aus Wasserwerken 
(GreiFMan). Abschlussbericht zum BMBF-Vorhaben. Universität Karlsruhe 

18. Nachtigall D (1997) Verfahren zur Bestimmung von Platinspezies in anorga-
nischen und biologischen Systemen. Bio- und Umweltanalytik; Fraunhofer-
Institut für Toxikologie und Aerosolforschung 

 

294      J Dikikh et al. 



 

A-M Strömvall,1 M Norin,2 H Inanta3 

1Water Environment Technology, Department of Civil and Environmental 
Engineering, Chalmers University of Technology, SE-412 96 Göteborg, 
Sweden 
2NCC Construction Sverige AB, Göteborg  
3Environmental Resources Management – ERM, Jakarta, Indonesia 

Abstract 

The aim of this project was to find effective reactive materials as use in 
soil-bed barriers, for remediation of soil contaminated with chromium at 
Stallbacka industrial area in Sweden. Materials with different reduc-
tion/adsorption capacities of Cr(VI)/Cr(III) were tested in laboratory and in 
a field pilot-scale experiment. Concentrations of total Cr and Cr(VI) in the 
soil, highly contaminated with ferrochrome slag, were exceeding the 
guideline values for contaminated sites in Sweden. 

Zero-valent iron (Fe0) filling, FeSO4 •7H2O, Na2SO3, field pine bark, 
modified pine bark, pine sawdust, and sphagnum peat were tested in batch 
or columns in mixture with the contaminated soil. All the materials, except 
peat, showed a good ability to reduce Cr(VI) in the batch experiments, and 
were chosen for further dynamic studies in columns. Iron sulphate and  
sodium sulphite were both shown to have a good ability to quickly reduce 
Cr(VI) in the columns, but the use might result in leaching of Fe and SO4

2– 

adsorb the same amounts of chromium, but it was functional for a longer 
time.  

Reactive soil-bed barriers were constructed in field: soil with embedded 
layers of FeSO4, pine bark underlying the soil, and soil without any reactive 
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of chromium(VI) from contaminated soil  
Reactive soil barriers for removal 

to surface and groundwater. For field bark it took a longer time to reduce/



material layer. The iron sulphate was determined not to be suitable for the 
soil treatment, due to the high percentage of coarse materials in the soil 
texture, and thereby a quick washout of FeSO4 during the water infiltra-
tion. The field reactive soil barrier with pine bark was proven to be effec-
tive in reducing Cr(VI), and also had the capacity to adsorb both total and 
dissolved chromium leaching from the contaminated soil. 

Introduction 

The Swedish EPA has identified almost 80,000 sites as potentially contami-
nated in Sweden, and the cost for remediation of the 1500 most contami-
nated sites is estimated to be 45 billion SEK. Similar, or even more severe, 
situations are present throughout Europe and North America. Due to the 
large number of sites and the high costs, there is a strong incentive for 
finding cost-efficient solutions that are still environmentally sustainable 
and provide reduced human and ecological risks. The remediation tech-
niques used in Sweden are to a large extent based on ex situ methods, 
where the contaminated soil is excavated, transported, and treated, and 
combusted or disposed. In a sustainable perspective, cost-effective, and 
more environmentally sustainable, in situ methods to treat contaminated 
soil and groundwater at site are preferable.  

In the USA and Canada [1,2], and in Germany [3], there have now been 

have proven that passive reactive barriers can be cost-effective and effi-
cient approaches to remediate groundwater contaminated with chlorinated 
hydrocarbons and chromate [4]. 

The toxicity of chromium is dependent on the oxidation state [5,6], and 
although Cr is an essential element for humans, the hexavalent Cr(VI) is 
toxic, mutagenic, and carcinogenic. Chromium mobility is dependent on 
the solubility in water, soil moisture, or other carrying fluid, and Cr moves 
at a rate essentially the same as the groundwater [7]. Chromate, CrO4

2–, has 

The pH and reduction–oxidation (redox) potential are the two measurable 
parameters that determine the speciation of Cr and thereby the mobility 
[9]. Chromium is predominantly ionic, Cr(III), at a pH of <3. At pH above 
3.5, hydrolysis in water systems result in the presence of Cr(III) hydroxyl 
species as CrOH2+, Cr(OH)2

+, Cr(OH)3
0, and Cr(OH)4

–. At high redox and 
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logy, for in situ treatment of contaminated groundwater. The PRB techniques
several implementations of the permeable reactive barrier (PRB) techno-

a high solubility in soils and groundwater, and tends to be mobile in the 
environment [8]. In contrast, the reduced form, Cr(III), has a limited hydro-
xide solubility and forms strong complexes with soil minerals and humics.



oxic conditions, Cr is present as Cr(VI) in the form of chromate, CrO4
2– at 

higher pH, and at lower pH as hydrogen chromate HcrO4
– or dichromate 

Cr2O7
2–.  

In this project, suitable reducing agents or natural adsorbents for use in 
reactive barriers for future full-scale field remediation at Stallbacka have 
been investigated. Several different chemical reducing agents and natural 
adsorbents were tested as reactive barrier materials in laboratory experi-
ments, and also in reactive soil-bed barriers in a pilot-scale field experiment 
at Stallbacka. The reactive materials were selected on the basis of findings 
from a literature survey. 

Experimental methods 

The slag-contaminated soil  

The slag-contaminated soil used in the laboratory tests was randomly col-
lected from the backfilling soil used in the field experiments at Stallbacka. 
The soil was air-dried at room temperature and sieved; particles <2 mm 
were selected and, after careful mixing, analysed and used for the batch 
and column tests. For characterization of the soil, four samples were ran-
domly collected from the mixture. The pH values, conductivity, moisture 
content, loss of ignition, concentrations of total Cr, Cr(VI), and other  
elements were analysed. In order to determine the Cr content in the back-
filling soil for the field experiment at Stallbacka, a total of 27 samples, 
nine for each soil-bed, were collected for chemical analysis. Also a total of 
21, seven for each bed, were collected from the original soil during digging 
of the cavities, and analysed as reference samples for the contamination in 

Stallbacka industrial area in Trollhättan has been identified as a con-
taminated site with high priority in Sweden. Apart from other contami-
nants, high concentrations of chromium have been analysed, which originate 
from the iron ore process industry used to produce stainless steel. During 
the steel production process a residual product of ferrochrome slag was 
formed. The slag was dumped and spread over a large area at the industrial 
site, causing widespread Cr contamination within soils and natural waters. 
According to a pollution investigation, the concentration of total Cr in the 
soil reaches up to 60,000 mg kg–1. Hexavalent Cr was identified with con-
centrations in the soil of up to 1000 mg kg–1, and in groundwater ∼700 µg L–1. 
Based on the guideline value for contaminated soil with less sensitive land 
use in Sweden, the levels of Cr in soil and groundwater exceed the guide-
lines [10]. 
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undisturbed soil at Stallbacka. The soil samples were analysed for grain 
size distribution, loss of ignition, bulk density, moisture, pH, total Cr, and 
other elements, dissolved Cr and Cr(VI). 

Reduction/adsorption materials 

Based on a literature survey the following materials were used for the 
laboratory experiments:  

• Ferrous sulphate heptahydrate, FeSO4·7H2O [8,11,12]:  
• Cr(VI) + 3Fe(II) → Cr(III) + 3Fe(III) as 

HcrO4
– + 3Fe2+ +3H2O + 5OH–  → 4 Cr0.25 Fe0.75 (OH)3 (s) or 

CrO4
– + 3Fe2+ + 8H2O → 3Fe(OH)3 (s) + Cr(OH)3 (s) + 4H+ 

• Iron filling, Fe0 [11]: 
Cr(VI) + Fe0 → Cr(III) + Fe(II) or Fe(III) 
Cr(III) → Cr(OH)3 (s) – pH dependent. 

• Sodium sulphite, Na2SO3 [6,11,13]: 
• 6H++2HcrO4

–+3HSO3
– (excess) → 2Cr3++2SO4

2–+S2O6
2–+6H2O or 

5H+ + 2HcrO4
– (excess) + 3HSO3

– → 2Cr3+ + 3SO4
2– + 5H2O  

• Field pine bark and pine bark modified by heating [7,8,14]: 
Cr(VI) + org bark → Cr(III) + ox-org bark, then Cr(III) adsorbed through 
complex bonding to polyhydroxy and polyphenol groups in tannin. 

• Sphagnum peat [7,14,15]: 
• Cr(VI) + org peat → Cr(III) + ox-org peat, then Cr(III) adsorbed through  

chelating by carboxylate and hydroxyl groups in humic and fulvic acids. 
• Pine sawdust [14]: 

Cr(VI) + org sawdust → Cr(III) + ox-org sawdust, then Cr(III) adsorbed in the 
sawdust through complex binding to polyhydroxy and polyphenol groups 
in lignin. 

grain size distribution were determined for the sphagnum peat, pine barks, 
and sawdust.  

Batch tests 

The batch tests were carried out as a pre-test for selection of materials for 
the column experiments, but also for determination of Cr leaching from the 
contaminated soil. About 10 g of each of the active materials were intro-
duced together with 20 g of soil into Pyrex glass beakers. A liquid-to-solid 
(L/S) ratio of 20 was used; thus 600 mL of nanopure water was introduced 

The characteristics of heavy metal content, organic content, moisture, and
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to each beaker, except for the beaker with only soil, which had an L/S of 
30. All mixtures were agitated by plastic paddles, in closed beakers, at a 
speed of 200 rpm for 24 h. After completion of the tests, the solids were 
settled down, pH and conductivity were measured, and water samples col-
lected for chemical analysis of total Cr, Cr(VI) and other elements. 

Column experiments 

A set of column experiments was carried out in order to study leaching of 
Cr and other elements from the slag-contaminated soil in beds, together 
with the selected and reactive materials, under flowing conditions. It 
should be noted that the column test is a simplified method to study leach-
ing, compared to the more complex environment that exists under real 
conditions.  

The column tests were performed by using polyethylene columns with a 
length of 40 cm and an inner diameter of 7 cm. At the bottom of each col-
umn, a 3 cm thick layer of acid-washed coarse sand, with particles ~1 mm, 
was placed as a filter to prevent carry-over of the solid materials from the 
columns. A total of 400 g dry weight of contaminated soil, for each col-
umn, was either mixed with the reactive materials or packed in mixed lay-
ers with the soil. For Na2SO3 and FeSO4 the columns were packed with a 
total of 50 g of the active materials in three layers with the soil between. 
The treated pine bark and pine sawdust columns needed a packing to avoid 
clogging: first a bed with all of the soil, then 50 g dry weight of each mate-
rial, pretreated in nanopure water for 24 h, and in mixture with 50 g of 
coarse sand beneath the soil layer. The field bark was also pretreated in 
nanopure water, and then 100 g dry weight packed as a layer under the soil 
bed. The columns were loaded with deionized water in a down-flow mode, 
and with a L/S ratio around two. The flow was controlled by a well-
adjusted pump, and kept the water tables in the columns constant through 
an overflow tube. Through carefully measuring the inflowing, excess and 
leachate volumes, the water volumes flushed through the column bed mate-
rials could be calculated. All columns were wrapped in aluminium foil to 
minimize biological and photo-induced reactions. At the beginning of the 
experiments, the interval of sampling was 5 or 10 min, depending on the 
columns’ different effluent speed. As the experiments progressed, samples 
were collected less frequently. The effluents’ pH, conductivity, and redox 
potentials were measured at the same time as sample collection. Total Cr, 
Cr(VI) and other elements were analysed in the water samples. Ferrous iron, 
Fe(II), in the leachates from the FeSO4 column, and sulphate concentrations 
in leachates from both the FeSO4 and Na2SO3 columns, were also analysed.  
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Reactive soil barrier at Stallbacka 

Three soil-bed experiments were constructed at the contaminated site: one 
with only slag-contaminated soil, another with 200 kg of FeSO4 placed in 
three layers within the soil, and the third with field pine bark in a 20 cm 
thick layer beneath the contaminated soil. The soil beds were constructed 
by digging 1.2 m deep, and 3.0 m × 3.0 m cavities. To avoid any influence 
from the surrounding soil, the cavities were isolated with PVC plastic. On 
the bottom 20 cm layers of pre-washed sand were introduced as filters. The 
soil to be used in the beds was the backfilling soil with a mixture of the 
crushed excavated soil. The thickness of the soil to be treated was 0.5 m in 
all three beds, and they were designed in three layers, each compacted by 
using a soil compactor during construction. To reduce a rapid infiltration 
flow along the sides of the soil beds, a granular layer of bentonite clay was 
used as an upper layer, around the sides. A water solution was infiltrated 
through each soil bed to enhance the leaching of the contaminants. The 
beds were infiltrated twice with 3 m3

 

of water, corresponding to approxi-
mately 2 years of annual rainfall. The water flow for the infiltration was 
0.55 L s–1. Leaching water from each pond was collected in a plastic tank 
and followed by chemical analysis. The leachate samples were collected 
twice, and analysed for pH, redox potential, conductivity, total Cr, and 
other elements, dissolved Cr, Cr(VI), SO4

2–, and total organic carbon 
(TOC). 

Chemical analysis 

The contaminated soils’ moisture content and organic carbon were deter-
mined by following standard methods [16], the grain size distribution in 
accordance with a Swedish standardized methodology (SS 027123), and 
the bulk density following an ASTM method (D 1895 B9). The soil and 

The soil samples were microwave-digested in a mixture of H2O2/HNO3, 
and all the water samples were microwave-digested with HNO3 before 
analysis of Cr(VI) and total Cr. The concentrations of Cr(VI) were ana-
lysed in the digested liquid, after filtration through 0.45 µm membrane fil-
ters, by the reddish-purple, 1.5-diphenylcarbohydrazide chromate method 
[17]. For ICP-MS analysis of total Cr and other elements, rhodium was 
added as internal standard to all samples before digestion. Selected water 
samples were also analysed for the concentrations of TOC following a 
standardized procedure (SS-EN 1484), and for concentrations of sulphate 
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water samples’ pH, electrical conductivity, and redox potential were mea-
sured by a standard method [16].  



and ferrous iron, Fe(II), following HACH methods. For quality assurance, 
two leachate samples from the laboratory, three samples of the backfilling 
soil, and two leachate samples from Stallbacka were sent to a certified  
environmental laboratory for inter-calibration of the total Cr and other ele-
ments, and Cr(VI) analysis methods. The results were in good agreement 
with the concentrations measured at the Chalmers laboratory.  

Results and discussion 

Slag-contaminated soil 

Soil at Stallbacka: For the contaminated backfilling soil used in the reac-
tive soil-bed barriers in the field, the grain size distribution showed that the 
soil was dominated by coarse gravel and sand particles. The soil texture 
was classified as loamy sand with a capacity to infiltrate water relatively 
fast; the soil moisture was 13%, pH around 10, the bulk density 1.4 g cm–3, 

2 –1  

–1 were, respectively, 
in the untreated soil-bed 9000 and 8, in the bed with iron sulphate 9200 
and 6, and in the barrier with bark 10,400 and 5. The concentration of total 
Cr was about 80 times higher than the Swedish guideline value for pol-
luted soils, assuming that all Cr is in the form of Cr(III) [10]. The total Cr 
level of contamination is classified as very serious, and the concentration 
of Cr(VI) classified as moderately serious. In the undisturbed soil samples 
taken during digging of cavities, the average of total Cr of 4000 mg kg–1 

was lower than in the crushed and mixed backfilling soil. The average  
content of Cr(VI) was 11 mg kg–1, and higher than in the backfilling soil, 
and shows great heterogeneity of the content in the soil material used.  

Soil for laboratory experiments: The average concentration of total Cr 
in the sieved soil samples, with particles <2 mm, and taken at Stallbacka, 
i.e., the backfilling soil used in the field test, was 7500 mg kg–1. Even if 
sieved and carefully mixed, the chromium concentrations in the soil mate-
rial turned out to be inhomogeneous with concentrations varying from 
5700–9000 mg kg–1. The average concentrations of the other metals ana-
lysed were low, except for nickel with 70 mg kg–1. The pH value of the 
soil was 12 and due to the high concentration of calcium, 120,000 mg kg–1, 
suggested to be present as CaO, Ca(OH)2 or CaSiO4. At pH 12 and under 
oxic conditions, the dominant Cr(VI) species in water solutions of the soil 
will be dissolved chromate (CrO4

2–). 

average concentrations of total Cr and Cr(VI) in mg kg
hydraulic conductivity 2.5 × 10  cm s , and loss of ignition 14%. The
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Batch tests 

The concentrations of Cr and other metals in the solutions after the batch 
tests of soil in mixture with different reducing/adsorbing agents are pre-
sented in Table 1. All the reactive materials used were shown to have the 
capacity to reduce Cr(VI) to Cr(III). The capacity of the reducing agents 
was in the order Na2SO3 = modified pine bark = sawdust = FeSO4•7H2O > 
iron filling > field pine bark > sphagnum peat > soil. The differences in 
concentrations of total Cr show heterogeneity of the soil material used, 
rather than the materials’ chromium adsorption capacities.  

Sphagnum peat had a rather weak reduction and adsorption capacity at the 
high pH of 12, due to Cr(VI) in the form of negatively charged chromate 
CrO4

2–, and Cr(III) as Cr(OH)4
–. Peat is otherwise known as a material 

For this reason the peat was excluded in the coming column experiments. 
The low concentration of total Cr in the beaker with FeSO4 may be explained 
by co-precipitation of Fe(III)/Cr (III) hydroxides in the solution at pH 9 
[20], and could be an explanation for the brownish-coloured precipitation 
observed. Both the treated pine bark and sawdust adsorbed most of the water 
in the beakers, which indicated possible trouble with clogging if used in 
real soil beds. In the modified pine bark beaker, the solution also had a 
reddish colour, which may indicate a release of organic contaminants, such 
as soluble phenols from the tannin-containing bark. At the high pH level of 
the solutions, the reactive materials seem to have a weak capacity to adsorb 
other metals. For the natural materials such as pine barks, sawdust, and 
peat, even a release of Pb and Zn is indicated by the results. 

Table 1. Metal concentrations measured in leachates after batch tests  

 Cr(IV) 
mg L–1 

Cr total
mg L–1

Ni 
mg L–1

Pb 
mg L–1

Zn 
mg L–1

pH Conductivity 
mS cm–1 

Soila 2.8 3.2 0.020 0.0040 0.02 11 0.40
 Sphagnum peat 1.2 3.0 0.040 0.0200 0.09 12 0.30
Field pine bark 0.60 3.4 0.050 0.0600 0.04 11 0.40
Treatedb pine bark n.d. 3.5 0.060 0.0300 0.21 10 0.50
Sawdust n.d. 3.9 0.070 0.0500 0.26 10 0.80
Iron filling 0.10 2.1 0.020 0.0050 0.02 11 0.40
FeSO4 7H20 n.d. 1.2 0.070 0.0020 0.01 9 2.60
Na2SO3 n.d. 5.1 0.040 0.0030 0.03 12 18
asoil = slag-contaminated soil 
btreated = modified 
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with an excellent capacity to adsorb metal cations [18,19], but has no capa-
city to bind negatively charged ions, especially not in solutions at high pH.



Column tests 

The accumulative amounts of total Cr and Cr(VI) leached from the col-
umns, with the reactive materials in mixture with slag-contaminated soil, 
are presented in Figure 1. The leached amounts are correlated with the cal-
culated pore volume on the x-axis. A pore volume is the volume of water 
required to replace water in a certain volume of saturated porous media. 
For total Cr the removal capacity for the materials was in the order 
FeSO4

•7H2O > Na2SO3 > field pine bark > iron filling > soil > pine saw-
dust. The order for the materials’ capacity to reduce Cr(VI) was the same 
(Fig. 1), but with the exception that Na2SO3 was more efficient than 
FeSO4. The total amounts of total Cr and Cr (VI) leached from the soil col-
umn were 86 and 58 mg, respectively, and pH was kept stable around 11. 
As shown in Figure 1, the Cr(VI) available was leached out already after 
140 pore volumes, but corresponding to only 2% of the total Cr(VI) pre-
sent in the contaminated soil. If scaled up to field conditions at Stallbacka, 
it may take several hundred years of natural precipitation to leach out the 
available Cr(VI) if no remediation is applied at the site.  
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Fig. 1. Accumulative amounts of Cr(VI) and total Cr leached from the columns 
with different reactive materials (a soil = slag-contaminated soil) 
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increasing from –727 to +23 mV, in the form of dissolved Cr(OH)4
–. The 

lack of organic materials and Fe(II) in this column made an environment 
unfavourable for oxidation and precipitation of Cr(III) in the leachates. 
High concentrations of SO4

2– were also analysed in leachates, and hence 
the same side effects as for FeSO4 may be suspected if used in field barri-
ers. From the pine field bark column a total Cr of 58 mg was leached, and 
24 mg of this was in the form of Cr(VI). The reduction/adsorption of 
chromium was proven to be much slower and less effective than in the 
leachates from the FeSO4 and Na2SO3 columns. The pH level was kept sta-
ble around 11, and the redox potentials decreased from +81 to +34 mV. 
The uptake of Cr(VI) by pine bark has complex mechanisms, where adsorp-
tion and redox reactions may proceed in parallel as in peat materials [15]. 
Different from the batch tests, the iron filling was shown to be less efficient 
in its ability to reduce Cr in the column, and resulted in the same capacity 
as soil without any reactive material. The low ability may be due to the fast 
flow speed in the column, and it is clear that iron filling needs a higher 
contact time to increase the Cr(VI) reduction capacity. The redox potential 
was also unfavourable, increasing from +6.8 to +41 mV. 
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4

but Cr(VI) was higher and 10 mg. These results reflect the error and dif-
ferent interferences in the analytical method used, especially for solutions 
with low chromium concentrations. The pH in this column increased from 
6 to 11, and the redox potential was kept low but increased from –28 to 
+14 mV. The decrease of Cr(VI) in the leachates during the first 10 pore 

ing increase in redox potential and pH was consequently followed by an 
increase in release of Cr(VI), which may be explained by the competing 
and fast oxidation of Fe(II) by oxygen in water [21] or precipitation of 
Fe(OH)2 at the higher pH level. This was also indicated by the precipita-
tions formed in the columns, first a dark green felling of Fe2O3 and later 
orange/brown-coloured of Fe(III)/Cr(III) hydroxides. Serious leaching of 
sulphate and iron was measured in the leachates from the FeSO4 column, 
and shows environmental side effects if used as a barrier material in the 
field. Sulphates could promote soil acidification, but could also enhance 
leaching of CrO4

2– through anion exchange [21]. 
Sodium sulphite was shown to be the best reducing material among the 

reagents tested in columns, and the Cr(VI) concentrations were under the 
detection limits in all the leachate samples analysed. The total Cr leached 
from the Na2SO3 column in a total of 40 mg was thus in the form of Cr(III) 
and, due to the high pH level from 12–11 and the low redox potentials 
 

efficient and fast reduction reaction between Fe(II) and Cr(VI). The follow-
volumes was followed by a decrease in redox potentials, suggesting an

From the column with FeSO , the total Cr leached was only about 5 mg



From the pine sawdust column, a total of 90 mg Cr total was leached, 
and about 65 mg was in the form of Cr(VI). These levels of Cr leached are 
even higher than from the soil column without any reactive material. The 
pH was increasing from 5 to 11, but the redox decreased from +316 to +34 
mV during the experiment, and thus the Cr was predominantly in the form 
of CrO4

2– or Cr(OH)4
–. As for pine barks and peat, the pine sawdust is  

expected to be most effective for adsorption of cations. At the high pH 
level, the results instead indicate a leaching of Cr from sawdust. For the 
treated pine bark it was only possible for 16 pore volumes, corresponding 
to 11 L, to flow through the column. Thereafter the column clogged, depend-
ing on the bark’s high water-adsorption capacity, making this material  
unsuitable for use as filter material in a reactive bed. The concentrations of 
other metals in leachates from the columns were low, except for Ni, which 
leached in serious concentrations, especially from the FeSO4 column.  

Reactive soil barrier at Stallbacka 

In Figure 2, the accumulative amounts of total Cr and Cr(VI) are presented 
for the constructed soil barriers at Stallbacka industrial area. The amount 
of total Cr leached from the reactive soil barrier with a layer of FeSO4 was 
surprisingly highest, nearly 600 mg; from the bed with no treatment, it was 
lower at 150 mg. For the barrier with pine bark, the leaching of total Cr 
was much lower, around 25 mg. The pattern for dissolved Cr and Cr(VI), 
respectively, followed the same trends, with highest values in the FeSO4 
treated barrier 120 and 5 mg, in the untreated bed 80 and 2 mg, and the 
lowest values in the barrier with bark 10 and 0.5 mg. The high leaching of 
chromium from the reactive soil bed with iron sulphate may be explained 
by a fast flush-out of the FeSO4 material from the bed, indicated by the 
high electrical conductivity, iron, and sulphate concentrations in the early 
leachates from this bed. The pH in the leachates from the untreated and 
FeSO4 soil barrier was kept stable at 11–12, but for the leachates from the 
bark barrier more varied, and in the range 7–11. The redox potentials in the 
leachates from the untreated soil bed were rather stable, decreasing from 0 
to –40 mV, and for the barrier with FeSO4 increasing slightly from –40 

from +240 to +40 mV, showing an environment favourable for reduction
of Cr(VI) to Cr(III). The concentration of TOC was 120 mg L–1 in the 
leachate from the bed with pine bark, and indicated a potential side effect 
of leaching of organic contaminants from the bark. The concentrations of 
iron and sulphate were, as expected, high in the leachates from the bed 
with FeSO4. 
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to +40 mV. For the barrier with bark, the redox was steeply decreasing



Fig. 2. The accumulative amounts of total Cr and Cr(VI) leached from the reactive 
soil-bed barriers at Stallbacka (a soil = slag-contaminated soil) 

Conclusions 

The contamination by total Cr and Cr(VI) in the polluted soil at the Stall-
backa industrial area is serious, and remediation actions are highly desired. 
Introduction of an organic material such as pine bark has potential for use 
as a reducing agent for Cr(VI) and as an adsorbent for Cr(III), based on the 
results shown in this project. Barrier techniques where the soil could be 
treated without excavation and through direct injection of the active mate-
rials in the soil, or construction of a PRB for treatment of the groundwater, 
would be preferable. 

The application of iron sulphate as an active material in reactive soil-
bed barriers is not recommended as a remediation technique, because of 
the coarse soil texture. Furthermore, it was found that there is a difference 
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in the results from laboratory columns and the field experiment, especially 
when iron sulphate was used. 

Further studies need to be carried out in the field, particularly with 
mixed layers of Na2SO3 and pine bark or sphagnum peat. Sodium sulphite 
is suggested for the reduction of Cr(VI) to Cr(III) in the first flush, and 
pine bark/sphagnum peat for the secondary adsorption of Cr(III) working 
for a longer time period. The degradation rate of pine bark and sphagnum 
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Abstract 

Removal of dissolved heavy metals in road runoff can be achieved by fil-
tration through reactive materials. A four-column installation was set up at 
an existing treatment plant and used to examine different types of filter 
materials in situ. Two fractions of granulated activated carbon (GAC), Cli-
noptilolite and Polonite were investigated. The hydraulic loading was 1 m 
h–1 and the metal attenuation capacities were studied under unsaturated and 
saturated conditions. The relative effectiveness of the materials decreased 
in the order: GAC of fine fraction > GAC of course fraction > zeolite > 
Polonite. Aluminium, Fe, Mn, and Zn showed the highest concentrations 
in influent storm water and also showed elevated removal efficiencies.  

Introduction 

Runoff from urban catchment areas, especially from roads, parking lots, 
and build up areas, is highly polluted by such constituents as heavy metals 
(Cd, Cr, Mn, Co, Ni, Cu, Zn, V, Pb, etc.), organic compounds (such as 
polyaromatic hydrocarbons, polychlorinated biphenyls, and phenols)[1]. 
The contamination originates mainly from air deposition, brake linings, 
tyres, asphalt, petrol, oil, and also from building materials such as those used 
on roofs, and different galvanized materials, e.g., crash safety barriers [2]. 
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A treatment system comprising of a retention pond followed by a reac-
tive filter unit was developed in Sweden in 1998 [3]. A previous study on 
that system showed high efficiency of heavy metals removal for the same 
mineral and organic materials that were investigated in this paper [4]. 
These materials were natural and burned opoka (calcium silicate sedimen-
tary rock manufactured as Polonite), clinoptilolite (type of zeolite), and 
pine bark. All of the tested materials showed promising metal reduction 
capacity after treatment of polluted storm water. Depending on the variant 
of tested substrate the average removal for, e.g., Cu was around 80% and 
for Zn between 63–79%. 

The aim of this study was to investigate the hydraulic and metal adsorp-
tive capacities of a number of filter materials in a particular environment. 
Granulated activated carbon (GAC) was used as reference material because 
of its recognized purifying capacity. A pilot-scale trial with columns was 
constructed during summer 2005 within an existing treatment system located 
at the island Lilla Essingen in the City of Stockholm. The system captures 
polluted storm water from parts of the traffic route E 4 (traffic load 120,000 
vehicles per day), some local roads, parking lots, and roof water from a 
built-up area. 

Fig. 1. A schematic cross section of the storm water treatment system at Lilla 

station, 5: two reactive filters, 6: Lake Mälaren. (After Stockholm Vatten AB) 
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Experimental 

One of the reactive filter manholes in the treatment plant (Fig. 1) was used 
for the installation of the pilot-scale column experiment. Four transparent 
PVC tubes with internal diameter of 106 mm were used. Transparency of 
the columns facilitated the observation of hydraulic efficiency of water fil-
tration through the material. Each column was 900 mm high and filled up 
to 500 mm with one of selected filter materials. Thus, the volume of each 
material was equal to 4.41 dm3. Storm water, which was pretreated in a reten-
tion pond and by PIAB high-density polyethylene (HDPE) filters, was con-
tinuously pumped and equally distributed into every column. The hydraulic 
load was 1 m h–1 and the test was performed for 3 weeks under both unsatu-
rated and thereafter under saturated conditions. Storm water was supplied 
by gravity through the columns. The column set-up is shown in Figure 2. 

The filter materials comprised of two fractions of granulated activated 
carbon (NORIT GAC 830W, finer; NORIT PK3-5, coarser), Polonite (sieved 
fraction, 2–5 mm), and clinoptilolite, 1–2 mm). A description of the mate-
rials is given in Table 1. The treatment performance was based on water 
quality analysis of influent, untreated storm water, and effluent water dis-
charged to a lake. Parameters and their respective instruments used for that 
analysis were turbidity (HACH 2100P), conductivity (FE 287 portable 
conductivity meter, EDT Instruments Company), pH and temperature 
(portable pH/mV/temperature meter, HACH), TOC and DOC (Multi N/C 
3000 Analytic Jena AG according to SS-EN 1484-1), TOT-N (Multi N/C 
3000 device, Analytic Jena AG), TOT-P (UV – 1601 SHIMADZU, accord-
ing to SS 02 81 07-2), and concentration of the following heavy metals 
(Elan DRC-e ICP-MS): aluminium (Al), cadmium (Cd), chromium (Cr), 
copper (Cu), iron (Fe), lead (Pb), manganese (Mn), nickel (Ni), vanadium 
(V), and zinc (Zn). 

 Table 1. Physical parameters and pH of filter materials 
 
Parameter GAC   

830 W 
GAC  
PK 3–5

Clinoptilolite Polonite 

Particle size (mm) 0.60–2.3 62.8–5.0 1–2 2–5.6 
Specific surface area (m2 g–1) 1150 875 200–500  0.7 
Density (kg m–3) 485 260  2250 700–980 
pH Alkaline  Alkaline 8–8.5 11.5–12.6
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Fig. 2. Column set-up, field trial with downflow and unsaturated conditions 

Results and discussion 

Turbidity 

During conditions of low influent turbidity in storm water, the highest effi-
ciency was found for finer activated carbon (GAC 830W) that decreased 
turbidity from 4.4 FNU to a value oscillating at 1.4 FNU. Similar results 
were observed for clinoptilolite. The effluent from the column filled with 
Polonite and that filled with course GAC reached values of 2 FNU – 3 
FNU, thus reduction rates remained rather low. Nevertheless, the reduction 
rates rose significantly after rain events with increasing turbidity of the 
storm water. When the influent water turbidity was around 17 FNU, the  
effluent values from columns with fine GAC and clinoptilolite were 2–2.6 
FNU and 3–3.6 FNU, respectively. The reduction in the columns with 
course GAC and that with Polonite was about 64% and 50%, respectively.  

Relatively low influent turbidity values measured at the initial period of 
the trial were caused by the sedimentation pretreatment unit during longer 
periods without storm events. Increased turbidity during runoff events 
clearly showed the mechanical filtration capacities due to small void size 
of the fine GAC fraction and the clinoptilolite.  
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Conductivity, pH 

The conductivity of the influent storm water varied between 36 mS m–1 
and 94 mS m–1, and pH ranged from 7 to 7.5. High conductivity values 
were recorded for Polonite at the initial phase of the experiment (114 mS 
m–1–118.5 mS m–1). A possible reason was that calcium oxide (25% of the 
material content in dry mass) was washed out from the filter. Elevated pH 
values were also initially recorded in the effluent from the Polonite col-
umn. These ranged from 11.4 in the beginning of the experiment and 
dropped to 7.9 at the end of the test period. Effluent conductivity values 
did not vitally diverge from the influent value for the other materials. 

Metal removal 

Influent concentrations showed very low concentrations of Cd (<0.01 µg 
L–1–0.03 µg L–1), hence close to the detection limits of the instrument used 
for analysis. Low concentrations of Pb (0.8–5 µg L–1), Cr (0.8–3 µg L–1), 
and Ni (1–9 µg L–1) were also found. One can therefore assume that the 
competitive role of those metals was significantly less in the adsorption 
process, and their reduction efficiency was consequently very low (see  
Table 2, unsaturated conditions). The results of other screened metals showed 
large differences in their removal by all tested substrates, which was 
mainly dependent on the concentrations of incoming water. The removal 
efficiency also differed for each filter material, though it still remains 
rather low for all media compared to some of the other studies [4–6]. 

All examined filter materials achieved good results for the reduction of 
such metals as Fe, Mn, Al, and Zn (total amount without partitioning into 
the colloidal and particulate fraction). These metals were present at highest 
concentrations in the analysed storm water during the whole period of 
sampling. Nonetheless, the highest removal efficiency was observed for 
activated carbon of smaller grain size (GAC 830W) and clinoptilolite, both 
under unsaturated and saturated conditions. The removal efficiency of Zn, 
Mn, Al, and Fe rose drastically with increasing concentrations of influent. 
Concerning Polonite this was most visible for the other analysed metals 
(Table 3). In other words, effluent concentrations stayed at the same lowered 
level or were diminished even more despite elevated concentrations of the 
influent. The effect of initial concentration on removal efficiency was also 
confirmed by previous studies [7,8]. 

Clinoptilolite exhibited the highest average removal capacity of Mn by 
77.4%, while the finer GAC 830W achieved 72.3%. Copper and Cr uptake 
by clinoptilolite was, however, on average much lower (12–20%). It also
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Table 2. Removal efficiencies by the filter media given in%  

 Clinoptilolite Polonite GAC 830W GAC PK3-5 

Element Mean SD  Mean SD Mean SD Mean SD 
Mn 80.4 11.7 52.8 26.3 83.7 12.2 68.8 13.3
Al 48.3 30.2 5.0 37.5 47.9 24.0 16.9 39.0
Fe 39.8 17.6 20.7 26.2 46.7 17.5 33.8 12.9
Zn 35.7 9.2 26.6 18.4 49.0 13.1 33.8 30.8
Pb 20.8 22.8 10.9 20.7 31.0 28.1 14.2 19.2
Cu 12.1 35.5 6.2 58.1 51.1 24.9 25.1 70.1
Cr 11.2 46.5 –246.6 132.2 27.2 58.3 21.4 48.7
V 4.2 42.7 –108.3 137.0 16.8 34.7 9.6 61.5
Ni 3.6 55.0 11.4 43.7 –49.4 96.7 10.9 76.2
Cd –3.0 97.0 10.6 52.3 40.9 27.1 11.4 55.0

 
showed a higher removal efficiency of Ni, Cd, and V under saturated flow. 
The average removal rate reached 21% for Ni, 20% for Cd, and 12% for V. 
This may indicate that the complete saturation of the filter bed resulted in a 
larger surface area that contributed to the treatment of the incoming storm 
water. Daily monitored concentrations in the clinoptilolite column effluent 
expressed in percentage of reduction revealed a maximum efficiency of Mn 
removal of 95.5% and a minimum of 46.7%, whilst for Fe the maximum 
amounted to 78%, and the minimum to 25%. The removal of Zn reached a 
maximum of 48% and a minimum of 4%. 

Polonite removal rate of Fe, Mn, and Zn remained rather unchanged and 
did not depend on variations in influent concentrations. Polonite showed a 
high removal efficiency of metals despite its coarse fraction. The maximum 
removal rate of Mn was equal to 85%, while the minimum was 31% based 
 
Table 3. Variations in metal removal efficiency by Polonite dependent on initial 
influent concentrations (Cin) 

Metal Cin low 
(g L–1) 

Removal
(%) 

Cin high 
(g L–1) 

Removal
(%) 

Al 40–50 0 300–450 79
V 3–5 10–13 40–60
Cu 10–15 <25 22–42 68–74
Ni 1–3 0 6–9 50–77
Pb 1–3 0 >3 30–60
Cd 0.01 0 0.02–0.03 33–50
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on the data obtained from everyday effluent concentration measurement of 
unsaturated flow. The corresponding data for saturated flow was 80.8% 
and 20%, respectively. In the case of Zn the removal efficiency was in the 
range of 17–50% for unsaturated flow and 6.3–51.6% for saturated flow. 
Concerning Fe the removal efficiency range was 13.6–48.6% and 6.3–54.1%, 
respectively. For such metals as Ni, Pb, Cd, Al, and Cu, Polonite performed 
poorly at low influent concentrations. However, a high removal efficiency 
of, e.g., nickel (50–77%) and copper (up to 60–70%) was reached when-
ever the influent concentrations increased (Table 3).  

Release of Al was observed from the columns filled with Polonite and 
course GAC PK3-5 material during the initial test period of approximately 
1 week. 

The difference in removal performance was recognized as a result of the 
particle sizes of the materials. The sorption of the coarser GAC PK3-5 
sorption was poorer than the finer GAC 830W for all investigated metals. 
The importance of particle size is significant due to the much larger sur-
face area of reactive filters characterized by small particle diameter and 
thus a higher adsorption can be expected. However, both forms of GAC 
however performed also with broad range in removal rate.  

The poor uptake can also be explained by short contact time of solution 
with filter material due to the high filtration velocity set up in this experiment. 
Metals bound to the particles of the storm water are mechanically removed 
with suspended solids during filtration. Assuming precipitation of metals 
hydroxide as a suggested removal mechanism for Polonite [6], one can 
conclude that the decrease of pH is a factor that could inhibit the process 
of uptake of dissolved elements. 

Removal of organic carbon and nutrients 

The concentration of TOC in incoming storm water was low or moderately 
high but mostly below 10 mg L–1. The Polonite and clinoptilolite materials 
performed poorly, while both forms of activated carbon showed an expected 
reduction of organic matter. TOC removal was also observed to be  
decreasing over time due to the clogging phenomenon. Nonetheless, the 
finer GAC 830W decreased the TOC concentration to a value of around 4 
mg L–1, which is defined as very low or low concentrations according to 
the Swedish Environmental Protection Agency (SEPA) criterion. Coarser 
GAC PK3-5 achieved concentration levels ∼7–9 mg L–1 in unsaturated 
conditions and up to 5 mg L–1 in constant saturated conditions. Thus, the 
difference cannot be found in either of the trials since the effluent concen-
trations are related to the levels of TOC in aqueous solution distributed 
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into the pilot plant. However, the main part of organic carbon concentra-
tions in the influent was the dissolved part hence the removal of these sub-
stances by activated carbon was the most efficient. Also it was confirmed 
that nutrients such as nitrogen and phosphorus appeared in the storm water 
in very low concentrations and were therefore very poorly removed by all 
tested materials. 

Influence of hydraulic conditions 

The removal efficiencies of the materials were similar in all experiments 
conducted under both unsaturated and saturated conditions. This can be 
explained by the hydraulic performance of the columns. The high hydraulic 
load probably caused saturation in parts of the columns aimed to be aerated 
under unsaturated flow. Therefore the aim to create two experiments with 
different hydraulic conditions can be assumed to have been unsuccessful. 

Conclusions 

Reaction kinetics, chemical equilibrium, association of metals with natural 
colloidal matter, and filtration velocity explain the differences in removal 
efficiencies of different contaminants. The design of interlinked reactive 
filter beds could be a possible solution to improve the removal efficiency, 
i.e., GAC for sorption demobilization of organic compounds, calcium silicate 
to destabilize colloidal components and precipitate selected metals, and 
natural zeolite to demobilize cationic metal species. 
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Abstract 

An experimental study was developed in order to evaluate the efficiency in 
retention of heavy metal from highway runoff using for filter bed current 
construction materials with known proprieties, sand and kaolinite. The con-
trol parameters for the experiments were: pH, conductivity, temperature, 
Zn, Cu, Pb, flow, and hydraulic head. 

Preliminary results show that Zn is the most mobile metal with retention 
efficiency values decreasing to less than 50% in a 15-, 70-, and 110-day 
period, for the three different filter media. For Cu and Pb, and after a  
period of 260 days, the retention efficiencies obtained were above 70% 
and 40%, respectively, and above 90% in the sand and kaolinite media. 

Introduction 

A great number of different heavy metals and organic micro-pollutants  
appear as a result of automobile traffic. Cu, Pb, Zn, and Cd – sometimes 
extended to 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 storm water or bound to particulates [2,3]. 
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The characterization and fractionation of metal elements in urban pave-
ment runoff is important to develop an effective control strategy to immo-
bilize metal elements before they leave the immediate vicinity of the 
roadway [4]. 

Another reason for fractionation study is that heavy metals can have an 
impact on environment and human health, especially in the dissolved form. 

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]. 

Strategies such as infiltration methods, detention methods, vegetated filter 
strips, and wetlands have been proposed to control constituents in runoff 
from highways. 

The two main active processes of immobilization of metals and nutrients 
in filtration systems are surface complexation and precipitation [3]. 

When infiltration ponds are used, the particles are retained by pond bottom 
layers, but dissolved heavy metals might contaminate aquifers. Even with 
detention ponds, where particles could settle, small particles and dissolved 
heavy metals contribute for groundwater contamination. 

A decision with regard to the effectiveness of filtration or sedimentation 
is constrained by particle size gradation and density characteristics, as well 
as loading characteristics and specific site constraints. In contrast, if metal 
element loadings in urban drainage were mainly dissolved, effective in situ 
treatment would suggest the use of sorption and precipitation mechanisms 
[5]. 

Adsorption of metals to filter materials has been studied using different 
substrates, e.g., iron oxide-coated sand, natural zeolites, and granular acti-
vated carbon [3].  

The immobilizing of dissolved metal complexes through sorption and 
particulate-bound metal elements through filtration mechanisms in an oxide-
coated granular media trench has been reported. The field samples showed 
that Zn, Cd, Ni, and Cu mass were predominately in dissolved form, Pb 
and Cr were equally distributed between dissolved and particulate-bound, 
while Fe and Al were predominately particulate-bound [4]. 

The heavy metals desorption of is also relevant since by this process 
immobilized heavy metals can return to the dissolved form and contami-
nate groundwater. Desorption is a more difficult process than sorption. 
Sheidegger and Sparks [6] admitted that humic substances may be more 
responsible than clay minerals for sorption–desorption hysteresis. It is known 
that the diffusion of a chemical into micropores of organic matter and  
inorganic soil components is a very slow process and the non-labile form 
sorbed is difficult to desorb, being the labile form available for microbial  
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attack. Therefore, sorption may be a reliable way to trap toxic pollutants in 
soil [2]. 

In developing an effective in situ treatment practice, feasibility must be 
evaluated based on characteristics of the waste loading and the physic-
chemical mechanisms that can be utilized given the site, soil, and loading 
characteristics [5]. The development of an in situ retention technique, apply-
ing current construction materials with low variability proprieties, could 
help to develop a prototype solution for the reduction of heavy metal pol-
lution from highway runoff. 

The design of an adsorptive–infiltration technique is dependent of both 
the infiltration and sorption data. A research programme is in course to 
study those data and related processes and phenomena. This work reports 
the efficiency of dissolved heavy metal removal and physicochemical  
phenomena involved in the dual-media adsorptive filter. 

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 Figure 1. 

The columns inner diameter is 172 mm. The bottom structure was con-
structed 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 (Fig. 2). 

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; 

Fig. 1. Experiment layout 
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Fig. 2. Column details (units in mm): (A) Bottom retention structure; (B) Overflow 
weir 

and 80% sand in column 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 behaviour. 

Each column was fed with a synthetic effluent by regulated flow pumps. 
Table 1 presents details of the filter material in the columns. 

Kaolinite 

Tables 2 and 3 present the chemical composition of the selected kaolinite, 
and the distribution of particle size. 

Table 1. Filter bed weight (g) 

 Column C1 Column C2 Column C3 
Layer Sand Sand Kaolinite Sand Kaolinite 

Top layer 3522.4 3522.4  3522.4 – 

Filter media 24,705.8 22,235.2 19,764.0 49,411.7 

Bottom layer 3522.4 3522.4  3522.4 – 

Total 31,750.6 31,750.6 31,750.6 

24,705.8 
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Table 2. Kaolinite chemical composition analysis (x-ray fluorescence) 

Composition (%) 

SiO2 48.10
Al2O3 35.50
K2O 2.00
Fe2O3 1.70
MgO 0.30
Na2O 0.20
TiO2 0.20
CaO 0.13
Ignition loss 12.00

Table 3. Kaolinite granulometry analysis (serigraph) 

Particle size (µm) (%) 

<30 98 ± 1
<10 73 ± 3
<5 50 ± 4
<2 30 ± 4

Table 4. Typical clay CEC [7] 

Mineral Meq 100g–1 
Kaolinite 3–15
Illite 10–50
Chlorite 10–50

Montmorillonite  80–200

 
Clay has high specific surface. Kaolinite has been reported to have spe-

cific surface from 15 to 50 m2 g–1 that are small values when compared to 
montmorillonite (150–800 m2 g–1). The cation exchange capacity (CEC) 
defined as the maximum of cations that a clay mineral can exchange, are 
presented in Table 4. 

Sand 

The mineralogical analyses of the sand used for the top layer, filter bed, 
and bottom layer indicate the following mineral composition: 83% quartz; 
13% feldspar; 4% mica; 0% kaolinite. 
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Fig. 3. Sand granulometry 

The sand was sieved through different meshes and the granulometry dis-
tribution is presented in Figure 3. 

Synthetic runoff 

A synthetic highway runoff was obtained from the dilution of zinc acetate 
dehydrate (CH3COO)2 Zn × 2H2O), copper (II) acetate monohydrate 
((OOCCH3)2 Cu × H2O), and lead (II) acetate trihydrate ((CH3COO)2 Pb × 
3H2O). The maximum solubility value for these reagents at 20ºC are: 430 g 
L–1, 72 g L–1, and 410 g L–1, respectively. 

Operational procedures 

A constant effluent flow rate of 10 L d–1 was applied with different metal 
concentrations: 8.0 mg Zn L–1, 1.0 mg Cu L–1, and 0.4 mg Pb L–1. After 
zinc breakthrough (at day 156), Cu and Pb concentrations were doubled. 

The hydraulic load was 0.43 m d–1 (157 m year–1). 
The total organic carbon (TOC) concentration related to the acetate, in 

the original concentration, was 6.72 mg C L–1, with the following contribu-
tion: Zn – 5.870 mg C L–1 (87.38% ); Cu – 0.7553 mg C L–1 (11.24% ), 
and Pb – 0.09266 mg C L–1 (1.38% ). 

Due to the long timescale of the experimental work, possible contamina-
tion of the synthetic runoff by atmospheric transport of small particles in 
the laboratory, biological growth, and/or other unexpected phenomena 
could be responsible for changes in dissolved heavy metal concentrations 
in the influent (e.g., biosorption or precipitation). Samples of recently pre-
pared synthetic runoff and column influent were analysed in order to evaluate 
and quantify possible variations. Figure 4 depicts the results obtained during 
the experimental period. 
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Fig. 4. Synthetic runoff and column influent concentrations 

In each column, the dissolved heavy metal removal efficiency was cal-
culated from the values obtained analysing simultaneously the dissolved 
heavy metal concentration in the inflow and the outflow. 

The analyses were carried out according to standard methods [8].  
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 deionized water. 

After the sample was 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 µm porosity mem-
brane, and acidified to pH less than 2 with HNO3. This step was performed 
in order to measure the dissolved fraction. All the samples where then pre-
served at 4ºC. Pb was analysed by graphite furnace atomic absorption 
spectrometry (GFAAS), while Zn was analysed by inductive coupled-
plasma atomic emission spectrometry (ICP-AES). Cu was analysed by 
GFAAS or ICP. Detection limits were of 0.001 mg L–1 (GFAAS) and 0.01 
mg L–1 (ICP-AES) for Cu, 0.002 mg L–1 (GFAAS) for Pb, and 0.01 mg L–1 
(ICP-AES) for Zn. 

Results and discussion 

Samples of the synthetic runoff and column inflow and outflow were col-
lected and analysed. The minimum, maximum, and average values for 
temperature, conductivity, and pH are presented in Table 5. 

An electronic microscope observation was carried out in order to evalu-
ate the particulate heavy metal retention in the filtration membrane, and the 
micro-organisms present in the synthetic runoff.  
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Table 5. Physicochemical results 

Temperature (ºC) Conductivity (µS) pH 

 Min. Max. Av. Min. Max. Av. Min. Max. Av. 

Inflow 16.4 25.8 21.3 90 132 102 6.93 7.85 7.5 

C1outflow 16.0 25.8 22.5 80 123 97 6.99 7.81 7.5 

C2 outflow 16.2 25.6 22.5 77 115 93 7.11 7.90 7.6 

C3 outflow 16.2 25.7 22.5 84 109 93 7.08 8.01 7.5 

 

Figure 5 presents secondary electron images (SE) and backscattering 
electrons images (BSE) of particulate heave metal retained at the 0.45 µm 
porosity membrane. The particulate heavy metal was higher in the column 
inflow and with less extent in the columns outflow. The presence of lead 
occurred in the form of small spherical particles, while copper and zinc 
appeared normally together with a more homogenous spatial distribution. 

An observation of the biofilm formed at the synthetic runoff retained in 
a filtration membrane is presented in Figure 6. 

Results of dissolved heavy metal removal efficiencies in the three  
experimental columns are presented in Figure 7. 

Preliminary results show that Zn is 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.  

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 these three col-
umns 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  
 

  

Fig. 5. Particle-bond heavy metal membrane retention 

Column/ 
reservoir 
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Fig. 6. Biofilm observation. (A) Mesh of micro-organisms; (B) diatom picture detail 

Fig. 7. Retention efficiencies in the experimental columns 
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filter bed. Although other processes may occur, these results indicate that 
the CEC is relevant and therefore sorption is the major phenomena. 

The removal efficiencies of Cu and Pb are high, even for the sand filter 
bed. The efficiencies are not so dependent of the filter bed material, which 
may indicate that surface complexation and precipitation may have a more 
important role than in the retention of Zn. 

At the end of this experiment, the filter bed will be removed and sliced 
to six layers. A homogeneous sample of each layer will be weighted and 
submitted to desorption. The desorption results and the retention efficiencies 
reported, will permit to more accurately estimate the main processes and 
phenomena involved as well as estimate the fraction of heavy metals that 
can be desorbed, and by this way contaminate groundwater. 

Conclusions 

The promising results obtained in this research work seem to be applicable 
as a technical solution for groundwater protection by retaining heavy metals 
from highway runoff.  

Although many laboratory studies can be carried out, full scale results 
must be obtained to validate design parameters, since specific site charac-
teristics such as rainfall characteristics, biological growth, temperature, and 
sediment granulometry have a major role in adsorptive filtration processes. 
This study is still running and the analytical data are now being evaluated 
in order to establish design parameters for a full-scale experimental station. 
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Introduction 

Worldwide, grass-lined channels (or swales) have long been used for the 
drainage of surface runoff from roads and motorways. Recently, the empha-
sis on sustainability and on minimization of impact on the environment 
have prompted the spread of swales as a drainage option which also provides 
flow attenuation and improvement of the quality of the discharged water. 
However, swales and other traditional grass-lined channels are typically 
too deep and steep-sided, from a vehicle safety view point, for use adjacent 
to carriageways. 

A new environment-friendly drainage system was therefore developed 
by HR Wallingford (HRW) and Transport Research Laboratory (TRL) in 
collaboration with the Sports Turf Research Institute for the UK Highways 

These trials are the subject of this paper and provided important informa-
tion for the specification, construction, and maintenance requirements of 
grassed channels, as well as for their hydraulic capacity and environmental 
qualities. As a result of these very positive trials, the design document 
Advice Note HA119 [1] was produced giving guidance to highway drainage 
engineers on the design, construction, and maintenance of grassed channels. 

G.M. Morrison and S. Rauch (eds.), Highway and Urban Environment: Proceedings of the 8th Highway  
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Agency (HA). During an 8-year-long study, road-edge grassed channels were 
evaluated in terms of grass type specification, geometric characteristics,
safety, hydraulic resistance, and performance on site through field trials. 
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Overview of development of grassed channels 

In the UK, the drainage option currently preferred by the HA to collect 
surface runoff consists of triangular concrete channels built adjacent to the 
road edge with fin drains to collect subsurface flows. Grassed channels evol-
ved as an environmentally improved version of concrete surface water 
channels. They are typically triangular in cross section, 2–3 m wide with mild 
side slopes of 1:5 or flatter and overall depth not exceeding 200 mm (Fig. 1). 

Fig. 1. Typical (indicative) cross section of grassed channel 

Several key aspects were addressed before arriving at a fully viable 
solution (for full description see Escarameia and Todd [2]): 

• Separation of surface and subsurface flows 
Prevention of surface water infiltrating through grassed channels into the 
road construction layers can be achieved by means of a double cuspated 
fin drain between the road and the channel, draining into a carrier pipe. 
• Integration with the pavement and verge details 
Because grassed channels need to be wider than typical concrete channels, 
full account was taken of existing HA requirements concerning safety 
barriers, verge widths, installations of services and signs, etc. 
• Hydraulics of grassed channels 
Since existing methods for determining the hydraulic resistance of grass 
were not suitable for such shallow channels, a comprehensive full- 
scale testing programme was undertaken. This is described in detail in 
Escarameia et al. [3,4]. 
• Buildability and identification of suitable grass types 
Methods of construction needed to be straightforward and capable of being 
integrated with the stages of pavement and road construction. The two 
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most viable methods of lining the channels were identified as turfing and 
hydroseeding. Suitable grass types needed to be tolerant of damp condi-
tions, be resistant to salt and damage by errand vehicles and be slow grow-
ing to minimize maintenance. Mixes dominated by perennial ryegrass and 
fescues are recommended for UK climatic conditions. 
• Durability and safety 
Another key factor in the design was durability, which depended on vul-
nerability to vehicle overrun, to weed invasion and silting up. Guidance 
was produced on maintenance to control weeds and grass height in order to 
ensure adequate conveyance. Tests carried out on a full-scale channel to 
evaluate construction methods and safety impact of the channels on vehi-
cles, as well as vehicular damage to the channels, confirmed the feasibility 
of the channels and that safety performance was no worse than for concrete 
channels. 

Field trials 

Site selection and channel design 

Several road schemes were identified as possible candidates but the con-
struction programme of the A2–M2 Widening scheme in Kent fitted well 
with the research programme and provided good conditions in terms of 
space available, low risk of vandalism, and willingness from the contractor 
to experiment with a new drainage system. This was a design and build 
scheme where, initially, a kerb and sumpless gully drainage system had 
been considered. As well as building some 800 m of grassed channels 
based on designs provided by the research team, the carrier pipes and 
chambers for the conventional system were also laid as originally planned 
so that the system could be reinstated if the trials proved unsuccessful. 

Description of monitoring sites and channels 

The sites monitored were (Table 1): 

1. Three crutches before bridge (London-bound): MP 44.4–44.3 
2. Three crutches after bridge (London-bound): MP 42.2–42.1 

Note: MP stands for “marker posts” 

3. Nashenden Valley (Coast-bound): MP 50.3–50.5 
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Table 1. Characteristics of monitored sites 

Site Channel length 
(m) 

Channel width 
(m) 

Channel depth 
(m) – nominal 

Channel slope 
(nominal) 

1 43.9 2 0.150 1:75 
2 94.0 3 0.150 1:66 
3 147 2 0.150 1:35 

 
The channels were lined with turf supplied by Turf Centre, Hampshire, 

consisting approximately of 60% fescue and 40% bent (Fig. 2). Samples of 
this grass mixture were checked by Smithsonian Tropical Research Institute 
(STRI) and considered adequate for purpose. A note with advice on proce-
dures for the rapid establishment of the grass and maintenance recommen-
dations was produced for the channel contractors. 

The width of the grassed channels was determined by the available 
space on the verge of the road, from 2 to 3 m, whereas the channel depth 
was predefined at 150 mm for safety reasons. For the determination of the 
hydraulic resistance of the channels an average grass height of 50 mm was 

 

Fig. 2. View of site 3 from downstream 
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approximately 0.075. In the specification provided by HRW/TRL it was 
assumed, which corresponded to a Manning’s resistance coefficient of 
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stated that each outfall grating ought to be protected by a 150 mm wide by 
150 mm thick concrete surround. In order to provide a transition between 
the turf and the grated outfalls a surround of Grassgrid (Charcon) was 
installed around the gratings. The edge of the Grassgrid was depressed 
below the invert of the grassed channel by 50–75 mm to ensure that any 
vehicle wheel in the channel would not hit a rigid concrete edge.  

Given the close proximity of groundwater abstraction points, the Envi-
ronment Agency required that an impermeable membrane be placed under-
neath the grassed channels. The membrane selected was SGS Geosystems 
Ltd. (SGS)’s 1 mm gauge high-density polyethylene (HDPE). 

Instrumentation 

The monitoring of the grassed channels involved continuous measuring of 
rainfall and of water depths in the channels as a result of the runoff from 
the road and cutting. Two 0.2 mm tipping bucket rain gauges (Casella) 
were used to measure rainfall: one for sites 1 and 2 (due to their proximity 
to each other, Fig. 3), and another for site 3. Water levels in the channels 
were measured primarily by means of ultrasonic probes (manufactured by 
Pepperl and Fuchs). The probes were installed at two different locations in 
each monitored site: one close to the downstream end of the channel to 

Fig. 3. Rain gauge for sites 1 and 2 
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capture maximum water depths and one further upstream. The ultrasonic 
probes were mounted on purpose-built chambers. Each chamber was con-
nected by means of a flexible 20 mm diameter tube to a small rectangular 
collection channel covered with a perforated grating, which was placed at 
the invert of the grassed channel (Fig. 4). This set-up allowed the level of 
the runoff in the grassed channel to be transferred to the chambers, which 
acted as stilling wells, where the levels could then be read by the probes. 
During the monitoring programme problems were encountered related to 

Fig. 4. Schematic of water depth probes and collecting chamber 
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malfunctioning of the ultrasonic probes on site and maximum water level 
probes were used as an alternative. With these probes, maximum levels are 
registered on a water-sensitive tape that discolours in contact with water. 
Data loggers (Datataker DT50, from Data Electronics Ltd.) were used to 
collect the data from the rain gauges and the water depth probes. The data 
loggers were triggered by a tip of the rain gauge (i.e., the start of a rainfall 
event) and were programmed to record rainfall and water depth data at 15 s 
intervals. 

Other parameters such as the permeability of the underlying soil, grass 
height, channel geometry, and water quality were also measured at certain 
times during the monitoring trials. 

Data collected 

The trials began in early 2003, with field data collection starting in the 
beginning of April and completing at the end of July 2004. The data collec-
tion was hampered by difficulties associated with damage to the instru-
mentation (e.g., cables were regularly found to have been cut or to have 
damage to the linings) as well as equipment malfunction; however, useful 
data was obtained as described below. 

Channel geometry 

It was found that both the longitudinal slope of the channel invert and the 
cross-sectional shape of the channels remained fairly constant during the 
16-month trial (with localized deepening in some places, which is thought 
to be a result of localized settlement due to lack of soil compaction rather 
than a result of erosion caused by the flow in the channels). There was 
some evidence of possible siltation at localized sections, but general con-
clusions were difficult to draw because of the effect of grass overgrowth 
on survey measurements. Occasional ruts caused by errant vehicles were 
easily repaired and did not compromise the integrity of the channels. 

Hydrological, hydraulic, and permeability data 

Rainfall information provided by the rain gauges was assessed to deter-
mine which storm events produced either significant amounts of rain or 
intense rainfall. Maximum peak rainfall intensities of 96 mm h–1 (or 0.027 
L s–1 m–2) were recorded, which corresponds to a return period higher than 
1 year (and less than 5 years) for the location of the monitoring sites. These 
are the return periods usually considered for road drainage in the UK. 
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The volume of flow in the grass channel is affected by the rate at which 
water can soak into the channel bed and the time taken for the subsurface 
material to reach saturation. Permeability tests were therefore undertaken 
during different seasons at a number of locations within the trial channels 
using a falling head permeameter, thermometer, and a stop watch. The 
permeability measured during the trials was very variable depending on 
precedent weather conditions, ranging from 0.001 to 0.33 m s–1. 

It is well established that grassed channels have an increased ability to 
control pollutants when compared with non-vegetative systems. The limited 
information on water quality that was collected during the trials appears to 
confirm this, with low levels of heavy metals (below detectable limit for 
nickel) as well as of phosphate and nitrogen. The levels of hydrocarbon 
contents measured were also very low, much below the limits recom-
mended in BS EN 858 [5] for discharge into watercourses. 

Grass condition 

With regard to the quality of the grass cover, it was found that regular  
inspections and maintenance are important to ensure a good quality for the 
grass. Invasion by large weeds was observed and, although the presence of 
weeds and dead patches did not impact on the hydraulic performance, they 
affected the visual appeal of the channels. 

The quality of the grass was variable during the trials but generally 
speaking it was found that the turf provided adequate cover to the channels 
to prevent flow erosion. The grass survived quite well during the extremely 
hot summer of 2003, when temperatures as high as 30°C were registered in 
southern England. However, the turf at the sections where the water depth 
probes and chambers were installed appeared not to have ever fully recov-
ered from installation of the instrumentation. The last metres of channel in 
all sites (between the downstream probe and the outfall) were the areas 
where the condition of the turf was the poorest, becoming fairly bare 
and/or overtaken by large weeds. 

Areas of damage were also identified in sites 1–3 and repairs to the 
grassed channel had to be made in some cases. The damage was caused 
primarily by works machinery during installation of services in the verge 
beyond the channels. Repairs were, however, simple to carry out. 

Analysis 

The main objective of the analysis of the storm data collected was to check 
the applicability to the field of the design method that had been developed 
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for the grassed channels based on laboratory tests. The analysis involved 
the following phases: 

1. Development of a numerical model of runoff for prediction of water 
depth on grassed channels with time-varying rainfall 

2. Processing of raw data 
3. Determination of water depth profiles for the storm events monitored 

using the numerical model and comparison with the data collected. 

A new numerical model, based on kinematic wave theory (this theory  

The programme included the new resistance equation developed from 
laboratory data which was based on the Manning’s equation and included a 
new roughness coefficient taking into account the dependence of the flow 
resistance on the term VR, the grass height H, and the type of grass. 

The program Qgrass was run to determine the variation, at the location 
of the water level probes, of the water depth in the grassed channels during 
the storms selected for analysis. As a starting point, it was assumed that the 
catchment would produce 100% runoff. The results of the programme 
indicated that this assumption was valid as the agreement between the 
measured and calculated depths was very satisfactory. The numerical 
simulations captured very well the occurrence of the peaks of the storms 
and, in the great majority of cases, their intensity (see Figs. 5 and 6). 

Fig. 5. Example of storm data collected (rainfall and water level in channel 
(22/11/03) 
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assumes the bed slope is equal to the friction slope S) was developed to com- 
pute the water depth at any required location along grassed channels with
triangular cross sections. This model, Qgrass, was written in FORTRAN 
for a Windows environment with a Visual Basic interface. 
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Fig. 6. Example of comparison between measured and calculated water depths in 
grassed channel (22/11/03) 

In none of the cases analysed did the calculated water depth exceed the 
channel depth (nominally 150 mm). Also, HRW was not aware of any 
reports of water on the hard shoulder or carriageway as a result of sur-
charge of the channels during storms. Overall, it can thus be concluded 
that the design procedure implemented in Qgrass was adequate. 

Conclusions 

From an environmental point of view the field trials carried out indicated 
that grassed channels are a good option for road drainage in that they pro-
vide “greening” of the verge without compromising their function as road 
runoff conveyance channels. 

The quality of the grass was variable during the trials but generally 
speaking it was found that the turf provided adequate cover to the channels 
to prevent flow erosion. The durability of grassed channels cannot be dis-
sociated from the level and frequency of maintenance they receive. Regu-
lar inspections and cutting (three times in the growing season in the UK) 
are essential to ensure the quality of the grass and flow capacity of the 
channels. Detailed surveys of the longitudinal profile and cross sections of 
the channels showed no significant signs of siltation or erosion during the 
16-month long trials. 

The permeability measured during the trials was very variable depend-
ing on precedent weather conditions, ranging from 0.001 to 0.33 m s–1. 
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The design of grassed channels incorporates a fin drain at the edge of the 
carriageway to cater for infiltrated flows. 

Limited water quality monitoring indicated that the channels have a 
beneficial effect when compared with concrete surface water channels. 
Work is soon to be commissioned to investigate the pollution removal ability 
of grassed channels. 
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Abstract 

Tunnels are specific sections of roads, where the rainfall runoff process 
does not take place. Nevertheless, they are washed out periodically mainly 
for traffic safety reasons. The Portuguese National Laboratory for Civil 
Engineering (LNEC) monitored twice (in May and December 2003) the 
washout process of the 1570 m long IP2 Gardunha tunnel. The objective 
was to evaluate pollutant accumulation in the road pavement. Due to 
specific requirements from LNEC the wash operation was performed 
without the common detergents used to enhance the cleaning process. The 
annual average daily traffic (AADT), in 2003, was 9923. Measurements of 
flow and the collection of manual samples took place at the inlet of an oil 
separator tank that receives all the runoff from the tunnel, and discharges it 
into the local creek. 

The first wash (1st wash) took place over two nights, with a total 
duration of 345 min, and an average flow of 1.6 L s–1. The second wash 
(2nd wash) operation was shorter, with the duration of 103 min and an 
average flow of 4.2 L s–1. The annual pollutant loads for metals, total 

concentrations.  
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from a tunnel wash 

suspended solids (TSS), oil, and grease and polycyclic aromatic hydro- 
carbon (PAH) were estimated based on wash volumes and pollutant 

and Urban Environment Symposium, 345–358.
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Compared to other monitoring studies of highway runoff in Portugal, 
Gardunha tunnel wash water presented low pollutants content. Only an 

concluded that tunnel pavements accumulate much less traffic pollutants 

Introduction 

In the framework of a research that the Portuguese National Laboratory for 
Civil Engineering (LNEC) has been carrying out for the Roads Institute, 
some roads were selected for runoff monitoring studies. The main 
objective was to gather information on road runoff (quality) characteristics 
in Portugal; therefore the case studies should represent different road 
sections and different climatic regions. Since tunnels are specific sections 
of roads never monitored before in Portugal one of the chosen sites was a 
tunnel segment located in central Portugal. Tunnels are confined areas not 
subject to the rainfall runoff process and therefore it should be likely to 
expect a higher pollutants accumulation inside them. These pollutants are 
usually released in a very short period, when tunnels are washed out, and 
the high pollutant concentrations may cause acute environmental impacts. 
Not only common road runoff pollutants are of concern; tensides, used to 
increase the removal of contaminants from tunnels, were reported by 
Rosedth et al. [1] as being acute toxic for aquatic organisms. 

The references found in the literature, of studies concerning water 
quality from road tunnel washes, are from France [2] and from Norway 
[1,3,4]. Although it is not possible to compare results among the studies, 
due to the very different tunnel and tunnel use and maintenance 

studies. 
The Portuguese case study was the IP2 Gardunha tunnel (today part of 

the Highway A23). The tunnel is washed twice a year. Given the 6-month 
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evaluation of the results taking into consideration the flow processes
inside the tunnel atmosphere allowed an understanding of the data, being 

than ordinary road pavements, under similar operation conditions. Further- 
more, pollutants emitted inside the tunnel will tend to build up outside,
therefore increasing runoff concentrations in the road sections flanking
tunnels. These results are important for the control of highway runoff
impacts. 

characteristics, wash procedures, and monitoring methods, Table 1 pre- 
sents some of the average pollutant concentrations obtained in those 
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and December 2003, and the results came as a surprise, being rather the 
opposite of what was expected. Further examination of the system, in 
collaboration with experts in tunnel atmospheric processes, leads to a more 
comprehensive understanding of the phenomena taking place, and permit-
ted to elaborate a hypothesis that explains the results obtained at the Gar-
dunha tunnel. 

This paper presents the case study description, monitoring methods, 
results, and discussion. The tunnel atmospheric processes that support the 
hypothesis are explained as well. A more detailed description of the work 
done can be found in Barbosa and Antunes [5] and Barbosa et al. [6].1 

                                                      
1 Both reports are written in Portuguese 
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Table 1. Concentration of the main pollutant found in the wash water from several 
tunnels 

period of pollutants accumulation, it was expected that the monitoring 
results would surpass the concentrations observed in other roads. The 
monitoring of the washes of this 1570 m long tunnel took place in May 

Sites pH 
Cond.  

(µS cm–1)
Cd  

( µg L–1)
Pb  

(µg L–1) 
Cu  

(µg L–1)
Zn  

(µg L–1)
TSS  

(mg L–1) 
Nordbya 7.41 930 1.94 93.6 260 2,600 2260 
Frejusb – – – 2750 – 8700 2960 
Mont Blancb – – – 5200–

15,000 
– 26,500 5820–

23,200 
Chamoiseb – – – 3100 – 4800 2255 
Les Montsb – – – 12,100 – 9900 6678 
Fourviereb – – – 26,000 – – 2354 
Ringnesc 7.5–7.9 – – <0.516 11–28 119–7510 – 
Nordby, 
Smihagen, 
Vassumd 

– – – 170 680 13,800 3030 

a[4] 
b[2] 
c[3] 
d[1] 
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Case study 

Description of the site 

The site selected is a 1570 m long tunnel located between 11 + 060 and 12 + 
630 km of the road connecting Covilhã and Castelo Branco, known as IP2 
Gardunha tunnel. The tunnel has an excavated area of 80 m2 (55 m2 of 
useful cross section) with a maximum burden of 235 m [7]. It is a single-
gallery bidirectional tunnel, with a hydraulic diameter of 7.5 m and a mean 
slope of 1.7%. The axis of the tunnel is a straight line except for a gentle 
curve at about two-thirds of its length. The annual average daily traffic 
(AADT) of the road, in 2003, was 9923 vehicles of which about 20% are 
heavy duty. The tunnel paved cross section is of approximately 9 m. 

The tunnel washout was monitored twice by LNEC. The first wash (1st 
wash) was in May 2003, over two nights, and the 2nd wash in December 
2003, during one night. The water flowing at the tunnel pavement is drained 
to a longitudinal drain that directs the runoff to an oil separator tank (cf. 
Fig. 1) discharging into a local creek. Tunnel washes monitoring procedures. 
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Fig. 1. View of the tunnel and of the collecting oil separator tank 

The main objective of the washing and monitoring procedures described 
was to evaluate the pollutant loads accumulated in the tunnel road pave-
ment during a 6-month period. For that purpose the wash operation was 
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Fig. 2. View of the tunnel 2nd wash operation 
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monitored at two different occasions (cf. Fig. 2). In accordance to LNEC 
request the common detergents applied to enhance the cleaning process, 
carried out regularly each 6 months, were not used. 

The methodology adopted for the work has considered the analysis of 
two aspects of the runoff resulting from the tunnel wash: (1) the changes in 
flow and water quality along the wash process; and (2) the possibility to 
estimate the annual pollutant loads accumulated at the tunnel pavement. 

The monitoring procedure consisted in registration of the water level, as 
well as collection of grab samples at the inlet of the oil separator tank, dur-
ing the wash process. Figure 3 presents a section cut of the oil separator 
tank, and the ruler placed inside the tank for the water level measurements. 

Fig. 3. Section cut of the oil separator tank and picture of the ruler for water level 
measurements 
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The quality of the water used for the washes was also collected for 
analysis. The water from the 1st wash was groundwater, used by the road 
fire extinguishers system. The 2nd wash, as more water was needed in a 
shorter period of time, had an additional source of water. Water taken out 
from a local creek was transported to the site in a (metallic) fire engine 
tank with a capacity for 30,000 L. 

Results and discussion 

Results of samples analysis and in situ measurements 

The 1st wash had a total duration of 345 min, and an average flow of 1.6 L 
s–1. The second wash (2nd wash) operation was shorter and more intense, 
with 103 min of duration and an average flow of 4.2 L s–1. These calcula-
tions were based on periodic measurements of the water level inside the oil 

for calculating flow but total volume. A summary of the quantity figures 
for the two campaigns is presented in Table 2 and Figure 4 illustrates the 

350

The water at the inlet of the oil separator tank was continuously moni-
tored for the measurement of general physico-chemical parameters (pH, 
Eh, electric conductivity, and temperature) and samples were discretely 
collected (six samples for the 1st wash and eight for the 2nd wash) for the 
analysis of the following parameters: cadmium (Cd), lead (Pb), copper 
(Cu), zinc (Zn), iron (Fe), total suspended solids (TSS), oil and grease, and 
polycyclic aromatic hydrocarbons (PAH). The analysis have been done at 
a selected laboratory, according to accredited methods namely, the stan-
dard methods (SM) 3500 C for Cd, Pb, and Zn, and the SM 3500 D for Fe 
and Cu. Oil and grease analysis were accordingly to SM 55200 and TSS 
to SM 2540 D. The total PAH was based on gas chromatography, mass 
selective detection in the single ion monitoring mode (MSD/SIM); 16 PAH 
were measured, namely: acenaphthene, acenaphthylene, anthracene, benzo 
(a)anthracene, benzo(k)fluoranthene, benzo(b)fluoranthene, benzo(a)pyrene, 
benzo(g,h,i)perylene, chrysene, dibenzo(a,h), fluoranthene, fluorene, indeno 
(1,2,3,c,d)pyrene, naphthalene, phenanthrene, and pyrene. 

high flow variation. During the 1st wash (part I), there was a stop between 
1 h 28 min and 2 h 20 min. 

valent to the water that filled the irregular bottom of the tank was not used 
separator chamber, being approximated. The first volume of water, equi-
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Table 2. Average flow and total volume for the two washing procedures 

 Average flow 
(L s–1) 

Total duration*

1st wash 1.6 345 34,105 
2nd wash 4.2 103 25,956 
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Fig. 4. Flow variation during the washes 
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The quality of the water used for the wash is presented in Table 3. The 
results – as averages, medians, maximums, and minimums – for the 
characterization of the water quality at the inlet of the oil separator 
chamber, are presented in Table 4. The quality parameters and pollutants 
were measured on the six and eight discrete samples taken, respectively, 
along the 1st wash and the 2nd wash. PAH in the 2nd wash were always 
below the detection limit (0.05 µg L–1).  

in the 1st wash 
*Total duration of the washes, excluding the pause period that took place 

(min) (L) 
Total volume
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Table 3. Quality characterization of the water used for the washes of the tunnel 

1st Wash 2nd Wash 

  
Hose Hose Fire engine 

tank 
Parameter 
T (°C) 16.0 12.5 9.3 
pH 9.1 8.1 7.3 
Cond. (µS cm–1) 260.0 290.0 68.1 
Cd (µg L–1) <1.0 2.0 1.0 
Pb (µg L–1) 2.0 <5.0 <5.0 
Cu (µg L–1) <2.0 <5.0 <5.0 
Fe (µg L–1) <50.0 120.0 1420.0 
Zn (µg L–1) 73.0 370.0 40.0 
TSS (µg L–1) 1.6  1.4 4.6 

Table 4. Average, median, maximum, and minimum of the results obtained for the 
two washing campaigns 

 1st Wash (six samples) 2nd Wash (eight samples) 
Parameter Av. Median Max. Min. Av. Median Max. Min. 
T (°C) 15.80  15.80 16.40 15.50 10.4 10.6 11.1 9.7 
pH 7.70  7.50 8.40 7.20 8.3 8.2 8.7 8.0 
Cond. (µS cm–1) 514.00 450.0 683.0  380.00 367.9 346.0  650.0 232.0 

Cd (µg L–1) 5.00  6.00 6.00  3 .00 2.0 2.0  3.0  1.0 
Pb (µg L–1) 48.00  46.00 92 .00 20 .00 35.0 32.0  65.0 13.0 
Cu (µg L–1) 195.00 175 .00 340 .00 82 .00 108.0 99.0  300.0 9.0 
Fe (µg L–1) 5693 .005515.0011,980 1,710 .004703.0 4600.0 7040.0 1,410.0
Zn (µg L–1) 962.00 700.00 2210 370 .00 560.0 525.0 1150.0 230.0 
TSS (mg L–1) 680.40 522.6 2182.00 88.9  1078.5 654.5 3003.0 227.0 

–1) 40.40  29.00 125.20 7.0  50.4 47.6  91.8 27.8 
PAH (mg L–1) 0.34 0.25 0.58 0.22 – – – – 
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Calculation of annual pollutant loads at Gardunha tunnel 

One of the objectives of the monitoring study was to calculate the annual 
pollutant load (based on 1 year of monitoring) for the most common road 

Oil and grease (mg L

pollutants. Estimations of annual pollutant loads for metals, TSSs, oil 
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Discussion of the results 

It is noticeable (Table 2) that the 2nd wash must have provided, when 
compared to the first one, a more effective physical removal of the 

It is important to acknowledge that the water matrix is not typical for 
rain water; therefore, it should be taken into account to explain the results, 
in particular for pH, conductivity, and Fe. The reasons have to do both 

Generally rain water presents slightly acidic pH (around 6), very low 
conductivity, and no trace of metals or suspended solids. 

This is not the case of groundwater that usually has high conductivity 
and basic pH, as can be observed from Table 3. Water from the local creek 
has lower conductivity, and the presence of some suspended solids may 
be due to resuspension during the pumping. The Zn and Fe content are 
explained by the materials that were in contact with the water before and 
during the wash. This is clear for the 1420 µg L–1 of Fe found in the water 
from the fire engine tank. Such facts explain the observed higher 
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Table 5. Estimation of 2003 annual pollutant loads at the IP2 Gardunha tunnel 

accumulated traffic for the two periods were 2,075,978 (from the 18 
December 2002 to 13 May 2003) and 2,133,797 vehicles (from the 14 May 
2003 to the 18 December 2003). These figures were registered by the road 
managing company, SCUTVIAS. 

Pollutant  Pol.   
load 

Pol. 
load 

Annual pol. 
load 

mg km–1  
vehicle–1 

g ha–1 

 year–1 
Cd (g) 0.170 0.048 0.218 3.3E–05 0.15 
Pb (g) 1.600  0.9  2.5  0.0004 1.78 
Cu (g) 6.700  3.2  9.9  0.0015 6.99 
Fe (g) 194.200  139.9 334.000 0.0505 236.41 
Zn (g) 32.8  16.7 49.500 0.0075 35.00 
TSS (kg) 23.2  32.1 55.300 83,647 39,126.10 

1.400  1.500 2.9  0.4353 2,036.00 
PAH (g) 11.6  – 29.000 0.0044 20.50 
Oil and grease (kg)

and grease, and PAH are presented in Table 5. Values of measured 

pollutants due to the higher flow. The total water volume for the two cam- 
paigns was used for the calculation of the total pollutant load accumulated
at the tunnel pavement. 

the hoses from the fire extinguishers and the fire engine (metallic) tank. 
with the origin of the water and the delivery processes, namely through
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process the samples exhibited results in the same order of magnitude. The 
cause for it should be the removal of particles accumulated on the longi-
tudinal drain, flushed with the first runoff which flows through the entire 
drain before reaching the oil separator system. 

The concentrations of the metals Zn, Cu, and Pb agree with the relative 
pattern found in many other national studies, that is: Zn >> Cu> Pb. It is 
noteworthy that the presence of oil and grease, and PAH are the highest 
ones ever registered in any road runoff measurement of such pollutants, 
including the case of a main national highway, with a traffic volume three 
times higher than IP2 [5]. Possible explanations for it could be the absence 
of sun light inside the tunnel, that prevents photodegradation, possibly 
lower dilution ratios when compared to runoff produced from rain events, 
and a more expedite conservation of samples after collection. The two latter 
may also be responsible for the observed Cd concentrations above the 
detection limit. 

It was assumed that the non-detected PHA in the 2nd wash was due to 
summer high temperatures (the site can reach 36°C from July to August). 
This assumption was based on the common knowledge that phenomena 
such as biodegradation and volatilization are likely to increase their rate 
with temperature. There are also references in the literature to the effect of 
temperature in the emission of PAH. For instance, Tuominen et al. [8] 
measured polycyclic organic compounds generated from vehicle emission, 
both in laboratory tests and at a busy street in Helsinki. The tests were 
performed at –20°C and 20°C; the street monitoring took place during 
autumn and hard winter, and was concluded that the concentrations of 
polycyclic aromatic compounds was much higher in the cold samples than 
in the warm samples. For these reasons, the PAH load from 146 days 
before the 1st wash was converted in an equivalent load for 219 days 
representing the accumulation period for the 2nd wash. This value was 
used to calculate the annual load. 

A general relevant conclusion is that, if the annual loads from other 
monitoring studies of highway runoff water in Portugal are compared to 
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It was observed during the wash processes that the first volume of water 
to reach the oil separator chamber presented higher concentrations, espe-
cially of conductivity, TSS, Zn, Cu, and Pb. During the remaining of the 

conductivity in the 1st wash: 514 µS cm–1, compared to an average of 368 
µS cm–1 in the 2nd wash. 

the ones from Gardunha tunnel, the latter has, comparatively, exception- 
ally lower pollutants loads. In Table 6 three examples are presented, for
the highways A1, A2, and A6, with average daily traffics of, respectively:
30,299 (in 2002); 16,344 (in 2002), and 2918 (in 2004). 
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Table 6. Annual pollutant loads for three Portuguese roads and the IP2 tunnel 
(Adapted from [9].) 

 Annual pollutant load (g ha–1 year–1) 
Pollutant A1 A2 A6 IP2 (Gardunha) 
Pb 101.2 24.4 13.8 1.78 
Cu 285.3 193.3 61.9 6.99 
Fe 6038.0 1922.3 2689.4 236.40 
Zn 1329.5 1202.2 2632.4 35.00 
TSS 704,525.5 42,556.5 149,423.0 39.10 
Oil and grease – – 74,247.6 2036.00 

 
Gabet [2] compared the pollution from wash water from tunnels with 

correspondent loads from open air roads. The author concludes that the 
average values for pollutant loads inside and outside tunnels are in the 
same order of magnitude. Nevertheless, Gabet [2] refers that Pb and Zn 
loads are lower inside tunnels, compared to open air and that hydrocarbons 
showed an opposite trend, being higher inside tunnels. These statements 
agree with the observations at Gardunha tunnel. 

Atmospheric and tunnel flow processes: application  
to the case study 

The mechanics of the flows and its relevance for the study 

A key factor to further understand Table 6 results is to identify the specific 
mechanisms responsible for the transportation, deposition, and removal of 
particles inside tunnels and then compare them to those taking place in 
open air roads. 

It is known that pollutants may be particulated or attached to particles 
and their dynamics are different in free and confined flows which may 
explain the differences found. 

When the wind blows over a layer of loose particles spread on a 
horizontal, solid, flat surface, a relatively well-defined velocity is required to 
initiate the movement of the particles. Two basic mechanisms can be 
identified: drag, over the surface, and saltation. 

The first is present when the drag forces on the particles due to the flow 
over the surface became higher then the friction forces between the surface 
and the particle. The second one occurs when the lift forces on the particles 
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are greater than their own weight so that the trajectories of the particles
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friction, and inclination – is not to be expected. The opposite stands for the 
drag phenomenon for which the particles must be larger then the typical 
dimension of the roughness elements, and the inclination of the surface 
and its friction coefficient are of utmost importance. 

The discussion of deposition of traffic particulated pollutants on road 
pavements of tunnels and its comparison with the deposition in open air 
lanes has to consider these two situations. The deposition or removal rate 
depends on the traffic (the same outside and inside the tunnel), on the atmo-
spheric flow local velocities (unidirectional or bidirectional in the tunnel, 
depending on the traffic) and on the shear stresses induced by the flow over 
the pavement, defined as a rule by the friction coefficient, Cf. Atmospheric 
boundary layer (ABL) local characteristics and the mechanical ventilation of 
the tunnel determine the value of these parameters 

The case of Gardunha tunnel 

Based on existing data and measurements of IP2 site variables referred in 
the literature [10–12] the phenomena at Gardunha tunnel were modelled 
using the basic equations of fluid mechanics. 

Further details, such as the discussion on the effect of the slope, the fact 
that the portals are not in a flat area; and on the effect of these factors on 
the local wind conditions, are presented elsewhere [13]. 

The measure of comparison between particle transports by flows inside 
w  

inside (τw in), and outside (τw out) the tunnel. This value was obtained 
through the following equation where index 0 is associated with tunnel 
conditions (axis of the tunnel as the reference height) and index 10 with 
ABL conditions (reference values 10 m above ground level): 

( )2

w in w out f 10 0 10C C U Uτ τ =  

The result indicates that the “every day” shear stresses inside the 
Gardunha tunnel almost double the ones taking place outside, and 
accordingly the rate of removal of particles from the road pavement is 
higher inside the tunnel. This information is of great value to understand 
the results and trends obtained in the Gardunha tunnel wash monitoring 
study. 
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iniate, on average, vertically and a strong dependence of the phenomenon 
on the exact properties of the supporting surface – e.g., smoothness, angle of 

1.8~

and outside the tunnel is given by the relation between shear stresses, τ
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Conclusions 

If a purely numerical relationship would be applied it is observed that 

magnitude, for some of the pollutants (e.g., TSS load would be of 78,252.2 
g ha–1 year–1 that compares to equivalent figures from Portuguese open air 
roads). 

Such results are not surprising since it is known that pollutant 
accumulation or removal processes are not merely physical. Indeed, a 
complex set of physical, chemical, and biological processes take place 
changing the pollutants form, fate, and behaviour in the environment. The 
main conclusion of this paper is that tunnel pavements should accumulate 
much less traffic pollutants than ordinary road pavements, under similar 
operation conditions. 
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An investigation of urban water and sediment 
ecotoxicity in relation to metal concentrations 
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Abstract 

Implementation of the European Union (EU) Water Framework Directive 

debate surrounding how the ecological status of water bodies should be 
determined and the all-encompassing environmental quality standards, 
required by the WFD, developed and complied with. To contribute to the 

metals in these environments. The Microtox test was used to evaluate the 
ecotoxicity of urban stream water, water samples in which sediments had 
been resuspended, porewater and sediments. Total concentrations of Zn, 
Cu, and Cd were determined in the same fractions. Data reported indicate 
that the toxicity of surface water is greater during wet weather events 
compared to dry weather conditions. Two different statistical approaches 
for assessing the associations between metals and ecotoxicity are described 
and the different interpretations provided are fully discussed. 
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and Urban Environment Symposium, 359–370.

(WFD) has refocused attention on the impact of non-point source dischar-
ges on receiving water bodies. However, although the physico-chemical 
characteristics of urban runoff have been widely reported, its eco- 
toxicological impacts are less certain. There is currently considerable 

debate surrounding these issues, the ecotoxicity of urban water and sedi- 
ments were investigated in relation to concentrations of selected heavy 



Introduction 

The European Union (EU) Water Framework Directive (WFD) requires 
member states to take a holistic approach to the management of aquatic 
ecosystems [1]. This marks a clear shift from current approaches to water 
quality management, which primarily focus on comparisons with physico-
chemical water quality standards, to one which additionally integrates and 
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development of a detailed understanding of the behaviour and fate of 
systems. As these components are temporally and spatially interlinked, the 
addresses biological and hydromorphological aspects of aquatic eco- 

lopment of a sustainable and integrated management approach. 
pollutants within and between them is fundamental in enabling the deve- 

An intercompartment relationship receiving particular attention is the 
sediment–water interface as these sediments have the greatest susceptibility 
to resuspension processes, as well as providing substrate and/or food 
sources for benthos [2]. This issue is of particular concern within the urban 
aquatic environment, where urban sediments act as a sink for organic and 
inorganic pollutants [3,4]. The ecotoxic effects of urban and highway run-
off have been widely reported (see review by Baun et al. [5]). However, 
although well studied in relation to their physical and chemical characteris-
tics, comparatively little is known about the ecotoxicology of urban sedi-
ments, either in situ or within the water column following a resuspension 
event [6,7]. The development of “Translating Relaying Internet Architec-
ture Integrating Active Directories (TRIAD)” or combined approaches 
which integrate information on physico-chemistry, ecotoxicity, and eco-
logy at a particular site is seen as a way forward [8]. However, current 
levels of knowledge are insufficient for the development of strategic water 
quality management strategies which can integrate biological, chemical, 
and physical aspects across different compartments of aquatic ecosystems. 
This study aims to contribute to this research need through an investigation 
of the ecotoxicity of urban stream water, sediment, porewater, and samples 
in which sediments have been resuspended, in relation to concentrations of 
Cd, Cu, and Zn in the same fractions. 

Methodology 

Site description and sampling programme 

Samples were collected at six separate locations along an increasingly 
urbanized stretch of the Pymme’s Brook, an urban watercourse in North 
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London (UK) which receives substantial surface water flows from the 
surrounding urbanized catchment area as well as discharges from 
combined sewer outlets (CSOs). At each sampling site, duplicate water 
and surface sediment samples were collected and in situ measurement of 
dissolved oxygen, temperature, and pH were carried out. Samples were 
collected on four separate occasions; twice during dry weather conditions 
and twice during wet weather conditions. Following collection, samples 
were transported to the laboratory and stored at 4°C prior to analysis by 
Microtox within 72 h and for metals as soon as possible thereafter. 

Preparation of samples prior to analysis 

Loosely associated surface water was allowed to drain from each sediment 
sample by placing sediments in tilted evaporation dishes. Sediments were 
sieved and the <4 mm size fraction collected and used in all subsequent 
experiments. Resuspension samples were prepared by shaking 50 g of sieved 
wet sediment sample in a flask with 250 mL of double-deionized water 
and gently shaking for 14 h to simulate the impact of a storm event (i.e., 
prolonged low intensity turbulence to compensate for a short intense storm 
event). The aqueous fraction was collected and centrifuged to remove parti-
culate material. Porewater was extracted from sediment by a combination 
of applied pressure and vacuum filtration of a known mass of sediment 
through a Whatman 42 filter paper. 

Microtox analysis 

The ecotoxic effects of surface water, resuspension water, and porewater 
samples were evaluated in duplicate using the whole effluent test as 
described in the AZUR user manual [9], with the use of phenol as a 
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Metals analysis 

Replicate water, resuspension water, porewater, and sediment samples 
were acidified with nitric acid, taken to dryness and then redissolved in 1% 
nitric acid. Concentrations of Zn and Cu were determined in each sample 
fraction using inductively coupled plasma-atomic emission spectrometry 
(ICP-AES), with Cd being reliably determined in sediment samples only 
using the same technique. 

standard reference material. The solid-phase test (SPT) was used as des- 
cribed in the AZUR user manual to determine in duplicate the ecotoxi- 
city of sediment samples [9]. 
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Results and discussion 

Results of ecotoxicity analysis 

An overview of the ecotoxicity determined in surface water, porewater, 
and resuspension water samples is provided in Figure 1 (data are presented 
as EC20 values as this proved to be the most realistic representation of 
ecotoxicity in the collected samples). In surface water samples, an EC20 
value could only be determined in 1 of 12 samples collected during dry 
weather conditions as opposed to being measurable in 9 of the 12 samples 
collected during storm event conditions, indicating that wet weather flows 
have the potential to exert a greater toxic impact, as determined using the 
Microtox technique. Serial sample collection through the profile of a storm 
event by Marsalek et al. [10] reported that ecotoxicity as determined using 
various tests (including Microtox) displayed the “first flush phenomenon” 
typically reported during the physico-chemical monitoring of storm events. 
Although the timing of sample collection in the current study in relation to 
storm event profiles is unknown (sampling consisted of the collection of 
grab samples), results support the conclusion that storm events are associated 
with a greater ecotoxic, as well as physico-chemical, loading. Ecotoxic 
impacts were regularly detected in porewater and resuspension water samples 
during both dry weather and wet weather conditions (Fig. 1). This is thought 
to be associated with the fact that urban sediments are known to act as a 
long-term reservoir for pollutants, as opposed to surface waters which 
characteristically show greater temporal variation. 

It is difficult to make direct meaningful comparisons with other ecotoxi-
city studies of urban runoff as data tend to be reported in a variety of formats 
(e.g., EC10–EC50) and end points (e.g., growth, reproduction, mortality) as 
well both the physico-chemical characteristics of the storm event and tim-
ing of sample collection in relation to storm event profile being unclear. 
However, the current study is consistent with storm water runoff studies 
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which report ecotoxic responses ranging from no effect to substantial inhi-
bition [5,11,12]. In the current study, EC20 values range from a maximum 
toxicity of 13% (recorded in a resuspension water sample) to having no 
discernable toxic impact (referring to samples in which the data did not 
permit the calculation of an EC20 value). 
 Ecotoxicity of resuspension water was significantly lower during wet 
weather conditions in comparison with dry weather conditions ( p = 0.011; 
2 sample t). This could indicate that the higher storm flows observed 
during sampling are flushing pollutants from the sediment or, alternatively, 
are transporting and depositing cleaner sediments. However, no significant 
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Fig. 1. EC20 values determined in surface water, porewater, and resuspension water 
samples: dry weather (dw) versus storm events samples (se) (%) 

differences between the levels of toxicity determined in any of the water 
samples and sampling site (data not presented) or between surface water, 
porewater, or resuspension water sample fractions (Fig. 1) were found (p > 
0.05; analysis of variance [ANOVA]). 

Ecotoxicity of sediment samples 

Only sediment samples collected during wet weather conditions were 
evaluated for their ecotoxicological impact using the Microtox SPT. This 
test involves bacteria coming into direct contact with sediment particles 
and associated pollutants, and is therefore of particular interest in the urban 
setting where the majority of pollutants are sediment-associated [13]. In 
terms of frequency of detection, SPT gave the highest response rate (100% 
of samples tested). In contrast, the detection rate was 75%, 67%, and 50% 
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for the surface water, porewater, and resuspension water samples, respec-
tively. Various authors have reported SPT as being more responsive than 
tests on, for example, sediment elutriates [14] and sediment porewaters 
[15]. However, because it was not possible to source a suitable reference 
sediment material within the time frame of the sampling programme, data 
collected within the current study cannot be directly used to support this 
finding. Although not possible to quantitatively evaluate the impact of urban 
pollution on sediment toxicity, it is feasible to evaluate sediment ecotoxi-
city semi-quantitatively by comparing SPT values with those reported in 
the literature (see Table 1). 
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Table 1. EC50 values (g L–1) for sediments determined using SPT in comparison 
with data from the literature 

 Median Range No. of samples 
Current study 172.3 65–591 12 
Storm water management ponda 5.3 0.8–79.9 19 
Harbour sedimentb 3.3 1.1–4.3 3 
Sediment from an unpolluted siteb 11.5 11–12 2 
a[7] 
b[16] (values expressed as dry weight) 
 

50

and, for example, is over 10 times less toxic than sediment from a reported 

determined in this study is surprising. However, sediment composition is 
known to heavily influence the toxicity of sediments as determined using 
Microtox [15] and a fuller evaluation of the sediment composition is 
required to enable data to be fully interpreted. In addition, these results 
also suggest a notable site specificity in both the environmental behaviour 
of pollutants and their ecotoxicological impact. This provides support for 
the use of a combined physico-chemical and ecotoxicological approach 
and also raises the possibility that results may need to be interpreted within a 

Results of metals analysis 

Cu and Zn were detected in surface water, porewater, resuspension water, 
and sediment samples but due to the working limit of detection (LOD) for 
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Cd (>0.6 µg L–1) it was possible to reliably determine Cd concentrations 
in sediment samples only. Aqueous Cu and Zn concentrations tend to 
decrease in the order porewater > resuspension water > surface water (see 

However, the higher median concentrations of Cu and, in particular, Zn in 
resuspension water samples support the proposal that resuspending sedi-
ments may result in the release of previously bound pollutants [17]. 

The median sediment EC  value determined in this study is sub- 

both urban runoff and CSOs, the comparative lack of sediment toxicity 

stantially higher (i.e., less toxic) than those reported in the literature 

site-specific as opposed to a more generic context to enable their sig- 
nificance to be fully appreciated. 

L Scholes et al. 

unpolluted site [16]. As the Pymmes Brook is known to be in receipt of

water samples (p < 0.001 in both cases; ANOVA) but differences between 
water samples than those determined in resuspension water or surface

resuspension water and surface water samples were not significant.

Table 2). Concentrations of both metals were significantly greater in pore-



Table 2. Median, maximum, and minimum concentrations of metals in surface 
water, resuspension water, and porewater samples (µg L–1) and sediment (µg g–1) 

 Median Min. Max. 
Cu surface water 5.75 <0.75*0 18.90 
Cu resuspension water 9.55 <0.75*0 70.90 
Cu porewater 29.55 <0.75*0 117.90 
Cu sediment 27.80 5.6000 152.20 
Zn surface water 26.00 5.6000 97.00 
Zn resuspension water 43.90 13.8000 189.50 
Zn porewater 125.00  24.30  1529.60 
Zn sediment 127.60  45.7000 713.2 0 
Cd sediment 0.70 <0.07** 1.50 

 
Aqueous concentrations of Cu or Zn in any of the water fractions did not 

significantly vary according to sampling site location (data not presented). 
Concentrations of Zn in the surface water samples were found to be signifi-
cantly higher in the storm event samples than during dry weather (2 sample 
t; p = 0.010). However, Cu concentrations did not show this trend. This dif-
ference in the behaviour of Cu and Zn could indicate that the Cu is more 
strongly bound to particulate materials, for example, particulate-associated 
organics [18] and underlines the complex nature and differential behaviour 
of pollutants within urban surface waters. In relation to sediment metal 
concentrations, there was no significant difference between concentrations 
determined during dry weather and wet weather conditions. Zn and Cu 
sediment concentrations were found to vary significantly according to site 
( p = 0.005 and 0.001, respectively; ANOVA) with concentrations of both 
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metals determined at the site located furthest upstream being significantly 
lower than those recorded at various sites located further downstream, 
reflecting the fact that watercourse becomes increasingly urbanized along 
its length. However, Cd sediment concentrations did not vary in relation to 
the sampling site. 

Investigation of associations between ecotoxicity and metals 

To investigate if there were any associations between metal concentrations 
and ecotoxicity, data were examined using scatter plots and correlation. 

assumed 5 g sediment mass) 
**Working limit of detection for sediment samples (3 × SD on sample blank/
*Working limit of detection on aqueous fractions (3 × SD on sample blank) 
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Fig. 2. Scatter plots of Cd and Cu sediment data versus ecotoxicity data of 
components where a significant correlation was identified 

An initial analysis appeared to demonstrate a very strong negative correla-
tion between the Cd concentration in sediment and sediment ecotoxicity 
(r = –0.940, p = 0.005) and a strong negative correlation between Cd in 
sediment and the ecotoxicity of surface water (r = –0.868, p = 0.025) (Fig. 2). 
The data also indicate a moderate degree of negative correlation between 
the concentration of Cu in sediment and sediment ecotoxicity (r = –0.663, 
p = 0.019). In contrast, the data indicate a moderate positive correlation 
between Cu sediment concentrations and the ecotoxicity determined in pore-
water (Fig. 2). As decreasing EC values indicate increasing toxic effect, 
the negative correlation reported between Cu and Cd in sediments and the 
ecotoxicity of sediments and surface water (Cd only) suggests that as Cd 
and Cu concentrations increase, ecotoxicity also increases. The moderate 
positive correlation between Cu sediment concentrations and the ecotoxi-
city of porewater samples indicates that as Cu sediment concentrations 
increase, the ecotoxicity of porewaters decrease which could suggest that 
as the total sediment load of Cu increases, the equilibrium between particle-
associated Cu and Cu in the porewater alters with, for example, initially 

sediment and ecotoxicity in sediment or surface water, or between Zn and 
Cu concentrations in aqueous fractions and the ecotoxic impacts determined 
in the same compartment was detected (data not presented). 

bound Cu acting as a nucleation site around which further Cu is deposited. 
No evidence of a significant correlation between the concentration of Zn in 

L Scholes et al. 



However, it is important to note that the above statistical analyses only 
include paired sample sets (i.e., situations when both a metal concentration 
and a toxicity value could be determined in the same sample) as it is not 
possible to plot or correlate data when only one of the parameters is detected. 
In relation to the surface water, porewater and resuspension samples, there 
were several occasions when Cu and Zn were detected, but ecotoxicity 
could not be determined within the same compartment and such results 
clearly need to be considered. The data was therefore subjected to an alter-
native statistical procedure involving the allocation of metal concentration 
values into one of two groups; metal concentrations when toxicity was 
recorded (toxic subset) and metal concentrations when no toxicity was 
detected (non-toxic subset). This procedure was carried out for each metal 
in each compartment on a site-by-site basis. If it is assumed that metals 
have no association with toxicity then the mean differences between the 
metal levels in the toxic and non-toxic subsets should be zero. A null 
hypothesis can therefore be constructed in which samples of mean differ-
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ences are compared to a test mean of zero and tested for significant dif-
ference (1 sample t). Results of this analysis indicate that the toxic subsets 
tend to have higher metal concentrations than their non-toxic counterparts. 
For example, Zn and Cu concentrations in toxic subsets were higher in 
porewater and resuspension water samples in 20 of the 24 site-specific 
comparisons undertaken for these compartments. However, this difference 
was not found to be statistically significantly different (1 sample t, p > 0.05). 

In relation to sediment metal and ecotoxicity data, there were six 
occasions when sediment ecotoxicity was determined, but Cd sediment 
concentrations were below the LOD. If the LOD is used to calculate a 
“surrogate” Cd sediment concentration and this value is used within the 
data set, analysis strongly suggests no correlation between these two 
parameters (r = –0.097). This is because a range of reported sediment 
ecotoxicity values have been allocated the same Cd sediment metal 
concentration, effectively cancelling out the strong negative correlation 
between these parameters (r = –0.940, p = 0.005) reported earlier. These 
results clearly indicate the importance of fully considering and reporting 
the approach used to analyse data as it may have a significant impact on 
the conclusions drawn. 

In this paper, two approaches to analysing data are presented; the first 
involves the correlation of samples in which both toxicity and metals were 
detected, whereas the second approach also enables “non-toxic” samples 
and samples in which metals were below the LOD to be included within 
the statistical analysis. The application of both approaches is useful as both 
methods contribute towards developing a fuller understanding of factors 
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influencing the ecotoxicological behaviour of urban sediments. It is noted 
that the sediment toxicity values determined in the current study were 
lower by over an order of magnitude than those reported in the literature. 
This information, together with determination of metals in some samples 
but no ecotoxicity (and vice versa), could suggest the presence of 
“threshold values” in relation to both metals and ecotoxicity around which 
relationships between parameters either alter or breakdown. Alternatively, 

synergistic ways which are difficult to predict. Although the second 
approach appears more robust in that it uses more of the data, the first 
approach is also useful as it may provide an insight into relationships 
between metals and ecotoxic responses at higher concentrations (i.e., in data 
sets when metals and ecotoxicity co-occur), revealing relationships which 
may not have been detected through the use of the second approach alone. 
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Conclusions 

This study describes an investigation of the ecotoxicity of different 
components of urban watercourses (surface water, porewater, water 
samples in which sediments have been resuspended and sediment) in 
relation to concentrations of Cu, Zn, and Cd. Analysis of aqueous samples 
using EC20 values indicates that surface water has a greater toxic impact 

20 
values, as well as the magnitude of the value at which action should be 
taken, has yet to be fully established.  

The apparent correlations observed between metals and ecotoxicity 
which emerge on analysis of samples in which these parameters co-occur 
indicates an association between selected metals and ecotoxicity. However, 
use of an alternative statistical approach, which enables a more complete 
use of the data, does not support results generated using the first approach. 
This raises issues of data handling and interpretation in ecotoxicity studies 
in general, as well as illustrating the difficulties inherent in establishing 
relationships between toxicity and specific pollutant concentrations in field 
samples. Whilst it is acknowledged that ecotoxicity associated with urban 
aquatic environments is likely to be a function of many pollutants behaving 
synergistically and/or antagonistically and the results of the two approaches 
to analysing and presenting data indicate alternative scenarios, the strength 

it could reflect the complexity of the urban aquatic environment in which 
a diversity of pollutants interact in a number of antagonistic and/or 

during wet weather as opposed to dry weather, although the appro- 
priateness of categorising storm water ecotoxicity values using EC

L Scholes et al. 



concentrations above a certain value to a predictable ecotoxic response. 
This issue is highlighted as a promising area for further research which 
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Establishing a procedure to predict highway 
runoff quality in Portugal 

AE Barbosa 
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Abstract 

In Portugal, there is insufficient data concerning road runoff characterization 
to identify the most important explanatory variables to predict pollutant 
concentrations. Nevertheless, there is the need for a simple methodology to 
predict road runoff pollutants, for use by road project designers and national 
services in charge of water management. 

Based on literature results a set of five independent variables, proved to 
explain site concentrations on road runoff constituents, have been selected. 

suspended solid (TSS), Zn, Cu, and Pb average concentrations in road 

The approach followed by this study may be useful for other countries 
that have not yet much data but need to establish a simple way of 
predicting road runoff pollutants. 

G.M. Morrison and S. Rauch (eds.), Highway and Urban Environment: Proceedings of the 8th Highway  

© 2007 Springer. 
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and Urban Environment Symposium, 371–383.

its coefficients, named the PREQUALE, was established to predict total 
Using data for six Portuguese road sites, a multiple linear equation and

runoff. The predictions obtained were very close to the observed concen- 
trations; therefore, the PREQUALE will significantly improve the present
practice in Portugal. This tool should be improved in the near future
with the acquisition of more information concerning road runoff charac-
terization in Portugal. 
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Introduction 

The importance of predicting road runoff quality 

Regression models, often used, are mathematical equations that define 
the average line for relationships between dependent variables and one or 
more independent variable. They are based on the assumption that road 
runoff quality variations may be scientifically explained by significant 
changes on the variables that control the process [1]. 

The regression models for storm water quality utilize concentrations or 
pollutant loads as variables dependent of traffic intensity, flow volume, 
interevent dry period, and adjacent land use [1]. Such models have been 
criticized for their weak prediction ability, when they are applied outside 
the original database or the regions for which they were developed. 
Nevertheless, as pointed out by Irish et al. [1] this statement is universally 
valid for all modelling methods. 

There are a number of references in the literature concerning studies 
aiming at establishing prediction tools for estimation of road runoff 
pollutants. The USA presents a set of proposals; several are described in 
FHWA [2]. Driscoll et al. [3] and Schueler [2] suggested empirical or 
regression models; whereas Driver and Tasker [4] propose regression 
models. 
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Road runoff is a linear diffuse source of pollution, with the pollutant charac-
teristics and the mode of discharge in the environment very specific for 
this pollution source. It has been neglected in the past, due to the fact that 
road runoff transports low concentrations of pollutants in huge volumes of 
water. However, storm water has been a subject of concern for many years 
in the USA. In Europe, the Water Framework Directive (WFD) in a similar 
way to the USA Clean Water Act requires a combined approach for con-
trolling point and diffuse sources, in order to attain a good ecological 
quality for all water bodies. 

The characterization (qualitative and quantitative) of road runoff pollution 
must be performed at national and regional bases, for it has been proved 
that site-specific, climatic, and other local variables play an important role. 

For water resources management purposes or decision concerning the 
need for treatment of storm water, there is the need for models able to 
predict road runoff quality. Such models are based on the establishment of 
relationships between pollutant concentrations and traffic flows, rainfall 
totals, rainfall intensity, rainfall duration, antecedent dry periods, imper-
meable drainage area, use of adjacent land, and among other variables. 

Kayhanian et al. [5] found that there are no simple linear correlations 
between highway runoff pollutants, event mean concentrations (EMCs) 
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The awareness of the need for having national methodologies for 
predicting road runoff pollution is rising. In the UK, Crabtree et al. [6] 

The French Sétra (Service d’Études Techniques des Routes et 
Autoroutes) recently published a report [7] with a methodology for 
calculation of road runoff pollution loads, focusing on TSSs, COD, total 
hydrocarbons and polycyclic aromatic hydrocarbons (PAH), and the heavy 
metals zinc (Zn), copper (Cu), and cadmium (Cd). The motivation for this 
proposal was to provide a common base of calculation, simple and 
updated, for use by road project designers and national services in charge 
of water management. 

The Portuguese national situation 

In Portugal, since 1990 new projects of main roads, or roads located in 
sensitive areas, are evaluated under the scope of the environmental impact 
assessment (EIA) law. In the course of the environmental impact study 
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and annual average daily traffic (AADT), including for those pollutants 
known to be related to transportation activities. They concluded, as well, 
that there is evidence that pollutants like total suspended solids (TSSs), 
chemical oxygen demand (COD), or turbidity have sources other than the 
transportation-related activities. The authors developed multiple linear 
regression models for several road runoff constituents, referring that the 
two most important applications of the study include estimating mass loads 
and use of the model as a tool to address runoff management issues. For 
more than 70% of the constituents the effects of AADT, total event rain-
fall, cumulative seasonal rainfall, and antecedent dry period on pollutant 
concentrations in highway runoff were significant when evaluated using 
multiple linear regression analysis. The effects of drainage area and maxi-
mum rainfall intensity were smaller and less frequently significant [5]. 

Driver and Tasker [4], in a work that generated several regression equa-
tions, concluded that the most significant explanatory variables in all their 
linear regression models were total storm rainfall, and total contributing 
drainage area. Models for areas that had large mean annual rainfall were 
the least accurate. Concerning the different types of pollutants, models for 
suspended solids were the least accurate ones. 

(EIS) an assessment of the impacts of road runoff is made. The method-
ologies used to predict pollutant concentrations has several drawbacks, and 
frequently overestimates pollutant levels [8]. 

report that in 2003 commenced a study “to develop a predictive methodo- 
logy for highway runoff pollution concentrations, and resulting pollution
loads, discharged to the receiving water”. 
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Table 1 compares, for three roads, the level of pollutants estimated in 
the EIS and the concentrations observed during runoff monitoring studies. 
For all the roads the predictions overestimated the observed values, by a 
factor from 6 to 467 times. 

In face of this scenario, the Portuguese Roads Institute commissioned 
Portuguese National Laboratory for Civil Engineering (LNEC) to establish 
a procedure for a more sound prediction of pollutants concentrations in 
road runoff. The requirements were that the model has to predict at least 
two priority pollutants; should use simple input data; should be easy to 
handle, not requiring complex decisions during the calculations, and 
should be based on a clear procedure that could be checked out later. This 

IP4 (mg L–1) IP5 (mg L–1) IP6 (g km–1 vehicle–1) Pollutant 
Predica Obsa Predicb Obsc Predicd Obse 

TSS – – – –  0.329 0.052 
Zn 4.7 0.308 2.1 0.205  6.85E-4 2.0E-5 
Cu – – – –  0.001 8.5E-6 
Pb 5.6 0.012 1.1 0.005  – – 
a[9] 
b[10] 
c[11] 
d[12] 
e[13] 
 
The wanted prediction methodology is therefore a tool to be used by 

engineers, with the purpose of supporting decisions such as the construction 
of treatment systems for highway runoff. 

Available data and methodology 

National data on road runoff characteristics 

The characterization of road runoff in Portugal is available for six roads, 
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verification of the EIS methodologies and results is made at the admini- 
strative level, both by the Roads and the Water Institutes. 

Table 1. Comparison of predicted (Predic) and observed (Obs) pollutant loads/ 
concentrations for IP4, IP5, and IP6 

1A that includes as well a map of average annual rainfall regions in Portugal 
located in different parts of the Portuguese territory, presented in Figure 
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(Fig. 1B). The pollutants better characterized are the heavy metals Zn, Cu,  

Fig. 1. (A) The six roads whose monitoring data was used in the present study. 

and Pb, and the TSS. Although the number of Portuguese sites could be 
considered significant, there are not many records of events – a total of 38 
events. With such restricted data it is difficult to establish an empirical or 
statistical model. For instance, Kayhanian et al. [5] and Driver and Tasker 
[4] used, respectively, 2656 and 2813 events (for different sites) in their 
studies. 

Table 2 presents characteristics of the six road sites and Table 3, for the 
same sites, summarizes the site mean concentrations (SMC) for TSS, Zn, 
Cu, and Pb. The determination of SMC was based on arithmetic averages 
of the EMCs. Each EMC is calculated from continuous flow measurements 
and discrete sampling during each event. The existence, for some sites, of 
few events is due to gaps on flow records, caused by equipment failure 
and/or determination of concentrations lower than the detection limit. 
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From north to south: IP4, IP5, A1, IP6, A6, and A2 (From earth.google.com.);
(B) map of Portugal with regions defined based on the average annual precipitation
From [14].) 
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Identification of the most relevant variables 

Methodologies for road runoff prediction reported in the literature provide 
relevant information concerning the most significant variables for multiple 
linear regressions. Three different methods, developed in the USA and in 
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Table 3. Summary of SMC for six roads in Portugal 

Monitoring 
site charac-
teristics 

A1 A2 A6 IP4 IP5 IP6 

AADT 33,2990 16,344 2918 6000 27,448 6539 

1st year of 
road  
operation 

1990 1998 1999 1995 1998? 2004 

Monitoring 
date 

2001 2003 2004 1996/98 2003/04 2005/06 

Total area 
(m2) 

64,6000 1287 5580 5947 250 7280 

Percentage  
impervious-
ness 

41.2 100 100 42 100 100 

Surrounding 
land use 

Forest Agriculture Shallow 
veg. 

Agriculture +
forest 

Water/road Agriculture 

Section type Landfill 
+ cut 

Bridge Landfill Landfill Landfill Landfill 

(mm) 

11570 575 594 1064 929 902 

No. of events 60 3 6 3/5 5 8 

310 34 35 127 40 47 

Average 
annual rainfall 

No. of samples

Table 2. Roads and monitoring information

SMC 
(mg L–1) 

A1 A2 A6 IP4 IP5 IP6 Average SD Coef. 
var 

Zn  0.159 0.208 0.346 0.308 0.205 0.08  0.218 0.097 2.2 
Cu  0.034 0.033 0.008 0.024 0.014 0.03  0.024 0.011 2.2 
Pb  0.012 0.004 0.002 0.012 0.005 0.01  0.008 0.004 1.7 
TSS  84.500 7.400 19.60 0 8.100 44.70 0224.70 64.80 083.60 0 0.8 
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Table 4. Input variables for three different methods for SMC prediction 

Driver and Tasker [4] Kayhanian et al. [5] Hurtevent et al. [7] 
Total drainage area 
Percentage impermeable area 
Total rainfall volume 
 
Observations: the coefficients 

regions defined based on the 
mean annual rainfall value 

AADT 
Drainage area 
Event rainfall 
Maximum rainfall  
intensity 

Cumulative seasonal 
rainfall 

AADT; 
Impermeable drainage area 
Annual average rainfall 

“confined” 

AADT: Annual average daily traffic; open site when the shape of the road flanks 
do not prevent the atmospheric dispersion of pollutants; confined site corresponds 
to a road where both flanks limit the atmospheric dispersion of pollutants. 
Physically these borders should have at least 100 m of length and 1.50 m of 
height. 
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France, based on statistical analysis and correlation of large ranges of data, 
have been selected for the purposes of identifying the most relevant 
variables for road runoff quality prediction.  

The selected three-variable models for use by engineers and in manage-
ment, by Driver and Tasker [4], is a simplified version of more complex 
equations established by the authors. The other models that also correspond 
to the level of utilization required are proposals by Kayhanian et al. [5] 
and Hurtevent et al. [7]. Table 4 presents the input variables needed for 
calculations, concerning the three methods. 

Multiple linear regressions based on the Portuguese data 

Table 4 allows the study of independent variables already proved to  
explain site concentrations on road runoff constituents. It is believed that 
the results of the different studies do not only express regional or national 
patterns, but also the physical, chemical, and other processes taking place 
at any road environment. The fact that several explanatory variables are 
common among the studies supports this assumption. 

Analysing Table 4 it is observed that “drainage area” (A); “% of 
impermeable area” (I) , and “AADT” are commonly quoted by at least two 
of the studies and therefore should be valuable variables to be included in 
the regression analysis for the Portuguese data. The annual average rainfall 
is also included explicitly or implicitly in the studies, and therefore was  
selected as a possible explanatory variable and identified as Pannual. 

are expressed for three different Antecedent dry period 
are defined as “open” or  
Observations: road sites



  AE Barbosa  

The total rainfall event or event rainfall, thought to be an important local 
characteristic, is usually known in Portugal after a monitoring study takes 
place, requiring some calculations. With the purpose of having a variable 
based on Portuguese rainfall data that could be easily calculated, 
representing local event rainfall, a search in the available information and 
methodologies was carried out. The result was the establishment of a P 
variable, representing the mean volume of a storm with the duration of the 
concentration time of the catchment, and a return period of 2 years. This 
calculation is done supported on Brandão et al. [14] study , that provided 
statistics of precipitation from several recording stations in Portugal, 
generating coefficients for calculation of rainfall intensity, for a chosen 
event duration. 

Based on these five independent variables (A, I, AADT, P, and Pannual )  
and the results for the six Portuguese road sites, multiple linear regression 
analysis was performed (in Excel). It used the logarithmic transformation 

independent variables that could explain to a larger extent the pollutant 
(TSS, Zn, Cu, and Pb) concentrations. 

Based on the R-square values, it was observed that Cu was the pollutant 
most easily predicted. This fact is noteworthy because the results from the 
application of the methodologies stated in Table 4 to the Portuguese sites, 
although not good, gave the best predictions for Cu. Possibly, the sources 
of Cu and the processes that this metal undergoes in the environment are 
less complex compared to the other pollutants. 

On the other hand, the TSS was the most difficult to explain, and was 
very dependent on Pannual. Driver and Tasker [4] found out that models for 
TSS are the least accurate ones, agreeing with this observation. The results 
showed that the best approach for an equation based on three variables 
could be achieved with A, I, and AADT that would explain well Zn, Cu, 
and Pb concentrations. On the other hand, the TSS could be predicted 
based on A, I, and Pannual. 

Taking into account the objectives of this study, a regression equation 
based on four variables – A, I, P, and Pannual – was finally chosen. This 
selection of variables fits the objectives for PREQUALE (to be based on 
simple input data) and is backed up by other studies presented herein. The 
equation coefficients and results obtained are described in the following 
section. 

                                                      
 The report can be downloaded at the Portuguese Water Institute site: 

www.inag.pt 
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the response variables. The objective was to find the smallest set of 
that Driver and Tasker [4] found to give the best transformation for

1

1
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The PREQUALE 

The PREQUALE equation is the following: 

41 2 3
p ( )iC a A I P P

ββ β β= × × ×  

Where: 
Cp (mg L–1) =  Estimated concentration (SMC) of the pollutant 
ai, β1, β2, β3, β4 =  Regression coefficients 
P (mm) 

A (km2) =  Drainage area 
I (%) =  Percentage of imperviousness of the drainage area 
Pannual (mm) =  Annual average rainfall 

 

The regression coefficients and R-square values are presented in Table 5. 
Figure 2 presents the comparison between the PREQUALE and the 

observed pollutant concentrations, for the six roads. The predictions produce 
results for TSS, Zn, Cu, and Pb concentrations very similar to the ones 
observed in the Portuguese roads. The average ratio observed/PREQUALE 
concentrations is of 0.9 for Cu and 1 for the rest of the pollutants, which is 
a considerable improvement in the face of the present methodologies used 
in EIS. 

The importance of event rainfall data in runoff quality predictions is 
known. In the case of the PREQUALE the use of P variable was a 
simplification. P is calculated based on the work by Brandão et al. [14] 
who acknowledged themselves the low surface expression of the 
Portuguese rainfall records. The utilization of P based on data that for 
some roads was geographically distant from their location must have 
contributed to less accurate calculation of the coefficients. 
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Table 5. Regression coefficients and R-square values for the multiple linear  
regression (PREQUALE) 

Parameter ai β1 β2 β3 β4 R-square 

TSS (mg L–1) 5.1E–28 0.675 3.656 4.194 6.972 0.9392 
Zn (mg L–1) 2.9E+09 0.355 0.851 –3.971 –2.225 0.9648 
Cu (mg L–1) 1.9E–04 0.299 0.975 4.718 0.400 0.9565 
Pb (mg L–1) 5.7E–10 0.191 1.005 4.072 2.181 0.9999 
 

=  Mean annual volume of the storm with the duration of 
the concentration time, and a return period of 2 years 

annual
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Fig. 2. Comparison between PREQUALE results and observed concentrations 
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Coincidently, as for the French study [7], in Portugal there is no avail-
able information concerning road runoff in regions with average annual 
rainfall <500 mm. Consequently the coefficients should not be able to 
predict so well road runoff concentrations for these regions. Figure 1B 
shows that not much of the Portuguese territory has such level of 
precipitation; nevertheless, Miranda et al. [15] refer that the latest models 
project reductions in the annual precipitation in Portugal within the range 
of 20–40% of its current values, with the greatest losses occurring in the 
South. 

Final remarks 
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In Portugal, there is insufficient data concerning road runoff characteriza-
tion to identify the most important variables to predict pollutant concentra-
tions. The approach adopted in this study is considered to be useful for 
countries that, like Portugal do not yet possess a significant database of 
road runoff characteristics.  

The PREQUALE, a multiple linear regression equation based on four 
variables (drainage area; % of impermeable area; mean volume of the storm 
with the duration of the concentration time, and a return period of 2 years; 
and annual average rainfall) provides a preliminary method that will improve 
the prediction of road runoff quality in Portugal. It is a tool designed for 
use in road runoff management and water resources protection.  

The PREQUALE tool presents limitations, due to the few data that sup-
ported its construction. Moreover, any tool for road runoff quality predic-
tion must be considered as temporary, since alterations to the use of roads, 
automobiles and engine construction, as well as climatic changes are  
expected to modify the pollutant sources and loads as known today.  
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Abstract 

A field-based microcosm method was used to determine whether sediments 

Sediments and soils collected from areas draining three major highways 
were placed in 20 L microcosms along the littoral zone of a non-polluted 
wetland. Aquatic insects that emerge from the wetland randomly lay eggs 
in the microcosms. The occurrence and abundance of key taxa in these 
microcosms was measured to determine toxicity of the sediments. Several 
taxa responded in different ways to these sediments. The abundance of 
Paratanytarsus grimmii, Polypedilum leei, and Oxyethira columba signifi-
cantly increased with increased concentrations of contaminants in sediments, 
and appeared to be most influenced by nutrient enrichment. The occurrence 
of Tanytarsus fuscithorax significantly declined with increased concentra-
tions of zinc in surface waters that leached from sediments. Cricotopus 
albitarsis abundance was significantly higher in nutrient-enriched sediments, 
but significantly declined in high zinc concentrations in surface waters. 

G.M. Morrison and S. Rauch (eds.), Highway and Urban Environment: Proceedings of the 8th Highway  

© 2007 Springer. 
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contaminated by road runoff on indigenous
aquatic macroinvertebrates 

and soils that receive road runoff are toxic to indigenous aquatic macro-
invertebrates present in the Greater Melbourne Area (GMA), Australia. 

and Urban Environment Symposium, 385–398.



There were significant negative correlations between the occurrence of Larsia 
albiceps, T. fuscithorax, and Procladius spp. and copper or total petroleum 
hydrocarbon (TPH) concentrations in sediments. This method provides 
unique information on the effects of contaminated soils and sediments on 
indigenous aquatic macroinvertebrates and can be used to determine the  
effectiveness of water sensitive urban designs in reducing sediment toxicity. 

Introduction 

Road runoff is a major source of heavy metals, mineral oils, and polycyclic 
aromatic hydrocarbons (PAHs) [1–3], yet it is difficult to determine what 
impact it has on aquatic ecosystems receiving this runoff. Biological field 
surveys are unable to separate the confounding effects of hydrologic 
disturbance created by increased catchment imperviousness and the effects 
of pollutants present in road runoff [4]. Furthermore, permanent, receiving 
waters may be some distance downstream of the roads and pollution-
related effects from roads may be obscured if the drainage system receives 
pollutants from other land use activities (e.g., farming, residential, and 
industrial areas). Surveys of storm water require continuous measurements 
of water quality and quantity and it is expensive to install and maintain 
automatic sampling equipment [5]. Sediments are a sink for heavy metals, 
petroleum hydrocarbons, and other hydrophobic pollutants [6] and may be 
a comparatively cheaper alternative to directly monitoring storm waters. 

species to the indigenous fauna present in receiving waters. Pettigrove and 
Hoffmann [7] developed an alternative field-based microcosm method to 
determine the toxicity of contaminated sediments on indigenous aquatic 
macroinvertebrates. This method involves collecting sediments from a 
water body and transferring them to microcosms that are then placed on 
the littoral zone of a non-polluted wetland. Many of the insects that inhabit 
the wetland randomly lay eggs in the microcosms. Toxic sediments are only 
able to support a pollution-tolerant fauna, whereas non-toxic sediments will 
support a similar fauna to that present in non-polluted reference sediments. 
Heavy metals and petroleum hydrocarbons tend to become associated with 
fine particulate matter and accumulate in soils and in quiescent areas of 
drainage channels and receiving waters [8]. 

V Pettigrove et al. 386

Water and sediment quality data can only provide an indication of poten- 
tial levels of contamination, particularly as not all important parameters
may be surveyed (e.g., PAHs and pesticides). Ecotoxicological studies
are important in determining the toxicity of contaminants present in road
runoff, but it is difficult to relate the results from a laboratory indicator 



In this study, we trial the field-based microcosm approach to determine 
whether it can be used to assess the toxicity of sediments in receiving 
waters and soils present in the drainage systems of three highways present 
in Melbourne, Australia. All three sections of roads investigated had 
asphalt surfaces and 100 km h–1 speed restrictions. Sediments were 
collected from wetlands, and soils were collected from swales and dry 
drainage channels downstream of these highways. Some sites were located 
on a newly constructed freeway and will be monitored over future years to 
assess changes in sediment quality and toxicity. Other sites were located on 
more established sections of freeway that are likely to receive higher 
levels of contaminants. The value of this method for assessing the toxicity 
of road runoff and assessing the effectiveness of water-sensitive urban 
designs is discussed. 

Study area 
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Soils or fine (<65 µm) sediments were collected from the eight sites listed 
in Table 1. The Hallam Bypass is a new freeway that was open to traffic in 
2005 and carries approximately 100,000 vehicles per day. Whole sediments
were collected from a constructed South Gippsland sediment (SGS) pond
and a South Gippsland east wetland (SGE) that receives runoff from 
approximately a 100 m stretch of freeway. The section of the Monash 
Freeway surveyed was constructed during the 1980s and carries approxi-
mately 170,000 vehicles per day. Soil was collected from a Heatherton 
Road swale (HRS) that received runoff from one three-lane carriageway 
and from a drain that only received road runoff from the same stretch of 

Table 1. Study site locations and sediment characteristics 

microcosms 
Glynns wetland GWW Reference site Whole 10 

East sediment pond SGS Hallam Bypass Whole 5 

East wetland SGE Hallam Bypass Whole 5 

Heatherton Road swale HRS Monash Freeway Soil 5 

Heatherton Road drain HO1 Monash Freeway Soil 5 

Steele Creek wetland SCW Western Ring Road Fine 5 

Boundary Road North BRN Western Ring Road Fine 5 

West Street South WSS Western Ring Road Fine 5 
 

Site Code Location Sediment No.  of 



V Pettigrove et al. 

 

(<5 cm depth) were collected. Filtered water (<64 µm) from the reference 
GWW was added to the soils to make sediments that were then thoroughly 
mixed for 30 min using a paint mixer attached to an electric drill. The 
sediments produced were filtered through a 2 mm sieve to remove coarse 
particulate matter. 

Sediment samples were analysed for As, Cr, Cu, Pb, Ni, Zn (detection 
limit = 1 mg kg– 1), Cd and Hg (detection limit = 0.1 mg kg–1), total 
petroleum hydrocarbons (TPHs) (C6–C36), total phosphorus (TP), 
nitrogen (as total Kjeldahl nitrogen [TKN]), and oxidizable organic 
carbon (OOC) using the methods detailed by Pettigrove and Hoffmann 
[7]. At the conclusion of the microcosm experiment, water samples were 
collected and analysed using US Environmental Protection Agency (US-
EPA) methods 3051 [9] for total and filtered Cu, Cr, Ni, Pb, Zn (detection 
limit = 0.001 mg L–1), As, Cd and Hg (detection limit = 0.001 mg L–1) and 
compared to the Australian and New Zealand water quality guidelines for 
the protection of aquatic ecosystems [10]. Water for determination of 
filtered metals was collected in situ using 45 µm cellulose acetate syringe 
filters. 

It was anticipated that site HRS, which was a swale that had received 
runoff from an adjacent major highway for many decades, would have 
higher levels of heavy metals than what existed (see results). A pipe loca-
ted about 1.5 m below the surface drained the swale. Waters were collected 
from this pipe about 12 h after a storm event and analysed for dissolved 
heavy metals to determine whether these heavy metals could pass through 
this drainage system. 

388

 

 

Methods 

The soil and sediment samples were collected in September and October 
2005, except SCW sediment was collected in October 2004. The method 
used to collect fine sediments is described by Pettigrove and Hoffmann 
[7]. Whole sediments were collected using a shovel. Only surface soils 

road (Heatherton Road drain [HO1]). The Western Ring Road was con-
structed between 1990 and 1995 and carries approximately 105,000 vehi-
cles per day. Fine sediments were collected from Steele Creek wetland 
(SCW), and two small wetlands (Boundary Road wetland [BRN] and West 
Street wetland [WSS]) that were originally constructed as sediment traps 
during initial road construction activities. Whole sediments were collected 
from Glynns wetland (GWW), a non-polluted wetland where the micro-
cosm experiments were conducted. 



A multi-response permutation procedure (MRPP) using Sorenson 
distances was conducted, using the statistical package PC-ORD (version 4 
for Windows, Gleneden Beach, Oregon, USA), to determine whether there 
was a significant difference in faunal composition. This analysis was 
preferred to other multivariate analyses as it is a non-parametric procedure 
and therefore no assumptions are required about data normality. As the 
MRPP found a significant difference in the faunal composition between 
treatments (see results), an indicator species analysis, using the statistical 
package PC-ORD, was then conducted to obtain a description of how well 
each taxon separates between treatments. 

Non-parametric Spearman rank correlations were conducted between 
common taxa and sediment quality data to determine whether species 
abundance and frequency of occurrence are affected by sediment quality. 
Sediment quality data were summarized using non-metric multidimen-
sional scaling (NMS) to produce factor scores (FSs) that were correlated to 
the abundance of common taxa or frequency of occurrence in treatments. 
Water quality data were correlated with the sediment quality data to  
determine whether any water quality parameters exhibited any patterns dis-
tinct from sediments. Filtered Ni, Cu, and Zn concentrations in water were 
correlated to the biological data as they did not correlate to the FS derived 
from the sediment quality data. Correlations were also explored between 
the frequency of occurrence of common taxa within treatments and Cu 
concentrations in sediments, as stronger correlations existed using Cu than 
using FS in these analyses. All correlations were conducted using the 
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The microcosms (20 L polypropylene tanks with 500 mL of sediment 
and 15 L of filtered water from GWW) were placed along the edge of 
GWW. A completely randomized design was used in the experiment. 
Briefly, insects that emerge from the wetland mate and then randomly lay 
eggs within the microcosms. This method provides a unique means of 
gathering information on the effects of sediment quality on macroinverte-
brates in lentic habitats, particularly for indigenous species that cannot be 
easily reared in the laboratory. The experiment was terminated after 40 
days when there signs of insect emergence. Microcosms were transported 
to the laboratory, where those with fine sediments were filtered through a 
125 µm sieve to separate the macroinvertebrates from the fine (<65 µm) 
sediment. Whole sediment samples were washed through a 125 µm sieve 
and then elutriated to remove coarse particles. Processed samples were 
stored in 70% ethanol at 4°C. The sample was subsampled if more than 
500 individuals were present. Further details regarding the method are 
described by Pettigrove and Hoffmann [7]. 

statistical package SPSS for Windows (version 14.0 SPSS, Chicago, Illinois, 
USA). 
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Results 

Sediment and water Quality 

Heavy metal concentrations in sediments at GWW, SGE, SGS, and HRS 
were below the consensus-based freshwater sediment quality guidelines 
[11] (Table 2). Therefore, heavy metals in these sediments were unlikely to 
be toxic to aquatic biota [11]. Lead concentrations in HO1 sediments and 
Cu, Ni, Pb, and Zn concentrations in SCW sediments exceeded the 
threshold effect concentration (TEC) [11]. Therefore, there is a moderate 
probability that these sediments may produce toxic effects on biota. 
Cadmium, Cr, Cu, and Ni concentrations in BRN and WSS sediments 
exceeded the TEC and Zn and Pb concentrations exceeded the probable 
effect concentration (PEC) [11]. Therefore, these sediments have a high 
probability of producing toxic effects on biota. 

Table 2. Heavy metal concentrations (mg kg–1) in sediments compared to the 
probable effects concentration (PEC) [11] 

Site As Cd Cr Cu Hg Ni Pb Zn 
GWW <5 <0.20 16 6 <0.05 80 13 25 
SGE 5 <0.20 22 8 <0.05 <50 15 18 
SGS <5 <0.20 15 13 <0.05 70 13 18 
HRS <5 <0.20 12 16 <0.05 90 32 29 
HO1 <5 0.2  14 28 <0.05 120 70 60 
SCW <5 0.5  30 57  0.08 260 78 240 
BRN <5 1.30 48 84  0.14 350 230 590 
WSS <5 1.50 54 110  0.17 380 290 640 
TEC 9.79  0.99 43 3 2  0.18 22.7  35.8 121 
PEC 33  4.98 111 149 1.06 128  128 459 

Dissolved surface water concentrations of Cd, Hg, and Pb in the micro-
cosms were below detection limits in all treatments (Table 3). Arsenic was 
detected at GWW, SGE, SGS, and HRS, but were below the 90% trigger 
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value (TV) on all occasions. Nickel was only detected at BRN, but was 
below the 90% hardness modified TV (HMTV) of 34 µg L–1. Chromium 
concentrations were 20 µg L–1 in GWW, 10 µg L–1 in SGS, and below the 

Those metals that exceed the threshold effects concentration (TEC) are under- 
lined and those that exceed the probable effects concentration (PEC) are in
bold. 



Table 3. Filtered (<0.45 µm) heavy metal concentrations (µg L–1) present in 
surface waters of the microcosms at the termination of the experiment and from a 
drain (HRS drain) that receives drainage from swale HRS 

Sample As Cd Cr Cu Hg Ni Pb Zn Hardness 

GWW 2 <1 20 10 <1 <10 <10 10 7.6 

SGE 1 <1 10 <10 <1 <10 <10 290 18.0 

SGS 3 <1 20 10 <1 <10 <10 470 27.0 

HRS 5 <1 <10 <10 <1 <10 <10 <10 84.0 

HO1 <1 <1 <10 10 <1 <10 <10 <10 73.0 

SCW <1 <1 <10 15 <1 <10 <10 65 47.0 

BRN <1 <1 <10 10 <1 20 <10 <10 94.0 

WSS <1 <1 <10 20 <1 <10 <10 30 84.0 

HRS Drain 2 <1 25 30 5 <10 20 <10 NA 

TPH concentrations in sediments were below the detection limit at all 
sites except SCW, BRN, and WSS (Table 4). TPH concentrations exceed-
ing 860 mg kg–1 may impair ecosystems and increase the abundance of op-
portunistic species, whereas it is possible sediments may affect species 
presence and abundance where TPH concentrations exceed 1870 mg kg–1 
[12]. Therefore, biota inhabiting SCW, BRN, and WSS sediments may be 
affected by TPH pollution. TP concentrations were comparatively low in 
GWW, SGE, SGS, and HRS sediments, moderate in HO1 sediments and 
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detection limit of 10 µg L–1 at the remaining sites. The 90% TV for Cr is 6 
µg L–1 as Cr (VI) [10]. As the measured concentrations in this study were 
total Cr, it is unclear whether these concentrations exceeded the 90% TV. 
Copper concentrations exceeded the 90% HMTV at GWW, SGS, HO1, 
BRN, SCW, and WSS by factors of 6, 6, 3, 2, 6, and 2, respectively. Zinc 
concentrations exceeded the 90% HMTV in SGS, SGE, and SCW by fac-
tors of 31, 19, and 3, respectively. The water sample collected from the 
drainage piped beneath swale HRS had elevated dissolved concentrations 
of Cr, Cu, Hg, and Pb that were 4, 17, 3, and 4 times the 90% HMTV, 
respectively (assuming all Cr is Cr (VI) and all Hg is in organic form). 

Those numbers in bold exceed the 90% trigger values (TV) from the Australian 
and New Zealand water quality guidelines [10]. TVs compared to As(V) for As, 
Cr (VI) for Cr, and inorganic Hg for Hg 

comparatively high in SCW, BRN, and WSS sediments (Table 5). TKN con-
centrations were similar in most sediments with the highest concentrations 
occurring in BRN and WSS. OOC levels were low in SGE, SGS, and 
SCW, moderate in GWW, HRS, and HO1, and elevated in BRN and WSS. 
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Table 4. Total petroleum hydrocarbons (as mg kg–1) 

 Total petroleum hydrocarbons 

Site C6–C9 C10–C14 C15–C28 C29–36 Total TPH 

GWW <40 <40 <100 <100 BD 
SGE <40 <40 <100 <100 BD 
SGS <40 <40 <100 <100 BD 
HRS <40 <40 <100 <100 BD 
HO1 <40 <40 <100 <100 BD 
SCW <60 <60 870 700 1570 
BRN <60 <60 2300 2700 5000 
WSS <60 <60 2100 2500 4600 
BD = below detection limit 

Table 5. Nitrogen (as total Kjeldahl nitrogen), phosphorus (as total phosphorus), 
and percent oxidizable organic carbon (OOC) concentrations in sediments 

 Nutrients  
Site Nitrogen 

(mg kg–1) 
Phosphorus 
(mg kg–1)

 OOC (%) 

GWW 1800 160   2.0 
SGE 1000 120 <0.1 
SGS  890 100 <0.1 
HRS 1500 180   1.9 
HO1 2600 240   2.7 
SCW 1300 570 <0.1 
BRN 3400 790   8.4 
WSS 3600 970   7.1 

Macroinvertebrate results 

A total of 33 taxa and an estimated 35,170 individuals were collected from 
the 45 microcosms used in this experiment. The fauna was dominated by 
chironomid larvae (P. grimmii, T. fuscithorax, Procladius sp., C. albitarsis, 
Polypedilum verspertinus, Kiefferulus intertinctus, P. leei, Chironomus spp., 
Polypedilum watsoni, Parachironomus sp. M1, Ablabesmyia notabilis, and 
Cladopelma curtivalva), other Diptera (Ceratopogonidae and Chaoboridae), 
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and Mesovelia sp.), Ephemeroptera (Tasmanocoenis sp.), and Trichoptera 
Coleoptera (Necterosoma pencillatum), Hemiptera (Micronecta annae

sent in the 10 reference microcosms with GWW sediment. Comparatively 
(Oecetis sp. and O. columba) (Table 6). An average of 259 animals was pre-

fewer animals were present in SGE wetland and SGS pond that had an 



 

have considerably more animals than reference sediments: HRS had 394 
animals/microcosm, SCW had 496 animals/microcosm, HO1 had 1460 
animals/microcosm, BNN had 1922 animals/microcosm, and WSS had 
2055 animals/microcosm. 

An MRPP of the macroinvertebrate data demonstrated that the fauna 

no taxon strongly reflected these faunal differences between treatments. 
Therefore, the faunal composition was affected by sediment quality, but no 
taxon strongly reflected this difference. 

The first axis of a NMS conducted on sediment quality data (heavy metals, 
TPHs, and nutrients) summarized 92% of the variance in the data. These 
sediment quality factor scores (SQFS) were correlated with biological data 

Spearman correlations were conducted between the sediment quality 
and water quality data to determine whether water quality data revealed 
any distinct trends not evident in sediment quality data. Surface water 
concentrations of Cd, Hg, and Pb were not included in this analysis, as 

= –0.82, p = 0.006) and the SQFS, and a significant positive correlation 
between water hardness and the SQFS (correlation = 0.73, p = 0.02). Ni, 
Cu, and Cd surface water concentrations did not significantly vary with the 
SQFS (p > 0.05). Therefore, correlations were conducted between Ni, Cu, 
and Zn, and the common species listed in Table 7. A strong negative 
correlation occurred between T. fuscithorax and Zn (correlation = –0.91, p 
= 0.001) and a weak negative correlation occurred between C. albitarsis 
and Zn (correlation = –0.68, p = 0.04). No significant correlations 

Correlations were conducted between the proportion of microcosms per 
treatment where common taxa (listed in Table 7) were present and SQFSs, 
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Cu sediment, and Zn surface water concentrations. There were no significant 
correlations between the occurrence of common taxa and SQFS or Zn

average of 129 and 59 animals/microcosm. The remaining sites tended to 

surface water concentrations. However, there was a significant negative cor-
relation between Cu concentrations in sediments and the occurrence of 
T. fuscithorax (correlation = –0.83, p = 0.005), L. albiceps (correlation = 
–0.70, p = 0.04), and Procladius spp. (correlation = –0.68, p = 0.04). 

present in treatments were significantly different to that between treat- 
ments ( p < 0.0001). However, an indicator species analysis found that 

to determine what taxa appear to be affected by sediment quality. Signi- 
ficant positive correlations exist between P. grimmii, P. leei, C. albitarsis,
and O. columba and sediment quality (Table 7). Therefore, these taxa were
more abundant in more polluted sediments. 

they were below detection limits. There were significant negative cor- 
relations between As (correlation = –0.73, p = 0.02) and Cr (correlation 

occurred between remaining taxa. Therefore, T. fuscithorax, and possibly 
C. albitarsis, appear to be influenced by dissolved Zn concentrations 
in surface waters. 
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Table 7. Spearman correlation coefficients and significance levels (two-tailed)  
between macroinvertebrate taxa and sediment quality, as summarized by a factor 
score produced from the sediment quality data 

Taxon Coefficient Significance 
Paratanytarsus grimmii   0.93 <0.001 
Procladius sp.   0.60    0.080 
Polypedilum leei   0.74    0.020 
Cricotopus albitarsis   0.73    0.020 
Necterosoma pencillatum   0.55    0.120 
Micronecta annae   0.40    0.280 
Oxyethira columba   0.66    0.050 
Tanytarsus fuscithorax   0.47    0.190 
Polypedilum vespertinus   0.20    0.610 
Larsia albiceps –0.53    0.140 
Kiefferulus intertinctus   0.29    0.440 
Kiefferulus martini –0.44    0.230 

Discussion 

It is difficult to interpret what effect the water and sediment quality data 
would have on aquatic biota without field-based microcosm data. According 
to freshwater sediment quality guidelines [11], the concentrations of Pb 
and Zn in BRN and WSS had a high probability of being toxic to biota. 
Previous studies that used the field-based microcosm method found that 
Polypedilum grimmii, P. vespertinus, T. fuscithorax, and K. intertinctus 
larvae are significantly less common and L. albiceps larvae and Mesovelia 
sp. are less abundant, in sediments with Zn concentrations of 1060 mg k–1g 
or more, than in sediments with Zn concentrations of 320 mg kg–1 or less 
[7]. The highest Zn concentrations in this study (590 mg kg–1 at BRN and 
640 mg kg–1 at WSS) are in the intermediate range and it was not known 
how these taxa would respond to this level of contamination. The TPH 
concentrations in SCW, BRN, and WSS were likely to impair aquatic eco-
systems. For example, the number of adult T. fuscithorax that emerged 
from microcosms with sediments spiked with 860 mg kg–1 of synthetic 
motor oil was significantly higher than those that emerged from non-
polluted sediments, and abundance significantly declined in sediments 
with 1860 mg kg–1 of synthetic motor oil [12]. Similarly, the abundance of 
Procladius villosimanus and L. albiceps significantly declined in TPH 
concentrations of 860 and 4600 mg kg–1 or more, respectively [12]. In this 
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experiment, the occurrence of T. fuscithorax, L. albiceps, and Procladius 
spp. was negatively correlated with Cu concentrations in sediment. How-
ever, it is likely that TPHs rather than Cu affected these taxa, as the Cu 
concentrations were below the TEC [10], but the TPH concentrations in 
these sediments were at levels where effects had been reported in these 
taxa [12]. Although concentrations of heavy metals in sediments were low 
in SGS and SGE, these treatments had surface water concentrations of fil-
tered Zn that were markedly higher than Australian and New Zealand water 
quality guidelines for the protection of aquatic ecosystems [10]. There 
were considerable differences in nutrient concentrations in sediments bet-
ween treatments, but as there are no guidelines for nutrients in sediments, 
it is difficult to understand what effect these contaminants may have on biota. 

The biological results helped interpret the significance of sediment and 
water quality data. In this experiment, the abundance of four taxa 
significantly correlated with increased concentrations of contaminants in 
sediments. This trend would appear to be due to increased nutrient 
enrichment of sediments, as mild levels of organic enrichment can increase 
species abundance and biomass [13]. Even though abundance increased, 
the occurrence of T. fuscithorax, L. albiceps, and Procladius spp. 
Significantly decreased with increased concentrations of contaminants in 
sediments. This finding suggests that the more contaminated sediments 
may be toxic to some invertebrates, but nutrient-enriched sediments may 
advantage other more pollution-tolerant taxa. Furthermore, the abundance of 
T. fuscithorax and C. albitarsis was significantly lower in treatments with 
elevated surface water concentrations of Zn. This Zn would have leached 
from sediments indicating that SGS and SGE sediments would have 
elevated porewater concentrations. In summary, HRS soils were non-toxic, 
SGS and SGE had potentially toxic concentrations of Zn leachate, HO1 
soils were nutrient enriched, and SCW, BRN, and WSS sediments were 
nutrient enriched but also toxic to some taxa, possibly due to elevated 
TPHs. 

The field-based microcosm method used in this study was effective in 
determining effects of soils and sediments contaminated by road runoff 
on indigenous aquatic macroinvertebrates. Experiments provided informa-
tion on the response of indigenous species that cannot be reared or tested 
in laboratory conditions. Almost all macroinvertebrates in the microcosms 
developed from eggs, and early larval stages are more sensitive than later 
instars to pollutants [14,15]. If ecotoxicological tests are to be ecologically 
relevant, the most sensitive life stage of the test species should be used 
[14,15]. Therefore, this method allows a more comprehensive assessment 
of the effects of polluted sediments on macroinvertebrates compared to 
many ecotoxicological tests where only later instars are assessed. 
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Monitoring of sediment and soil quality and toxicity can provide 
valuable information to road management authorities about how effective 

Freeway contained unexpectedly low concentrations of contaminants and 
were non-toxic to aquatic macroinvertebrates. This finding prompted 
further investigations and it was found that drainage water from the 
swale contained elevated concentrations of heavy metals and that 
sediment from the HO1 outlet contained higher concentrations of heavy 
metals than the swale (Table 2). This suggests that the swale is ineffective 
in removing heavy metals from road runoff. Therefore, this swale could be 
retrofitted with suitable treatment media to capture contaminants and 
protect aquatic ecosystems in receiving waters. 

Larval abundance is a less sensitive metric of sediment toxicity than 
adult abundance. For example, the abundance of P. grimmii larvae and 
adults was not affected by sediments spiked with up to 4630 mg kg–1 of 
synthetic motor oil, but, the abundance of P. grimmii adults were signi-
ficantly lower in sediments with only 860 mg kg–1 of synthetic motor oil 
when compared to non-polluted sediments [12]. Future monitoring of soil 
and sediment toxicity should incorporate the collection of adults that 
emerge from microcosms, as they are more sensitive indicator of sediment 
toxicity than larval abundance [12]. 
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Abstract 

As part of the European Union 5th Framework Programme (EU FP5) 
sustainable storm water management project DayWater, an international 
monitoring programme was established to investigate the ecotoxicity of 
highway and urban runoff samples. This involved the collection of samples 
from a total of 35 storm events from sites in Sweden (Luleå and Stock-
holm), Germany (Wuppertal), and France (Nantes). To enable both chronic 
and acute end points to be addressed, the ecotoxicity tests were performed 
using rotifers (Brachionus calyciflorus), bacteria (Vibrio ficherii), and 
algae (Pseudokirchneriella subcapitata). Samples collected at the Stock-
holm site were additionally analysed for a range of water quality parame-
ters enabling this site to be considered from a combined physico-chemical 
and ecotoxicological perspective. This paper provides an overview of the 
results of the whole monitoring programme and demonstrates that storm 
water frequently exerts a toxic effect. Although the levels of ecotoxicity 
detected were found to vary greatly in relation to sites, storm events and 
test organisms, further analysis demonstrated a moderately strong correla-
tion between the responses of algae and rotifer tests. Microtox was gener-
ally found to be the most responsive test in terms of both frequency of 
detection of toxicity and level at which a toxic impact could be detected. 

G.M. Morrison and S. Rauch (eds.), Highway and Urban Environment: Proceedings of the 8th Highway  

© 2007 Springer. 
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using a battery of biotests 



Introduction 

Ecotoxicity is currently a priority issue in relation to the management of 
urban storm water for two major reasons. Firstly, because storm water 
runoff is widely reported to transport a wide variety of organic and 
inorganic pollutants, e.g., a review of the literature identified over 600 
substances as being potentially present in storm water discharges [6], and 
secondly, because the need to control non-point source pollution is 
specifically identified in the EU Water Framework Directive (WFD) as a 
key way to enable the achievement of its ecological-based targets [7]. 
Evaluation of the ecotoxicity of a sample (also known as biotesting) is 
attracting increasing interest as a technique which can generate direct 
information on the toxic impact of complex effluents such as urban runoff, 
even if detailed knowledge of the chemical constituents are unknown and 
the specific mechanisms of toxicity are not fully understood [5]. 

Ecotoxicity testing should not be seen as an independent alternative 
approach as chemical analysis is essential for the identification and reme-
diation of pollutant sources. However, biotests can generate information that 
cannot be obtained through chemical-only monitoring approaches. Hence, 
the use of a combined chemical and biological approach, as recommended 
by various authors [e.g., 8] is supported. But, although the physico-chemical 
quality of storm water has been widely reported, the ecotoxicological impact 
of storm water in relation to different test organisms is less well under-
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stood. It is within this context that this study sets out to investigate the use of 

Current approaches for assessing the quality of aquatic ecosystems typically 
focus on the determination of a selection of specific physico-chemical para-
meters, which are then compared with water quality criteria or standards 
[e.g., 1]. However, chemical analysis in isolation does not reveal anything 
about the ecotoxicity of the sample because the bioavailability, and hence 
the ecotoxic impact, of many substances can vary considerably in relation to 
a host of environmental factors such as pH, dissolved oxygen concentration 
and the antagonistic and/or synergistic effects of other substances. The com-
plexities of such interactions have been demonstrated in studies which have 
involved both the ecotoxicological and physico-chemical characterization of 
complex environmental effluents [e.g., 2]. These studies report that, despite 
the completion of detailed chemical analyses, complex samples frequently 
demonstrate a greater ecotoxic impact than that which could be explained by 
the presence of the chemicals identified [3–5]. 



The effects and levels of the detected ecotoxicity are discussed together 
with the patterns of response between different tests and, where possible, 
the ecotoxicity results are related to water quality data. 

Materials and methodology 

Description of sites 

The sampling site in Nantes receives runoff from an 88 ha catchment, of 
which 30% is impervious. The catchment is residential and the drainage 
network fully separate. The Stockholm site is located at a storm water 
treatment facility, situated beneath an elevated motorway, which consists 
of a sedimentation pond followed by a series of biofilters. The system 
receives runoff from both the motorway (traffic density of 120,000–
130,000 vehicles per day) and a small local urban area (total catchment 
area of approximately 15,000 m2). Storm water samples were collected 
from a descending well located prior to the pond. These samples were also 
analysed separately for a wide range of basic water quality parameters and 
metals. Runoff (samples 01, 02, and 03) and snowpack samples (samples 
04 and 05) were collected from two locations within Luleå (North Sweden): 
a 660 m2 section of road located in the city centre (traffic density; 7400 
vehicles per day) and a centrally located urban park. The Wuppertal site is 
adjacent to an underground settlement tank and retention basin which 
receive runoff from an 18.5 ha catchment area, of which 11.2 ha are 
impermeable. The catchment is primarily residential with some minor light 
industry and has a separate drainage system. 

Collection of samples 

Samples were collected from a total of 35 separate storm events over a 
10-month sampling programme between October 2004 and July 2005. All 
samples were collected in glass bottles and frozen within 24 h for storage 
and transportation to the different research centres, where the different 
biotests were conducted on the same sets of samples. 
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three different types of biotests to evaluate the ecotoxicity of storm water 
runoff from four different sites within three different European countries. 
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Selection of tests 

Prior to analysis, samples were defrosted overnight, vigorously shaken for 
1 min and then left to settle for 1 h. Water hardness, pH, and conductivity 
were determined using standard methods. The bacterial test employed was 
the Microtox acute bioluminescence inhibition test which utilizes V. fischeri 
as the test organism. All tests were completed using the whole effluent toxi-
city (WET) Test over a time period of 15 min. Each sample was analysed 
in duplicate and phenol was used as a standard reference material. All 
bacterial tests were undertaken at Middlesex University, London, UK. 
Mini-scale algal growth inhibition tests utilizing P. subcapitata were 
conducted according to the ISO standard [9] with a 48 h exposure time. 
Potassium dichromate was used as a reference compound. All algal tests 
were undertaken at the Technical University of Denmark, Lyngby, 
Denmark. Rotifer reproduction tests utilized B. calyciflorus as the test 
organism, and were carried out as described in the standard NF T90377 
[10]. Each test involved three dilutions with eight replicates and two 
controls. Rotifers were exposed in the presence of 2 × 106 cells mL–1 
Pseudokirchneriella and after 48 h incubation at 25°C the number of 
individuals were recorded and the inhibition of reproduction calculated. 
Potassium dichromate was used as a reference compound. All rotifer tests 
were undertaken at Cereve-ENPC, Paris, France. 

An overview of the complete ecotoxicity data set is presented in Table 1. 
For comparative purposes, the data is presented in terms of the inhibition 
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Sample preparation and test methodologies 

The criteria used to identify appropriate tests included: (1) existence of 
validated methods or guideline protocols; (2) evaluation of ecotoxicity in 
relation to reproduction or metabolism (as both these end points can be 
directly linked to impacts on the population structure of aquatic ecosys-
tems); (3) support for the battery approach of selecting organisms from dif-
ferent trophic levels; and (4) cost–time efficiency. Consideration of these 
objectives led to the selection of algal (Pseudokirchneriella subcapitata), 
rotifer (Brachionus calyciflorus), and bacterial tests (Vibrio fischeri; Micro-
tox). To assist in the interpretation of data, analyses were carried out on 
whole effluent samples, i.e., without any preconcentration. 

Results and discussion 
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caused by exposure of the test organism to undiluted storm water samples. 
 Negative values within the table indicate stimulation of growth. The 
application of tests using three different species from different trophic 
levels to samples collected for 35 independent storm water events from 

Table 1. Toxicity of undiluted storm water samples towards bacteria (V. fischerii), 

Stockholm Nantes Luleå Wuppertal Sample 

B A R B A R B A R B A R 
01 16 6 100 27 24 –7 36 1 –7 37 30 –13 
02 9 53 59 86 19 –7 51 8 –9 37 –3 –34 
03 30 11 –4 19 19 –4 NT 32 –39 19 8 –30 
04 18 13 –24 82 21 33 21 3 3 35 –8 3 
05 86 –13 –11 34 5 13 19 –13 –22 35 5 10 
06 7 20 –14 54 14 21 – – – 42 –11 –23 
07 32 –3 –43 63 18 –19 – – – 39 1 –41 
08 58 100 100 18 5 3 – – – 18 –8 –41 
09 57 99 100 NT 16 14 – – – 17 –17 –50 
10 56 100 100 33 NT –68 – – – 30 14 NT 
B: bacteria; A: algae; R: rotifer; NT: not tested 
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The data in Table 1 show that the reported levels of ecotoxicity vary 
considerably both between sites and between the different tests carried out 
on samples from the same site. For example, the first sample from the 
Stockholm site inhibited the level of bacterial light production by 16%, algal 

susceptibility of different species to different pollutants, indicating that the 
results of single biotests should be treated with caution. Although each 
storm water sample resulted in some level of inhibition using Microtox 
(ranging from a minimum of 7% in sample 06 from Stockholm to a maxi-
mum of 86% in both sample 05 from Stockholm and sample 02 from 
Nantes), 24% of events tested in relation to algae and 62% of events tested 
in relation to rotifers stimulated growth and reproduction, respectively. 
The fact that the Microtox test reported a toxic impact in every sample 
may also indicate that this test is the most responsive. 

four different sites within three European countries has led to the develop- 
ment of one of the most comprehensive storm water ecotoxicity database
collected to-date. 

growth by 6%, and rotifer reproduction by 100%. This difference in the im-
pact on test organisms is thought to be associated with differences in the 

(% inhibition) 
algae (Pseudokirchneriella subcapitata), and rotifers (Brachionus calyciflorus)
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Concentration–response relationships 

In the algal and bacterial tests, the test design allowed for concentration–
response curves to be established (it was not possible to adopt this approach 
using the standard rotifer methodology because the majority of undiluted 
samples showed a very low inhibition using this test). EC values were 
estimated using the Weibull model [11] to which the data was fitted using 
an approach developed by Andersen et al. [12]. The derived data is presented 
in Table 2 and again suggests that the Microtox test is the most responsive, 
with data permitting the calculation of EC10 values in the vast majority of 
tested samples in contrast to the algal data where it was possible to 
calculate EC10 values in less than 50% of analysed samples. 

It is also interesting to note that, whilst it was not possible to calculate 
EC values for bacteria in samples 02 and 06 from Stockholm and sample 
06 from Nantes, it was possible to calculate EC values for algae in these 
samples. This finding is of importance because if only bacterial tests had 
been used, the conclusion may have been that these samples did not exert 
an ecotoxicological impact. However, the additional use of algal tests 
indicates that this is not the case, demonstrating both the interspecific 
effect of storm water on different receiving organisms as well as clearly 
supporting the approach of using a battery of biotests to gain a more 
complete overview of the ecotoxicological impact of storm water on surface 
water quality. For sample 01 from Stockholm and samples 03, 09, and 10 
from Wuppertal, the toxic responses in both algal and Microtox tests were 
too low to allow for the calculation of any EC values. As with the data 
reported on the impact of undiluted samples (Table 1), the EC value data 
indicates there is considerable variation between the different storm water 
samples both within a site and between sites, with the differences thought 
to represent factors such as different land use patterns, traffic densities, and 
antecedent weather conditions. 
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The presentation of an ecotoxic effect by an EC value is the standard 
approach to presenting toxicity data. It supports a more quantitative 
evaluation of the data than percentage inhibitions of undiluted samples (as 
presented in Table 1) because of the extrapolation to specified end points 
(e.g., EC20) enabling the direct comparison of data. However, it should also 
be noted that protocols for the determination of ecotoxicity data have not 
yet been fully established with regard to the identification of “meaningful” 
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Table 2. Effect concentration (EC) values obtained for bacteria (V. fischerii) and 
algae (Pseudokirchneriella subcapitata) exposed to storm water samples from 
each site (mL sample per litre diluent) 

Bacteria Algae Sample 
EC10 EC20 EC50 EC10 EC20 EC50 

STO/02 – – – 358 522 965 
STO/03 307 617 >1000 1000 >1000 >1000 
STO/04 570 775 >1000 – – – 
STO/05 139 >1000 392 – – – 
STO/06 – – – 327 1000 >1000 
STO/07 393 626 >1000 – – – 
STO/08 182 319 837 182 242 374 
STO/09 229 358 770 137 196 333 

STO/10 236 383 877 152 216 368 
NAN/01 275 649 >1000 545 904 >1000 
NAN/03 170 248 469 581 965 >1000 
NAN/06 – – – 619 973 >1000 
NAN/07 175 259 508 603 933 >1000 
NAN/08 199 446 >1000 – – – 
NAN/09 55 151 850 – – – 
NAN/10 1 5 214 – – – 
NAN/11 340 881 >1000 – – – 
NAN/12 NT NT NT – – – 
NAN/13 41 220 >1000 – – – 
LUL/01 281 523 >1000 – – – 
LUL/02 114 254 1000 – – – 
LUL/03 NT NT NT 390 579 >1000 
LUL/04 418 964 >1000 – – – 
LUL/05 397 >1000 >1000 – – – 
WUP/01 208 397 >1000 406 749 >1000 
WUP/02 272 515 >1000 – – – 
WUP/05 380 607 >1000 – – – 
WUP/06 214 476 >1000 – – – 
WUP/07 246 435 >1000 – – – 
WUP/08 172 390 >1000 – – – 
WUP/11 42.3 64.5 >1000 – – – 
–: Estimation of EC value not possible; NT: not tested; STO: Stockholm, NAN: 
Nantes; LUL: Luleå; WUP: Wuppertal 
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Correlation between test organisms 

To determine the existence of any relationships between the different tests, 
the responses of the test organisms to undiluted storm water samples were 
further analysed. The scatter plot shown in Figure 1 compares algae and  
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Fig. 1. Inhibition of rotifer growth versus inhibition of algal growth on exposure 
to undiluted storm water samples (% effect) 
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rotifers and indicates a moderately strong positive correlation (r = 0.759, 
p = 0.000) between the responses of these different test organisms. 

levels of toxicity, i.e., the effect concentration (EC) value at which concern 
should be expressed and/or action taken. There is still considerable dis-
cussion over the most appropriate EC value to use [e.g., 13] with various 
authors supporting the use of EC10 or EC20 values as quantitative measures 
of the lowest observed effect concentration (LOEC). This is an important 
decision, as it will influence the development of environmental quality 
standards under the WFD, and it is also a clear example of an issue which 
may be better supported and informed by the use of a combined, as opposed 
to an “either/or”, ecotoxicity and chemical water quality approach. 

Samples 08, 09, and 10 from Stockholm show 100% inhibition for both 
tests. These samples were collected during the winter period when the 
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As noted earlier, rotifer reproduction is stimulated in a large number of 
samples, i.e., it exceeds the rate associated with the blank sample. This 
also occurs with algae, but to a much more limited extent and the effect 
remains moderate (up to a value of 17%). This may be due to the presence 
of certain substances in the growth media in suboptimal concentrations 
which are enhanced by the presence of these substances in storm water in 
greater concentrations. In the case of rotifers, reproduction higher than that 
reported for the test blank was frequently observed. Although the 
reproducibility of the rotifer test did show considerable variation (8–
22%; expressed as standard deviation divided by the average blank 
value), such a systematic shift of rotifer data to a negative response (i.e., 
stimulation) strongly suggests that the combination US Environmental 
Protection Agency (US-EPA) Moderately hard water and feed used in the 
tests was itself limiting rotifer reproduction. Due to these effects, the 
obtained blank results should be considered as a reference value only and 
not as the optimum growth reference value. 

Scatter plots of rotifer and bacteria tests and of algal and bacteria tests 
(data not presented) did not indicate there were any correlations between 
the responses of these test organisms. Although the three biotests do not 
provide the same answers, confirming the need to use more than one type 
of test organism, the convergence of results between algae and rotifers 
demonstrates the existence of toxic effects in urban runoff samples. 

Comparison of toxicity results with chemical analyses 

The results of the chemical analyses carried out on the Stockholm samples 
are given in Table 3. All three test organisms showed a strong toxic res-
ponse in relation to samples 08, 09, and 10 which, as described earlier, is 
thought to be associated with de-icing activities (as indicated by the ele-
vated conductivity values reported in Table 3). Samples 01 and 02 contain 

407

reported salinity was extremely high (37.6–39.3 mS cm  which is within 
the range of salinity reported for seawater) due to the high levels of de-icing 
salts used on the elevated motorway sections at this time of year. However, 
the bacteria utilized in Microtox is a marine bacteria and the light produc-
tion in the bacteria tests was also notably reduced (56–58%) suggesting 
that the toxic effect of these samples is not entirely due to the high salt 
content. 

–1
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elevated concentrations of several of the determined pollutants and both 
these samples were toxic towards rotifers. However, only sample 02 was 
noticeably toxic towards algae, with Microtox showing limited toxic re-
sponse to either sample (Table 1). Sample 07 contained elevated levels of 
Zn, Cu, Cd, and Pb and this sample substantially inhibited bacterial light 
production (58%), whereas both algal growth and rotifer reproduction 
were stimulated (3% and 43%, respectively). Urban runoff is known to be 
a complex effluent with the potential for its constituents to interact in 
complex way which can be difficult to predict, and these data are consid-
ered to be indicative of such a scenario. The variable intraspecific response 
of these tests to the same samples provide further support for the need to 
use more than one test organism, with the use of three tests involving three 
different toxicological end points in this study clearly increasing the possi-
bility of detecting a realistic toxic effect. 

Conclusions 

The described study has provided a substantial database relating to the 
ecotoxicity of storm water, with toxic effects being frequently detected. 
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Table 3. Aqueous concentrations for a range of water quality parameters recorded 
during storm events, Stockholm site, Sweden 

The potential ecotoxicological impact varies in relation to the test organism

Sample SS  
(mg L–1) 

NO2/NO3 
(µg L–1) 

PO4– 
(µg L–1)

Cond. 
(mS m–1)

Zn  
(µg L–1)

Cu  
(µg L–1)

Cd  
(µg L–1) 

Pb  
(µg L–1) 

01 13,000 110 66 145 12,000 1900 8.5 900 

02 1750 540 12 23 3800 320 1.0 110 

03 780 370 7 17 2400 170 1.1 120 

04 210 690 15 31 500 52 0.3 44 

05 150 213 6 23 450 62 0.3 26 

06 17 250 12 46 66 16 0.2 4 

07 210 17 66 28 3900 380 2.4 300 

08 270 850 19 3910 180 62 0.5 10 

09 190 240 23 3930 200 61 0.9 11 

10 320 130 30 3760 410 95 0.9 14 
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analysed. Microtox was also most responsive in terms of the quantitative 
detection of toxicity, providing viable EC10 values in 88% of samples tested 
as opposed to 34% of samples tested using algae. However, the level of 
concern which should be attached to EC values within the range reported 
using any of the test organisms has yet to be established. 

The results of this study support the use of a “battery of biotests” as this 
approach resulted in a higher detection of toxicity than would have been 
achieved using a single test alone. The fact that the various chemical and 
ecotoxicological analyses highlighted potential concerns in relation to 
samples from different storm events at the Stockholm site provides further 
support for the use of a combined physico-chemical and ecotoxicological 
approach for evaluating the status of aquatic ecosystems. 
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Abstract 

Introduction 

A dominant feature of urbanization is a decrease in the perviousness of the 

rease in surface runoff [1]. Increased imperviousness and the efficient 
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Reducing the impervious area (IA) of a watershed is becoming a common 
practice to mitigate the effects of urban runoff on the health of aquatic eco-
systems. Yet, it is often argued that this approach is rather inefficient and it 
is debatable whether percentage IA targets can be applied to all urban envi-
ronments, as local factors (e.g., soils, geology, terrain, and rainfall patterns) 
may influence the effect of imperviousness. Furthermore, different receiv-
ing waters may be affected by urban runoff in different ways: the effect of 
flows is likely to be strongest at the sub-watershed level, whereas quies-
cent waters are likely to be more affected by pollutants. A more effective 
approach is to develop an understanding of the effects of urban runoff on 
all receiving waters. This can be achieved by recognizing all the values in 
all receiving waters and the threat urban runoff poses to these values. 

drainage systems typically associated with urban areas result in a rapid 

catchment to precipitation, leading to a decrease in infiltration and an inc-



greater bed and bank erosion and the channel will tend to become wider 
and waters shallower [2]. 

Catchment imperviousness has commonly been portrayed as the dominant 
driver of degradation in urban streams, based on the widespread observation 
of a negative correlation between stream condition and imperviousness 
[e.g., 3–5]. The impervious area (IA) in a watershed is increasingly being 
used as a benchmark for determining the health of watersheds and has 
been popularized by the Centre for Watershed Protection [5]. The amount 
of catchment imperviousness has also been claimed to be a useful manage-
ment tool for local planners and engineers to prevent cumulative impacts 
within sub-watersheds. In particular, it can be used to predict future stream 

the development of future land use decisions and generally drive planners 
and engineers to reduce the creation of impervious at development sites 
[6]. Impervious percentages are attractive to regulators, as thresholds can 
be set for new developments [7]. 

Much of the literature on development impacts has focused almost  
exclusively on level of imperviousness (or directly connected impervious-
ness) of a watershed as the factor that indicates structural integrity of the 
stream or health of its aquatic species [8–10]. It has been argued that 
almost all storm water problems relate to increases in imperviousness from 
increased runoff of water and pollutants and reduced infiltration [11,12]. 
Therefore, some people have recommended that the primary means to pro-
tect or minimize impacts on receiving waters from urbanization is to reduce 
catchment imperviousness [5,6,12–18]. Some promoters of the impervious 
threshold theory assume that reducing imperviousness will maintain an 
acceptable hydrologic regime and maintain the ecological integrity of receiv-
ing waters [19]. Others assume that reducing imperviousness will also re-
duce the amount of pollutants being transported to receiving waters [6]. 
The significance of catchment imperviousness as a dominant factor influ-
encing the health of receiving waters is reviewed to determine whether reduc-
ing IA is the most effective and efficient management tool to minimize 
effects of urban catchments on ecosystems in receiving waters. The sig-
nificance of pollutants on urban aquatic ecosystems is considered as well 
as whether reducing IA is the most efficient and effective means of reduc-
ing pollutants. An alternative approach is proposed whereby a greater 
appreciation is required to understand the ecological values in receiving 
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transfer of storm waters into receiving waters. Consequently, flows in receiv-
ing waters receive a higher frequency and intensity of storm events. These
altertions to stream hydrology affect stream geomorphology, leading to 

quality, used to set realistic management goals, test whether existing zon-
ing can support or maintain aquatic resources in the future, and assist in 
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What is the maximum level of catchment imperviousness  
to protect aquatic ecosystems? 

[10,12,17,20–22]. Paul and Meyer [23] and Beach [3] each present a table 
that summarizes key findings of various studies that found the rivers and 
streams become seriously impaired when the amount of impervious surfaces 
in the watershed exceeds 10%. The so-called 10% rule was popularized by 
the Centre for Watershed Protection [5] which stated that there was a  
direct link between IA and stream health. Supporters of the 10% rule 
believe that there is a threshold level of imperviousness that will result in a 
substantial deterioration in the ecosystem. If urban watersheds have an IA 
below 10%, receiving waters may have minimal impact from urbanization, 
but if this threshold is exceeded then ecosystem function usually declines 
because of individual and cumulative stresses. Others believe that there is 
no threshold of imperviousness, as any level of urban development will 
tend to produce additional aquatic system degradation [7]. 

The level of catchment imperviousness would categorize all watersheds 
correctly if it was the sole factor influencing stream health, but there are 
considerable exceptions to this rule [19], as some receiving waters appear 
to be more resilient to urbanized watersheds than others. For example, Pitt 
and Boseman [24] found biological effects at 5% urbanized catchment 
where there was no industry or municipal discharges. Horner and May [25] 

whereas it is predicted that where IA was >25%, the streams will be  
degraded having a low level of stream quality and an inability to support a 
rich aquatic community. On other occasions, geomorphic changes such as 
changes in channel width have been associated with IAs as low as 2–10% 
[1,10]. Reasons for this observed variability in effects of a certain level of 
catchment IA to receiving waters may be attributed to two factors. Firstly, 
some impervious surfaces in a watershed or attributes of the drainage 
system may have more impact on receiving waters than others. Therefore, 
it is important to understand the significance of these factors and develop 
better measurements of catchment imperviousness. Secondly, local factors 
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waters, the threats posed by urbanization and established urban areas on 
these values and what actions can be taken to reduce these potentia threats. 

ment imperviousness leads to ecological impairment in receiving waters 
There has been considerable debate about what minimal level of catch-

reported that 9 of 31 basins with IA > 25% were ranked as good habitat, 

may have a substantial influence on the effects of catchment impervious- 
ness on receiving waters; if this is the case, no general rule of maximum
percentage IA can be applied to all urban environments. 
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Factors influencing impervious area 

The type of pervious surfaces and drainage systems and their proximity to 
receiving waters appear to influence the amount of runoff and impact on 
receiving waters. Estimating the amount of IA can be a difficult task. Gen-
erally, IAs include roofs, roads, sidewalks, and private driveways. Pervious 
surfaces may be affected by urbanization and contribute more to surface 
runoff (e.g., lawns, compacted soils), but are not accounted for in estimates 
of IA [26]. Not all IAs in a watershed are thought to have a similar impact 
on receiving waters. IAs nearest to receiving waters will have a greater 
influence than receiving waters further away [27]. The amount of IA directly 
connected to drains is a major source of runoff from small storms that may 
substantially impact receiving water bodies [28–30] and the hydraulic effi-
ciency of these storm water drains is also important [17]. Categorizing of 
watersheds may be more effective if these factors are considered. For exam-
ple, Walsh et al. [17] found that a strong threshold occurs between stream 
condition and effective catchment IA (the product of the proportion of 
impervious surfaces of a catchment directly connected to streams by storm 
water pipes by total imperviousness). 

The utility of landscape indicators will depend on the response variable, 
the strength of the relationship between the indicator and the relative 
importance of other strong controlling variables [4]. The wide range of 
stream conditions observed in receiving waters with watersheds with low 
to moderate imperviousness may be due to local factors such as soils and 
surficial geology [31]; the spatial patterning of IA and other modified land 
cover on the landscape [e.g., 32]; developmental densities [26] and the 
effect of point sources of pollution and other human activities [33]. IAs are 
major sources of flow in small rainfall events (5–10 mm), whereas pervi-
ous areas may contribute the majority of runoff in larger storms [34]. In 
the south-eastern USA, pervious surfaces will dominate outfall discharges 
in low-density developments where large to moderate sized rains fre-
quently occur. Conversely, impervious surfaces will dominate outfall dis-
charges where most rains are relatively small (such as the arid USA) [34]. 

It is possible that local factors may have a considerable influence on the 
effects of watershed imperviousness within an urban area. For example, 
terrain, rainfall patterns, soils and geology, and natural river flows vary 

areas and drain basaltic plains, and upstream of the urban hinterland these 
streams are ephemeral. In contrast, streams in the eastern region of the 
GMA receive up to three times more rainfall than western streams, are 
permanently flowing systems and drain Silurian sedimentary soils [35]. 
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considerably within the Greater Melbourne Area (GMA), Australia. Streams 
in the western and northern areas of Melbourne are in low rainfall 



Is catchment imperviousness a good indicator of ecosystem health? 

These basaltic and sedimentary streams also have different water quality 
characteristics. Sedimentary streams generally have higher turbidity and 
suspended solids, lower conductivities, and lower pH than basaltic streams 
[35,36]. Basaltic stream sediments tend to be contaminated by heavy metals 
at much lower levels of catchment urbanization than sedimentary sediments. 
For example, zinc sediment concentrations were predicted to exceed the 
probable effects concentration (PEC), which indicates that there is a high 
probability of toxicity [37] at 11.4% IA in basaltic and 46.9% IA in sedi-
mentary streams [35]. Bank erosion widely occurs in the erosive soils of 
sedimentary streams, whereas it appears to be comparatively less common 
in the rocky basaltic streams (personal observation). Further research is 
required to understand how watershed characteristics may influence the 
effects of imperviousness. 

Relative significance of polluted urban runoff 

There has been considerable debate about whether modified flow regimes 
or polluted urban storm water is the first factor influencing receiving 
waters. The interest in isolating what factor is most important is based on 
the premise that efforts should be made to minimize the impact of the fac-
tor that deteriorates receiving waters at the lowest level of urbanization. 

Few studies have considered the specific mechanisms leading to the 
observed effects of urbanization. This is a difficult task because of the 
multivariate nature of urban disturbance [23]. Assessment of the impact of 
storm water on a stream is complicated, as seldom does just one parameter 
produce an impact and impact is typically caused by the combination of 
physical alteration of habitat, chemical contamination, and the introduction 
of exotic organisms [38] and simple correlations with land-cover percent-
ages can lead to incorrect interpretations [27]. There is compelling evidence 
indicating that the first factor associated with urbanization that impacts 
aquatic ecosystems is modifications to flow regimes [20,39–41]. If the 
primary aim of controlling development is to reduce IA, then it is assumed 
that modified flow regimes are the primary factor influencing receiving 
waters, although reducing IA will also reduce the effects of pollution [e.g., 
16]. Yet, the chemical effects of urbanization are far more variable than 
hydrologic or geomorphological effects and depend on the extent and type 
of urbanization (residential versus commercial or industrial), presence of 
wastewater treatment plants, effluent and/or combined sewer overflows, 
the extent of storm water drainage [23], and the type of water body receiv-
ing the storm water. 
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and modified hydrology 
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The influence of impervious cover is strongest at the catchment or sub-
watershed level (0.2–10 km2) than in larger watersheds and basins, as 
flows become more attenuated in larger watersheds [6]. Receiving waters 
nearest the urban development (i.e., at the sub-watershed level) are usually 
the focus of storm water management controls as they potentially have the 
most visible impact from erosion and general habitat degradation. Any 
effects of toxicants at the sub-watershed level in a receiving stream are 
likely to be masked by decline in habitat quality caused by modified hy-
drology. However, the hydrologic effects of urbanization may abate in 
older streams. Sediment loads have been reported to decline in older streams 
[42], presumably when construction activities in the sub-watershed that 
create land disturbance decline, from increased paving of the sub-watershed 
and stabilization of earth, and when stream morphology has adjusted to 
the new flow regime created by increased imperviousness. Management 
actions, such as retarding basins and bed and bank stabilization works can 
reduce the time required for stream morphology to reach a new equilib-
rium with modified flow regimes from the urban watershed [43]. 

Urban runoff will affect different types of water bodies in different 
ways. Wetlands, lakes, estuaries, and quiescent areas of streams and rivers 
are prone to the effects of pollution from storm water. The growth of plants 
in estuarine systems is generally controlled by the amount of available 
nitrogen. Consequently, additional nitrogen from urban development can 
cause algal blooms [3]. Reduced water clarity can damage seagrass beds, 
coral reefs, and other critical habitats [3]. In the GMA, nitrogen pollution 
from catchment storm flows has been identified as the major threat to the 
health of Port Phillip Bay [44,45], whereas the loss of seagrass in the adja-
cent Western Port Bay is probably due to increased sedimentation [46]. 
Storm water runoff may also elevate nutrient concentrations in urban lakes 
and wetlands, causing algal blooms or excessive macrophyte growth [47]. 

Urban waters may be toxic [48]. For example, pesticides are present in 
all waters receiving urban runoff in the USA [e.g., 49] and are likely to be 
often toxic to aquatic life. Yet it appears that most biological effects asso-
ciated with urban runoff are likely to be caused by polluted sediments 
affecting benthic organisms [34]. Many urban pollutants, such as heavy 
metals, petroleum hydrocarbons, and some pesticides, are hydrophobic and 
accumulate in sediments. 

Fine (<64 µm) sediments collected from urban streams and wetlands in 
the GMA were toxic to indigenous aquatic macroinvertebrates [50] and 
would have imposed a long-term impact on the aquatic community. About 
28% of urban aquatic ecosystems in the GMA may be impaired by long-
chain high molecular weight petroleum hydrocarbon pollution [51]. During 
periods of dry weather, contaminants such as heavy metals and ammonia 
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can be released from sediments as a result of degradation of organic materials 
and possibly oxygen depletion [52] and can be toxic to aquatic organisms 
[53–55]. The wide dispersal of contaminated sediment is difficult to remove 
and can cause significant detrimental effects on biological processes [34]. 

Wetlands and estuaries are highly prone to pollution effects [47]. In 
New Zealand, there is widespread exceedance of Pb, Zn, and organochlo-
rines and sediments in the estuary of Auckland (New Zealand’s largest 
city) appear to be toxic to aquatic life [56]. Estuaries in Sydney, Australia 
that are polluted with heavy metals had significantly different assemblages 
compared to non-polluted estuaries [57]. These contaminants may also be 
bioaccumulated through the food chain and pose a potential health risk to 
human consumers of seafood [e.g., 58]. An unpublished study conducted 
by Melbourne Water found that 47% of 114 wetlands and lakes in the 
GMA had heavy metal concentrations in sediments and/or porewaters that 
exceeded the PEC for sediment quality [37] or 95% trigger values for 
water quality [58], respectively. Sediments from five of these wetlands were 
examined to determine their effects on the aquatic ecosystem. Fine (<64 µm) 
sediments from all five wetlands were found to be toxic to indigenous 
aquatic macroinvertebrates [50]. Therefore, quiescent waters that receive 
urban runoff may be more prone to the effects of contaminants than modi-
fied urban flows. 

Is reducing imperviousness the most effective way 

However, a disproportionate amount of pollutants are generated from 
various land use activities. Street runoff is often contaminated by heavy 
metals, mineral oils, and polycyclic aromatic hydrocarbons (PAHs) 
[60,61]. Parking lots and major streets cover 6% of the watershed, but have 
been reported to contribute about 25% metals, 64% of petroleum hydro-
carbons (PAHs) produced in the watershed [62]. Highways may occupy 
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of treating toxicants? 

Reducing catchment imperviousness can be achieved by various treatment 
technologies, including the use of dual purpose rainwater tanks on all pro-
perties, grassed swales along some sections of roads and streams, streetscape 
systems that infiltrate storm water into the underlying soil, and biofiltration 
basins near streams and wetlands [18]. Many of these treatments will be 
effective in removing some contaminants such as nitrogen and suspended 
solids [18]. Rapid small storms disperse the most highly concentrated con-
taminants (oil, metals, and other toxicants), particularly in the first flush 
[59]. Therefore, this approach would also seem to treat toxicants. 
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only 5–8% of a catchment area, but can contribute 50% of suspended solids, 
16% of hydrocarbons, and 35–75% of heavy metals [63]. 

Industrial estates have the potential for contributing very high concentra-
tions of contaminants to storm water in the GMA [64], New Zealand [65], 
and in a county of Los Angeles, California [66]. In the GMA, one indus-
trial estate on Darebin Creek substantially increased nickel and chromium 
concentrations in sediments downstream and a second industrial estate fur-
ther downstream increased zinc and copper sediment concentrations [35]. 

threat to aquatic ecosystems, it would be effective to focus on appropriate 
treatment of runoff from industrial areas, parking lots, and major roads and 
highways. 

Different treatment trains may be required to remove toxicants than if 
only treating flows was considered. Water quality can be improved by 
targeting removal of the finer particle fraction in storm water [67]. If sedi-
mentation pretreatment was used before infiltration, then many of the pol-
lutants (e.g., nitrates, malathion, atrazine, diazinon, chlordane, PAHs, 
enteroviruses, Pseudomonas aeruginosa, Ni, Cd, Cr, Pb, and Zn) will 
likely be removed before infiltration [34]. 

Setting management priorities, understanding catchment 
management goals 

The main purpose of treating storm water is to reduce its adverse impacts 
on receiving water beneficial uses (e.g., flood prevention, protection of 
aquatic ecosystems, recreation, and water supply) [34]. When determining 
the most appropriate actions to treat urban runoff, it is important to under-
stand what impact runoff (whether modified flows or pollution) has on all 
receiving waters. It is likely that urban runoff is likely to impact ecosys-
tems in different types of receiving waters in different ways. Successful 
stream rehabilitation requires a shift from narrow analysis and manage-
ment to integrated understanding of the links between human actions and 
changing river health. It requires coordinated diagnosis of the causes of 
degradation and integrative management to treat the range of ecological 
stressors with each urban area [68]. 

Urbanization does not affect all streams the same way and any effort to 
manage a specific stream must relate stream biological condition to spe-
cific human activities and their effects in that watershed [67]. An example 
of managing storm water to protect management goals occurs in Auckland, 
New Zealand. Zinc-contaminated sediments have been reported as toxic to 
aquatic life in estuaries receiving urban runoff from Auckland [56]. Roof 
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Therefore, if heavy metal and/or petroleum hydrocarbon pollution is a 
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runoff has been identified as a major source of Zn in New Zealand and 
source control options have been proposed to reduce Zn concentrations in 
receiving waters [65]. 

Several objectives exist for maintaining or enhancing aquatic ecosys-
tems in the Melbourne region. Nitrogen pollution from catchment storm 
flows has been identified as the major threat to the health of Port Phillip 
Bay [44]. Catchment management activities in the Port Phillip Bay catch-
ment have therefore aimed to reduce nitrogen loads. Ecological objectives 
have also been developed in freshwater streams for native species of fish, 
frogs, water rats, and riparian and aquatic vegetation in freshwater streams 
[45]. These objectives were developed by determining the ecological values 
and potential threats to these values in a particular stream [69]. Further 
actions are currently being prepared to strategically manage potential toxi-
cants in watersheds. 

One ecological objective is to have sustainable populations of platypus 
(Ornithorhynchus anatinus) in Melbourne’s urban streams. Considerable 
research has been gathered to understand the ecology of the platypus and 
to identify the primary factors that restrict the distribution and abundance 
of platypus [70]. Platypus is affected by inadequate flows, the physical 
condition of streams, and sediment and water quality. Targeted manage-
ment programmes have been successful in enabling platypus to return to 
some urban streams. Platypus returned to the lower reaches of the Yarra 
River, and Diamond and Mullum Mullum Creeks (the later site with about 
44% IA), once appropriate habitat had been created by stream improve-
ment works [70]. Sediment pollution appears to be a major factor prevent-
ing platypus from inhabiting many other urban streams. As toxicants in 
sediments can substantially reduce the amount of macroinvertebrates in 

should focus on reducing levels of toxicants in sediments. In a broader 
sense, the management of potentially toxic contaminants in the GMA is 
essential to protect the ecosystems in many urban streams, wetlands, and 
estuaries. 

Reducing catchment imperviousness will decrease the amount of heavy 
metals and long-chain petroleum hydrocarbons entering receiving waters, 
but other more cost-effective management options may be available. A 
more effective approach might be to identify the target pollutant, any point 
sources, and major land use activities generating this pollution. If man-
agement aims to reduce heavy metals, efforts should be made to reduce 
heavy metals from major sources (e.g., parking lots, industrial estates, and 
roads). Other actions to reduce heavy metals may be more cost-effective 
than reducing catchment imperviousness in these land use activities. 
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to support platypus [71]. Therefore, efforts to return platypus to these streams 
sediments, and it is hypothesized that there is insufficient food available
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Pollution abatement at the source can be effective. Such actions include 
the introduction of lead-free gasoline, catalytic converters, and road furni-

metals and long-chain petroleum hydrocarbons to achieve an ecological 
outcome of enabling platypus and other organisms to return to urban 
streams. We should know how effective each best management practice 
(BMP) is in mitigating various adverse impacts of urbanization on receiv-
ing waters, including their geomorphic stability and their aquatic ecology. 
Different BMPs are required for reducing changes in hydrology, reducing 
trash and debris, or reducing pollutants [73]. 

Conclusions 

In theory, catchment imperviousness is an integrative measure of urban 
development. However, reducing catchment imperviousness is a rather 
blunt instrument that does not do justice to the complex, physical, chemi-
cal, and biological processes that must be considered to manage the eco-
logical integrity of watersheds [19,33]. Urban stream managers should not 
blindly use the level of catchment imperviousness as a measure of ecosys-
tem health. Informed management decisions to maintain or improve urban 
stream health can only occur through understanding the primary factors, 
whether physical or chemical, that impact stream health. Once this is 
known, a more focused and cost-effective strategy can be developed to 
protect these ecosystems. 
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Abstract 

Ponds are frequently used to remove pollutants from urban runoff, but only 
a few accurate studies have been carried out to determine the long-term pol-
lutant removal efficiency, and almost none on changes in removal over 
time. Removal efficiency will be affected by changes in pond morphology, 
vegetation growth, and sediment accumulation. This study presents the evo-
lution of pollutant removal efficiency over a 7-year period. 

The results showed that vegetation growth and increased sediment thick-
ness affected copper, zinc, and nitrogen removal efficiency negatively. Con-
cluding recommendations are removal of vegetation in the autumn and 
sediment removal after approximately 7–10 years in operation. 

Introduction 

Storm water contains several pollutants harmful to the environment and 
ecosystems. Many pollutants are attached to particles and can therefore be  
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removed through sedimentation. The size of storm water particles may vary 
in the range from 0.004 to 2 mm [1]. The specific particle area is of impor-
tance for the heavy metal lead that is highly bound with fine sediments [2], 
which then might be easier to remove than, e.g., zinc, cadmium, and copper 
which have a larger dissolved fraction than lead in road runoff [3]. These 
heavy metals are of importance in our study because the catchment area is 
in part covered by highways. 

During the last 25 years, there has been an increased interest in treating 
storm water by using ponds. Originally ponds were designed only to reduce 
flow peaks during heavy rain events; but since early studies showed that 
ponds in storm water systems improved the storm water quality, the scope 
of these measures has been extended and now mainly includes storm water 
quality improvements, through settling of particles and removal of attached 
pollutants. To improve the performance of the ponds, more focus has to be 
put on proper pond design [4]. 

In order to quantify the effectiveness of such measures, long-term studies 
need to be carried out over a large period of time to achieve accurate results 
and also include seasonal variations, different rain depths, dry period 
lengths, etc. [3]. Even though a great number of ponds have been built, very 
few have been evaluated to determine their pollutant removal efficiency. 
For the few ponds studied, there is a tendency to study ponds only right af-
ter or very close in time to when they were built. Ponds are rarely evaluated 
after being in use for several years and almost never studied at two different 
time periods. 

Changes in pond morphology such as sediment accumulation can lead to 
resuspension of bottom sediments by physical or chemical processes [5–7], 
causing lower removal efficiency. Increased vegetation mass in the pond 
may affect the removal efficiency [8]. Vegetation can also be a nutrient 
source or sink, where seasonal variations may cause nutrient uptake during 
the growing season and nutrient leakage in the autumn and winter due to 
decaying plants [9]. 

Natural factors that may impact the removal efficiency are hydrological 
characteristics such as variations in dry periods and rain depths [10], sea-
sonal variation [11], and vegetation growth in and around the pond [8]. 

This paper presents the results on long-term pollutant removal efficiency 
evolution for a storm water pond over a period of 7 years. The first study of 
that pond was carried out in 1997 and the current study in 2004. Sugges-
tions for proper storm water pond management will be presented. 
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Experimental method 

Pond and catchment area characteristics 

The Järnbrott pond is a wet off-stream storm water treatment pond with a 
permanent pool and with no constant inflow (e.g., from creek or river) dur-

The pond is situated 5 km from the city of Göteborg and was constructed 
in 1996 to reduce storm water pollution discharges to the nearby, and at that 
time heavily polluted, River Stora Ån [3]. 

The pond inlet consists of a 1000 mm steel pipe which is connected to an 
upstream overflow chamber that starts to discharge storm water directly 
into the river when the flow exceeds 700 L s–1. Annual discharge of un-
treated storm water amounts to 20% of the total inflow per year [12]. Up-
stream of the overflow chamber, a storm water sewer system is connected 
to a catchment that has a total area of 480 ha, where nearly 160 ha consist 
of impervious surfaces such as highways and industrial, commercial, and 
residential areas. The highway has a traffic load of up to 6000 cars per day, 
which therefore is one of the largest contaminating sources. The pond outlet 
consists of a concrete crest, 8 m broad, discharging treated storm water to 
the River Stora Ån [3]. 

 
Fig. 1. Järnbrott storm water pond schematic, including sampler location 
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inflow from the storm water pipe system. 
ing dry periods. However, there is a small constant groundwater leaking
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The pond is divided into three sections with different bottom materials 
(Fig. 1), due to local variations in soil strength. The inlet section has a dry 
weather depth of 1.5 m and consists of a concrete slab, to facilitate removal 
of sediments by using a wheel loader. In the middle section, the shallow 
bottom consists of penetration macadam that has a depth of only 0.6 m. 
Finally, the outlet section consists of clay and the depth is about 1.6 m. The 
pond slope is composed of clay and has a gradient of 30%. 

Measuring equipment 

In order to calculate the pollutant removal efficiency of a storm water pond, 
flow measurements and storm water sampling are necessary. Automatic 
samplers of model ISCO 6700 were installed at both the pond inlet and out-
let samplers, the same as those used 7 years ago during the first measure-
ment campaign carried out in this pond [3]. Each sampler has a capacity of 
twelve 900 mL bottles: six polyethylene and six glass bottles. The samplers 
were also equipped with flow meters, which monitored the flow and trig-
gered flow-weighted sampling during the storm events. The inlet sampler 
had a velocity–height (V–H) probe installed (ISCO 750 area velocity mod-

(ISCO 720 submerged probe module) was installed measuring the outflow, 
which is calculated from the water surface level over the concrete crest. The 
samplers were programmed to take a subsample at every 800 m3 of storm 
water passing the measuring point at the inlet and outlet, respectively. Each 
subsample was added to a set of two bottles (in total six sets), one plastic 
and one glass bottle, and to each set six subsamples were added, i.e., 4800 
m3 of storm water had passed for each filled set. All sampling and flow data 
were stored in the samplers’ built-in data loggers. 

Laboratory analyses 

After each storm event the filled bottles were collected from the samplers 
and transported to the laboratory within 8 h after the storm. At the labora-
tory the bottles were mixed to a composite sample representing the event 
mean concentration (EMC) of the analysed pollutants for the inflow and the 
outflow samples, respectively. Samples from glass bottles and plastic bot-
tles were kept separate, which made two identical composite samples per 
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velocity and water level in the pipe. At the outlet sampler, a pressure probe 
ule) at the bottom of the inlet pipe calculating the inflow from measured
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Total suspended solids (TSSs) and volatile suspended solids (VSSs) were 
analysed according to the Swedish standard method SS 02 81 12. Heavy 
metals (zinc, copper, lead, cadmium, nickel, and cobalt) were analysed us-

according to standard method SS-EN ISO 11885:1997. Nutrients have been 
analysed using Swedish standard methods. The nitrogen compounds included 
total nitrogen (total-N), nitrite (NO2-N), nitrate (NO3-N), and ammonium 
(NH4-N); the phosphorus compounds included total phosphorus (total-P) 
and phosphate phosphorus (PO4-P). 

The polycyclic aromatic hydrocarbon (PAH) analysis of the composite 
water samples was carried out at a commercial laboratory, following the 
method NEN 6524 [13]. 

Data processing 

A mass balance budget of total inflow and outflow storm water pollutant 
masses was compiled for each storm event. The pollutant masses were cal-
culated using the recorded storm water volumes at the inlet and at the outlet 
by multiplying these with corresponding pollutant EMCs, as Mi = Vi⋅Ci (see 
principle in Fig. 2). The site mean concentration (SMC) for a specific pol-
lutant represents the long-term mean concentration from several successive 
storm events at the studied site, and is calculated as the accumulated pollutant  
 

 
Fig. 2. Pollutant mass (Mi = Ci·Vi) calculation principle for each storm event 
(where Ci is the pollutant EMC and Vi is the storm water volume of the event) 
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sampling location. The composite sample of the glass bottles was used for 
analyses of nitrogen and organic compounds, whereas the sample of the 
plastic bottles was used for the analyses of the remaining pollutants. 

ing an inductively coupled plasma mass spectrometry (ICP-MS) instrument 
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Results and discussion 

Results presented here are from the current study in 2004 [14], which are 
compared to the corresponding results obtained from the study carried out 

Storm events 

In total, seven storm events have been monitored and analysed in this study 
during 2004 (Table 1). The measurement period lasted for 6 weeks, from 16 
October to 24 November. For the last three storm events, the precipitations 
were a mixture of rain and snow. There was no heavy rain with large rain 

Table 1. Periods of long-term field studies carried out in the Järnbrott pond and 
corresponding rain characteristics 
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mass over accumulated storm water volume, such as SMC = ∑Mi/∑Vi. 
Long-term removal efficiency I of the storm water pond for each pollutant 

water; see Eq. 1. 
was then calculated using the SMCs for the inflow and outflow storm

periods, autumn 1997 and summer 1998. 
during 1997–1998 [3]. The latter study is divided into the two seasonal

Study year Observation 
period 

No. of storm 
events 

Rain depths 
(mm) 

Dry periods 
(days) 

Storm water 
volumes (m3)

2004 Oct–Nov 
2004 

7 4–12 1–8 5000–30,000

1997a Aug 1997–
Feb 1998 

16 0.2–90 0.2–28 540–63,000

1998a Apr 1998–
July 1998 

17 0.2–35 0.9–5.4 1200–50,000

aResults from the study carried out by Pettersson [3] 

Table 1). 
depth during the seven storm events with a maximum depth of 12 mm
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particulate matter (PM) effectively, especially TSS (62%), VSS (50%), and 
PAH (70%). Good removal efficiency (about 45%) was also obtained for 
the metals lead and cobalt, and for lead this is not surprising since lead is 
known as a highly particulate bound metal [2,3]. The other metals studied 
show low or even negative (copper and nickel) removal efficiency. For nu-
trient compounds it is found that nitrogen was not removed (–52%) but 
produced, and that phosphorus exhibited moderate removal (33%) in the 
2004 study. The only nitrogen compound that has not increased is NH4, 
which indicates that the nitrification process works properly in the pond. 

Evolution of the long-term removal efficiency of the Järnbrott 
pond from 1997 to 2004 

The main objective of this study was to compare changes in long-term re-
moval efficiency over a period of 7 years. The measurements in the study 
2004 were carried out in the late autumn and the comparison is made to the 
corresponding period in the autumn/winter in 1997. 

No changes in the pond’s catchment area have been identified during the 
period 1997–2004. The vegetation in the pond has grown substantially and 
the sediment thickness has increased, by 15 cm in the inlet section and by 
20 cm in the outlet section, over this period. By comparing the pollutant 
removal efficiency of the two field measurement campaigns from 1997 and 
2004, the effects of pond morphology changes will be made evident. 

Comparison of removal efficiencies in 1997 and 2004 

When comparing long-term removal efficiencies obtained in 2004 with the 
ones obtained 7 years ago, it appears that some parameters are negatively 
affected by the changes in pond morphology, whereas others do not seem to 
be affected (Table 2). 

Lead and suspended matter removal efficiencies are quite similar in both 
studies, and the removal of cadmium is halved for 2004. The removal of 
copper, zinc, PO4-P, and total-N is significantly lower in 2004 compared to 
1997. Copper has changed from about 30% removal in 1997 to be negative 
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Pollutant removal efficiency 

From the seven studied storm events in 2004, the pollutant removal effi-
ciency was determined (Eq. 1) using the calculated SMCs for each pollutant 
as presented in Table 2. It is seen that the Järnbrott pond, in 2004, removes 

total-N), from –7% (1997) to –52% (2004). 
(–12%) in 2004, and total-N has become even more negative (producing
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Table 2. SMCs and removal efficiency for studied pollutants during current study 
2004 and the study in 1997 and 1998 

 Autumn 2004 Autumn 1997a Summer 1998a 
Parameters SMC 

In 
SMC 
Out 

R 
(%) 

SMC 
In 

SMC 
Out 

R 
(%) 

SMC 
In 

SMC 
Out 

R 
(%) 

TSS 
(mg L–1) 38.000 14.000 62 52.00 20.00 61 58.00 13.00 77 

VSS 
(mg L–1) 14.000 7.000 50 15.00 8.00 44 17.00 5.00 73 
          

NO2-N (mg L–1) 0.014 0.023 –60 n/a n/a n/a n/a n/a n/a 

NO3-N (mg L–1) 0.770 1.700 –124 n/a n/a n/a n/a n/a n/a 

NH4-N (mg L–1) 0.130 0.120 9 n/a n/a n/a n/a n/a n/a 

Total-N (mg L–1) 1.700 2.600 –52 2.30 2.5.0 –7 1.70 1.30 25 
PO4-P 
(mg L–1) 0.060 0.050 13 0.08 0.06 29 0.06 0.03 53 

Total-P (mg L–1) 0.140 0.090 33 n/a n/a n/a n/a n/a n/a 
          

Cadmium
 (µg  L–1) 0.350 0.310 10 0.51 0.41 20 0.57 0.55 4 

Cobalt 
(µg L–1) 1.500 0.800 46 n/a n/a n/a n/a n/a n/a 

Chromium 
(µg L–1) 9.50 7.400 22 n/a n/a n/a n/a n/a n/a 

Copper (µg L–1) 190.00 21000.0 –12 50.00 33.00 33 56.00 41.00 27 
Lead 
(µg L–1) 8.300 4.500 46 15.00 8.3.0 45 11.00 5.30 53 

Zinc 
(µg L–1) 200.00 170.000 15 121.00 80.00 34 116.00 85.00 27 

Nickel 
(µg L–1) 12.00 14.000 –15 n/a n/a n/a n/a n/a n/a 

          

PAH-16 (µg L–1) 0.700 0.200 70 n/a n/a n/a n/a n/a n/a 

n/a: not analysed 
aPollutant SMCs and removal efficiencies for the Järnbrott pond obtained in the study 7 
years earlier than current study [3] 
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Despite an increase in the sediments’ thickness from 1997 to 2004, the 
removal of suspended matter is not affected. A hypothesis would suggest 
that the increasing amount of vegetation in the pond enhanced the removal 
of suspended particles by vegetation filtration [8] and decreased resuspen-
sion [15]. 

A laboratory sediment experiment [14] showed a release of nitrogen 
compounds from the Järnbrott pond sediment to the water phase. This phe-
nomenon, together with increased decaying vegetation, can explain the 
highly negative removal efficiency for total nitrogen achieved in 2004, 
when sediments’ thickness and vegetation have significantly increased in 
comparison with results in 1997. The same experiment also showed a release 
of copper and zinc, which may explain the significantly decreased removal 
efficiency for these two metals. On the contrary PO4-P was not released 
from the sediments to the water phase, which indicates the origin of this 
pollutant, and the decreased removal efficiency from 1997 to 2004 probably 
can be explained by vegetation decay during the autumn and winter period. 

If we compare changes in SMCs (Table 2) for the studied pollutants from 
1997 levels to 2004 levels, it appears that both the inflow and outflow SMCs 

changed. Total nitrogen has a decreased inflow SMC and an increased out-

high, from 50 µg L–1 in 1997 to 190 µg L–1 in 2004, but for the outflow 
SMC the corresponding change is to more than six times as high, from 33 
to 210 µg L–1, which probably can explain the dramatic decrease in removal 

layer has reached a level (thickness) when it needs to be removed from the 
pond to restore the designed pollutant removal efficiency.  

Seasonal variations 

In the study from 1997 to 1998 we can see that the seasonal variations in 
SMCs impacted the pollutant removal efficiency; see Table 2. 

Particulate pollutants, such as TSS, VSS, and lead, exhibited increased 
removal efficiency during the summer period compared to the autumn/ 
winter period, where VSS shows the greatest increase (from 44% up to 
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for TSS are slightly increased, while the SMCs for VSS are almost un-

flow SMC causing the significant decrease in removal efficiency. The copper
SMC in the inflow storm water has increased to nearly four times as 

bits the same tendency as for copper. These findings indicate that the sediment 
efficiency as a considerable leakage from the bottom sediment. Zinc exhi-
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in the water phase and uptake in the summer period where the vegetation 

Conclusions 

This study has shown that the Järnbrott pond does not remove all pollutants 
to the same extent. It is particularly effective in removing particulate pol-
lutants such as TSS, VSS, lead, and PAH. 

The main objective of this study was to examine the pollutant removal 
efficiency evolution over a period of 7 years, and the conclusions are that 
changes in pond morphology affected the removal negatively for copper, 
zinc, PO4-P, and total-N, while the removal of TSS, VSS, and lead were not 
significantly affected. One possible explanation for the decreased re-
moval efficiency, for those pollutants, is the increased sediment thickness 
in the pond, 15–20 cm during this period, and thus amplified leakage of 
pollutants out into the water column, which also was confirmed by elevated 
SMC’s in the outflow storm water. This leads to the conclusion that the 
pond sediment after 8 years reached a level when it needs to be removed to 
restore the designed removal efficiency for the most negatively affected 
pollutants. 

Finally, the study showed that seasonal variations in removal efficiency 
are mainly affecting the nutrients negatively. This favours harvesting the 
vegetation in storm water ponds before the autumn (in the northern hemi-
sphere) to avoid the current production of nitrogen compounds and signifi-
cant decrease in removal efficiency of PO4-P. 
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Abstract 

The road runoff of a sewered section of a road in Switzerland with a traffic 
intensity of 17,000 vehicles per day was intensely investigated over a period 
of 2 years. At the same time the road runoff was collected and pumped to a 
pilot plant for road runoff treatment. The treatment facilities consisted on 
one hand of shafts containing removable fleece filter bags and underlying 
GfeH-adsorber filters and on the other rotating fleece filter drums and sub-
sequent adsorbers. It could be shown that the investigated processes for 
road runoff treatment can be operated as modular systems in one-, two-, or 
three-step flow schemes. Depending on the process scheme between 70% 
and 97% of the heavy metals could be removed. 

Introduction 

Runoff from roads is nowadays one of the most important sources of diffuse 
pollution of surface waters, sediments, and soils. According to a study in 
Germany by Hillenbrand et al. [1], diffuse emissions of heavy metals con-
tribute to the total emissions by 84%, 80%, and 76% for lead (Pb), Zinc 
(Zn), and Copper (Cu), respectively. Motorized traffic may be responsible 
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for 30%, 25%, and 36% of the diffuse loads for the respective metal. From 
these emissions, only a certain fraction is finally transported through run-
off water. The fraction depends strongly on local conditions such as parti-
cle retaining construction elements along the roadside. In a mass balance 
study of a road shoulder, only 25–30% of the emissions were found in 
the runoff water [2]. In paved urban areas, the runoff fraction may rise to 
45–70% of traffic emissions (this study). An urban catchment area study in 
Switzerland showed that motorized traffic may account for 45%, 35%, and 
20% of the heavy metals Pb, Zn, and Cu contained in domestic sewage [3].  

Nowadays, road runoff is often directly discharged to receiving water or 
infiltrated over the road shoulder. Direct discharge of the runoff into small 
receiving waters may cause ecotoxic shock loads of a mixture of sub-
stances during limited time (pulse pollution). If the runoff is infiltrated into 
the underground, e.g., into the road shoulder, especially heavy metals and 
polycyclic aromatic hydrocarbons (PAHs) are subject to rapid accumula-
tion in the top soil. In order to gain improved control on diffuse pollution, 
abatement of the use of certain materials and substances (source control) is 
certainly the best way on a long-term basis. Although source control 
measures should be prioritized, there will be a need for efficient barrier 
systems in near future to overcome undesirable and uncontrolled spreading 
and accumulation of hazardous substances along roads and highways. In 
principle, there are two ways of applying barrier systems for pollutants in 
road runoff: (1) construction of new types of road shoulders which allow 
for the retention of the pollutants in a decentralized way and (2) treatment 
of sewered runoff in special installations along roads and highways. In the 
latter case different approaches have been adopted in the last years show-
ing pond and retention filter systems with large detention times close to 
nature on one hand and smaller technical high rate facilities on the other. 

Based on detailed studies concerning important characteristics of road 
runoff, this investigation shows new innovative possibilities of technical 
solutions to treat surface runoff from roads focusing on the removal of 
heavy metals and PAHs. The proposed technology may be applied in 
decentralized and centralized arrangements. It is important to notice that 
the major hazards in road runoff are mainly bound to particulate matter 
(PM) [4]. Therefore, primary issue is the retention of particles down to the 
colloidal size range. In cases of stringent effluent requirements, further 
removal of the smaller dissolved heavy-metal fractions to a very high per-
centage has shown to be feasible with a combination of textile filters and 
granulated iron hydroxide adsorbers (GfeH). 
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Experimental method 

The road runoff of a sewered section of a road in Burgdorf BE with a traf-
fic intensity of 17,000 vehicles per day was intensely investigated over a 
period of 2 years. At the same time the road runoff was collected and 

measures in road construction and runoff management. 
On one hand, the road runoff was continuously sampled on a long-term 

basis. Composite samples of 24 months were collected and analysed. The 
analysis of numerous water quality parameters such as TSS, DOC, P, and 
N and hazardous substances like various heavy metals allowed characteri-
zation of the average pollutant load contained in the runoff of this particu-
late road. On the other hand, detailed and extended analysis of the road 
runoff in the course of seven rain events allowed insight into the wash-off 
and first-flush behaviour of the analysed substances including also PAH 
and MTBE. 

The road runoff from the road section with a surface area of 1500 m2 
was collected in a shaft and during rain events pumped continuously at a 
rate of 1.3 L s–1 to the nearby pilot facilities. In total, the pilot plants were 
operated in five experimental phases with different process schemes for 
runoff treatment:  

1. Fleece filtration combined with granulated iron hydroxide adsorption 
(GfeH) filter 

2. Sedimentation combined with fleece filter and GfeH adsorption filter 
3. Polfabric drum filter combined with fleece filtration 
4. Polymer flocculation combined with polfabric drum filter and filter 

fleece filtration 
5. Polfabric drum filter combined with filter fleece filtration and GfeH 

adsorption filter. 

Each of the experimental set-ups were operated over a period of at lest 4 
months. 

In the first experimental series the wastewater was treated in three parallel 
filter columns with a diameter of 1.0 m containing fleece filter bags of 0.8 m 
height (Feld AGEO, Germany) and in two columns combined with under-
lying GfeH layers of 30 and 10 cm with a grain size of 0.5–1 mm (GEH, 
Osnabrück, Germany), respectively. The used textile filter fleece bags con-
sisted of a two-layer arrangement of polypropylene and polyester fibres 
with a total thickness of about 4 mm. In a later stage of the experiments, 
a sedimentation basin with a surface load of 0.65 m h–1 was installed as 
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to test various technical solutions leading to innovative and sustainable 
pumped to a pilot plant for road runoff treatment. The pilot plant served
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pretreatment for the filter bags. In the following experiments a rotating 
drum filter of 1.2 m diameter and a surface area 1.17 m2 (Mecana TF 117, 
Polstoff) with automatic backwash was applied for solids separation. The 
drum filter was tested with two types of polfabric textile which consisted 
of hair-like Pol fibres of 20 µm and 7.5 µm fibre thickness, respectively. 

Results and discussion 

Long-term runoff characteristics 

The average concentrations of the analysed quality parameters in the road 
runoff are given in Table 1 together with the standard deviations. 

In the course of the 2 years investigation, the concentrations of heavy 
metals ranged in a relatively narrow characteristic band width which is shown 
in Figure 1 for the metals iron, zinc, copper, lead, nickel, and chromium. In 
contrary to the concentrations, the respective loads varied considerably 
according to runoff fluctuations (Fig. 2). 
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Table 1. Average concentrations and standard deviation in composite samples 

 Units Average Standard 
deviation 

TSS mg L–1 100.3 62.30 
Calcium (Ca) mg L–1 26.6 10.70 
Phosphorus (P) mg L–1 0.3 0.13 
Nitrogen (N) mg L–1 2.3 1.00 
Iron (Fe) mg L–1 2.9 1.60 
Cadmium (Cd) µg L–1 0.8 0.30 
Chromium (Cr) µg L–1 10.2 6.00 
Copper (Cu) µg L–1 56.5 31.00 
Nickel (Ni) µg L–1 7.0 3.30 
Lead (Pb) µg L–1 23.1 13.00 
Zinc (Zn) µg L–1 299.0 172.00 

 

From the pollutant loads in Figure 2, the surface specific mass emis-
sions over the whole period of 2 years were determined for the different
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Fig. 1. Time history of heavy-metal concentrations in road runoff over a period of 
2 years 

Fig. 2. Time history of heavy-metal loads in road runoff over a period of 2 years 

loads contained in road runoff compared to the total emissions revealed 
that in this study with a high percentage of impermeable area about 52%, 
45%, 55%, and 68% of Cd, Cr, Pb, and Zn are flushed off with the runoff 
water. 
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and year are summarized and compared to results from other investigations
in Switzerland (highway) and Germany (minor road) [4]. An estimate of the

parameters. In Table 2, these values in kilograms per hactare road surface 
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Parameter Units Road Burgdorf  

7.5 m wide 

Hwy. Winterthur 
26,000 vpd 
25 m wide 

Road Augsburg 
6800 vpd 

7.5 m wide 
Cd g ha–1 a–1 4.0 30 2.7 

Cr g ha–1 a–1 119.0 – – 

Cu g ha–1 a–1 471.0 1070 293.0 
Pb g ha–1 a–1 179.0 560 122.0 
Zn g ha–1 a–1 3231.0 1990 3400* 
vpd = vehicles per day 
*Zn emission by crash barrier 

Dynamic runoff behaviour 

Seven rain events of very different characteristics were investigated with 
respect to rain intensity and consequent runoff behaviour including the 
analysis of numerous parameters in the course of rainfall. Since the samples 
were fresh and immediately analysed, additional pollutants such as the 16 
EPA-PAH, MTBE, hydrocarbons, TOC, DOC, and the dissolved fractions 
(0.45 µm filtered) of heavy metals were measured. 

Considerable concentration and load variations were observed between 
the different events, as well as within the rain events according to rain 
intensity, length of preceding dry period, substance characteristics, etc. 
Typical first-flush behaviour could be observed for all parameters during 
rainfall with higher intensity, especially pronounced for PM and total met-
als. Figure 3 shows an example of dynamic pollutant wash-off of selected 
parameters during a rain event with a maximum intensity of 83 L s–1 ha–1 
corresponding to a return period of approximately 0.5 years. Obviously, 
road wash-off during rainfall only occurs at certain minimum rain inten-
sity. Figure 4 illustrates the correlation between maximum intensity and 
the total load of washed off pollutants. It can be concluded from the data 
that a rain intensity of at least 50 L s–1 ha–1 is necessary in order to mobi-
lize PM and substances bound to particles on the road surface. In addition, 
it was shown that duration of the preceding dry period has an effect on the 
amount of pollutant wash-off. 
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Table 2. Surface specific pollutant emission in runoff water from different roads  

17,000 vpd 
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Fig. 3. Typical first-flush runoff behaviour of TSS, Pb, Cu, Zn, PAH, and MTBE 
during a rain event with a return period of about 0.5 years 

Fig. 4. Runoff load of TSS, Cu, and Zn as a function of maximum rain intensity 

From TSS, total and dissolved metals, the particle bound fraction of met-
als, and the particles content of heavy metals could be evaluated. Table 3 
shows a summary of the results. As can be seen, heavy metals are present 
to more than 80% in particulate form. 
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Table 3. Particulate fraction of calcium and heavy metals and content of metals in 
suspended solids 

 Units Ca Cu Cr Fe Zn 
Percentage particulate % 28.0 82.00 81.00 97.0 86.00 
Content in particles mg g–1 64.2 0.43 0.07 26.2 2.07 

Treatment of road runoff 

Since the major pollutants of road runoff are present in high fractions of 
PM, emphasis was put on the application of solids separation processes as 
primary treatment task. Studies in Germany revealed that particles con-
tained in road runoff may be captured in special fleece material leading to 
appreciable removal rates for heavy metals and PAH [5]. Although particle 
separation may lead to appreciable pollutant removal, smaller fractions of 
dissolved and fine colloidal heavy metals will remain in the effluent. In order 
to attain higher degree of pollutant removal, particle separation may be 
combined with adsorber systems enabling also the retention of dissolved 
substances. In several studies the application of GfeH has been shown to 
perform extremely well as an adsorber material especially for the removal 
of heavy metals [6]. 

The results of the pilot tests in the different phases may be summarized 
in three different modular systems: (1) one step treatment with solids separa-
tion; (2) two-step treatment with combinations of different solid separation 
processes; and (3) solids separation combined with GfeH adsorber filters. 

One step solids separation was performed with fleece bags, coarse, and 
fine pol fibres, and sedimentation. From the results in Figure 5, it is clearly 
visible that the fleece bags with 80% TSS removal and 60% to more than 
70% heavy-metal removal showed best performance, followed by the fine 
polfabric, the coarse polfabric and finally sedimentation. Particle size distri-
bution analysis revealed that considerable fractions of road particles are in 
the colloidal and nanosize range and may not be settled within convention-
ally designed settling tanks. Therefore, ordinary sedimentation with removal 
rates below 30% is not considered to be an appropriate treatment for road 
runoff. Larger pond type systems would be required for improved settling 
performance. Interesting is the removal of Zn which showed poor removal 
for all systems except for the fleece bags. It is hypothesized that Zn is pre-
sent in very fine colloidal or dissolved form and penetrates the applied 
fleece textiles to a certain extent. In the fleece bags, however, a build-up of 
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sludge on the fleece surface was observed which acted as excellent adsorber  
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Fig. 5. Removal rates in one-step treatment applying different solids separation 
processes 

Fig. 6. Removal rates in two-step treatment applying different solids separation 
processes 

material for Zn. In later experimental phases with new fleece bags and no 
sludge layer, Zn removal was also not satisfactory. 

Combinations of fleece bags with sedimentation or pol fibre filtration 
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were tested in different experiments (Figure 6). Because of pretreatment, the 
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Fig. 7. Removal rates in two- or tree-step treatment applying different solids sepa-
ration processes and subsequent GfeH or calcite adsorption filter 

considerably because the major particle fractions were removed in the pre-
ceding treatment step. With a modest increase of only 5–20% removal, 
two-step treatment may economically not be justified. 

The application of a mixture of GfeH or calcite sand in combination 
with preceding solids separation in different forms was investigated in or-
der to test process combinations for advanced removal of heavy metals. 
Tests with fleece bags with underlying adsorber, sedimentation followed 
by fleece bags, and adsorber, as well as pol fibre drum filter followed by 
GfeH adsorber were performed. Layers of 10 and 30 cm adsorber material 
were applied. The experiments revealed that a layer of 30 cm was neces-
sary in order to reach satisfactory removal rates. Therefore, only these results 
are shown here. The results in Figure 7 illustrate the excellent performance 
that can be reached with all combinations. Thanks to the adsorber, espe-
cially also high levels of Zn removal could be reached. Under optimized 
operation conditions, removal rates for all investigated heavy metals of 
more than 90% can be reached. 

Conclusions 

The long-term investigations prove that the suspended solids content with 
150 mg TSS L–1, the dissolved organic carbon content with 33 mg C L–1, 
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and the heavy metals copper with 65 µg Cu L–1 and Zinc with 440 µg Zn L–1 

poor Zn removal. Also the removal performance of the bags alone decreased  
fleece bags were loaded with sludge in a lesser extent, thus, leading again to 
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tions of environmentally hazardous substances classify the road runoff as 
polluted wastewater which has to be treated by law in order to be dis-
charged into receiving waters or infiltrated into groundwater. 

The results illustrate that above all pollutants bound to particles show 
strong dynamic effects with pronounced first flush. Peak concentrations 
are above average event concentrations by a factor of 2–3. The analysis of 
the particulate fraction of heavy metals represents especially valuable in-
formation in view of appropriate process development for runoff treat-
ment. On average, the particulate fractions for chromium, copper, and zinc 
were between 81% and 86%. Focus was also put on information concern-
ing organic hazards such as PAH and methyltertiary butyl ether (MTBE), a 
gasoline additive. The arithmetic mean of all runoff events was 1.4 µg L–1 
for PAH and the mean peak concentration amounted to 3.2 µg L–1, for 
MTBE the same values were 0.21 µg L–1 and 0.46 µg L–1, respectively.  

It could be shown that the investigated processes for road runoff treat-
ment can be operated as modular systems in one-, two-, or three-step flow 
schemes. The tested filter fleece bags could typically be used as decentral-
ized treatment facility in filter shafts along roads. The removal efficiency 
could further be improved by adding a GfeH or calcite adsorber layer of 30 
cm according to requirements. In centralized or semi-centralized facilities 
for road runoff treatment, the tested polfabric drum filters are more suited. 
The automatic backwash of these filters requires further treatment of the 
backwash water.  

In a next phase, the tested processes for road runoff treatment have to be 
transferred into practical applications. Full-scale installations will give the 
necessary information on operation and maintenance aspects and on eco-
nomical feasibility. 
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Abstract 

Efficient heavy-metal removal from road runoff should be realized with 
particle separation and adsorption. As adsorbents, three zeolites and three 
ferric hydroxides were tested for copper and zinc removal. Sorption capacity 
and kinetics were evaluated with batch and specific column experiments. 
Results evidence that sorption capacity and kinetics of all ferric hydroxides 
were superior to the zeolites. Increased electrical conductivity revealed 
severe desorption of copper and zinc only from zeolites. For the full-scale 
treatment plant, zeolite 3 and Ferrosorp are used in one of the two retention 
filters each. The zeolite retention filter is not in service during winter to 
prevent desorption caused by de-icing salt. 

Introduction 

Nowadays, in Switzerland, runoff of motorways with a high traffic density 
must be treated prior to infiltration into the ground or discharge into 
receiving waters. As target pollutants, heavy metals such as cadmium (Cd), 
copper (Cu), lead (Pb), nickel (Ni), and zinc (Zn), polycyclic hydrocarbons 
(PAH), and dissolved organic carbon (DOC) should be considered. 

G.M. Morrison and S. Rauch (eds.), Highway and Urban Environment: Proceedings of the 8th Highway  
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For the design of new treatment schemes, the physical or chemical 
speciation of the pollutants must be considered. Measurement in road runoff 
reveal that the fraction of heavy metals passing a 0.45 µm membrane filter 
account for between 60% and 90% of the total heavy-metal load. Pilot 
studies indicate that with a textile filter fleece, 70–80% of the total copper, 
zinc, cadmium, and lead load in runoff can be retained [1]. However, 
higher removal performance may be required, if discharge occurs into for 
instance an ecologically sensitive river. 

adsorption based on granulated ferric hydroxide (GFH) mixed with calcite 
can reduce dissolved heavy-metal content of copper, zinc, lead, cadmium, 
and chrome up to 95% [1]. GFH-calcite adsorbers were already applied 
successfully at numerous roof runoff treatment sites for copper and zinc 
removal with feasible amounts of GFH [2]. The main disadvantage of GFH 
is its high costs, which make the application for road runoff treatment 
problematic. Therefore, strong need for alternative adsorbents exists, with 
a more advantageous ratio of cost to adsorption performance. 

Among alternative adsorbents, zeolites are promising because they are 
up to ten times cheaper than GFH and it is known that zeolites are able to 
adsorb a wide range of heavy metals [e.g., 3]. In this study, three zeolites 
and three ferric hydroxides such as Ferrosorp, Everzit, and GFH were 
tested. Ferrosorp and Everzit are many times cheaper than GFH (Table 1). 

Based on the result of this study, the most suitable adsorbents were cho-
sen for the adsorber layer in a new type of road runoff treatment plant 
(RRTP), now built near Attinghausen, Switzerland. This RRTP combines a 
lamella separator for coarse particle removal with two retention filters. The 
retention filters consist of an adsorber layer for dissolved heavy-metal 
removal, which is located under a sand layer which operates as filter for 
fine particles. The RRTP discharges into a small river. As target pollutants, 
copper (Cu) and zinc (Zn) where chosen, because (1) aquatic organisms 
are very sensitive to these heavy metals and (2) dissolved Cu and Zn loads 
in road runoff account for 20–40% in runoff. Three criteria have to be con-
sidered for evaluation of adsorbents: 

1. Sorption capacity under typical conditions prevailing in road runoff. 
2. Sorption kinetics: Typical operating conditions for adsorbers for 
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metals is necessary. Pilot plant experiments with road runoff revealed that 
In such cases, an adsorption process to remove the dissolved heavy

are highly variable loading patterns with respect to flow rate and 
surface runoff treatment in general and especially for road runoff



Development and full-scale implementation of a new treatment scheme

3. Desorption of Cu and Zn as a result of increased electrical conducti-
vity caused by salt used as deicing agent on roads during winter. 

Experimental 

Materials and runoff matrix composition 

The adsorbents are characterized in Table 1. For a representative matrix for 
the batch and column experiments, data from road runoff composition 
were taken from a 2 years field study with 24 monthly averaged samples 
for Cu and Zn. The traffic density was 17,000 vehicles per day. The range 
of conductivity and pH is based on samples taken during seven runoff 
events [1]. A conductivity of 100 µS cm–1 was chosen because this reflects 
tailing after the first flush. Increased electrical conductivity of 2300 µS cm–1 
was measured in monthly averaged samples during winter in the same field 
study (Table 2). For the experiments, NaCl was used for conductivity 
adjustment. 

Table 1. Characterization of the adsorbents used in this study 

 Filter bed density Specific costs Grain diameter
 kg m–3 € t–1 mm 
Zeolite 1a 0.5–2 
Zeolite 2b 1–3.5 
Zeolite 3b 

800–850 150–220 

1–3 
GFHc 1300 (650e) 3620 (1935e) 0.3–2 
Ferrosorpb 650 740 0.5–2 
Everzitd 640 1060 0.8–2 
a

bZeolith in Deutschland e.K. Waldsassen, Germany 
cGEH Wasserchemie GmbH, Osnabrueck, Germany 
d

eIf calcite (€250 t–1) is added in a 1:1 weight ratio 
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Everzit e.K. Hopsten, Germany. All Zeolites are Clinoptilolites 

Zeocem Vertriebsbuero Deutschland, 83064 Raubling, Germany 

were performed [4]. 

heavy metal concentrations. To assess sorption kinetics which is deter- 
mined by film and/or pore diffusion, specific column experiments
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Table 2. Road runoff matrix and concentrations chosen for the experiments 

 Road  runoff  
[1] 

Batch  
experiments

Column 
experiments 
(sorption) 

Column  
experiments 
(desorption) 

pH 6.5–7.5  6.3–7.1  7–7.5 7–7.5 
Electrical conduc-
tivity (µS cm–1) 

50–250, 
2300* 

100  100–150 2300 

Zn (µg L–1) 470 (SD 15) 50–1500 500–600 500–600 
Cu (µg L–1) 65 (SD 20) 50–1000 300–400 300–400 

SD: standard deviation 
*If de-icing salts are used in winter 

Sorption capacity 

The adsorbents were suspended into reaction tubes (PUR, 50 mL) filled 

time in the overhead shaker of 24 h. After equilibration, the samples were 
filtrated (0.45 µm, PES membrane, Oregon Scientific) acidified with 100 µL 
suprapure HNO3 (69%) and analysed with inductively coupled plasma 
optical emission spectroscopy (ICP-OES) (Spectroflame). To assess preci-
pitation or sorption, e.g., on tube walls, for each series, a blank sample 
without adsorbent was treated and analysed similar. The loading of the 
adsorbents was calculated based on mass balances.  

Sorption kinetics 

All sorption kinetics experiments were conducted with a pilot plant con-
sisting of s even uniform transparent polyvinyl chloride (PVC) columns 
with an inner diameter of 5 cm and a total length of 1 m each. A sieve with 
a mesh size of 0.3 mm was deployed 15 cm above the column end to retain 
the adsorbents. To build stable and water saturated adsorber layers, the 
adsorbents were filled during constant up-flow. The flow direction during 
the experiments was always downward and the flow rate was adjusted with 
a needle valve. All columns were fed from an elevated tank (12 L) which 
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hydroxyethylpiperazine-N′-2-ethanesulfonic acid (HEPES) and NaOH.
As kinetic experiments showed, equilibration was achieved after a residence

with a matrix described in Table 2. The pH was adjusted using N-2-
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achieve a constant water head in the elevated tank, it was operated in a way 
that the surplus pumped into this tank flowed back to the storage tank. 

Mass transport limitations due to film and pore diffusion were investi-
gated with a variable flow rate scheme. The flow rate is highest at the start 
of the experiment and is reduced stepwise from 8 to 1 mh–1. Afterwards, 
the flow rate remained constant at 1 mh–1 for 8 h before the same flow rate 
variation was applied again starting again with a filter velocity of 8 mh–1. 
All adsorber layers have the same height of 10 cm, including GFH which 
was mixed with calcite at 1:1 weight ratio. The pH was adjusted with 
NaOH, but not buffered. In the column experiments, Cu and Zn were 
added simultaneously to assess competing sorption. For this purpose Cu 
concentration was increased to 300 µg L–1 instead of 65 µg L–1 (Table 1). 

Desorption 

For the desorption column experiments, the NaCl content of the inlet was 
increased up to a value of 2.3 mS cm–1 (Table 1). This value is based on 
measurements in road runoff taken during winter months and is therefore 
realistic [1]. Desorption experiments were conducted after the column ex-
periments for assessing kinetics. After NaCl was added, a constant flow 
rate of 1 mh–1 was applied and sampling was done at regular intervals. 
Simultaneously, the electrical conductivity was measured. 

Results and discussion 

Adsorption capacity 

The adsorption of Cu and Zn onto the three zeolites is shown in Figure 1. 
Additionally, the fitted Langmuir adsorption isotherms are displayed.  
In order to achieve low effluent concentrations in an adsorber layer, high 
affinity is most important. In general, the affinity for Cu is higher than for 
Zn which is advantageous because Cu concentrations in road runoff are 
lower compared to Zn. 

The highest affinity for both metals is achieved by zeolite 3 followed by 
zeolite 2 and 1, which is confirmed by the decreasing parameter KL of the 
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was supplied by a pump from a larger storage tank (2 m ). In order to 3
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Fig. 1. Adsorption of Cu and Zn on three types of zeolite. Lines are fitted Lang-
muir adsorption isotherms. Langmuir parameters Smax (mg g–1), KL (l µg–1) are 
(Cu/Zn): Zeolite 1 (27, 9.6E-5/3.1, 9E-4), zeolite 2 (4.9, 0.003/3.6, 0.001), zeolite 
3 (2.8, 0.03/1.6, 0.018). pH was 6.9–7.2 for all experiments 

Langmuir isotherm (Fig. 1). As a consequence, zeolite 3 performs best. 
The sorption capacity at typical Cu and Zn concentrations in road runoff 
(Cu: 65 µg L–1, Zn: 470 µg L–1, Table 1) is almost 2 mg Cu g–1 and 1.5 mg 
Zn g–1 zeolite 3, respectively. However, since the dissolved metal fraction 
is only 20–40%, the real adsorption capacity is smaller. The sorption capa-
city of zeolite 1 is significantly lower, especially for Cu. 

The adsorption isotherms for ferric hydroxides are shown in Figure 2. 
As the adsorption of Cu and Zn onto ferric hydroxides is known to be 
strongly pH dependent, experiments were performed at pH between 6.3 
and 7.1, reflecting the lower range of pH measured in road runoff (Table 1). 
In general, the sorption capacity for Cu is higher than for Zn for all ferric 
hydroxides. For Ferrosorp and Everzit, the sorption isotherm is similar for 
Cu and Zn, except for the sorption capacity of Everzit at pH 6.3 for Zn, 
which is lower compared to Ferrosorp. The sorption capacity of GFH for 
Zn at pH 7 can be compared to Ferrosorp and Everzit at pH 6.3. The sorp-
tion capacity of GFH for copper at pH 6.5 is comparable to the capacity of 
Ferrosorp and Everzit at pH 7.1. 

At pH 6.3 (Ferrosorp, Everzit) and 7 (GFH), the adsorption capacity at 
typical Zn concentrations in road runoff (Zn: 470 µg L–1, Table 1) is 9.9, 
7.9, and 7.8 mg Zn g–1, respectively. At pH 7.1, these values are increased 
to 24 and 27 mg Zn g–1. Compared to zeolite 3, the sorption capacity is 5–6 
and 16–18 times higher. For copper (65 µg L–1), the relations are similar 
(9–11 times at pH 7.1 and 3–7 times at pH 6.3 and 6.5). 
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Fig. 2. Adsorption isotherms of Cu and Zn on ferric hydroxides. Calculated 
Langmuir isotherms reveal the suitability of this model. Langmuir parameter KL 
(l µ g–1) is (Cu/Zn): Ferrosorp pH 7.1 (0.006/0.001), Everzit pH 6.3 (0.007/0.001). 
For accurate estimation of Smax, more data would be required 

For the design of an adsorber layer, the filter bed density, expressed in 
grams of metals per cubic metre must be taken into account. As shown in 
Table 1, the filter bed density is highest for GFH. However, based on ex-
perimental results as well as on data of full-scale application, the addition 
of calcite sand in a 1:1 weight ratio stabilizes a GFH layer considerably 

or calcite layer to Ferrosorp, Everzit, and zeolites. 
Calculations of the total required amount of adsorbents based on the ex-

pected copper and zinc load in the road runoff reveal the following dimen-
sions at the given retention filter surface area. The filter bed height of a 
layer of zeolite 2 or 3 should be 40 cm for an operating time of 5 years, 
while a layer of GFH or calcite or Ferrosorp or Everzit with a height of 20 
cm can be operated theoretically for 10 years in minimum. It has to be no-
ticed that adsorber layer heights smaller than 20 cm should not be applied 
in practice. 

Sorption kinetics 

The results of the sorption kinetics experiments with the columns for zeo-
lites 1 and 3 and for Zn are shown in Figure 3. For all filter velocities, the 
effluent concentrations of copper from zeolite 1 are lower than from zeolite 3, 
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divided by two, resulting in a comparable specific density of GFH in a GFH 
[4]. Therefore, the specific GFH layer density given in Table 1 must be 

although the sorption capacity of zeolite 1 is lower than of zeolite 3 (Fig. 1). 



 M Steiner et al. 

Fig. 3. Zinc concentrations in the effluent of the columns with zeolite 1 and 3 with 
layer heights of 10 cm each (both series). pH in inlet and effluent was 7.1 

This can be explained by the smaller grain size range of zeolite 1 (Table 1), 
resulting in a higher specific grain surface area and therefore in a higher 
specific mass transfer to the grain surface (film diffusion). This experiment 
shows low mass transfer limitation at the beginning of the experiments due 
to no preloading of the surface and near surface sites. As film diffusion 
limitation decreases in parallel with flow rate, lowest effluent concentra-
tions can be observed at the beginning of the first flow rate variation at 
highest flow rate [5].  

For both zeolites, the effluent concentrations during series 2 are higher 
than during series 1. This is due to preloading especially at the surface of 
the zeolite layer resulting from series 1. At the end of series 1, only 8% and 
10% of the sorption capacity of the layers were used. Similar patterns can 
be observed for copper. 

As shown in Figure 4, the effluent concentration of Zn of all ferric hy-
droxides is significantly lower compared to the zeolites. The lowest effluent 
concentrations, especially at high flow rates, are observed for the GFH-
calcite layer (series 2). 

Effluent concentrations of the Ferrosorp and Everzit columns are up to 
three times higher at the beginning of each series compared to the ones of the 
GFH–calcite column. However, at decreasing flow rates, concentrations 
are comparable. In contrast to the zeolite experiments, differences between 
series 1 and 2 are small. Thus, film and pore diffusion limitations are lower  
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Fig. 4. Zn concentrations in the effluent of the ferric hydroxides columns. Layer 
heights are 10 cm each. Flow rates of series 1 and 2 are similar to Figure 3. pH in 
the inlet and effluent of the GFH–calcite layer was 7.4–7.6. pH in the effluent of 
the Everzit and Ferrosorp column pH was 8.8–9.0 

compared to the zeolites. Interestingly, the pH in the effluent of the Ferro-
sorp and Everzit layer was increased by 1–1.3 pH units. 

Due to the sand layer above the adsorber in the RRTP, the adsorber is 
expected to be operated at a filter velocity within a range of 0.5–1.5 mh–1. 
Therefore, the calculated adsorber bed height of 20 and 40 cm for zeolite 3 
and ferric hydroxides, respectively, based on sorption capacity and practi-
cal feasibility are sufficient, if a smaller grain size is applied for zeolite 3. 

Desorption of copper and zinc 

The results of the desorption experiments with zeolite 1 and 3 and the fer-
ric hydroxides are shown in Figure 5 for Zn. Samples were taken after inlet 
conductivity was achieved in the effluent. The results reveal that for both 
zeolites, significant desorption occurs, as Zn concentrations in the effluent 
actually exceed many times the inlet concentrations. Effluent concentra-
tions of the GFH-calcite are not affected by increased conductivity. In 
contrast, the Ferrosorp and Everzit columns show slightly increased con-
centrations in the first sample at 10 min. Obviously, the selectivity of the 
zeolites for Cu and Zn is not strong enough to prevent ionic back-exchange 
under high ionic strength. These results evidence that zeolites must not 
be used for road runoff treatment, if de-icing salts are applied in winter. 

461 



M Steiner et al. 

Fig. 5. Effluent concentrations of Zn during application of increased electrical 
conductivity of 2.3 mS cm–1 

Adsorber material for the full-scale treatment plant 

Based on the result of this study, zeolite 3 and Ferrosorp were chosen as 
adsorbents for the two full-scale retention filters. The main arguments for 
using zeolite 3 in one filter were the lower costs compared to Ferrosorp, 
and the possibility to test these two adsorbent under full-scale operating 
conditions, as an extensive monitoring system was installed. To cope with 
the de-icing salt problem, the RRTP will be operated in a way that during 
winter, only the Ferrosorp retention filter will be in use. 

Conclusions 

Zeolite 2 and 3 and all tested ferric hydroxides can be used as adsorbents 
for road runoff treatment, as their adsorption capacity and kinetics are high 
and fast enough to allow feasible adsorber layer heights and satisfactory 
run times in practice. For the RRTP, zeolite 3 with a smaller grain diameter 
and Ferrosorp were chosen for the retention filters. 

If zeolites are exposed to increased salt content, adsorbed copper, and 
zinc desorbs immediately and to a high extent. Therefore, zeolites are not 
applicable in RRTP, if de-icing salts are used. Ferric hydroxides were not 
affected by increased salt content due to specific sorption of copper and 
zinc. Therefore, one of the two retention filters of the RRTP equipped with 
zeolite 3 will not be in operation during winter time.  

For zeolite 3 and the ferric hydroxides, a layer height of 40 and 20 cm is 
required for a 5 and 10 years operation time, respectively, as filter velocity 
is expected to be below 1 mh–1. 
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Because this is a new system for road runoff treatment, it was agreed 
upon an extensive monitoring programme. This programme will be started 
in July 2006 and will give answers on the performance of each treatment 
component of the RRTP. 
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Abstract 

A pilot-scale system consisting of presedimentation and a saturated down-
flow reactive bed filter was used for cleaning highway runoff. Blast furnace 
slag (BFS) and Polonite were selected as filter materials. A total suspended 
solids (TSSs) removal of over 99% was achieved. High removal 
performance was observed for dissolved Mn, Ni, Co, and Cu. In contrast 
Al was released after filtration. Metals were retained in the upper layer of 
the bed filters while a desorption was suggested to take place in the 
downward layers. This was probably attributed to the elevated salt levels 
during winter and the intermittent operation. 

Introduction 

Highway runoff is being recognized as the most contaminated of the dif-
ferent kinds of storm water due to the loading from various sources con-
nected to vehicles, road construction, and road management. A relationship 
exists between an increasing number of vehicles and a rise in the pollutant 
load [1,2]. In Stockholm, Sweden, an elaborate investigation was carried 
out to assess the impact of runoff water on receiving water bodies. Roads 
and motorways were identified as important sources of pollutants. Runoff 
from highways with an annual average daily traffic (AADT) exceeding 
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30,000 vehicles, as a rule needed treatment to reduce the contaminant
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have been found to be a major contributor of pollutants in snow [4]. A study 
showed that the pollutant load could increase dramatically during the winter 
season when de-icing agents are utilized [5]. Other studies have shown that 
Zn, Cd, and Cu were mainly dissolved and Pb, Fe, and Al to a greater extent 
were particulate bound [6]. Furthermore the concentration of dissolved 
metals in road runoff can vary significantly between summer and winter [7]. 

The most common treatment method for runoff water is sedimentation 
[e.g., 8]. Various wetland systems have been utilized for extended pollutant 
removal purposes from highway runoff [e.g., 9–11]. In highly urbanized 
areas space constraints may limit the construction of large detention ponds 
or wetlands. Consequently, compact removal systems are of interest, for 
example, a filter system using reactive materials prepared from natural 
minerals or from by-products of steel production such as blast furnace slag 
(BFS). These filters could be a possible solution for the removal of colloi-
dal and dissolved metals in highway runoff where space is limited. How-
ever, runoff from highways displays elevated levels of TSS typically well 
exceeding 60 mg L–1 as reported by [7]. It is therefore necessary to remove 
solids before filtration. The reduction of solids can be achieved by sedi-
mentation or possibly also in combination with a chemical coagulant as 
discussed by [12]. 

Several low-cost filter materials for removal of heavy metals have been 
investigated [13] and these could be included in systems based on filter-
bed techniques [14]. Laboratory column and batch experiments have been 
performed with zeolites to assess their sorption of ammonium nitrogen 
[15, 16]. Various studies have been conducted on different filter materials 
for the removal of dissolved metals [e.g., 17–19]. These studies have been 
executed in laboratory scale and with metal concentrations far exceeding 
the dissolved and colloidal metal concentrations that can be found in high-
way runoff. No field studies have been performed to assess the removal of 
metals from highway runoff.  

In the present study, we tested two filter media for their ability to re-
move selected heavy metals from highway runoff. BFS and Polonite were 
used in the pilot tests. The experiment was carried out between October 
2004 and August 2005. The aim has been to determine the removal of the 
dissolved and colloidal metals during winter and summer. 
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cocentrations with regards to expected pollutant concentrations [3]. Other 
issues include seasonal variations, the impact of colder climates, the influence 
of road maintenance operations such as de-icing and snow ploughing, and
the use of friction tyres. Traffic, traffic-related activities, and road maintenance 
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Experimental 

Study area 

An area located at the northern exit of Stockholm City was selected for the 
study. A six-lane highway (E4) dominates the 6.7 ha catchment area with 
an AADT of 120,000 vehicles and a speed limit of 70 km h–1  

In order to reduce the pollutant load from the catchment area a treatment 
plant was constructed and commissioned in 1991. The treatment plant, 
named Eugenia, is located below ground and the runoff is transported by 
gravity to the intake chamber. 

Description of filter materials 

Polonite is a product manufactured from the cretaceous rock “Opoka” and 
is intended for use in wastewater treatment [20]. This material is known 
for its high sorption capacity of soluble phosphorus and usefulness for re-
cycling of nutrients in agriculture [21,22]. The particle size of the material 
was 2–5.6 mm and the pore volume was 45%. The Polonite was mixed 
with peat, less than 1% by weight, to avoid chemical clogging [23]. 

BFS is an industrial by-product resulting from the process of extracting 
iron from iron ore at steelworks. A manufactured product from Merox AB 
in Oxelösund, Sweden was used in our column experiment. A further 1% 
by weight of CaO was added to the BFS. The particle size of the material 
was 0.125–2 mm with a pore volume of 47%. 

Pilot trials 

A pilot-scale sampling system and filter system was constructed for the 
study (Fig. 1). A pump of type Flygt SXM 2, located approximately 0.5 m 
above the intake chamber floor, pumped the runoff to the tank. The tank 
was filled by the use of a floating switch device to control the volume of 
runoff. Sampling was started either automatically or manually. All material 
was plastic with exception for the pump of stainless steel. After each trial 
the check valve system was dismantled and thoroughly washed and hosed 
down with potable water, as was the tank.  
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Fig. 1. Experimental set-up: inflow (1), tank (2), level control discharge to col-
umns, peristaltic pump (4), sampling ports (5), column (6), discharge filter (7), 
level control filter (8), sampling vessel for filtrated water (9) 

Discharge to the columns (F1–F4) from the tank was carried out by 
peristaltic pump with a constant flow. Sampling was carried out during 
discharge from the sample port located at the level from which the water 
was pumped to the filters. Columns F1 and F2 contained Polonite and col-
umns F3 and F4 contained BFS. The four filter columns were made of 
PVC, each having an overall height of 90 cm and an internal diameter of 
30 cm. All columns were filled with filter material to a height of 60 cm. A 
sintered polycarbonate plastic plate with a height of 5 mm and 100 µm 
pore size was placed at the bottom of the filters to retain the filter materials. 
The filters were operated under saturated conditions and were saturated bet-
ween operations. Sampling of the treated water was carried out from a 25 
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(SWEDAC ISO/IEC 17025, Reg. number 1087). The metals were ana-
lysed by means of inductively coupled plasma sector field mass spec-
trometry (ICP-SFMS) and inductively coupled plasma atomic emission 
spectrometry (ICP-AES). Filtered samples (Sartorius 0.45 µm) were used 
for the analysis of soluble metals. Analysis of TSS, pH, and conductivity 
was according to Swedish Standard SS-EN 872, SS 028125, and SS-EN 
27888, respectively. A HACK 2100P ISO turbidity meter was utilized for 
turbidity measurements. The operating wavelength of the instrument was 
860 nm. The measuring range was from 0 FNU to 1000 FNU with a reso-
lution of 0.01. 

Calculation of the mass load of TSS was executed according to Eq. 1: 
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where “mTSS” is the mass load mg, “QF” is the discharges to the columns, 
“CTSS” is the concentration of TSS mg L–1 and “t” is the time of sampling. 
The mass load of metal was calculated according to Eq. 2: 
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where “mme” is the mass load of the metal µg and “C” is the sampled con-
centration of the metal. The calculation of the total concentration of a 
metal was done according to Eq. 3: 

 
10

me
1

i
i

i i

mmeC
V

=

=

= ∑  (3) 

 
where “Cme” is the metal concentration in the total volume discharged to a 
filter during the experiment. “V ” is the volume discharged to the filter dur-
ing a single pilot trial calculated according to Eq. 4: 

 
PiTrFV Q t= ⋅   (4) 

 
where, tPiTr, is the total pumping time during an individual pilot trial. 
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L plastic vessel. The samples were analysed at an accredited laboratory 
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Results and discussion 

TSS, pH, and conductivity measurements 

–1

Table 1 was 89.6 FNU and did not exceed 5.0 FNU in the treated water. 
The TSS concentration was below the detection limit in the treated water. 
The pH in the treated water was above 10 during the entire experiment. 

Metals 

For As and Hg, the analysed water samples were as a rule below the detec-
tion limit of the analysis method. The concentrations of the other studied 
metals are shown in Table 2. 

Table 2. Metal concentrations in the total discharge colume (2270 [1]) 

 Al Cd Co Cr Cu Ni Zn 
Cme (Total, µg L–1) 1883.0 0.205 7.0 9.0     31.0 5.0    179.0 
Cme (Dissolved, µg L–1)   21.9 0.149 4.7 3.2 14.2 3.0 97.9 
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Table 1. Parameters for the discharge to columns  

PT DBT 
(day) 

V (L) mTSS (mg) Cond 
(mS m–1)

pH 

1 0 150 600 15 7.1 
2 12 1626 2700 80 7.4 
3 6 225 17,000 100 7.4 
4 16 238 6500 2150 7.5 
5 11 210 3300 520 7.7 
6 32 250 25,500 160 – 
7 31 250 5300 1940 – 
8 35 260 20,900 764 – 
9 72 250 34,600 45 7.8 
10  90 275 7800 80 7.8 

A total of 64 grab samples were taken of the treated water. The total 
concentrations of Al, Cd, and Cr after passing through filters F1 and F2 

The pilot trials performed well without any hydraulic problems. The sur-
face load to the filters was 0.06 m h

conductivity and pH in the discharge to the columns (Table 1). The average
measured turbidity in the discharge. 

. No clogging was observed throughout
the experiment. The TSS load varied during the trials, as did the electrical
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were higher thus indicating that no reduction of dissolved matter has taken 
place particularly in the case of Al and Cr (Tables 2 and 3). For Co, Cu, 
Ni, and Zn a reduction of the dissolved part is suggested (Tables 2 and 3). 
The total concentration of Al after passing through filters F3 and F4 was 
higher indicating that no reduction of dissolved matter took place (Tables 2 
and 4). For Cd, Co, Cr, Cu, Ni, and Zn it is suggested that a reduction of 
the dissolved part occurred (Tables 2 and 4). 

Table 3. Total concentration of metals after F1 and F2 (treated water) 

 ATC 
F1 (µg L–1) 

SD ATC F1 Red.
DM (%)

ATC 
F2 (µg L–1)

SD ATC F2 Red. 
DM (%) 

Al 733.000* 268.000*  752.000 270.000*  
Cd 0.185* 0.264  0.167 0.250*  
Co 0.3*00 0.100 >94 0.300 0.1*00 >94 
Cr 13.9*00 8.500  14.000 8.7*00  
Cu 8.400* 8.200   60 7.700 8.300*   46 
Ni 1.9*00 1.300 >37 1.700 1.100*   43 
Zn 5.000* 2.600 >95 5.100 2.8*00 >95 
ATC average total concentration, SD standard deviation, DM dissolved matter 
*Analysis below detection limit 

Table 4. Average total concentration of metals after F3 and F4 (treated water) 

 ATC 
F3 (µg L–1) 

F3 SC 
ATC 

F3 Red. 
DM (%) 

ATC 
F4 (µg L–1)

F4 SD 
ATC 

F4 Red. 
DM (%) 

Al 390.000* 245.000  343 258.000*  
Cd 0.066* 0.036 >53 0.071 0.048* >52 
Co 0.2*00 0.100 >96 0.200 0.1*00 >96 
Cr 1.5*00 1.300 >53 1.500 1.3*00 >53 
Cu 1.5*00 0.800 >89 1.600 0.9*00 >89 
Ni 0.900* 0.600 70 0.900 0.500*  
Zn 4.000*  >96 4  >96 
ATC average total concentration, SD standard deviation, DM dissolved matter 
*Analysis below detection limit 
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After the pilot trials, F2 and F3 were dug out and the metal content in 
the filter materials were studied. The metal content in the original filter 
material are shown in Table 5. Hg and As was below the detection limit of 
the analysis method. Polonite showed an accumulation of Al203, Cd, Co, 
Cu, and Zn in the top layers (0–105 mm) of the filter material, but for the 
bottom layers (145–600 mm) a decrease in metal content was found. A de-
crease in metal contents of Cr and Ni was found throughout the whole of 
the filter material. BFS displayed an accumulation for Al2O3, Cd, Co, Cu, 
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Ni, and Zn in the top layers (0–165 mm) and decrease in the consecutive 
filter material. A decrease in metal content of Cr was found throughout the 
whole of the filter material.  

Table 5. Metal content in filter materials Polonite [1] and BFS [2] 

of the Polonite and BFS increases the portion of dissolved Al. Both mate-
rials showed a potential for removing the dissolved fraction of Co, Cu, Ni, 
and Zn. The BFS showed an overall better removal capacity for the dis-
solved fraction of all the studied metals. However, the analysis of the solid 
filter materials strongly suggests that leaching of all the studied metals had 
occurred during the pilot trials. The operation of the filters was intermittent 
with up to 90 days between operations (Table 1). During trial 4 and 7 the 
filters were exposed to elevated levels of road salt (NaCl) as shown by the 
increased conductivity [7]. The times between trial 4 and 5 and 7 and 8 
were 11 and 35 days, respectively. One possibility is that the elevated levels 
of sodium ions by ion exchange reactions mobilized metals in the filter 
materials. In the study by Brogowski and Renman [20] it was shown that 
the major components of Polonite were SiO2 (39.4%), CaO (42%), Al2O3 
(4.3%), and Fe2O3 (2%). The contents of Cr, Cu, Ni, and Zn in the original 
material were 58.6, 13.0, 26.9, and 121.3 mg kg–1 respectively. In the ana-
lysed Polonite sample the solid concentrations of SiO2, CaO, and Fe2O3 
were 59.4%, 24.2%, and 4.02%, respectively. These variations can be 
expected since the mined Opoka is a naturally formed rock. Seventy kilo-
grams of Polonite were used in the experiment. From this a 5 g sample was 
extracted for analysis of the solid material. Variations between the filter 
material in the columns and the sampled Polonite are a possibility. This 
may consequently challenge the conclusions drawn from the analysis of 
the solid samples. The BFS originates from a continuous and controlled 
industrial process thus the variations in the material are expected to be 
considerably less. The solid sample from BFS should be representative of 
the filter material used in the experiment. In accordance with this it is 
likely that leaching has occurred in both filter materials during the experi-
ment based on the result from the analysis of the filter materials. 

The set-up of the experiment is novel for a runoff water situation. The 
use of reactive filters for protecting sensitive recipients is of interest. Thus, 
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 Al2O3 
(%) 

Cd 
(ppm) 

Co 
(ppm) 

Cr 
(ppm)

Cu 
(ppm) 

Ni 
(ppm) 

Zn 
(ppm) 

1 5.68 0.22 4.110 88 27.10  25  35.1 
2 12.9 0 0.02 0.315 103 6.93 2.32 2  

The result from the water sampling suggests that the removal condition 
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further studies are of interest for elevated salt levels and the impact on the 
metal removal capability of filter materials. The surface loading during the 
experiment was comparable with that of slow sand filtration [24]. The 
results in this study showed no clogging during the experiment thus studies 
with raised surface loads are important. Furthermore, similar in situ studies 
should be executed utilizing continuous sampling of the filtrate or retriev-
ing the complete filtrate volume. 

Conclusions 

The filter materials Polonite and BFS performed hydraulically well with 

situation. The BFS showed better removal of the studied dissolved and col-
loidal metals. However, a release of Al was found from the BFS and Polo-
nite during the pilot trials. Metals were retained in the upper layer of the 
bed filters while desorption was suggested to take place in the downward 
layers. The high content of salt in runoff from highways in Nordic coun-
tries is considered to reduce the effectiveness of reactive bed filters in full-
scale treatment plants. 
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Abstract 

Introduction 

Storm water runoff is recognized as a major non-point source pollution 
that may deteriorate the quality of the receiving environment, in particular 
any receiving water bodies. For example, it is suggested that rainfall runoff 
may be a major reason for the impairment of several water bodies in the 
USA [1]. 

Many pollutants exist in the runoff (especially road runoff) and heavy 
metals (e.g., As, Cd, Cr, Cu, Ni, Pb, and Zn) are among the most important 
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and Urban Environment Symposium, 475–485.

In this study alumina and granulated activated carbon (GAC) are investi- 
gated as potential storm water filtration media by testing their heavy metal
(i.e., As, Cd, Cr, Cu, Ni, and Zn) removal efficiency in batch and column
experiments at a starting pH of 6.5. However, only Cu removal results
are presented here due to space concerns. It is found that the equili-
brium time for Cu sorption is 2 h for both sorbents, and that the Freundlich
adsorption isotherm moderately fits to the sorption data possibly due to
the fact that the isotherm fails to take into account the competitive sorp-
tion as well as possible precipitation. The results also suggest the presence
of humic acid (HA) suppresses the removal, while that of Fe colloids (FC)
(FC) is insignificant. 



pollutant group [2]. Among them Cu is of special interest here, as it is a 
major aquatic toxic metal in storm water [2]. Furthermore, storm water 
runoff (especially road runoff ) is an important source of Cu to the environ-
ment, and high concentration of Cu in road runoff is mainly due to tyres, 
brake pads, and car washing. Special interest should therefore be directed 
to Cu removal from storm water in order to reduce its quantities to accept-
able levels for protecting the quality of receiving waters. 

Storm water detention ponds are widely used to address the storm water 
quality and quantity problems. Although they may be effective at removing 
particulate form of contaminants, colloidal and dissolved pollutants includ-
ing heavy metals are not effectively treated in such systems. Therefore, 
secondary treatment is required to assure the removal of colloidal and dis-
solved pollutants including heavy metals. Here, filtration is postulated as a 
technically attractive (as it is not very complicated) and effective secon-
dary treatment option for metal removal from storm water runoff providing 
that highly efficient filtration media is used and its metal removal charac-
teristics (e.g., effect of reaction conditions, water composition) are under-
stood. 

The first part of the study is devoted to a brief literature survey on pos-
sible storm water filtration materials, while in the experimental part alumina 
and granulated activated carbon (GAC) are tested for Cu removal at the 
presence of As, Cd, Cr, Ni, and Zn; as they often occur along with Cu [2] 

the fate and transport of heavy metals [3] due to their very large surface 
area, which gives them a high capacity to sorb both essential and toxic 
trace metals [4]. Thus, the presence of HA and FC on the heavy-metal 
removal is investigated along with the effect of initial heavy-metal concen-
tration, reaction time and pH.  

Consequently, the main aim of this paper was to communicate some of 
the important findings of the research project, which had a long-term goal 
of developing filters for the secondary treatment of storm water, with fol-
lowing specific objectives: (1) to document the sorbent groups, which can 
be used for storm water filtration or may have a potential to be developed 
as filter media; (2) to test the efficiency of the alumina and GAC in batch 
and column tests in terms of their Cu removal efficiency at the presence of 
coexisting heavy metals; and (3) to investigate the effect of reaction time, 
pH, and the presence of HA and FC on the Cu removal. 
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and they can influence the Cu removal efficiency. On the other hand, humic
acid (HA) and Fe colloids (FC) are also important in terms of defining 
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Experimental methods 

In the batch trials the alumina and GAC are used to investigate the Cu 
removal at the presence of As, Cd, Cr, Ni, and Zn. Furthermore, the effect 
of reaction time, pH, HA, and FC on the Cu removal is tested. The sor-
bents particle size range was 0.6–1 mm, and the BET-N2 surface areas 
were 238.9 and 784.5 m2 g–1 for alumina and GAC, respectively. Initial 
heavy-metal concentration ranges were 1–1000, 5–2670, 7–2830, 12–1820, 
160–8640, and 110–52,300 µg L–1 for As, Cd, Cr, Cu, Ni, and Zn, respec-
tively. The ionic strength of the water samples was controlled using 0.01 
M NaCl, and all samples had 0.003 M NaHCO3 to minimize the pH 
changes during experiments. These concentrations were selected to mimic 
storm water conditions. 

When preparing batches with HA, a commercial HA purchased from 
Aldrich was used. Herein, the desired amount of HA powder is added to 
distilled water to prepare 1 g L–1 stock solution and then kept in UV bath 
for 10 min before preparing batches. In the case of batches containing FC 

–1, 
and then desired concentrations are prepared from diluting this stock 
solution. 

Column studies are conducted over a period of 180 days in 6 PE columns 
with 5 cm diameter and 15 cm height, the working volume of each column 
was 157 mL. Herein, columns were packed with alumina or GAC and used 
as fixed-bed up-flow reactors; influent water was pumped through alumina 
and GAC-packed columns with a peristaltic pump. Samples were taken 
daily (for the first part) or weekly (for the second part) and analysed for 
the metals in the influent and effluent water. Average influent heavy-metal 
concentrations were 8, 10, 14, 20, 24, and 220 µg L–1 for As, Cd, Cr, Ni, 
Cu, and Zn, respectively. 

Metal measurements 

All the samples were sent to a certified commercial laboratory (Analytica, 
Sweden) for quantifications of metals, where inductively coupled plasma 
atomic emission spectrometry (ICP-AES) or inductively coupled plasma 
sector field mass spectrometry (ICP-SFMS) were used. Detection limits 
were 1, 0.05, 0.5, 1, 0.5, and 1 µg L–1 for As, Cd, Cr, Cu Ni, and Zn,  
respectively. 
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the stock FC solution is prepared using the method of [5] at 1500 mg L
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Freundlich isotherm 

Amount of heavy metal adsorbed, qe (mg g–1), is determined for each sor-
bent by simply analysing the corresponding heavy-metal concentration be-
fore and after the treatment using the Freundlich adsorption isotherm given 
below: 

e
1log log log eq K C
n

= + , (1) 

where Ce is the equilibrium heavy-metal concentrations in the solution 
(mg L–1), and K and 1/n are adsorption constants. 

Results and discussion 

Literature survey 

The survey revealed that the number of studies on the sorbents or filtration 
materials directly used for storm water treatment are limited, thus the review 
is extended to include sorbents used for other water treatment purposes in 
view of the assumption that, at least, some of them can be potentially 
developed for storm water treatment purposes. The reviewed sorbents are 
divided into six different groups and some of the effective sorbents from 
the each group are presented below:  

1. Sand and sorbents prepared by coating to sand (e.g., BCS, ABCS, 
IOCS) 

2. Sorbents developed from waste materials (e.g., bauxsol, activated 
bauxsol [AB], FA, blast furnace sludge [BFS]) 

3. Sorbents reported as unconventional low-cost sorbents including 
biosorbents (e.g., wheat bran, mulch, activated oak shells, peat, bark, 
chitosan, canola meal) 

4. Geological or natural materials and oxides (e.g., zeolite, aluminum 
oxide, goethite) 

5. Sorbents developed in the laboratory (e.g., resin PAGA, polyacryl-
amide grafted hydrous tin (IV) oxide gel having carboxylate functional 
groups, nanostructured akaganeite) 

6. Commercially available sorbents (e.g., activated carbon, alumina, 
GAC, amberlite resin, granulated iron or ferric hydroxide) 
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Among them IOCS, sand, granulated ferric hydroxide (GFH) and zeolites 
are already tested in some storm water treatment facilities. On the other 
hand, blast furnace sludge, mulch, zeolites, goethite, resin PAGA, amber-
lite, peat, coir, and GFH is highlighted as efficient Cu removal sorbents. It 
is noted that a quantitative comparison of the wide range of sorbents is 
presented elsewhere along with the detailed results of the literature survey 
including sorbent capacities regarding to metals, and relevant experimental 

Cu removal using alumina and GAC in batch experiments 

The results of Cu removal using alumina and GAC in batch experiments at 
the presence of As, Cd, Cr, Ni, and Zn are presented in Figure 1. It is 
found that GAC is slightly more effective sorbent than alumina for Cu 
removal. The heavy-metal removal using GAC is primarily enhanced by 
its high porosity and high surface area, and the heavy-metal ions are  
attached to the surface bonding sites. It should be noted that the full out-

Fig. 1. Freundlich isotherms for Cu removal from storm water at the presence of 
As, Cr, Cd, Ni, and Zn using alumina and GAC with sorbent dosage of 20 g L–1, 
ionic strength of 0.01 M NaCl, starting pH of 6.5, and with 3 mM NaHCO3 

479

Here, the final pH after the shaking period is about 7.4 for alumina and 
8.7 for GAC. Similarly it is reported that heavy-metal removal is accom-

are attributed to the dissolution of the sorbents particles. It is suggested 
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conditions [6]. 

come of the batch investigation is presented elsewhere [7]. 

panied by pH increase when using GAC [8]. The observed pH increases 
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using the outcome of the PHREEQ-C speciation calculations (data shown 

during the sorption experiments (e.g., as Cu2CO3(OH)2) especially at higher 
initial heavy-metal concentrations. 

Freundlich isotherm is used to investigate the sorption data, but very 
well fits are not obtained possibly due to the fact that simple Freundlich 
isotherm fails to predict competitive adsorption (because of the multisolute 
adsorption, as competitive adsorption may result in mutual suppression of 
the adsorption capacity of each solute), and that precipitation may be domi-
nant mechanism at least at the higher initial metal concentrations, and thus 
the isotherm might have overpredicted the adsorption. 

Effect of time, pH, and the presence of HA and FC on Cu removal 

The effect of reaction time, solution pH, and the presence of FC and HA 
on the removal of Cu at the presence of As, Cd, Cr, Ni, and Zn is investi-
gated in batch tests using alumina, and GAC as sorbents, and the results 
are presented in Figures 2 and 3. Note that further results are presented 

Fig. 2. Effect of HA on Cu removal from storm water at pH 8.5 with initial heavy-
metal concentrations of ~1 mg L–1, ionic strength of 0.01 M NaCl, and with 3 mM 
NaHCO3 

480

Effect of reaction time on the removal 

It is found that the equilibrium time for Cu is about 2 h but a very minor 
sorption is continued at least up to 48 h. 

in [7]) that due to these pH increases some of the Cu may have precipitated 

elsewhere [9]. 
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Fig. 3. Effect of pH on Cu removal from storm water at the absence and presence 
of 100 mg L–1 HA using alumina, BCS, and GAC with the initial heavy-metal 
concentrations of 1 mg L–1 As, Cd, Cr, Cu, Ni, and Zn; ionic strength of 0.01 M 
NaCl, and with 0.003 M NaHCO3 

Effect of Fe colloids on the metal removal 

Effect of FC on Cu removal using the sorbents is tested and the results 
showed that the presence of FC has insignificant effect on the metal  

tion was 5 mg L–1; and in the batch experiments, where initial FC concen-
tration range was 5–50 mg L–1. 

Effect of humic acid 

The effect of 20 and 100 mg L–1 HA on the Cu removal is investigated, 
and it is found that Cu removal is suppressed due to the presence of HA 
(see Fig. 2), and the suppression is more pronounced at the higher HA 
concentration and when using GAC. It is noted that heterogeneous nature 

Cu removal is reduced from 99.3% to 76.3% when 100 mg L–1 HA is 
added to the GAC system, while the corresponding numbers for alumina 
is 95.5% and 79.6%, respectively. Cu is known to have higher affinity 
towards HA, thus it may have formed un-sorbable Cu–HA complexes. 
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removal [9] both in the column experiments, where initial FC concentra-

of HA is reported to make the metal sorption complicated [10]. Here, the 
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Effect of pH 

The pertinent data presented in Figure 3, indicates that the metal removal 
follows a similar pattern at the absence and presence of HA. In general, Cu 
removal is enhanced when pHpzc value of a sorbent is lower than the solu-
tion pH (as the surface is negatively charged). It is noted that the pHpzc 
values are generally about 9 for alumina and 6 for GAC. The observed Cu 
sorption at pH values smaller than pHpzc of the sorbent sorption at pH 
values greater than pHpzc indicates that sorption is governed by additional 
forces and not by electrostatic attraction. For example, when the surface 
charge and sorbate change are same then the sorption would take place 
either as specific sorption or via chemical interactions with enough energy 
to overcome the repulsive forces between the same charges. However, it is 
also noted that due to lower initial metal concentrations used the pH effect 
may not be entirely clear, as ∼100% removal is recorded for Cu at a wide 
pH range as can be seen from Figure 3. 

Cu removal in column experiments 

Sorption filters, filled with alumina and GAC, are used to remove As, Cd, 
Cr, Cu, Ni, and Zn when the metals coexist at the presence and the absence 
of HA or FC, and some of the results are presented in Figure 4. It can be 
seen from Figure 4 that alumina and GAC demonstrated very similar Cu 

The results indicated that the process is sensitive to both parameters, and 

lar results are observed in the batch tests. 
It is postulated that the metal removal in columns takes place with 

several processes including diffusion into mineral lattices, sorption onto 
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columns run at the absence of HA and FC providing better column perfor-
mance. It should however be noted that the magnitude of FC suppression
is quite small compared to that of HA. It is emphasized that the similar

organic matter. It is suggested that possibly the competitive adsorption of
filter media, if an organic film is formed then also sorption on natural

six heavy metals may have decreased the capacity of the sorbents for
Cu sorption. 

removal efficiencies, but GAC was slightly more effective as also obser-
ved in the batch tests both at the absence and presence of HA and FC. 
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Fig. 4. Cu removal from storm water in alumina and GAC columns. All feeding 
waters had 0.01 M NaCl, and 3 mM NaHCO3 at pH ~7. Columns those included 
FC or HM initial concentrations were 5 and 100 mg L–1, respectively 

Conclusions and suggestions 

In this study batch and column experiments are carried out to investigate 
the effect of reaction time, solution pH, and presence of HA and FC on the 
combined removal of As, Cd, Cr, Cu, Ni, and Zn using alumina and GAC 
as sorbents, and the following conclusions are drawn: 
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1. When using alumina or GAC the sorption of Cu at the presence 
of As, Cr, Cd, Ni, and Zn reached equilibrium approximately after 
2 h, but a very slow adsorption continued for 48 h.  

2. The batch results also showed that the sorption is highly affected 
by the solution pH both at the absence and the presence of HA, 
in general the sorption of Cu increased with increasing pH. 

3. The presence of FC had minor effect on the Cu removal both in 
batch and column experiments using the initial FC concentra-
tions as high as 50 mg L–1. In the case of HA a significant sup-
pression is documented for both alumina and GAC.  

Here experiments are carried out using synthetic storm water samples and 
effect of several parameters such as time, pH, presence of HA, and FC are 
checked to better understand the performance of the sorbents. It should 
however be noted that compared to the experimental solution used here, 
storm water has complex composition of pollutants, which are both bound 

thus field tests must be carried out under the light of the current laboratory 
findings for effective design of storm water filters for the secondary  
treatment. 

Acknowledgements 

This work is funded by Danish Research Council (Grant no.:26-03-0326). 
The laboratory technician Susanne Kruse from the same institute is also 
acknowledged for the contribution during the experiments. Thanks are also 
to Haldor Topsøe A/S, and Kemira Denmark for supplying the alumina 
and GAC, respectively. 

References 

1. USEPA (1996) National water quality inventory - 1996 Reports to Congress 
Office of Water, USEPA, Washington, DC 

2. Makepeace DK, Smith DW, Stanley SJ (1995) Urban stormwater quality: 
summary of contaminant data. Environ Sci Technol 25:93–139 

3. Grout H, Wiesner MR, Bottero J (1999) Analysis of colloidal phases in urban 
stormwater runoff. Environ Sci Technol 33:831–839 

484

temperature, and location. Clearly, the laboratory experiments stimulating the 

to particulates fractions and or exist in dissolved form in the water. Further-
more, the concentration of metals in storm water changes with time, 

exact storm water conditions are rather difficult, if not impossible, and 



Designing filters for copper removal for the secondary treatment  

4. Dario M, Ledin A (1997) Sorption of Cd to colloidal ferric hydroxides-impact 
of pH and organic acids. Chem Spec Biol 9:3–14 
Pedersen HD, Postma D, Jacobsen R, Larsen O (2005) Fast transformation of 
iron hydroxides by the catalytic action of aqueous Fe(II). Geochim Cosmochim 
Acta 69:3967–3977 
Genç-Fuhrman H, Mikkelsen PS, Ledin A. Filtration materials for stormwater 
treatment: a review (in preparation) 

As, Cd, Cr, Cu, Ni and Zn from stormwater: experimental comparison of 11 

Chen JP, Wang X (2000) Removing Copper, Zinc, and Lead Ion by granular 
activated carbon in pretreated fixed-bed columns. Sep Purif Technol 19:157 

and iron colloids on the heavy metal removal (in preparation) 

(2001) Molecular scale characteristics of Cu(II) bonding in goethite-humate 
complexes. Geochim Cosmochim Acta 65:1355–1366 

485

different sorbents. Water Res 41:591–602 

5. 

6. 

7. 

8. 

10. Alcacio TE, Hesterberg D, Chou JW, Martin JD, Beauchemin S, Sayers DE 

9.  Genç-Fuhrman H, Mikkelsen PS, Ledin A. Effect of, time, pH, humic acid 

Genç-Fuhrman H, Mikkelsen PS, Ledin A (2007) Simultaneous removal of 



Modelling the oxygen mass balance of wet 
detention ponds receiving highway runoff 

HI Madsen, J Vollertsen, T Hvitved-Jacobsen 

Section of Environmental Engineering, Aalborg University, 9000 Aalborg, 
Denmark 

Abstract 

The dissolved oxygen (DO) concentration is a central quality parameter for 
the performance of wet detention ponds used for storage and purification 
of storm water runoff from urban catchments and roads. A dry weather DO 
mass balance model was established for two ponds based on measured data 
and empirical relationships for the governing processes. The results of the 
DO model were used in a risk assessment for occurrence of low DO 
concentrations. An evaluation of design criteria for wet detention ponds 
was accomplished in terms of DO influencing parameters like water depth, 
temperature, and wind speed. 

Introduction 

A wet detention pond (wet pond) is a pond with a permanent water pool 
designed for storage and purification of storm water runoff from impervi-
ous surfaces. The pond behaves like a small shallow lake purifying runoff 
water through naturally occurring processes like sedimentation, biodegra-
dation, adsorption, chemical precipitation, and plant uptake. The design of 
wet ponds is in general based on rather crude information like empirical 
equations for pollutant removal efficiency and runoff load [1]. In order to 

G.M. Morrison and S. Rauch (eds.), Highway and Urban Environment: Proceedings of the 8th Highway  

© 2007 Springer. 

487

and Urban Environment Symposium, 487–497.



HI Madsen et al. 

the chemical, biological, and hydraulic processes occurring in the ponds 
under wet and dry weather conditions. 

The dissolved oxygen (DO) concentration is a central quality parameter 
for the performance of a wet pond, potentially critical during long dry 
summer periods where the DO consumption is high, the solubility of 
oxygen in water is low and the calm, dry weather can result in a low 

–1). 
The objective of this study is to develop a dry weather model for 

prediction of DO concentrations in wet detention ponds. The model is used 

particularly water depth, wind speed, and temperature.  

Model set-up 

A number of parameters need to be considered when setting up a reliable 
DO model. A wet pond is an ecosystem with characteristics similar to both 
a shallow lake and a wetland. The existing knowledge of modelling such 
systems can therefore be applied. Ecosystems consist of numerous 
interacting processes affecting the DO concentration. However, in case of 

performance of wet ponds has a low data requirement. Only simple 
empirical expressions that are central for the DO mass balance should be 
considered and included in the model, but the model should under such 
constraints still result in a reliable determination of design criteria. It is 
therefore a major task to assess which DO influencing processes should be 
included and to exclude those of minor importance. In this respect it is 
crucial that field studies have been performed as a basis for assessment of 
the feasibility of such a very simple DO model for design purposes. 
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optimize the design of these ponds, more detailed knowledge is needed on 

organisms and fauna present in downstream receiving waters. Further- 
more, anaerobic conditions at the bottom of a pond, may lead to noxious 
smell and changed redox conditions resulting in, e.g., release of phos-
phorus and heavy metals [2]. It is therefore crucial to maintain a rela-
tively high DO concentration (e.g., above 2 mg L

reaeration rate and a low degree of mixing. Discharge of water from a
wet pond with a low DO concentration can have severe impacts on the

wet detention ponds. These design criteria are expressed in terms of
in an assessment of design criteria influencing the DO concentration in

fore considered important that a DO model for risk assessment and
design of wet ponds, rather limited information is available. It is there-



Mixing conditions 

Transport and mixing in lakes are often controlled by dispersion affected 
particularly by the wind at the water surface and temperature gradients 
[3,4]. In small lakes, the water currents are usually unevenly distributed 
because of shelter and boundary flow, but both horizontal and vertical 
gradients tend to be smoothed by wind [5,6]. Furthermore, shallow lakes res-
pond more readily to variations in meteorological conditions compared to 
deep lakes [7]. 

Wind at the water surface mixes the lake water to a limited depth, result-
ing in a density difference, whereby thermal stratification may occur [6]. 
Stratification in shallow lakes is generally rare due to mixing by wind, 
however, varying with day and season stratification occurs [8]. 

Some of the eutrophication models for lakes include DO-influencing 
processes and most of these models are constructed as box models [3]. The 
lake is divided into a number of completely mixed boxes, where the trans-
port in and out of each box is taken into account. This model type is typi-
cally used where full mixing does not occur. It is therefore important to 
determine the mixing conditions in the pond prior to modelling. 

Based on the above-mentioned facts, permanent stratification is not 
expected in a shallow wet pond. The extent of mixing depends on the loca-

The water mass balance 

The water mass balance consists of inflow, outflow, evaporation, precipita-
tion, seepage, and infiltration. In case of a dry weather model, inflow, out-
flow, and precipitation can be omitted. 

The evaporation rate depends on relative humidity, temperature, and 
wind velocity [9]. Lake evaporation was found to vary from 0.6 to 5.4 mm 
day–1 in a Swedish lake measured from June to September (surface area: 
35 km2 and average depth: 1.2 m) [10]. In a shallow lake, the presence of 
vegetation reduces the water loss in comparison with evaporation from an 
open water surface [11]. The evaporation may therefore be neglected for 
short simulation periods. 

Seepage and infiltration can be considered negligible, however, depend-
ing on the soil porosity, the methods used for pond construction and the 
pond management practices [12]. 
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tion of the pond, amount of shelter, water depth, etc. It is therefore consi-

by addition of a conservative tracer like Rhodamine WT. 
dered essential to examine the mixing conditions prior to modelling, e.g.,
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The oxygen mass balance 

An outline of the DO influencing parameters in a wet pond is shown in 
Figure 1. Chamber measurements can provide parameters for a DO model, 
however, the experimental procedures suffer from several problems like 
non-representative sampling, disruption of the enclosed benthic commu-

gested, where it is assumed that increases in DO during the day are mainly 
due to photosynthesis, while decreases during the night are caused by res-
piration [15]. It is stated that the greatest difficulties with this method are 
the inaccurate corrections for reaeration and problems with precise meas-
urements of small DO variations [16]. 

Reaeration 

One of the most important factors that affect the air–water mass transfer 
rate of oxygen is the wind speed at the water surface [17]. The relation bet-
ween the oxygen mass transfer rate and wind speed has been measured in 
three wet detention ponds using a tracer gas method with propane as the 
tracer gas [18]. The basic of this method is a constant ratio between the 
mass transfer rate for oxygen absorbed by water and the mass transfer rate for 
a tracer gas desorbed by the same water volume. The empirical result of 
this study is shown in Eq. 1.  

 L (20) 0.11 0.44K w= ⋅ +   (1) 

where KL(20) is the oxygen air–water mass transfer rate at 20°C (m day–1) 
and w the wind speed (m s–1). The empirical equation is valid in the inter-
val 1–8 m s–1 [18]. 

 

Fig. 1. The DO influencing parameters in a wet pond. P is the photosynthesis,  
R the respiration, and SOD the sediment oxygen demand 
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in situ methods based on diurnal changes in DO concentrations were sug-
nity, nutrient depletion, and scaling up to real systems [13,14]. Instead,



Application of Eq. 1 in the DO model yields a good estimate for the 
reaeration rate in the valid interval, solving the difficulties previously men-
tioned with inaccurate corrections for reaeration in the methods based on 
diurnal changes in DO concentrations. 

Sediment oxygen demand 

Sediment oxygen demand (SOD) includes both biological respiration and 
chemical oxidation of reduced substances [15]. The SOD rate can be con-
sidered constant over time, depending on the duration of the simulation 
period. The SOD rate is site specific, but is typically in the range 1–5 g O2 
m–2 day–1. 

Photosynthesis 

Photosynthesis by plants and algae in the water phase depends primarily 
on three external parameters: Temperature, solar radiation, and the avail-
ability of nutrients [19]. At low light intensities, photosynthesis is directly 
proportional to the intensity of the solar radiation [20]. The variation in solar 
radiation during the day can be modelled as a cosine function with a 
maximum photosynthesis at noon [21]. 

Additionally, a number of models exist with nutrients as the limiting 

Respiration 

Aerobic respiration of organisms and plants is the utilization of organic 
matter for energy and biomass growth, whereby, the DO concentration in 
the water phase is affected. Respiration is primarily determined by the type 
of organism, biomass size, and the temperature [9]. The respiration rate 
can normally be considered constant over short periods [15,19]. 

Materials and methods 

The field sites used as basis for the development of the DO model consists 
of two wet detention ponds located in North Jutland, Denmark. The wet 
ponds receive surface water from a highway (E45) with an average daily 
traffic load of 9500–12,300 vehicles. Physical properties and location for 
each pond are shown in Figure 2. 
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factor, but in general it can be assumed that wet ponds are not nutrient limi-
ted due to a relatively low retention time and large inflow of nutrients. 
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Fig. 2. Outline of the two ponds and sampling locations 

The DO concentration was measured using an Evita Oxy 150 transmitter 
(Hach Lange, Denmark) with an accuracy of 0.5% of saturation. The DO 
concentration was logged in both ponds every minute during the period 
from 8 September to 20 October 2005. The transmitter was placed 0.18 
and 0.64 m above the bottom in ponds 1 and 2, respectively. 

Data for solar radiation, wind speed, and air temperature was obtained 
from a weather station operated by the Danish Meteorological Institute 
(DMI). The station is located in Aalborg 25–30 km from the two ponds. A 
comparison of wind speeds measured at two weather stations located in the 
same region and with a distance of 25 km shows similar variations [18]. It 
is therefore assumed, that the variations in weather conditions obtained in 
Aalborg is valid at the field sites. The data was recorded every 10th min. 

The mixing conditions in the ponds were studied by addition of a con-
servative tracer, Rhodamine WT. After addition, samples for Rhodamine 
WT determination were drawn at four locations in each pond with time inter-
vals of 5–10 h (Fig. 2). The concentration of Rhodamine WT was measured 
on a RF-1501 spectrofluorophotometer with the excitation and emission 
set to 558 and 582 nm, respectively. The outcome of the mixing experi-
ments is used to determine the number of boxes applied in the model.  

The DO model applied is shown in Eq. 2. 

 L S
d SOD( ) ( )
d
C K a C C P t R
t H
= ⋅ − + − −  (2) 

where C is the DO concentration (g m–3), t the time (d), a the surface area 
per unit volume (m–1), Cs the DO concentration at saturation (g m–3), P(t) 
the photosynthesis (g m–3 day–1), R the respiration (g m–3 day–1), SOD the 
sediment oxygen demand (g m–2 day–1), and H the pond depth (m). 

Two different functions for photosynthesis were used: a cosine function 
and a function of monitored solar radiation. The photosynthesis is inhibited 
below a certain depth, which is found from calculations with the calibrated 
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parameters from pond 1 in the model of pond 2, while it is presumed that 
no light inhibition occurs in pond 1, because of the low depth. 

The SOD rate and respiration rate were assumed constant during the 
modelling period. The reaeration, SOD, and respiration were temperature 
dependent. The time step for modelling was set to 10 min. The model was 
calibrated by minimization of the root mean square error (RMSE), which 
expresses the deviation of the modelled data from the measured data. 

Results and discussion 

The results of the experiments with Rhodamine WT in the two ponds 
showed that full mixing occurred relatively fast (within 20 h). The model 
applied is therefore a box model with one completely mixed box. 

The two different functions for photosynthesis gave almost identical 
results, which reconfirms that the solar radiation is approximately a cosine 
function of time. The cosine function is used in the final modelling due to 
less input requirements.  

The results from calibration and validation of the model with data from 
pond 1 are shown in Figure 3. Most of the time, the model fits the meas-
ured data well for both the calibration period and the validation period. 
The model fits the measured data poorly on 22 September and 15–17  
October, which is believed due to problems with correct modelling of the 
DO concentration at low wind speeds (cf. Fig. 3). The wind speed influences  

Fig. 3. Calibration and validation of the model for pond 1 (T = 12°C) 
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Fig. 4. Calibration and validation of the model for pond 2 (T = 12°C) 

the reaeration rate, which was found from tracer gas experiments in the 
two ponds (Eq. 1). The modelling results indicate that the influence of wind 
on the reaeration rate is not as pronounced at low wind speeds as found in 
the tracer gas experiments. The model can therefore not be applied at low 
wind speeds (lower than 2 m s–1). 

A similar calibration and validation were done with the data from pond 
2 (Fig. 4). The validation of the model is relatively poor in the period 5–6 
October, which is believed due to the low wind speeds during the period. 

Table 1 shows three calibrated parameters for the models in ponds 1 and 
2. The models for the two ponds result in almost similar parameters. The 
SOD rates are in the upper interval of SOD values previously mentioned, 
which may be due to a high inflow of organic matter and nutrients. 

Table 1. Values for three calibrated parameters for the model in ponds 1 and 2 

 SOD
 (g O2 m– 2 day–1) 

R
 (g O2 m–3 day–1) 

Pm  

Pond 1 3.78 6.10 8.50 
Pond 2 4.36 6.44 8.20 

m

m
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P  is a dimensionless oxygen production (P( t) = 

meter 
P ⋅cos(π⋅x⋅t)) [21], x is a daytime-dependent para-



Fig. 5. The influence of temperature and wind speed on the maximum allowable 
pond depth applied in order to avoid average DO concentrations below 2 mg L–1. 
The calculations are done under steady state conditions 

The model is used for assessing a maximum pond depth in order to 
avoid DO concentrations below 2 mg L–1. The influence of wind speed and  
temperature on the maximum pond depth under steady state conditions is 
shown in Figure 6. In Denmark, the summer temperature in a pond may 
reach 20°C during a short period, but a normal average summer temp-
erature is 15°C. With a wind speed of 4 m s–1 a maximum pond depth is 
approximately 1.75 m (Fig. 5). 

The DO concentration in pond 1 has been simulated with measured 
wind speed data from 7 July to 28 October 2005. In this simulation, the total 
time with DO concentrations below 2 mg L–1 and the longest period with 
DO concentrations below 2 mg L–1 were examined. As an example, a temp-
erature of 15°C and a pond depth of 1.4 m would result in a DO concentra-
tion below 2 mg L–1 in 6% of the time with the longest period of 1.6 days. 

 
Fig. 6. Total time and longest period with DO concentrations below 2 mg L–1 
during the period from 7 July to 28 October 2005 
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Conclusions 

The results of this study are based on measurements in real wet detention 
ponds and add new knowledge to an improved pond design for maintain-
ing aerobic conditions. The present study is therefore also a step in the 
direction to obtain more solid design criteria for wet detention ponds  
receiving storm water runoff from urban catchments and roads. 

A simple model can simulate the DO variability well. Under Danish 
climate conditions, a recommendation for a maximum pond depth is in the 
order 1.25–1.5 m with this model. Furthermore, it is important to restrict 
the amount of shelter around the pond. 
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Abstract 

A wet pond in Oslo, Norway, receiving highway runoff was studied. The 
pond was equipped for continuous monitoring of inflow and outflow. 
Samples were collected over a 1-year period and analysed. The treatment 
performance was documented and an adverse effect of snowmelt runoff 
observed. The wet pond was modelled by routing the measured flow 
through the pond and simulating pollutant removal by first-order kinetics. 
The relative importance of the permanent pool of water and the design 
storm storage was assessed with respect to pollutant removal. 

Introduction 

Storm water runoff from highways and roads contain numerous pollutants 
in significant concentrations. The effects of the pollutants on the receiving 
waters are manifold and depend on the receiving water body as well as the 
pollutants discharged. For example, the discharge of phosphorous to lakes 

runoff in cold climates 
of a wet pond for treatment of highway 
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and estuaries causes eutrophication, whereas heavy metals and organic 
micropollutants accumulate in organisms, causing toxic effects. Resent 
investigations have clearly shown ecotoxicological effects on the receiving 
environment from storm water discharges [e.g., 1]. 

Treatment of storm water runoff is needed to ensure good ecological 
quality of receiving sensitive surface waters. Technologies for treatment 
must be robust, dependable, and easy to operate. They must furthermore be 
suitable for managing an intermittent and highly variable rainfall pattern. In 
addition hereto, the technologies must be appropriate to treat rather dilute 
pollutants as they occur in storm water runoff. Among the commonly used 
technologies, wet ponds have proven efficient performance and are in many 
cases the technology chosen for storm water treatment. 

The Norwegian Public Roads Administration has made extensive use of 
wet ponds, and decided to study the performance of such a pond under 
Norwegian climate conditions. They constructed a wet pond in the greater 
Oslo area and equipped it with devices for continuous monitoring. It is the 
objective of this study to analyse the monitored data and draw generalized 
conclusions for the future design of wet ponds. 

Methods 

Site and pond characteristics 

The wet pond investigated was constructed in 1998–1999 to protect a small 
river (Ljanselva) from pollution caused by runoff from the E6 highway 

 

Fig. 1. The Skullerud junction on the E6 highway 

(Fig. 1). The highway is located in the greater Oslo area and is heavily
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Table 1. Pond dimensions, cf. Figure 2 

 Surface area 
(m2) 

Volume 
(m3) 

Depth 
(m) 

Permanent pool, silt trap 68 103 1.5 

Permanent pool, earthen pond 910 710 0.8 

Design storm storage, silt trap 68 14 0.2 

Design storm storage, earthen 
pond 

1034 194 0.2 

 

The inlet pipe to the pond is a 400 mm PVC pipe, entering the silt trap 
below the water surface (Fig. 2). From the silt trap, the storm water enters 
an earthen pond with a length to width ratio of approximately 4:1. The 
outflow structure of the pond is a submerged 315 mm PVC pipe. 

 

Fig. 2. Schematic layout of the Skullerud storm water pond 

Starflow 6526-21 were placed as part of the permanent structure. The flow
meters return the flow velocity as well as the water pressure; the later is inter- 
preted as the pond water level. The accuracy of the water pressure reading 

traffic-loaded with an ADT of 42,000 vehicles per day. The pond serves a 
paved area of 2.2 ha, of which 1.5 ha are the road surface of the E6, 0.5 ha 
are the paved surfaces of the junction ramp, and 0.2 ha are walkways and 
bikeways. The pond furthermore serves a vegetated area of 1.2 ha. 

When designing the wet pond, no significant reduction in peak flow 
prior to discharge to the river was required, and the pond was consequently 
designed with a large permanent pool and a modest design storm storage 
capacity (Table 1), i.e., the pond was designed for storm water treatment 
but not for peak flow reduction. The hydraulic retention time was designed 
to 72 h with a return period of 3–4 year–1 [2,3]. 
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At the inlet and the outlet, full-flowing magnetic flow meters of type 
The pond was constructed for detailed monitoring of flow and pollutants. 



is 3 mm and the accuracy of the flow reading is 2% of the measured value. 

–1 and 1.5–318 L s–1

Storm water sampling 

One autosampler for water quality monitoring was placed at the inlet to the 
silt trap and another autosampler was placed at the outlet of the earthen 
pond. Subsamples were taken for every 8 m3 of incoming and outgoing 
storm water. The samples were analysed after each runoff event.  

The pond was intensively monitored during the period 1 May 2003 to 30 

Each composite sample was analysed for water quality parameters 
according to Norwegian standards (in principal following internationally 
recognized standard methods): Total PAH, 4-PAH [benzo(b)-fluoranten, 

Wet pond simulation 

Pollutant removal and residence times were simulated dividing the pond 
into n completely mixed compartments. The compartments were coupled in 

outflow. Evaporation and precipitation on the pond surface were omitted 
as these contributions were minor compared to the inflow and the outflow. 

Removal of a pollutant I was simulated by first-order kinetics according 
to Eq. 1 as proposed by, e.g., Mitsch et al. [5], kc being a first-order rate 
constant. Even though such simple kinetics does have limitations when 
simulating wet ponds [6], they are believed a reasonable choice where the 
detailed processes are not well defined or well understood [2,7]. 

The measuring range for the inlet and the outlet flow meter is 2.6– 
565 L s , respectively. It is estimated that 5–10% of the 
total runoff is below the detection limits of the inlet flow meter. Pre-
cipitation is continuously measured by a tipping bucket rain gauge of type
Young 52202. 

April 2004. During this period, a total of 28 composite samples were col-

the measured incoming storm water. 
lected from the inlet and from the outlet. The samples covered 87% of

phor (molybdate reactive phosphor according to Blakar and Løvstad [4]), 
lead, cadmium, copper, zinc, pH, and conductivity. 

benzo(k)fluoranten, benzo(ghi)perylen and indeno(1,2,3-cd-)pyren], oil and 
fat, suspended solids, total nitrogen, total phosphor, bioavailable phos-

tantaneously. The pond water balance consisted of inflow, storage, and
series and volume equalization between the compartments occurred ins-
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d
C k C
t
= −  (1)

Pond residence times were simulated by adding a virtual tracer each 
minute during inflow, and following the added tracers through the pond. 
The residence time of the water volume was defined as the time until half 
the tracer added to that water volume had left the pond. 

Results and discussion 

Treatment performance 

The accumulated precipitation during the monitoring period was 620 mm 
and the accumulated runoff was 16,003 m3. Viewing the accumulated 
runoff together with the accumulated precipitation (Fig. 3), it was observed 
that the ratio between runoff and precipitation was rather constant over the 
summer period. However, around November the proportion of runoff to 
precipitation increased drastically. 

Defining the effective catchment area (Aeff) as the accumulated runoff 
(ΣQrunoff) divided by the accumulated precipitation (ΣPcatchment), the runoff 
coefficient Φ is defined by Eq. 2, where Atot is the total catchment area. 

 

runoff eff

catchment tot tot 
Q A

P A A
Φ = =∑

∑
 (2)

 

Fig. 3. Accumulated runoff and accumulated precipitation 
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accumulation on the catchment surface and evaporation. Figure 4 shows
the runoff coefficient calculated on a monthly basis. From 1 May 2003 to 
mid November 2003, Φ is on average 0.47, corresponding well with the 
fact that 65% of the total catchment area is paved. However, as the weather 
gets colder, Φ increases, and in the months of December, February, and 
March, Φ exceeds to 1. 

In terms of the efficiencies achieved, the annual treatment performance 
of the pond (Table 2) is good compared to what is typically reported for 
wet ponds treating highway runoff [8]. However, scrutinizing the variation 
over the year, it becomes clear that two large snowmelt events in February 
and March 2004 – causing 28% of the annual runoff volume (Fig. 3) – result 
in disproportionate amounts of pollutants to be discharged from the pond, 
e.g., for total phosphorous, 70% of the annual discharge from the pond 
originates from these snowmelt events. The treatment efficiency for all 

Studying the same pond, Vollertsen et al. [7] conclude that an important 
factor for the high amounts of pollutants discharged during snowmelt periods 
is that the pond is ice-covered. Hereby the hydraulic retention time 
becomes severely reduced, causing diminished treatment efficiency and to 
some extent resuspension of pond sediments. 

Fig. 4. The runoff coefficient calculated on a monthly basis, cf. Eq. 2 (left graph) 
and the air temperature (right graph) 

It is likely that saturation or freezing of the soil surface causes some de-
crease in the perviousness of the unpaved parts of the catchment, corre-
sponding to an increase in Φ. An increase to values above 1, however, 
calls for other explanations. One possible cause is melting of snow that has 
accumulated over several months. However, analysing all of the period 
from 1 Octoberto 30 April still yields a runoff coefficient of 1.26; i.e., the 
surrounding area must contribute to the runoff during snowmelt events. 
Looking at the Skullerud junction (Fig. 1), it is reasonable to assume that 
the wood-covered slopes surrounding part of the highway were the origin 
of this additional runoff. 

is dictated by losses due to infiltration through permeable surfaces,
In theory, the runoff coefficient can never exceed 1, and in practice Φ 

pollutants therefore increases significantly when omitting the large snow-
melt events in the calculations (Table 2). 
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Table 2. Annual treatment performance of the pond 

Residence times 

Residence times were calculated with a compartment number of n = 100. 
Further increase in n did not influence the outcome of the simulations. 
Residence times were calculated including as well as excluding the 
snowmelt runoff periods of February and March 2004 (Fig. 5). A 
comparison of the two calculations shows that the short residence times 
belonged to the snowmelt runoff periods and that the residence times the 
rest of the year was well above 3 days. 

Fig. 5. Residence time distributions including (left graph) and excluding (right 
graph) the snowmelt runoffs in February and March 2004 

Inlet
(kg year–1) 

Outlet 
(kg year–1)

Overall 

efficiency
(%) 

snowmelt 
(%) 

Suspended solids 3790 .0000 0 582 .00 0 85 93
Total phosphorous 8.81000 3.59000  59 84 
Bioavailable phosphorous 5.31000 2.00000  62 88 
Total nitrogen 20.40000 14.40000  29 37 
Oil and fat 67.90000 12.00000  82 89 
Total PAH  0.02420 0.00350  86 92 
4-PAH  0.00589 0.00067 89 96
Lead  0.23400 0.05600  76 83 
Cadmium  0.00285 0.00115 60 70
Copper  1.17000 0.50000  58 66 
Zinc  3.74000 1.07000  71 81 

Treatment effi-
treatment  ciency excl. 
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Pollutant removal kinetics 

Table 3. First-order rate constant including and excluding snowmelt runoff 

The pollutant removal was simulated with a compartment number of n = 3, 
as a higher number of compartments did not result in an improved simula-
tion of the variability in pollutant removal over the year. However, it 
should in this context be noted that the value of kc (Eq. 1) depends not only 
on the pollutant removal to be simulated, but also on the number of com-
partments chosen. Table 3 gives the determined removal rate constants 
including and excluding the snowmelt events, and shows that some of the 
achieved first-order rate constants increased significantly when excluding 
the snowmelt runoff events from the simulations. Others, on the other 
hand, were unchanged or actually decreased when excluding these events. 

Based hereon, it seems that process kinetics (cf. Eq. 1) are not necessar-
ily affected by the snowmelt runoff, and that the reduction in treatment 
efficiency to a large extend is due to a reduced residence time, i.e., the 
causes of the observed reduced treatment efficiency during snowmelt run-
off are mainly a reduction in treatment time and only to a lesser degree due 
to reduced removal rate constants. It is therefore expected that erosion of 
deposits plays a minor role for the performance during snowmelt periods. 

Applying a similar model but only 1 completely mixed compartment, 
Hvitved-Jacobsen et al. [2] simulated the treatment for suspended solids 
and phosphorous. They simulated eight ponds in the USA and one pond in 
Denmark, and found specific first-order rate constants (kc) for dissolved 
phosphorus, particulate phosphorus, and suspended solids to 0.1, 0.35, and 
0.5 day–1, respectively. When comparing with the values of Table 3, it 
should be kept in mind that the more compartments are applied, the lower

 Kc including 

(day–1) 

c

(day–1) 

Suspended solids 0.570 0.550 
Total phosphorous 0.077 0.160 
Bioavailable phos-
phorous 

0.081 0.250 

Total nitrogen 0.017 0.022 
Oil and fat 0.530 0.290 
Total PAH 0.520 0.510 
4-PAH 0.860 1.250 
Lead 0.220 0.150 
Cadmium 0.079 0.072 
Copper 0.065 0.044 
Zinc 0.190 0.130 

snowmelt runoff snowmelt runoff 
k  excluding 
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the value of kc becomes. Vollertsen et al. (submitted) reports, e.g., for sus-
pended solids a value of kc of 2.0 day–1 for n = 1 and a value of 0.3 day–1 
for n = 100. 

Importance of the pond volume on treatment performance 

Designing a wet pond, one important design decision is the volume of the 
permanent pool and the volume of the design storm storage (Fig. 2). 
Applying the present model together with the first-order rate constants ob-
tained (Table 3), different configurations of the pond volume can be inves-
tigated.  

Figure 6 illustrates the removal of suspended solids and total phosphorous, 
applying the values for kc obtained including snowmelt runoff (Table 3). 
In the example, the pond outflow is kept at 0.0024 m3 s–1 and the pond 
overflow is simulated to take place at the pond inlet. The discharged pol-
lutants are the sum of the pollutants contained in the untreated overflow 
volume and in the treated pond outlet. The simulations show that the factor 
primarily determining the treatment efficiency is the volume of the perma-
nent pool, whereas the design storm storage volume only has limited effect 
on the overall performance.  

Fig. 6. Simulated removal efficiency for suspended solids and total phosphorous 

Simulations of the type shown in Figure 6 should, however, be interpreted 
with caution, as Eq. 1 is only valid as a first and rather rough description of 
the true processes, and probably yields over-optimistic removal efficien-
cies for large volumes of the permanent pool. Observations show that the 
treatment efficiency is not improved for permanent pool volumes above 
∼250 m3 per reduced hectare [7]. 
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Design recommendations 

Evaluating the design of the Skullerud wet pond and its collection system, 
it would be beneficial for the overall treatment efficiency to disconnect the 
relatively unpolluted wood-covered slopes adjacent to the highway; e.g., 
by means of trenches parallel to the highway shoulders (Fig. 1). In general, 
it is recommended that snowmelt runoff from green areas adjacent to a 
highway is intercepted and not conveyed to wet ponds. 

When designing a wet pond for storm water treatment, the factor 
limiting the pond size often is the availability of land, which therefore 
must be used to its uttermost to achieve the environmental objectives. 
Figure 6 shows that the main factor for storm water treatment is the 
volume of the permanent pool, whereas the design storm storage volume 
plays a minor role with respect to treatment. 

In those cases where pollutant reduction is the main objective and  
hydraulic impacts in terms of, e.g., erosion and flooding of downstream 
receiving waters is not an issue, it is therefore as a general design rule 
recommended to increase the permanent pool at the expense of the design 
storm storage volume. Furthermore, and as a simplified rule for design, the 
permanent pool and the design storm storage can be sized independently: 
the permanent pool for storm water treatment and the design storm storage 
for peak flow reduction. 

Conclusions 

High pollutant reduction efficiency of a wet pond treating highway runoff 
under cold climate conditions is documented based on the results from a 
1-year monitoring period. Furthermore and in general, wet ponds can be 
recommended as a technology for treatment of highway runoff also under 
such conditions. However, snowmelt can be a major challenge – partly 
because wet ponds become ice-covered and partly because adjacent 
hillsides may contribute to the runoff during winter. In general, careful 
consideration must be given to winter operation of wet ponds where these 
are placed in cold regions with significant snowfall. 

The volume of the permanent pool is shown to play the by far most 
important role in pollutant reduction, whereas the design storm storage 
volume is of minor consequence. When pollution reduction is the main 
issue and reduction of peak flow is not required, it is recommended to 
increase the size of the permanent pool on the expense of the design storm 

Modelling the performance of a wet pond with first-order kinetics yields 
a reasonable estimate of pollutant removal and allows dynamic simulation 
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of real rainfall events. The approach is recommended as a design tool, 
applying long rainfall series together with empirical knowledge on removal 
rates to optimize the sizes of the permanent pool and the design storm  
storage. 
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Abstract 

Introduction 

Variants of sedimentation ponds are commonly used as treatment facilities 
for polluted highway runoff. Many ponds have been designed only for 
flow control and peak reduction, but studies have shown particularly high 
removal efficiencies for suspended solids and thereby also for heavy metals 

The paper discusses the prospects of finding the long-term mass balance 
on basis of short-term simulations. A step in this process is to see to which 
degree the mass balance equation can be closed by measurements. Accord-
ingly the total accumulation of heavy metals and polycyclic aromatic hydro-
carbons (PAHs) in eight Danish detention ponds only receiving runoff 
from highways have been measured. The result shows that the incoming 
mass of heavy metals from short-term runoff events is accumulated. This 
is not observable in the same magnitude for the toxic organic compounds. 
The results also show that the accumulation rates significantly depend on 
the relative pond area (defined as the pond area divided by the catchment 
area). The conclusion is that the investigation indicates that a combination 
of short- and long-term viewpoints can close the mass balance for highway 
ponds with an acceptable accuracy. 
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and organic compounds due to their sorption affinity [1–3]. The removal 
efficiency for settleable particulate-bounded pollutants is thereby highly 
dependent on the pond geometry and corresponding hydraulic retention 
time. Optimizing of pond geometry for higher removal rates has been 
investigated in various studies [e.g., 4–8]. It is generally agreed that the 
removal efficiency varies from one facility to another [4] and from one 
event to another, even including negative efficiencies due to short circuit-
ing flow, resuspension, release of pollutants due to changes, e.g., oxygen 
condition in the sediment [9]. 

In many studies, the efficiencies of pollutant removal in the detention 
ponds are calculated from event-based mass balances, where flow, inlet, 
and outlet concentrations have been measured. The question is now 
whether these short-term balances hold in respect to balances over many 
years of function. The mass balance equation runs as: 

Accumulation = influx – degradation – outflux 

In short-term studies only influx and outflux can be measured and in 
long-term studies only accumulation and rough estimates of influx can be 
determined. This study is based on the total accumulated masses of the 
pollutants in the bottom sediment in eight Danish highway wet detention 
ponds. The sizes of the ponds and the connected catchments areas are 
varying. The corresponding load (influx) to the ponds has been estimated 
on basis of generalized measurements from a number of locations. The 
advantage of dealing with the total accumulated masses in the ponds in-
stead of concentration is that many years are taken into account and 
therefore event, season, and yearly variations of the pollutant loads are 
averaged out. The pollutants considered in this paper are chosen due to 
their prevalent presence in highway runoff [10] and toxicological effects 
onto the environment and humans [11]. The aim of the present study is to 
quantify the relation between the total accumulation and the total load on a 
long-term basis, in order to make probable that a long-term mass balance 
realistically seen can be calculated from a sum of short-term events. The 
work should also be understood as a preliminary study of an ongoing 
detailed description and modelling of the removal of pollutants in highway 
ponds. 

Method 

In order to state the terms in the mass balances for the pollutants in the 
eight wet detention ponds, following measurements and approaches have 
been taken. 
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Table 1. Site description 

Pond/station number (km) 306.7 302.9 205.4 195.9 
Nearby city Hjallerup Vodskov Randers S Hadsten N 
Pond area (m2) 1500.0 2299.0 2300.0 3480.0 
Catchment area (ha) 1.7 2.7 3.7 6.0.0 
Opening year for traffic 1999.0 1999.0 1994.0 1994.0 
Annual day traffic in 2004 15400.0 14800.0 32100.0 30200.0 
Annual precipitation (mm) 820.0 820.0 690.0 690.0 
     
Pond/station number (km) 187.5 95.3 95.1 92.4 
Nearby city Grundfoer Fredericia Fredericia Fredericia 
Pond area (m2) 2300.0 200.0 380.0 600.0 
Catchment area (ha) 4.1 0.8 2.2 1.6 
Opening year for traffic 1994.0 1994.0 1994.0 1994.0 
Annual day traffic in 2004 33800.0 24100.0 24100.0 24100.0 
Annual precipitation (mm) 690.0 770.0 770.0 770.0 

Accumulation 

Ten samples (Fig. 1) were taken with a 56 mm cylinder in each pond 
representing one-tenths of the bottom area. Each sample within the ponds 
was taken out in the entire sediment depth, so that a mix of all 10 samples 
was representing the entire pond. 

 

Fig. 1. Sampling method 

The eight Danish ponds investigated in this study have been selected 
under four following criteria: the ponds should only receive water from 
highway runoff. The drainage systems should be closed so no infiltration 
or sedimentation in ditches occurs. The highway is established with curbs 
so that all runoff water is collected in gullies. The catchment area to the
pond should differ from site to site. Site details can be seen in Table 1.  
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The total mass of the ten wet sediment samples from each pond was 
measured and mixed heavily with a whisk on a drill machine, packed in 
2 × 250 mL glass jars and kept cool until shipment to two independent 
accredited laboratories. Furthermore, information on sediment depths and 
general background information was also taken. Based on the dry matter 
fractions of the sediment the total masses of dry sediment in the ponds 
were calculated. Based on the total masses of dry sediment and the measured 
concentrations the total masses of accumulated pollutants were calculated 

catchment area were calculated. 

Influx 

Concentration and flow data 

and based on the total accumulations, the age of the ponds and con-
nected catchment area the annual accumulation rate per hectare impervious

In absence of inlet pollutant flux measurements under each rain event dur-
ing the past 6 or 11 years, two opportunities are available to predict the 
flux of pollutants to the ponds: either a pollution build-up or wash-off 
model for the catchments or a mean highway runoff concentration model. 
It is not possible to state which model is the most suitable for this purpose 
but since the basis for getting concentration data are fairly good, the influx 
to the ponds are based on literature values for pollutant concentrations in 
highway rain runoff, local annual rain fall, and annual initial rain loss. The 
use of literature values may be highly questionable for short-term event-
based balances due to the temporal and spatial variability in runoff concen-
trations. By dealing with long-term balances the temporal variability can 
be ignored. The spatial variability can of cause not be ignored due to the 
long time frame. But it must be remembered that this paper is not about 
whether one term in the mass balance equation is completely correct but 
about the prospects to close the mass balances for highway ponds based on 
short-term flux measurements and long-term accumulation measurements. 
The estimated annual pollutant influxes are based on following data: 

• An average of concentrations of 24 runoff samples from two highway 
location in Denmark, where all runoff water was collected each month 
over 1 year and analysed for pollutants [12] and 60 EMC from 
highway runoff in the UK [13]. The concentrations applied are seen in 
Table 2. 

• Annual rainfall measured within a maximum distance of 20 km to the 
catchments and averaged over the years of pond function (c.f. Table 1) 
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Table 2. Applied average runoff concentrations in µg L–1 

Pollutant Concentration Pollutant Concentration 
ΣC6-C35 1623.00 Lead (Pb) 20.0 
Flouranthene 0.19  Cadmium (Cd) 0.4 
Benzo(b + j + k) 
flouranthene 

0.19 Copper (Cu) 50.2 

Benzo(a)pyrene 0.10  Chromium  (Cr)  5.4 
Dibenzo(a,h)anthracene 0.08 Nickel (Ni)  5.3 
Indeno(1,2,3-cd)pyrene 0.07 Zinc (Zn) 156.7 
ΣPAH 0.63   

Degradation and outflux 

[14] and a mean annual initial loss. The initial loss during one rain 
event was assumed to be 0.6 mm for all highway catchments. The loss 
has in preceding studies [15] been studied for the catchment to the 
Vodskov 302.9 detention pond. Based on the average number on rain 
events over a 20-year period and a initial loss of 0.6 mm for rain events
over 0.6 mm (215 events) and a initial loss of 0.3 mm for rain events 
under 0.6 mm (50 events) the annual initial loss has been estimated to 
140 mm year–1. 

The degradation term in the mass balances for the heavy metals are not 
considered due to their state of elements. The annual outflux from the 
ponds can be calculated as the difference between the influx and accumu-
lation. It has to be stated that the organic compounds including the PAHs 
are biodegradable either as carbon or energy source or in a co-metabolic 
process. The biological half-life period for the PAHs varies approximately 
between 6 and 12 years [16]. The organic outflux from the ponds can due 
to that not be calculated as for the metals. The local degradation rates are a 
product of many parameters such as, presence of easily biodegradable sub-
stances, oxygen, pH, and temperature conditions. A determination of an-
nual degradation rates is subject to further investigations that cannot be 
done within the frames of this paper. The deficit between the annual influx 
and accumulation in the mass balances is owing to that a sum of annual 
degradation and annual outflux. 
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Results 

Fig. 2. Mean, minimum, and maximum pollutant concentration in the pond 
sediment 

The average annual increase in sediment depth in the ponds with an age of 
6 years was calculated to 1.0 cm year–1 and for ponds with an age of 11 
years to 0.6 cm year–1. In previous studies [15], the annual load of sus-
pended solids from the catchment area to the detention pond Vodskov st. 
302.9 was approximately 200 kg year–1 ha–2. Based on the measurements in 
this study the annual SS load is 25 times higher – showing that the con-
tributor to the accumulated solids may not be the road runoff itself, but 
also solids from nearby surroundings. The mean pollutant concentrations 
in the pond sediments and ranges are presented in Figure 2. The concentra-
tions in the ponds are within the range of what can be found in literature 
[e.g., 17–19]. The variation between the ponds is to be expected, due to 
very different locations with a variance in surroundings, vegetation, pH, 
redox potentials, microbiology, etc. These parameters are not to be consid-
ered any further in this paper. The annual accumulation rate in each pond 
and a catchment area-weighted mean accumulation rate for the organics 
and metals are presented in Table 3. It must be remembered that the calcu-
lated accumulation rates are based on ponds only receiving runoff from 
highways and in that case not to compared with other urban detention 
ponds receiving water from various areas. 
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Table 3. Annual accumulation rates per hectare of impervious catchment in  
[g year–1 ha 
accumulation rates 

Pollutant pond no. 306.7 302.9 205.4 195.9 187.5 95.3 95.1 92.4 Mean 
C6H6-C10 43 45 22 25 22 11 6 11 24 
C10-C25 723 683 507 346 402 216 172 372 430 
C25-C35 3033 3195 2131 1396 1900 1035 809 1579 1881 
THC 3835 3927 2673 1765 2307 1264 986 1980 2337 
Fluoranthene 0.47 0.35 0.56 0.24 0.31 0.18 0.16 0.84 0.37 
Benzo(b + j + k) 
fluoranthene 0.77 0.57 0.74 0.32 0.46 0.20 0.21 1.01 0.51 
Benzo(a)pyrene 0.21 0.17 0.21 0.08 0.12 0.06 0.06 0.27 0.14 
Dibenzo(a,h) 
antrachene 0.03 0.05 0.06 0.02 0.04 0.02 0.02 0.09 0.04 
Indeno(1.2.3-cd) 
pyrene 0.29 0.25 0.29 0.14 0.12 0.08 0.08 0.34 0.19 
Sum PAH 1.77 1.38 1.86 0.79 1.06 0.54 0.53 2.56 1.24 
Lead (Pb) 67 51 65 49 59 19 17 45 51 
Cadmium (Cd) 1.8 1.5 0.8 1.3 0.8 0.3 0.2 0.7 1.0 
Copper (Cu) 182 129 218 146 192 70 56 153 156 
Chromium (Cr) 79 59 64 48 40 17 14 43 48 
Nickel (Ni) 69 50 38 40 29 16 10 33 37 
Zinc (Zn) 807 561 734 726 913 615 392 682 709 
 

The calculated relative accumulations (Fig. 3) compared to efficiency 
studies based on inlet and effluent concentrations shows similarities for the  

 

Fig. 3. Relative accumulations (annual accumulation/annual influx) 

–2 ]. The values in the mean column are catchment area-weighted mean 
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metals, but with a slight tendency to show lower relative accumulation than 
the inlet and effluent based efficiencies does [2,3,13,20]. For primarily 
chromium and nickel in some of the ponds the relative accumulations are 
calculated to value higher than 1. Apparently this seems unrealistic but it 
reflects the uncertainty especially on the estimated loads from the runoff. 
However, this may give an indication of a high retention. For the organic 
compounds the relative accumulation are in general much lower (∼50%) 
than the efficiencies, likely explained by degradation within the pond 
sediment. The high relative accumulation for some of the metals indicates 
that resuspension of sediments may have an insignificant role for the 
pollutant transport.  

The results also show that the accumulation rates for the heavy metals 
significantly depend on the relative pond area (defined as the pond area 
divided by the catchment area) (Fig. 4). Similar dependencies are shown in 
[2], but as removal efficiencies as functions of the relative pond area 
instead. The accumulation rates in this study do not have the same 
flattening out tendency at a relative pond area of 250 m2 ha–1 as in [2]. For 
direct comparison the relative accumulation could have been plotted 
instead. But, since the uncertainty in the calculated relative accumulations 
is high due to the estimated influxes this is not done. The accumulation 
dependency for the PAHs is not as clear as for the metals, probably due to 
different degradation possibilities in the very varying ecosystems. 
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Fig. 4. Annual accumulation rate as function of relative pond area 

Conclusions 

As expected hydrocarbons, PAHs and heavy metals accumulates in the 
pond sediment. The comparison of the accumulation in relation to the load 
shows that the bulk of the incoming heavy metals can be found in the 
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sediments whereas the organic compounds can only partly be found in the 
ponds. Although the results have a significant uncertainty the study indi-
cates that a mass balance approach for the long-term removal of pollutants 
can be coupled to the short-term mass balances of the individual runoff 
event. The results can also be taken as indication that the resuspension 

role for the accumulation rates. 
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VI. Environmental Assessment and Effects 
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Abstract 

Urbanization is rendering cities vulnerable to the impact of air pollution on 
human health. In Portugal, few studies have been conducted on this sub-
ject, making this type of approach all the more important. Oporto, our 
study object/case study, is the second most important city in the country. 
The aim of this preliminary paper is to assess the effects of the meteoro-
logical conditions and atmospheric pollutants on respiratory diseases (RD) 
and cardiovascular diseases (CVD) in Oporto throughout 2003. Air quality 
variables such as nitrogen dioxide (NO2), nitrogen monoxide (NO), carbon 
monoxide (CO), ozone (O3), and particulate matter (PM10); and meteoro-
logical data such as temperature (T), humidity (Hr), precipitation, and solar 
radiation (I) were employed. A preliminary case selection of RD and CVD 
morbidity of individuals over 65 years of age was carried out, employing 
Pearson coefficient to correlate them with meteorological variables and air 
quality. The results showed a close relationship between the increase in 
RDs, such as pneumoconiosis, and the increase in PM10, O3, and NO2 in 
the summer months. The results showed a positive correlation between the 
cases of bronchitis and asthma, and the concentration of CO, NO2; and a 
negative correlation with the variation in T and I as it was expected. In a 
thorough analysis it was realized that the meteorological conditions of 
lower T and higher values of Hr favoured the increase of RD. CVD con-
duction disturbances and dysrhythmia showed a positive correlation with 

G.M. Morrison and S. Rauch (eds.), Highway and Urban Environment: Proceedings of the 8th Highway  

© 2007 Springer. 
 

523

and Urban Environment Symposium, 523–534.



NO2 (0.56, p = 0.05) and NO (0.68, p = 0.01). Hypertension (high blood 
pressure) and ischemic CVD were found to have a negative correlation 
with I, –0.64 and –0.55 (p = 0.05), respectively, without being significantly 
related with pollutants. As a preliminary study, this paper allows us to 
identify an association of RD and CVD conduction disturbance and dys-
rhythmia with the concentration increase of certain pollutants and extreme 
meteorological conditions. 

Introduction 

The environment is the dynamic set of all the conditions that affect daily 
life. The environment affects growth, development, and survival of all living 
species [1]. According to Gomes [2], air is the most indispensable of all 
the resources we use. A person of average height needs, approximately, 15 
kg of air per day, to cover an alveolar surface of about 70 m2. The impor-
tance of the environmental impact and the dimension of the risk of expo-
sure to environmental aggressions are being explored more intensely since 
the beginning of the 19th century [3]. The increase in industrialization and 
of the anthropic action has, in the beginning, led to the belief that an age of 
development without deleterious consequences had begun since the atmos-
phere was enormous and it was thought that the pollution was restricted to 
the areas closer to the pollution source. According to Tromp [4] the term 
“meteorotropic” refers to the effect caused by one or more environmental 
factors on an individual or group of individuals. The climatic changes 
caused by cities and observed in the atmosphere can be explained by several 
factors: excess of pollution, the variation of radiation indexes, nebulosity, 
precipitation, temperature (T), humidity (Hr), and wind velocity [5]. There-
fore, climatic changes and air pollution are a true problem around the 
whole world.  

In Portugal, studies show that the atmospheric pollution affects the pub-
lic health [6]. According to the Portuguese Health Ministry [7] “the abso-
lute increase in the number of deaths (in Continental Portugal) has been 
higher in the group ‘Diseases of the circulatory system’ (more than 758 
deaths) and within these, in ‘Cerebrovascular diseases’ (more than 370.2 
deaths), ‘Isquemic coronary disease’ (more than 144.5 deaths) and ‘Car-
diac failure’ (more than 118.0 deaths)”. The group “Diseases of the respi-
ratory system” (more than 255 deaths) and the set of “All the malignant 
neoplasias” (more than 131.2 deaths) occupy the following positions. The 
percentage of deaths that occurred in the various places was similar in the 
heat wave period and in the comparison period (Hospitals – 2003: 52.6%; 
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2 years 2000–2001: 56.0%; domicile – 2003: 32.2%; 2000–2001: 32.6%; 
other places – 2003: 15.2%; 2000–2001: 11.3%). According to the same 
source, the increase in deaths occurred mainly in people aged over 60. The 
effects of the heat wave manifested themselves in all the mainland dis-
tricts, although with different intensities. Not only is the heat a factor of 
morbidity or mortality but, together with the other meteorological vari-
ables and high concentrations of atmospheric pollutants, contributes to the 
increase of the populations’ vulnerability. The papers on air quality applied 
to public health in Portugal, particularly in Oporto, are not very numerous. 
Given the rapid global climatic and air quality change, knowing the local 
environmental conditions becomes of real importance in order to safeguard 
the population’s quality of life.  

This study will allow us to evaluate the environmental situation in 2003 
and how it is affecting the health of the population residing in the city of 
Oporto. Variables that are usually studied separately will be studied together, 
which will contribute to an integrated approach to different factors that 
contribute to the same risk. The intention is to understand the influence of 
the meteorological and air quality conditions on respiratory diseases (RD) 

(DCI), conduction disturbances (AC), and hypertension (HTA), consider-
ing the age groups of people under 14 and people over 64 years. 

Experimental – Method 

Air quality data 

Air quality variables like nitrogen dioxide (NO2), nitrogen monoxide 
(NO), carbon monoxide (CO), ozone (O3), and particulate matter (PM), 
were used. These were gathered from the three stations belonging to the 

–3

treatment before being made available. O3 and CO were the results of the 
eight-hourly1 average. The NO2 and SO2 concentrations were obtained 
from the average concentration for a given hour. For PM10, the obtained 

                                                      
1 The eight-hourly average is composed by the current value and the seven previ-

ous hourly measurements. 

cardiovascular diseases (CVD) such as ischemic cardiovascular diseases
like asthma, bronchitis (B/A), and pneumoconiosis (Pn), as well as on

concentrations correspond to the average (mobile average) composed by
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Environment Institute (IA) situated in central places of the city (Figure 1). 
The pollutant concentrations were measured every hour on a daily basis, in 

). This data was subjected to a statistical micrograms per cubic metre (µg m



Fig. 1. Oporto city map with the location of the IA air quality stations (marked by ) 

2

measuring stations are located at different altitudes (Boavista – 87 m; Rua 
dos Bragas – 98 m; Antas – 146 m) and measure pollutants of the urban 
type with traffic influence. 

Meteorological data  

and solar radiation (I), belong to the Meteorology Institute weather station, 
situated in the Pilar Mountain Range. 

Health data 

The information on morbidity belongs to a central hospital in Oporto. A 
selection of cases of respiratory and cardiovascular morbidity from indi-
viduals over 64 years was done through their medical diagnostic code for 
hospital inpatients during the entire year of 2003. Only the cases admitted 
as emergencies were considered. The DC classes selected were 401–405, 
which correspond to diseases related to HTA; 410–414, which refers to 

                                                      
2 UTC time: legal winter time = UTC time; legal summer time = UTC time + 1 

■

The meteorological data of the daily temperature average (T), relative humi-
dity (Hr), precipitation (P), wind velocity (Vv), atmospheric pressure (p),

the values received since zero hours (UTC time ) of the current day. The 
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DCI; and 426–428, which are related to AC. As for the RD, the diseases 
490–496 corresponding to B/A and 500–508 corresponding to Pn were  
selected. 

Analysis of main components (PCA) was also made. The data series on 
air quality averages (PM10, SO2, NO2, CO, and O3 maximum), meteoro-
logical parameters averages (T, Hr, P, p, and I), and normalized RD and 
CVD were used. The resulting matrix explains the variance according to 
their respective self values. 

Results and discussion  

Respiratory diseases 

The link between RD and pollution was verified for the pollutants CO and 
NO2 in the case of B/A, taking also into account the contribution from the 
climatic conditions I, T, and P (Table 1). The Pn shows a significant corre-
lation with CO, as can be observed in Table 1. 

2 3

tion with B/A. All with significance and the first component explains 

ponent having high significance levels. 
The meteorological conditions could increase air pollutants and they in 
turn increase CO levels in the city, therefore also contributing to the 
asthma and bronchitis rise. These diseases show a significant correlation 
with this pollutant (0.65, p < 0.05, according to Table 1). This is supported 

Table 1. Correlation values between the atmospheric variables and the respiratory 
diseases 

Variables B/A Pn 

CO (µg m–3) 0.65 0.56

NO2 (µg m–3) 0.56 0.40

Temperature (ºC) –0.64 No sig.

Insulation (W m–2) –0.64 No sig.

Precipitation (mm) 0.67 No sig.

For p < 0.05, No sig.: without significance 

Through the PCA (Table 2) we can verify the strong relationship bet-
ween T and the SO  and O  levels, which in turn have an inverse associa-

51.02% of the total variance. There still is a strong positive association bet-
ween this type of disease and the CO, Hr, and P levels, with the first com-
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Variables  Factor 1 Factor 2 Communalities 

Temperature 0.82 –0.07 0.68
Humidity –0.79 0.13 0.64
Precipitation –0.77 0.23 0.65
Insulation 0.86 0.33 0.85
Pressure –0.03 0.78 0.61
PM10 0.55 0.68 0.77
O3 0.84 –0.23 0.75
NO2 –0.27 0.52 0.35
CO –0.87 0.45 0.96
SO2 0.71 0.46 0.71
B/A –0.81 –0.12 0.67
Expl. variance 51.02 18.25 –
Prp. total 05.62 02.01 –

by the PCA, which presents a strong positive association (above 0.75) of 
this pollutant, of P and of Hr with these diseases. NO2 presents a low, but 
significant, correlation with B/A of 0.56, p < 0.05. That result seems to be 
related with the occasional increase in the NO2 levels throughout the whole 
year. The meteorological variables favour the pollutant concentrations and, 
as a consequence, the increase of illness cases. As a general analysis, it can 
be seen that the low (high) T and high (low) Hr, increase (decrease) B/A 
respiratory disease cases. 

In the autumn and winter months (October–February mainly), there is 

presents several fluctuations throughout the year. However, during August, 
there are a higher number of cases when compared to the other summer 
months. Also, 70% of these cases were admitted in the hospital before 15 
August. 

According to the analysis of the main components (Table 3), there is a 
positive and significant association at the 2nd component. This explains 
22% of the total variance between pressure, PM10, SO2, and pneumoconio-
sis. There is a very weak negative connection between T and Pn at the first 
component, but positive with precipitation.  

Temperature has a negative correlation with respiratory morbidity dur-
ing summer months. However, during these months, there is an increase in 

Prp. Total: Total variance explanation and accumulated; under-
lined numbers correspond to a positive association between 
pollutants and meteorological variables; bold numbers suggest 
the association with B/A and other parameters 

Table 2. PCA for B/A, without matrix rotation. From January to December 2003  
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of spring until the end of summer (Figure 2). The pneumoconiosis (Pn) 
an increase in patients with B/A, which diminishes with the beginning 
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Fig. 2. Respiratory disease variability throughout 2003 

solar radiation and, as a consequence, an increase in ozone concentration, 
which in turn induces respiratory morbidity.  

A connection was verified between the increase of Pn (500–508) and 
the increase of PM10, SO2, and NO2 during summer months. Throughout 
the PCA, a strong and positive association was found between the variables 
on the 2nd component. There is a significant correlation between Pn and 
CO (0.56, p < 0.05), which is supported by PCA. This suggests that Pn is 
associated with the increase in atmospheric pollution verified during the 
summer. In August, the atmospheric CO and PM10 concentrations increased 
several times, rising above the air quality index value considered “very bad” 
(>120 µg m–3). 

The Air Quality Institute (IQA) considered that from the 1–13 August 
the air quality was “low”. PM10 was the pollutant with the highest concen-
tration during this period. The level of increase and durability of this ele-
vated pollutant concentration, which lasted for several days, must be related 
to the increase in temperature and decrease in P, Hr, and Vv registered 
from 29–30 July. The maximum temperatures during the month of August 

PM10, SO2, and O3 concentrations have an inverse association with humidity
and precipitation, and direct association with temperature and insulation. 
CO and NO2 have positive associations with precipitation, and negative  
associations with temperature and insulation. It should be noted the decrease 
of B/A diseases during summer, and, on the contrary, the increase in Pn that 
occurred mainly in August. The maximum T values have a 1-day lag from 

in Oporto were registered on days 6 (38.1ºC) and 7 (38.0ºC). The pollu-
tants concentration variability is dependent on meteorological conditions.

the pollutant level peaks. During the month of August, 70% of morbidity
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Table 3. Rotated PCA matrix with three iterations for Pn. Rotation method: Vari-
max with Kaiser normalization. From January to December 2003 

Variables Factor 1 Factor 2 Communalities 
Temperature 0.81 –0.11 0.66
Humidity –0.82 0.19 0.71
Precipitation –0.72 0.35 0.65
Insulation 0.90 0.26 0.88
Pressure 0.06 0.65 0.43
SO2 0.73 0.44 0.73
PM10 0.62 0.59 0.74
O3 0.80 –0.34 0.76
NO2 –0.21 0.55 0.35
CO –0.82 0.54 0.97
Pn –0.19 0.78 0.64
Expl. variance 46.31 21.93 –

Prp. total 05.09 02.41 –

 

with a diagnosis referring to Pn was seen between the 8th and the 15th. 
This suggests the existence of a strong association between the elevated 
levels of PM10 and CO, and the increase in Pn cases (see Table 3). 

Cardiovascular diseases 

The AC and CVD presented positive and significant correlation with the 
pollutants NO2 and NO (Table 4). However, no correlation was found with 
the meteorological variables. For the DCI and HTA, only with insulation 

tion with air pollutants. 

Table 4. Correlation values between the atmospheric variables and the DVCs for 
p< or = 0.05 

 
 

 
 

 
 

Variables AC DCI HTA 

NO2 0.56 –0.71 –0.65
NO 0.68
Insulation –0.55 –0.64
CO 0.79 –0.44

was a significant correlation discovered. There is no significant correla-

Prp. total: Total variance explanation and accumulated; under-
lined numbers correspond to a positive association between 
pollutants and meteorological variables; bold numbers suggest 
the association with Pn and other parameters 
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Through the analysis of the main components matrix (PCA) at the 2nd 
component, which explains 21.74% of the variance, the CVD by AC is 
partially explained at the 2nd component by the presence of PM10, NO2, 
SO2, and atmospheric pressure (Table 5). At the 1st component there is a 
weak and negative association between T, O3, and SO2, and the AC. 

Variables Factor 1 Factor 2 Communalities
Temperature 0.83 –0.04 0.68
Humidity –0.83 –0.04 0.69
Precipitation –0.78 0.27 0.68
Insulation 0.84 0.41 0.88
Pressure –0.07 0.66 0.44
PM10 0.50 0.71 0.76
O3 0.84 –0.08 0.71
NO2 –0.32 0.59 0.46
CO –0.89 0.33 0.92
SO2 0.66 0.44 0.63
AC –0.25 0.74 0.60
Expl. variance 45.94 21.74 –
Prp. total 05.05 02.39 –

Table 6. PCA for HTA, without matrix rotation, during 2003 

Variables Factor 1 Factor 2 Communalities 
Temperature 0.81 –0.12 0.67
Humidity –0.82 0.18 0.70
Precipitation –0.74 0.28 0.63
Insulation 0.88 0.25 0.84
Pressure 0.001 0.68 0.46
PM10 0.61 0.65 0.80
O3 0.83 –0.26 0.76
NO2 –0.18 0.68 0.49
CO –0.83 0.52 0.96
SO2 0.69 0.32 0.59
HTA –0.67 –0.56 0.75
Expl. variance 48.95 20.67 –

Prp. total 05.38 02.27 –

Table 5. PCA for AC, without matrix rotation, during 2003  

underlined numbers correspond to a positive association 
between pollutants and meteorological variables; bold num- 

Prp. total: Total variance explanation and accumulated; 

meters. 
numbers suggest the association with AC and others para-

lined numbers correspond to a positive association between 
pollutants and meteorological variables; bold numbers suggest 

Prp. total: Total variance explanation and accumulated; under-

the association with HTA and others parameters 
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It can be observed by the PCA that the CVDs by HTA are (Table 6) in 
the first component explained, with 48.95% of total variance, by the mete-
orological variables (positive with the Hr (0.82) and P (0.74), and negative 
with the T (0.81) and I (0.88)), and also explained by the atmospheric pol-
lutants (negatively by O3, PM10, SO2, and positively by CO) (Table 6). 

According to the PCA, the DCI has positive association (–0.55) with 
CO (–0.87), P (–0.74), and Hr (–0.84), and negative association with  
T (0.81), I (0.88), PM10 (0.55), SO2 (0.67), and O3 (0.85) (Table 7). The 
variance is explained in the first component in 47.79%. 

In June, the number of DCI cases increased substantially, which sug-
gests an association between these CVDs and the higher temperatures, 
which occurred from the 11th to the 23rd. Additionally, an increase in 
temperature, no rainfall, and a decrease in Hr were registered. June 19 
yielded the minimum relative humidity (30%) (average) and a maximum 
of 30.3ºC. There was a morbidity increase before June 15 as well, which 
suggests that it could be caused by other variables outside of this study. 

The increase of DCI cases did not repeat in August, despite a significant 
temperature increase. On the other hand, the relative humidity did not  
decrease to the values registered in June, remaining always above 50 g m–3. 
Another possible explanation to this result is based on the fact that it is the 
holiday period and therefore a variable outside of the studied area. 

Table 7. PCA for DCI, without matrix rotation during 2003 

Variables Factor 1 Factor 2 Communalities 
Temperature 0.81 –0.08 0.66
Humidity –0.84 0.09 0.72
Precipitation –0.74 0.27 0.62
Insulation 0.88 0.34 0.89
Pressure –0.05 0.71 0.51
PM10 0.55 0.66 0.74
O3 0.85 –0.21 0.77
NO2 –0.21 0.63 0.44
CO –0.87 0.46 0.96
SO2 0.67 0.40 0.62
DCI –0.55 –0.29 0.38
Expl. variance 47.79 18.56 –

Prp. total 05.26 02.04 –

Prp. total: Total variance explanation and accumulated; under-
lined numbers correspond to a positive association between 
pollutants and meteorological variables; bold numbers suggest 
the association with DCI and others parameters 
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A strong and positive association was found between DCI (0.79) and the 
pollutants CO, AC, NO2 (0.56), and NO (0.68). The correlations between 
the pollutants and HTA are negative due to the fact that summer presents 
higher concentration of pollutants and lower CVD, existing only statistical 
association and not a cause–effect association. There are many other expla-
nations other than environmental that could play a significant role on hospi-
tal admissions, which is implicated in the differences found between both 
of them. 

Conclusions 

This study, although restricted from a temporal viewpoint, suggests that 
the quality of the air as well as meteorological conditions affect public 
health in the Oporto region, especially where it concerns all the diseases 
herein studied (Pn, B/A, DCI, AC, HTA). NO2 and CO are the pollutants 
whose concentration levels throughout the year present a greater impor-
tance because of their positive correlation with B/A and Pn. In the autumn 
and winter months (October–February mainly), there is an increase in  
patients with B/A. During summer, O3, PM10, and T and I have high levels, 
which seems to contribute to an increase of Pn. The CVD can be partially 
explained by the meteorological influence but also by the contribution of 
pollutants like PM10, CO, and NO2. 
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Abstract  

This study presents the analysis of weather and air pollutant impacts on 
respiratory morbidity in São Paulo metropolitan area. The daily respiratory 
morbidity, caused by respiratory diseases (upper respiratory tract, AVAS, 
and lower tract, AVAI), was used in children under 13, using principal 
component analysis (CP). The preliminary results show a negative associa-
tion between AVAS and AVAI, and temperatures, higher for AVAS. 
Ozone and AVAI were associated positively. AVAS and AVAI variances 
are both under meteorological influences and influenced by air pollutants 
where SO2 and PM10 play a role on AVAS variance, while ozone plays a 
role on AVAI variance. 

Introduction 

Air pollution and its impact on the human health have been considered a 
serious problem in the urban areas. Since the beginning of the century, 

Recently, increases in mortality have been associated with non-episodic 
events of air pollution, even for levels below the air quality standards [4–6]. 

many events of pollution have been associated to increases in mortality,
as seen in Meuse Valley in 1930 [1], Donora in 1948 [2], and the most
remarkable in London in 1952 [3]. 
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In terms of morbidity, air pollution has been associated with decreases in 
pulmonary function, according to [7], increases in respiratory symptoms, 

São Paulo is the largest city in South America, which presents a light 
and heavy fleet about 6,000,000 vehicles, using diesel, alcohol, and gaso-
hol (88% of gas and 22% of alcohol) as fuel. There are a large number of 
old cars and trucks running in the metropolitan area of São Paulo and no 
effective programme for emissions control has ever been established. In 
addition, during winter, frequent thermal inversion creates non-adequate 
climatic conditions to pollution dispersion. According to the estimates of 
the environmental state agency (CETESB, [10]) automotive emissions rep-
resent by large the most important source of pollutants in São Paulo. 
Therefore, significant associations between air pollution and mortality 
were observed in São Paulo [11–15]. Specific age groups, such as elderly 
people and children, may represent the main target affected by pollution 
effects [16,17]. 

Adding to the pollution impact, the authors [7,18] showed strong rela-
tions between respiratory diseases and weather conditions, well known 
since the beginning of the century. Winter in São Paulo present weather 
conditions characterized by strong cold air mass penetrations, though there 
are no adequate heating systems in most homes. Therefore, the impact of 
the cold and wet weather conditions on children respiratory diseases might 
be very impressive, summing up to the air pollution. 

Experimental – Method 

Daily records of hospital admissions for children under 13 years of age 
from 1998 to 2002 obtained from the Health State Secretary show upper 
respiratory tract, AVAS, and lower respiratory tract, AVAI. These records 
are from about 80 hospitals spread over the city of São Paulo, and that  
receive support from the public health system. Thus, our sample is proba-
bly representative of the poorest segment of the population that does not 
have private medical care insurance. Daily records of PM10, SO2, the lowest 
temperature, and relative humidity at noon were obtained from the state air 
pollution controlling agency (CETESB, [10]) and Meteorological Station 
from Parque Estadual das Fontes do Ipiranga (São Paulo). The 24-hours 
average (starting at 4 p.m. of the preceding day) of SO2 (eight stations), 
and PM10 (eight stations) were recorded. 

In a first approach, we herein explored the association between daily 
hospital admissions and air pollution by means of factor analysis (FA). 

attacks of asthma and chronic bronchitis, and school absences [8, 9].  
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This multivariate method was applied to the data set in order to evaluate 
the relationship between the meteorological and respiratory diseases vari-
ables. The procedure adopted consisted of grouping in the same factor para-
meters that have the same temporal variability, finding a relation of causality. 
FA is mainly a statistical rather than a physical model. FA was applied to 
the data set of gases and particles measured in the air quality stations, data 
set of surface meteorological parameters measured at the climatological 
station of São Paulo, and the data set from the respiratory morbidity des-
cribed above. The FA started with the calculation of the eigenvalues and 
eigenvectors, the matrix of the correlation coefficients among the vari-
ables.  

PCA is the adopted multivariate technique in which a number of related 
variables are transformed in a smaller set of uncorrelated variables. The 
technique rewrites the original data matrix into a new set of principal com-
ponents (hereafter PC, [19]) that are linearly independent and ordered by 
the amount of the variance of the original data explained by them [e.g., 20]. 
The number of variables p could be equal to 7 (e.g., AVAI or AVAS, 
PRESS, TMEAN, RHMIN, SO2, PM10, and O3) and the number of events 
m is equal to 365 (i.e., the number of days in each year). Each eigenvalue 
is related to a corresponding eigenvector with p elements. They represent a 
new base in which each PC explains the variance according to the respective 
eigenvalue. VARIMAX rotation was used. Formally VARIMAX searches 
for a rotation (i.e., a linear combination) of the original factors in which 
the variance of the loadings is maximized. 

Results and discussion  

The FA is shown in Tables 1–4, where it is presented without and with 
moving averages. 

Table 1 shows the AVAS analysis without moving average where Fac-
tors 1 and 2 explain 65% of the data variance. In Factor 1, explaining 37% 
of the variance, AVAS is negatively associated (–0.48) with air tempera-
tures (TMEAN, TMIN, and TMAX, all around 0.90), and positively asso-
ciated with air pressure (–0.74). That means there are cold days with polar 
anticyclone systems, which present high pressure, associated with high 
AVAS hospital admissions and vice-versa with low pressure systems. 
Relative humidity (RH) is very weakly and positively associated (–0.25) 
with AVAS. In Factor 2, explaining 28% of the variance, AVAS is weakly 
but positively (0.28) associated with air pollutants (SO2 with 0.80 and 

10PM  with 0.87). Both pollutants are strongly and negatively associated
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Table 1. Principal component analysis for AVAS, without moving average 
(Varimax row rotation) 

Variable Factor 1 Factor 2 Communality 

AVAS –0.48 0.28 0.85
TMEAN 0.96 0.11 0.94
TMAX 0.84 0.46 0.82
TMIN 0.87 –0.29 0.91
RH MIN –0.25 –0.84 0.91
PRESS –0.74 0.09 0.83
PM10 –0.02 0.87 0.49
SO2 –0.15 0.80 0.12
O3 0.31 –0.02 0.89
Expl. variance 3.35 2.50 –

Prp. total 0.37 0.28 –

Bold form means with significance 

with RH (–0.84). There were no more significant factors in this analysis. 
The communalities of all variables present high values, except the pollut-
ants, despite the fact that they are strongly associated with Factor 2. 

Table 2 shows the AVAI analysis without moving average, with 
VARIMAX rotation, where Factors 1, 2, and 3 explain 75% of the data 
variance. In Factor 1, explaining 36% of the variance, AVAS is weakly 
and negatively associated (0.25) with air temperatures (TMEAN, TMIN, 
and TMAX, all around –0.85 and –0.97), and positively associated with air 
pressure (0.74). RH is very weakly and positively associated (0.26) with 
AVAI, as well.  

That means there are cold days with polar anticyclone systems with high 

result quite similar to AVAS, but weaker. In Factor 3, explaining 12% of 
the variance, AVAI is significantly and positively (–0.69) associated with 
ozone (–0.76). There is no significant association either positive or nega-
tive with pollutants SO2 and PM10, and both present again, a strong posi-
tive association between them (0.82 and 0.88, respectively), and a negative 
association with RH (–0.82), in Factor 2, which explains 27% of the vari-
ance. Communalities present high values in all variables. 

That is an interesting overall result where SO2 and PM10 play a role on 
AVAS variability, while ozone plays a role on AVAI variability. 
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Table 2. Principal component analysis for AVAI without moving average (Varimax 
row rotation) 

Variable  Factor 1 Factor 2 Factor 3 Communality 
TMEAN –0.97 0.09 0.00 0.94
TMAX –0.85 0.44 –0.08 0.93
TMIN –0.88 –0.30 0.05 0.86
RH MIN 0.26 –0.82 0.18 0.77
PRESS 0.74 0.10 –0.05 0.57
PM10 0.01 0.88 0.05 0.79
SO2 0.15 0.82 0.03 0.69
O3 –0.29 –0.09 –0.69 0.58
AVAI 0.25 0.13 –0.76 0.65
Expl. vari-
ance 3.23 2.45 1.10 –
Prp. total 0.36 0.27 0.12 –

 

respectively. The overall results are quite similar to the previous tables. 
Table 3 presents Factors 1 and 2 playing the opposite role compared to 
those on Table 1. Factor 2, with 29% of the variance, presents AVAS with 
positive association (0.58) to the air pressure (0.83) and negative to the 
TMEAN (–0.86). In Factor 1, with 32% of the explained variance, SO2, 
PM10, and RH present quite similar results described previously, with only 
smaller AVAS association (0.26). Communalities show high values except 
for ozone. 

Table 3. Principal component analysis for AVAS with 3 days moving average 
(Varimax row rotation) 

Variables Factor 1 Factor 2 Communality 
RH MIN –0.81 0.23 0.72
PRESS 0.06 0.83 0.69
PM10 0.88 0.04 0.78
SO2 0.83 0.14 0.70
O3 –0.01 –0.41 0.17
AVAS 0.26 0.58 0.40
TMEAN 0.13 –0.86 0.76
Expl. variance 2.21 2.01 –

Prp. total 0.32 0.29 –

 
 

Table 3 and 4 shows AVAS and AVAI FA with 3 days moving average,
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Table 4. Principal component analysis for AVAI with 3 days moving average 
(Varimax row rotation)  

Variables Factor 1 Factor 2 Factor 3 Communality 
RH MIN –0.79 0.26 –0.18 0.73
PRESS 0.08 0.85 0.05 0.74
PM10 0.90 0.02 –0.04 0.81
SO2 0.84 0.14 –0.02 0.72
O3 –0.09 –0.39 0.69 0.63
AVAI 0.12 0.33 0.77 0.71
TMEAN 0.11 –0.88 0.00 0.78
Expl.variance 2.17  1.84 1.10 –
Prp.total 0.31  0.26 0.16 –

Table 4 present similar results compared to those on Table 2, with very 
low values at Factor 1 and 2. Factor 3 presents a high and positive associa-
tion with ozone (0.77 and 0.69, respectively), with quite similar results to 
those on Table 2, but with high significances; Factor 3 explains 16% of the 
variance (against 12% on Table 2) and the communalities are higher: 0.63 
to ozone and 0.71 to AVAI on Table 4 (against 0.58 and 0.65 on Table 2).  

Conclusions  

As a general conclusion, AVAS and AVAI variances are both under mete-
orological influences, such as air temperatures and air pressure systems. 
Cold air masses with high pressure seem to affect the AVAS and AVAI 
variability. RH plays a secondary role on respiratory disease variability. 
SO2 and PM10 play a positive role on AVAS variability, while ozone plays 
a positive role on AVAI variability. It seems that the upper respiratory 
tract suffers with the first two air pollutants, while the lower respiratory 
tract suffers with ozone. 
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Abstract 

In the São Paulo metropolitan region, like other world’s big urban centres, 
environmental monitoring plays a very important role, in view of the degra-
dation of air quality. This work illustrates a case study of continuous moni-
toring of air pollutants using a differential optical absorption spectrometer 
(DOAS) associated with an Integrated Environmental Management System 
(AIRVIRO) in São Paulo, Brazil. The DOAS registered concentrations of 
benzene, toluene, m-p xilenes, O3, SO2, NO2, NO3, and HNO, and also of a 
meteorological station continuous data collection. Air quality databases 
from CETESB – State Environmental Authority were used for reference. 
Results of days with high concentration averages in winter are related to 
specific meteorological conditions and local traffic. 

Introduction 

In São Paulo metropolitan region (RMSP) the environmental monitoring 
subject has a very relevant role, considering the high degradation level of 
the air quality in this entire region. This reflects a common situation that 
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occurs in the majority of the world’s big urban centres. The pollutant load is 
mainly connected to the massive heavy and light vehicles’ emissions, and 
secondarily to industrial processes [1]. The atmospheric emissions origi-
nate from approximately 2000 industries with high pollutant potential and 
from a fleet of 7.8 million vehicles, equivalent to one-fifth of the entire 
country [1]. The region’s air quality degradation level requires a monitoring 
system that takes into account both the long period pollution level follow 
up, and the acute air pollution episodes [1]. Studies with a similar approach 
and technological resources have been carried out in a great number of cities

illustrates a case study of continuous air pollutants monitoring using a dif-
ferential optical absorption spectrometer (DOAS) associated with an Inte-
grated Environmental Management System (AIRVIRO) in the city of São 
Paulo, Brazil. 

Method 

An air quality and meteorological monitoring site was created in May 2005 
in Cerqueira César (south/centre of RMSP), which is one of the highest alti-
tude areas in the city of São Paulo (817 m). The participant institutions are: 
School of Public Health – University of São Paulo (FSP-USP), Medicine 
Faculty – University of São Paulo (FM-USP), and the Physics Institute – 
University of São Paulo (IF-USP). 

The equipment is installed in the School of Public Health and in the 
Faculty of Medicine buildings, approximately 30 m above street level. A 
DOAS–OPSIS AB (model AR500) – the technique was fully described 
earlier [4] – registered benzene, toluene, m-p xilenes, ozone, SO2, NO2, 
NO3, and HNO2 concentrations with a 1 min temporal resolution. The 
emitter was located at the Medicine Faculty building and, 361 m across the 
street, in the School of Public Health building, was located the receiver 
and a meteorological station model MetOne, which registered data with a  
5 min time resolution. The management and analyses of the information 
collected was performed by the software ENVIMAN (OPSIS AB) and the 
AIRVIRO (Swedish Meteorological and Hydrological Institute – SMHI/-
APERTUM AB). The latter being an environmental information and air 
quality management web application that enables analysis like simulations 
and real-time data delivery/assessment. 

For the assessment of the regions emission sources pattern an emission 
micro-inventory for the years 2003/2004 created by the State Environ-
mental Authority – CETESB was used [5]. There are no point sources with  

around the world, such as Rome, Athens, Stockholm, etc [2, 3]. This work
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Table 1. Daily traffic volume (vehicles count) according to lane of interest and 
vehicle class, São Paulo, 2003–2004 (From CETESB, 2005) 

Lane Emission   
sourcea 
(vehicle class) 

Daily traffic  
volumea 

Dr. Arnaldo avenue Light vehicles 
Diesel vehicles
Motorcycles 

83,941
9936
6321

Teodoro Sampaio 
street 

Cardeal Arcoverde 
street 

Light vehicles 
Diesel vehicles
Motorcycles 
Light vehicles 
Diesel vehicles
Motorcycles

17,690
3054
808

25,590
5299
808

representative emission potential in the 400 m radius around the study site. 
Due to restrictions imposed by the municipal zoning regulations, only 
small stationary sources can be found in this area like gas stations, rest- 
aurants, pizzerias, and bakeries. The majority of the 400 m radius area is  
occupied by two cemeteries, FSP-USP, FM-USP, and the Clínicas hospital 
complex [5]. The most relevant emission sources in the surrounding area 
are a small number of high traffic lanes, such as: Dr. Arnaldo Avenue, 
Teodoro Sampaio Street, and Cardeal Arcoverde Street. These have both 
light and heavy vehicles intense traffic [5]. Daily traffic volume for each of 
the lanes, according to vehicle class, can be seen in Table 1. 

Table 2 illustrates the regional emission estimates in ton year–1 for the 

Table 2. Emission estimates according to lane of interest (road sources) and sub-
stance in ton year–1, São Paulo, 2003 (From CETESB, 2005) 

Emissions (t year–1)a 
Source 

PM SO2 NOx CO HC 

Dr. Arnaldo avenue (800 m) 3.8 3.6 47.0 332.0 37.4 
Teodoro Sampaio street (450 m) 4.6 2.7 9.0 54.0 6.9 
Cardeal Arcoverde street (350 m) 0.4 12.9 5.7 11.0 3.6 

surroundings. 
year 2003, taking into account the traffic lanes length in the study site

acterization report – CETESB [2]. 

aMethodology described in the monitoring station char-

aMethodology described in the monitoring station characterization   
report – CETESB [5] 
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Results and discussion 

Considering the analysed period (1 June–31 August/2005), among the 
seven SO2 peak levels observed, 12 June was selected for a more compre-
hensive investigation since it presented the highest concentration peak 
level (145.0 µg m–3). This one is higher than the secondary standard (100 
µg m–3) according to CONAMA 1990. The highlighted concentration peak 
levels (Fig. 1) correspond to Mondays, a day characterized by intense vehi-
cle traffic during the first morning hours. 

Figure 2 shows the meteorological parameters behaviour registered by 
the study’s meteorological station at the FSP-USP. 
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Fig. 2. Meteorological parameters distribution in the period from 1 June–31 August, 
São Paulo, 2005 

In the period that preceded the event of interest (12 June), the São Paulo 
metropolitan region was under a high pressure system domain condition, 
generating a situation of high atmospheric stability and low pollutants dis-
persion. This situation formed in the first days of June and lasted several 
days until a cold front approached on 20 June, which increased air move-
ment thus facilitating the pollutants dispersion. 

With the intent of evaluating the feasibility of the collected data, a com-
parison with the State Environmental Authority records was performed. 
The State Environmental Authority – CETESB has 27 air quality monitor-
ing stations spread across the São Paulo metropolitan area and is in charge 
of the regular monitoring of pollutants. Table 3 and Figure 3 show those 
comparisons. 

the official governmental data (CETESB), with average SO2 concentrations
of 10 µg m–3 and 11 µg m–3

Table 3. Comparison of average and maximum SO2 concentration values, days of 
data collection and period analysed between the State Environmental Authority 
(CETESB) winter report and the present study, São Paulo, 2005 

SO2 
Average 
µg m–3 

Maximum
µg m–3 

Days of data 
collection 

Period 

CETESB 10 22 127 1 May–30 Sept/2005

Case study 11 145 92 1 June–31 Aug/2005

. 

As showed in Table 3, the data obtained in this study was very similar to

, respectively. 
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Fig. 3. Relative humidity values distribution for the 30 days of June 2005, São 
Paulo 

Figure 3 shows relative humidity elevation in the period from 19–21 
June, which confirms the data observed by the study meteorological station. 

Conclusions 

This study was the first opportunity of using such technology (DOAS + 
environmental data management software) in the city of São Paulo. 

From the current results, the location of the data collection instruments 
can be considered suitable for the development of studies concerning the 
environmental situation associated with pollution and transportation. These 
will be mainly studies for the development of models and urban environ-
mental condition studies in the city of São Paulo. 

The presented technology, with its high efficiency performance and real 
time data delivery, associated with CETESB’s monitoring network, could 
enable a better air quality situation comprehension. This will in turn facili-
tate feasible decisions and policies, which can gradually provide a better 
air quality to the city’s population. 

AS Nedel et al.548



The financial support for this paper from the Conselho Nacional de Desen-
volvimento Científico e Tecnológico (CNPq) is gratefully acknowledged. 

1. CETESB – Companhia de Tecnologia de Saneamento Ambiental (2005) 

2. Brocco D, Fratacangeli R, Lepore L, Petricca M, Ventrone I (1997)
Determination of aromatic hydrocarbons in urban air of Rome. Atmos Environ 
31:557–566 

3. 

2 2

4. Edner H, Ragnarson P, Spaennare S, Svanberg S (1993) Differential optical 
absorption spectroscopy (DOAS) system for urban atmospheric pollution 
monitoring. Applied Optics 32:327–333 

5. CETESB – Companhia de Tecnologia de Saneamento Ambiental (2005) 
Caracterização das estações de rede automática de monitoramento da qualidade 
do ar na RMSP – estação Cerqueira César: http://www.cetesb.sp.gov.br/ 
ar/relatorios/relatorios.asp 

Acknowledgements 

References 

Relatório de qualidade do ar no estado de São Paulo, 2004. (série  relatórios/

AR/relatorios/relatorios.asp 

Kourtidisa KA, Ziomasa I, Zerefosa C, Kosmidisa E, Symeonidisa P, Christo-
 Benzene, toluene, philopoulosa E, Karathanassisa S, Mploutsos A (2002)

ozone, NO  and SO  measurements in an urban street canyon in Thessaloniki, 
Greece. Atmos Environ 36:5355–5364 

Secretaria de Estado do meio Ambiente). Also at http://www.cetesb.sp.gov.br/

Management and optimization of environmental information 549 



Using Bayesian inference to manage uncertainty 
in probabilistic risk assessments in urban 
environments  
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28003 Madrid, Spain  

Abstract 

A Bayesian risk assessment to assess the potential adverse health effects of 
the exposure of children up to 6 years of age to urban trace elements in 
municipal playgrounds in Madrid was carried out. Bayesian statistical meth-
ods were used to adapt the distributions of some of the exposure variables 
taken from the literature to the specific exposure conditions found in the 
playgrounds of Madrid, Spain. The exposure variables borrowed from the 
scientific literature were revised with the population-specific data acquired 
through two limited surveys of 75 and 56 parents, respectively. The predic-
tive distributions of two exposure variables, i.e., body weight and exposure 
frequency, were subsequently used to better define the distribution of risk 
estimates. 

Introduction 

The relevance of exposure to trace elements in urban environments can be 
evaluated by means of a risk assessment. In Madrid, exposure of children – 
the most sensitive segment of the population – to trace elements in urban 
particulate materials occurs mainly during their games in municipal play-
grounds after school.  
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Standard environmental risk assessments very often borrow exposure 
values from the literature and apply them to estimate the “maximum rea-
sonable exposure” for the population under study. The uncertainty associ-
ated with these point-estimate risk assessments cannot be statistically 
evaluated.  

This uncertainty, however, can be estimated if what is borrowed from 
the literature and introduced in the model is the density function of the expo-
sure variable (i.e., probabilistic risk assessments). Bayesian methods go 
one step further and allow updation of the prior, generic information supplied 
to the model as new site – and population-specific data come along. These 
theoretical considerations have been applied in a Bayesian risk assessment 
of the exposure of children to urban trace elements in the sandy substrate 
of municipal playgrounds in Madrid, Spain.  

Materials and methods  

In November 2002 and November 2003, two samples of approximately 
500 g of surficial (approx. top 2 cm) substrate were collected in 20 play-
grounds in parks and urban green areas of Madrid, Spain. The samples 
were oven dried at 45ºC for 48 h, sieved below 100 µm, aqua regia-
digested in a hot water bath (>95ºC), and analysed by inductively coupled 
plasma mass spectrometry (ICP-MS). For the purpose of this discussion, 
only the results for mercury and arsenic – as a carcinogen – have been used 
as examples. 

A small survey (Survey A) of 75 parents was carried out in November 
2002 in order to obtain specific values for children body weight and expo-
sure frequency. A second survey (Survey B) was undertaken in May 2006 
and the data collected from the questionnaires, handed out to 56 parents, 
were used to update the information gathered in the previous campaign. 

Results and discussion 

The model used to estimate the risk for children from the exposure to trace 
elements during their games at municipal playgrounds in Madrid considers 
three complete exposure pathways: (1) ingestion of substrate particles; (2) 
inhalation of re-suspended substrate particles; and (3) dermal absorption of 
trace elements in substrate particles adhered to the exposed body parts. For 
mercury, the only element with a significant vapour pressure at ambient 
temperature, inhalation of vapours was also taken into account. The doses
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Table 1. Distributions of the exposure variables 

Exposure variable Symbol Distribution function Reference 
Body weight (kg)  BW TNORMAL (15.6, 3.7, 6, 30) [7] 
Exposure duration (years) ED  UNIFORM (1, 6)a  [7] 
Exposure freq. (hour year–1)  EF BETA (2,2)b judgement 
Skin exposed surface (cm2) SA UNIFORM (1400, 2800)c  [9] 

sampled playgrounds have been designed for children up to 6 years of age, this 

b –1. Due to the 
lack of information on hourly exposure frequencies to playground substrate a beta 
distribution has been used for this variable 
c

(1400, 2197) results from division by four of the p5 and p95 of the total body sur-
face distribution for children between 3 and 6 years old. The upper limit of the result-
ing distribution has been raised to 2800, value recommended by USEPA (2002) 

 
received by children have been calculated using hourly exposure variables 
in the standard equations proposed by USEPA [1], which are routinely used

modelled with the BRugs package, linked with OpenBugs, in R language [4]. 
Reference doses and slope factors have been taken from USEPA Inte-

grated Risk Information System [5]. ABS, VF, and PEF constants have 
been taken from [6]. 

For all the other exposure variables hourly distributions were searched 
in the literature [7–9]. When an hourly distribution was not found (soil inges-
tion rate, air inhalation rate, and skin adherence factor) point estimates 

these variables. 
The information collected in surveys A and B was used to modify the 

prior distributions of the parameters of the density functions for body 
weight and exposure frequency. The specific exposure frequency in hours 
per year was estimated from the exposure in hours per week reported in the 
surveys by considering that the number of weeks per year that a child plays 
in the playground is equivalent to the number of days without rain in Madrid 
[10], assuming that this child spends 5 weeks per year away from his usual 
residence.  

Based on this model three different situations were tested. Firstly, only 
distributions found in the literature were used to make predictions about 
the exposure variables (i.e., no specific data were taken into account). Sec-
ondly data from the survey carried out in November 2002 were introduced 

distribution has been modified to a UNIFORM [1, 6] 

for deriving risk-based guideline values [2, 3]. Risk equations have been

were taken from [8, 9]. Table 1 shows the original distributions representing

in the model to modify the prior distributions of the parameters of body

aConcawe, 1997 assigns for this variable a distribution UNIFORM [1, 5]. Since the

Concawe, 1997 assigns to this variable a CONSTANT (350) days year

USEPA, 2002 assumes a fourth of the total body surface is exposed. A UNIFORM 
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Fig. 1. Body weight predictive distributions 

 

____ Predictive/no data 
---- Predictive/survey A 
…… Predictive/survey A + B 
_._._.Data survey A 
_ _ _ Data survey B    

 
weight and exposure frequency with the sampling distributions of these 
variables. Finally, the data gathered in May 2006 was included in the model 
in order to check how the prior distributions and the resulting risk distribution 
were modified. The model was run 10,000 iterations.  

Figure 1 shows the distribution of body weight data from surveys A and 
B, the body weight predictive distribution from the prior and the body 
weight predictive distribution from the posteriors once the data from surveys 
A and A + B have been taken into account. It can be seen how the original 
body weight distribution found in the literature is progressively modified 
as new data are incorporated in the model. 

 

Fig. 2. Exposure frequency predictive distributions 

 

 

____ Predictive/no data 
---- Predictive/survey A 
…… Predictive/survey A 

+ B 
_._._.Data survey A 
_ _ _ Data survey B 
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A different situation appears when a convenient distribution for a selected 
variable cannot be found in the literature, as in the case of exposure fre-
quency (Fig. 2). For this variable, a wide beta distribution has been adopted. 
Again, as more specific data for the playgrounds in Madrid is introduced, 
the distribution for the studied variable becomes better defined. 

In both situations it can be seen how the importance of the prior distri-
bution diminishes when more site-specific data is included in the model.  

 
 

 

 

 

 

____Predictive/no data 
----Predictive/survey A 
…….Predictive/survey A + 

B 
 

Fig. 3. Resulting hazard quotient and risk distributions for non-carcinogenic Hg 
(above) and carcinogenic As (below) 
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Lastly, Figure 3 shows the resulting hazard quotient and risk distributions, 
for non-carcinogenic mercury and carcinogenic arsenic, respectively, with 
no in situ data; with data only from survey A; and with data from surveys 
A + B. The vertical lines represent the p95 of each distribution. 

The discrepancies between the data gathered in surveys A and B explain 
the non-monotonic behaviour of the p95. If more homogeneous data had 
been used, the p95 of the predictive distributions when data from surveys 
A and A + B are used, would converge to the specific risk/hazard index value. 

The shorter tail of these distributions means a higher confidence in that 
there is no risk from the exposure to playground substrate, particularly for 
As for which risk levels are close to the legal unacceptable limit of 10–5 set 
by most environmental legislations. 

Conclusions 

Given the large differences in climate, urban landscape, social habits, etc. 
between cities across the world, the use of exposure variables borrowed 
from the scientific literature, which have been defined for a particular 
population and urban setting, may highly underestimate or overestimate 
exposure somewhere else. On the other hand, site- and population-specific 
surveys are costly, a fact that will normally lead to reduced sample sizes 
and, as a consequence, to large degrees of uncertainty in the estimates of 
exposure. Bayesian risk assessments, as demonstrated in Madrid for the 
exposure variables, body weight, and exposure frequency, integrate – and 
benefit from – both sources of information: they modify the prior distribu-
tions defined from density functions borrowed from the literature with lim-
ited information gathered in situ. This approach allows to better define the 
predictive distributions of risk resulting from the model, to better manage the 
uncertainty associated with these estimates, and therefore to make more con-
fident decisions as to whether there is risk or not in a particular situation of 
exposure to urban pollutants.  
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An assessment framework for urban water 
systems – a new approach combining 
environmental systems with service supply  
and consumer perspectives 
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Engineering, Chalmers University of Technology, SE-412 96 Göteborg, 
Sweden 

Abstract  

There is increasing awareness that improvements to urban water systems 
(UWS) should be based on an assessment of sustainability that safeguards 
the well-being of both humans and ecosystems. There is a need for coherent 
and participatory frameworks, which integrate existing assessment tools.  

A combined framework for UWS assessment is presented here and 
tested by application in a case study in Accra (Ghana). The approach com-
bines the results of interviews with, and questionnaires to consumers and 
stakeholders with data collection of environmental sustainability indicators 
(ESIs) for the UWS. 

Safe water quality, safe access to water, and affordable water were identi-
fied as key criteria in the Accra dialogues, while healthy ecosystems and 
reducing environmental effects were considered least important. The ESI 
results reveal the need for an increased awareness and monitoring if the 
requirements of and challenges for a satisfactory UWS are to be met. 

The approach expands from existing methodologies towards a greater 
involvement of the general public and thereby provides a link between envi-
ronmental sustainability and the service supply, and consumer perspectives. 
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Introduction  

There is increasing awareness that improvements to urban water systems 
(UWS) should be based on an assessment of sustainability [1]. This implies 
both safeguarding the well-being of people (meeting present and future 
demands) and the vitality of ecosystems (protection of water resources, effi-
cient use of resources and energy, waste and emission minimization). 

Assessment frameworks have been proposed as a basis for making sus-
tainable decisions on the management of UWS [1–4]. The driving force 
behind existing frameworks has been defined as either the people or the 
environment [4]. Assessments have been applied fully or on parts of UWS 
and differ in comprehensiveness in terms of stakeholder/consumer involve-
ment and inclusion of sustainability aspects. 

Indicators are recognized tools for evaluating, setting targets, communi-
cating, and monitoring performance over time [5]. They have been applied 
to UWS in several studies, although the choice of indicator frameworks 
vary [6–10]. International organizations concerned with sustainability issues 
stress the importance of harmonizing indicators and data collection, and 
linking local perspectives to global targets [5]. 

Performance indicators, which to date have been mainly applied to 
UWS operation and maintenance at the local level, have proven useful for 
UWS management [11]. An analytical life-cycle assessment-based proce-
dure has allowed the selection of UWS environmental sustainability indi-
cators (ESI) and permitted extension of system boundaries from a local 
level to a regional/global level [6]. Current frameworks that combines envi-
ronmental and socio-economic considerations for the UWS are based on 
system analysis such as Multi-Criteria Analysis [1,9,12,13]. It is empha-
sized that successful frameworks for sustainability assessment need to be 
coherent, feasible, and transparent, and that more attention must be paid to 
ensure adequate participation of special interest groups and the general 
public [14–16]. It has also been proposed that there is a need for a frame-
work that integrates existing assessment tools rather than developing new 
tools [17]. 

This article presents a combined approach, which aims to bring together 
commonly employed techniques for stakeholder and consumer dialogue 
(interviews and questionnaires), with life-cycle-based ESIs under defined 
system boundaries. The approach is applied to an African setting, Accra, 

lateral organizations, towards private sector participation (PSP). 
where water management is currently being shifted, supported by multi-
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Fig. 1. Conceptual model of the combined approach 

System boundaries 

The chosen system boundaries follow three previously defined levels (Fig. 2) 
[6]: 
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Fig. 2. Accra UMS and system boundaries

Method  

The combined stakeholder–indicator approach is based on two parallel per-
spectives illustrated in Figure 1: (1) the environmental systems perspective; 
and (2) the service supply and consumer perspective. 
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• Level 1 – which is restricted to the technical system such as treatment 
plants and the physical infrastructure for water and wastewater. 

• Level 2 – which includes water usage, local management, recovery and 
transport of water, wastewater and by-products. 

• Level 3 – which extends from a local to a regional catchment and resource 
management level. As the improvement of local conditions alone might 
result in the depletion of resources elsewhere, level 3 also includes a life-
cycle extension, which is relevant in terms of material and energy 
flows [6,18].  

The study boundaries are expanded to include a catchment perspective, in 
line with the EU Water Framework Directive (WFD). In WFD, system 
boundaries are based on water resources and hydrologically based catch-
ment boundaries, rather than administrative boundaries [14].  

Environmental systems perspective 

The environmental systems perspective was assessed using ESI following 
the urban water cycle (freshwater resources, water production and distribu 
tion, usage, wastewater collection, and treatment and handling of by-pro-
ducts). The ESIs were selected based on collated life-cycle assessment 
(LCA) studies as reported elsewhere [6] (Table 1). Data collection was  
 

Urban water cycle Study boundary Environmental sustainability indicator 

Freshwater availability  

Raw water protection  

Freshwater resources 3 

Raw water quality  

Drinking water production 

Chemical and energy consumption 

Drinking water produc-
tion and distribution 

1, 2 

Leakage  

Usage 2 Drinking water consumption 

Wastewater collection 

Treatment performance 

Loads to receiving water  

Wastewater collection 
and treatment 

1, 2 

Chemical and energy consumption  

Sludge disposal/reuse  

Nutrient recycling  

Handling of by-products 2, 3 

Loads to receiving soils  

through field visits to water works, wastewater treatment plants, relevant 

Table 1. Selected ESI for UWS assessment 
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authorities, and institutions as well as published national and international 
reports. Data availability and accuracy was problematic and required great 
effort; extended time-series for indicators were not available for Accra.  

Service supply and consumer perspective  

The service supply and consumer perspective was assessed through inter-
views and questionnaires. Structured interviews were arranged with key 
stakeholders involved in the UWS including local authorities and multilat-
eral bank representatives, employees within the water and sanitation sector, 
academic expertise, as well as national and international non-governmental 
organization (NGO) representatives operating in Accra. Interviews focused 
equally on the environmental, economic, and social dimensions of sustain-

operational level. Interviews involved a brief introduction to the research 
aim and methodology followed by a set of open questions. All interviews 
were documented and had the same outline and questions. The interviewee 
was given a brief introduction to the research followed by a set of broad 
questions in order to capture stakeholder concerns related to the three 
UWS boundary levels (Fig. 2) and the sustainability concept illustrated in 
Figure 1. 

Certain issues arose in all interviews. These were identified as local sus-
tainability issues and formulated as statements in a questionnaire. The 
questionnaire survey was used to map correlations and differences in per-
ception of the local sustainability issues within and between stakeholder 
groups, as well as the general public. A number of sustainability criteria 
for the UWS were also extracted from the interviews and included in the 
questionnaire for a broader evaluation. Interviews thus formed the basis for 
local data collection through a three-tiered questionnaire:  

• Part I: Household facts to provide data on household type, size, usage, 
access to water, and experienced water deficiencies  

• Part II: Sustainability criteria where the participant was asked to rank a 
given set of criteria that derived from the interviews 

• Part III: Statements of local sustainability issues where the participant 
was asked to agree/disagree (on a five grade scale) to statements on the 
site-specific critical issues derived from the interviews 

The same questionnaire was distributed to the participants regardless of 
level of water sector involvement (Table 2). All questionnaire survey partici-

lity issues for the UWS. Stakeholders selected for interviews were at a senior

pants were permitted to provide personal comments in the questionnaire.

ability. The stated aim of the interviews was to highlight local sustainabi-
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Table 2. Questionnaire distribution 

Stakeholder group Handed in Distributed Response rate 
Politicians/government 3 5 0.6
Professional employees 15 18 0.8
Academics 4 4 1.0
NGOs 5 5 1.0
General public 22 25 0.9
Total 49 57

Industrial and agricultural consumers were not part of the questionnaire 
survey. The distribution of questionnaires to the general public was based 

Case study area 

Accra UWS (Fig. 2) can be described as a segmented system at a stage of 
having to safeguard adequate water and sanitation supply for all. The UWS 
is currently enforcing PSP management supported by the World Bank, 
with sustainable development as a stated goal.  

It is estimated that 2,101,400 people live in Accra (and that 3.6 million 
people live in Accra Tema Metropolitan Area; ATMA) with a population 
growth rate of 4.2–6.6% [19]. ATMA, is supplied with water from two 
sources; the Densu River (Weija Water Works) and the Volta River 
(Kpong Water Works). The urban water supply in Ghana is managed by 
the Ghana Water Company Limited (GWC).  

Table 3. Accra water supply sources as of 2000 (From GSS, 2002) 

Water source % of population 
Private water access 35.9
Access to shared water source 44.9
Access through water tanker service 7.3
Boreholes, rivers etc. 11.8

To a large extent, the population in Accra and its surroundings lack 

on water being delivered by water tanker service (Table 3). 
water pipe network connections or suffer from dry pipes and thus depend

Pipe-borne water is paid by meter or by a fixed price according to tariffs.
Shared water is from public taps but to a large extent these taps are run 
by someone that stores the tap water to secure supply when the pipes are dry,
and thus charges the consumer additional costs when collecting their

on face-to-face questioning without an even geographical distribution. 
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water. Water tankers and trucks loaded with sachet water are a common 
sight. The sachet water is mainly sold to retail vendors that cool it and sell it 
in the streets.  

Only the very central parts of Accra are served by a water-borne sewage 
network (that transports the wastewater to the Korle Lagoon Sewerage 
Works), while the rest is served by on-site sanitation systems from which 
sanitation tankers, private or public, collect the sewerage and transport it to 
the nearest of three plants (Achimota Ponds, Teshie Nungua Plant, and the 
Marine Disposal Site). The Marine Disposal Site is a section of the beach 
on the outskirts of Accra where sewage is discharged untreated into the sea. 

Ponds, and Teshie Nungua Plant.  
The Korle Lagoon receives final effluent from the Korle Lagoon Sewer-

age Works and virtually all the runoff from the city of Accra. This includes 
upstream solid waste, as all wastewater from places and facilities that are 
not connected to the Accra Central Sewerage System end up in gutters that 
run into the lagoon, and finally to the sea. The wastewater is often mixed 
with municipal waste that is washed into the lagoon during storm events.  

Results and discussion 

Participants in the questionnaire survey were asked to rank what they find 

Table 4. Results of the sustainability criteria ranking where low value represents 
most important and high value represents least important 

Rank Criterion 

1 Safe water quality 
2 Safe access to water  
3 Affordable water 
4 Water treatment plants and delivery that function well  
5 Development of the drinking water production  
6 Development of the sanitation system 
7 Public awareness on water and sanitation issues 
8 Integrated water and sanitation planning 
9 Safe access to flush toilet/latrine  
10 Healthy ecosystems and reduced environmental effects  

GWC is responsible for the Accra Central Sewerage System (Korle
Lagoon Sewerage Works), while the Waste Management Department of
Accra Metropolitan Assembly manages the Marine Disposal Site, Achimota

most important for the future based on the identified criteria. Table 4 shows
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the results of the ranking based on all participants of the questionnaire survey; 
the stakeholder groups were unevenly represented in terms of numbers. The 
results rank safe water quality, safe access to water, and affordable water 
as the top three criteria. Healthy ecosystems and reduced environmental  
effects were ranked least important.  

Freshwater resources 

Water availability is high in Ghana. With the Volta Lake and other river 
3 –1

3 –1

protected area status (both land and water). 
Water quality monitoring made by the Water Research Institute [21] has 

identified very high colour, turbidity, and nutrient levels in the Densu Basin 
due to uncontrolled human activities that generate waste, untreated sewage, 
fertilizer, and pesticide runoff. Weija water works reports raw water BOD 
to 10 mg L–1 and COD to 49 mg L–1. 

The quality of raw water from the Volta is better than Densu due to two 
large dams that serve as sedimentation basins for the raw water. However, 
as the population in the surrounding villages continue to grow, the situa-
tion is likely to worsen both at Weija (Densu) and Kpong (Volta) in the 
near future. Estimates of nutrient input reveal a 25% increase between 
1997–2010 [22,23]. The increased water stress calls for improved raw water 
protection and regulation, and currently a Ghana Water Policy is being 
formulated to provide a framework for the development of Ghana’s water 
resources for all stakeholders. 

Drinking water production and distribution 

The Weija and Kpong water works have a total water production of 121 
Mm3 year–1 (92 L capita–1day–1 equivalent, based on the ATMA population 
estimate). The total chemical consumption for water production in 2004 
was 7968 t (Table 5). The consumption of chemicals is higher at Weija 
where water quality is poor.  

Stakeholder interviews demonstrate that high chemical cost is a barrier 
to the production of high quality drinking water, as all chemicals are im-
ported (total cost for chemicals in 2004 was US$20,400 Mm–3 produced 
drinking water). 

 and groundwater availabi-basins surface water assets of 3000 m  capita
lity of 2100 m  capita  are provided [20]. Ghana is not considered as
having water stress conditions. Of the total land area 15.4% is under water

C Lundéhn and GM Morrison  566



Table 5. Chemical consumption for drinking water production at Weija and 
Kpong Water Plants 2004 

Weija Water Works Kpong Water Works Chemical 
 t mg L–1 t Mg L–1 
     
Lime 850 14.2 276.0 4.50
Chlorine gas 180 3.0 96 .0 1.60
Bleaching powder 10 0.2 56 .0 0.90
Aluminium sulphate 6500 108.3 0
Salt 0  4.8 0.08
Total  7540  428.0  

 
The total energy consumption for water production and distribution in 

2004 was 101,900 M Wh (842 Wh m–3). Consumption is high at Kpong 
due to the long pumping distance to Accra, whereas consumption is low at 
Weija as distribution is based on gravity feed. Consumption at both plants 
has slightly increased during the past 5 years when comparing collected 
data with previous data [22]. Data collection reveals that energy consump-
tion for water distribution (and wastewater collection) by truck is the main 
critical issue. The results in Figure 3 are based on data collection and estima-
tions. Results are thus uncertain but indicate the need for further investiga-
tion. Understanding the share of water that is delivered through tap, tanker, 
and sachets is essential in order to interpret the impact of these results.  

non-revenue water, and commercial loss, and has remained the same since 
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Fig. 3. Energy consumption for water supply 

The level of unaccounted water is as high as 50–65% including leakage,

data became available in 1997 [24]. Much of the water that is not lost is
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still not distributed directly to the consumers, as the piping network does 
not reach all potential consumers. Even for those with a pipe connection, 
water delivery cut-offs are frequent. Water Aid [25] reports that only 25% 
of the population in Accra have 24 h water service, while Ghana Statistical 
Service [26] states that 76% of the urban households have water supply all 
the time (Table 6). The questionnaire evaluation revealed that only 9.4% of 
the participants have access to water all the time and that participants experi-
ence frequent cut-offs in water delivery (Fig. 4A).  

It is understood that water delivery cut-offs can last for days, weeks, or 
even months. In terms of water cut-off tolerance 34.5% of the participants 
find that it is not acceptable with cut-offs at all, while 27.6% find short 
weekly cut-offs acceptable and 20.7% find short monthly cut-offs accept-

 

A. National data Year % Reference 
Access to drinking water 1995 86a HCGR (2005)c 
 2003 76a,b GSS (2003)c 
 2005 73 WaterAid (2005) 
Access to improved water 1990 54a WHO/UNICEF  
 2000 91a UNSD (2004) 
 2002 79a WHO/UNICEF (2004) 
 2004 61a WB PAD (2004) 
Access to safe drinking water 1997 93a GSS (2001)c 
 2000 70 DANIDA (2003) 

B. Accra data Year % Reference 
Access to 24 hr day–1 water supply 2005 25 WaterAid (2005) 
Access to pipe-borne water 1958 24 Acquah (1958) 
 1984 89 GSS (1984) 
Access to drinking water 2002 33.3d GSS (2003) 
 1992 99.8e Benneh et al. (1993) 
 2000 88.1f GSS (2002) 
aUrban population 
bService 24 hr day–1 
cReported Ghana official data 
dPrivate water access 
ePrivate or shared water access 
fPrivate, shared or tanker water access 

Table 6. A: Review of Ghana water supply coverage data; B: review of Accra
water supply coverage data 

able. The acceptability curve lags the experience curve, indicating that accep- 
tability is related to personal experience (Fig. 4). Of the survey participants
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Fig. 4. (A) Water delivery cut-off frequency (consumer experience) and tolerance 
(acceptable cut-off frequency); (B) water quality deficiency frequency (consumer 
experience) and tolerance (acceptable deficiency frequency) 

Usage 

Access to water is a critical issue and a concern (Table 4). The total water 
production of 121 Mm3 year–1 provides water for households, industry, and 
institutions. This figure equals a water consumption of 92 L capita–1 day–1 
(based on population estimates). However, based on domestic and commer-
cial (tanker service, public standpipe, etc.) water sales records, consumer 
sources of water supply and taking leakage into consideration, the con-
sumer pipe-borne water consumption is in the range 31–46 L capita–1 day–1. 
This is below the World Health Organization (WHO) level of intermediate 
water access; 50 L capita–1 day–1 provided on-plot through at least one tap 
per yard [27].  

Benneh et al. [28] state that access to pipe-borne water in Accra is 
closely related to the degree of urban planning and to the degree of house-
hold wealth. However, the case study interviews indicate that regardless of 
economic level consumers commonly suffer from dry taps and depend on 
water tanker service and sachet water supply.  

Table 6 presents data for water supply coverage from various sources. 
Data differ greatly between sources and national water supply coverage 
range between 54% and 93% for the past 20 years. The difficulty to monitor 
access to water and the problems related to comparability, difference in 
definitions, and data collection have been highlighted elsewhere [29]. This 

definitions differ in terms of water source and quality (e.g., tap, tanker, 
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there are those that want an improved situation but can accept cut-offs and
those that do not accept cut-offs under any circumstances.  

lity. A number of definitions for water supply data are in use (Table 6) and
case study demonstrates the problems of comparability and data availabi-
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well improved/unimproved), type of connection (e.g., household connection, 
public standpipe, borehole), and availability (e.g., 24 h service, distance to 
source).  

Monitoring of drinking water quality is limited. Accra has a high fre-
quency of water-borne disease, and drinking water quality deficiency is a 
problem. About 22.4% of the questionnaire participants report having suf-
fered from water-borne diseases, and 74.2% experience daily, weekly, 
monthly, or yearly deficiency in water quality (Fig. 5). Participants find 
water quality deficiencies unacceptable (48%) or acceptable only yearly 
(40%). 

The experience–acceptability curves for water quality (Fig. 4B) do not 
show the lag found for water delivery cut-offs, indicating a low tolerance 
for water quality deficiency. Of the survey participants there are those that 
want an improved situation but can accept cut-offs and those that do not 
accept cut-offs under any circumstances. 

There are strong indications of a limited consumer trust in water quality. 
Participants are concerned when drinking tap water (only 43% feel safe) 
with a much higher trust in bottled/sachet water (90% feel safe). There is a 
clear divide between the general public and stakeholders involved in water 
production in terms of trust in water quality. The general public represen-
tatives strongly believe that bottled water is healthier than tap water (82%) 
with the reverse expressed by government and employee representatives 
(16.7%). 

Affordable water is a concern (Table 4) and survey results show con-
sumer water expenditures varying between 5% and 45% of the consumer 
food expenditures. Private access to tap water is by far the cheapest for the 
consumer. Dependence on a shared stand-pipe increases prices almost four 
times for the consumer involved in this study. Private water delivery 
through tanker or sachet/bottled water is the most expensive with tanker 
water delivery costing 13 times the tap water price.  

The questionnaire survey results reveal that all stakeholder group par-
ticipants, apart from the government representatives, expect an increase in 
consumer water costs with the current shift to PSP for Accra water supply 
management (Fig. 5A). Government and employee representatives find 
this acceptable in order to reach sustainability objectives but both aca-
demic and NGO representatives object to an increase in consumer water 
costs (Fig. 5B). NGO representatives also strongly oppose that consumers 
should pay for investments in improvements towards a more sustainable 
UWS. Representatives from the general public, however, seem willing to 
pay for water supply improvements. In a previous consumer survey of Accra 
it was shown that for those with an existing water supply, 66% are willing 
to pay more in principle for supply improvements [30]. 
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Fig. 5. (A) Water costs and sustainability investments; (B) expected consumer 
costs with PSP  

Wastewater collection and treatment 

It has been reported that as of 2000 [24] 34% of the urban population in 
Ghana had access to “safe sanitation”, while other reports [31] state that 
74% have access to “improved sanitation”. The same insecurity in data 
availability, comparability, and accuracy as for water supply coverage 
data, was found for sanitation coverage.  

The total wastewater collection volume (by sanitation tanker and the 
pipe-borne system) in Accra is only 6.2 Mm3 year–1 and the treatment of 
collected wastewater is limited. The Korle Lagoon Sewerage Treatment 
Plant uses USAB reactors for purifying the water, which is claimed to 
reach 95% biological oxygen demand (BOD) removal [22]. However, the 
plant was not fully functioning at the time of this case study and the plant 
has no facility for N or P treatment. 

Of the total collection of sludge about 0.2 Mm3 year–1 is collected by 
sanitation tankers and transported to the Marine Disposal Site (42%), the 
plant in Teshie-Nungua (11%) or the ponds in Achimota (47%).  

The Marine Disposal Site is a section of the beach where sanitation 
tankers discharge untreated sewage sludge into the sea. It is reported that 
the Korle Lagoon is one of the most polluted in Ghana with extreme nutri-
ent levels due to human activities including the treatment plant load to re-
ceiving waters [21]. There is no chemical use for the wastewater treatment 
and energy consumption is not reported.  

(A) Private sector participation in Ghana Water 
Company Ltd. promotes a sustainable devel-
opment of the urban water system. 

(B) Water costs should pay for invest-
ments in improvements towards a more 
sustainable water system. 
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Handling of by-products 

Sludge is placed in drying beds and the former facility for sludge compost-
ing is currently not in use. From the drying beds sludge is collected by 
truck and reused as soil amendment. The sludge quantity and quality is not 
monitored and levels of nutrient recycling and loads to receiving soils are 
uncertain.  

Participants in the questionnaire survey agree that nutrient recycling 
from sewage sludge should be prioritized to reduce environmental bur-
dens. However, when explicitly stating potential risks associated with such 
practices, only participants representing academics seem to find risks of 
sewage sludge application on land acceptable to meet nutrient recycling 
goals (Fig. 6).  

UWS management  

Water supply management 

Representatives from NGOs, government, and employees agree that the 
current institutional organization structure in Accra does not promote a 
sustainable development of the UWS. The debated water management  
reform of Ghana Water Company has been a long political process, finally 
  

Fig. 6. (A) Nutrient recycling and reduced environmental burden; (B) sludge re-use 
and potential risks 

(A) The recycling of nutrients from sewage 
sludge either through agricultural application 
or extraction should be prioritized to reduce 
the burdens on natural resources. 

(B) Potential human health and environmental 
risks associated with the use of sewage sludge 
on agricultural land are acceptable trade-offs 
to meet nutrient recycling goals.
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Fig. 7. (A) PSP and management efficiency; (B) PSP and sustainability 

leading to PSP in water supply management. In agreement with the repre 
sentatives of the general public, representatives of the government and 
employees clearly believe that the reform will increase management effi-

believe that PSP neither promotes a sustainable development nor improves 
management and efficiency of the water supply sector. 

Wastewater management 

Participants agree that water and sanitation management should be viewed 
as one system (Fig. 8), although this is not necessarily the case in the water 
management reform [32]. These results together with the criteria ranking 
(Table 4) indicate a lack in perceiving sanitation as part of the UWS, even 
 

 
 

 
 
 
 
 
 

 
 

Fig. 8. Water and sanitation management 

(A) Private sector participation of Ghana Wa-
ter Company Ltd. increases management effi-
ciency. 

(B) Private sector participation in Ghana 
Water Company Ltd. promotes a sustainable 
development of the urban water system. 

ciency and promote sustainability (Fig. 7). NGOs have objected to the water
management reform since its start, which is also seen in this study, and
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though this is explicitly emphasized in the Millennium Development Goals 
as critical for a sustainable UWS development [33]. 

Conclusions 

Findings for the developed approach 

• The presented framework where a stakeholder–consumer approach 
(with emphasis on a local perspective) is combined with an environ-
mental approach (with a regional/global perspective) provides both 
qualitative and quantitative data.  

• The approach covers the whole urban water cycle and expands from 
current stakeholder targeted methodologies towards a greater involve-
ment of the general public. 

• The approach provides UWS information by integrating ESI data col-
lection and questionnaire survey results. The combination of indicators 
and questionnaires in this approach has proven successful as both give 
indicative results, providing a balanced level of information between 
the two. 

• The results demonstrate that the approach captures not only water system 
data but also consumer and stakeholder perceptions. The stakeholder–
indicator approach thus serves to combine environmental sustainability 
facts for the system and human perception. 

• As the framework is based on straightforward assessment techniques 
(indicators, interviews, and questionnaires) it is not viewed as complex 
or limited in feasibility by practitioners. 

Environmental sustainability indicators 

• The ESI results show that leakage, drinking water quality, and energy 
for water distribution by truck are critical issues. Significant limitations 
in wastewater collection and treatment result in high loads to receiving 
water and soil. 

• A major constraint for the ESI data collection in Accra was data avail-
ability, uncertainty, and comparability, which limited the accuracy and 
the possibility to view trends over time. For the local stakeholders 
greater effort needs to be placed on obtaining reliable data, valuation of 
identified issues, and applying statistical methods to safeguard ade-
quate results. 
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Critical issues from interviews 

• For a system like Accra where the infrastructure for water supply is not 
yet fully established, the identified critical issues are mainly related to 
the technical system (study boundary level 1) and its management 
(study boundary level 2). 

• 

well functioning pipe-borne water supply should be strived for to keep 
the system both cost and energy effective. 

Questionnaire findings 

• Although some groups are critical (e.g., NGOs), individual consumers 
believe that PSP will bring improvements to the UWS. Most believe 
that PSP will mean increased consumer water costs but the question-
naire reveals a willingness-to-pay. 

• The questionnaire participants rank the criterion healthy ecosystems 
and reduced environmental burden, as least important for the future, 
while, on the contrary, the need for improved environmental status is 
confirmed through the ESI results. 

• There seems to be a lack of awareness and limited recognition of 
environmental aspects as crucial for a sustainable UWS. This indicates 
the need for a clearly stated definition of what sustainability implies. 
However, such definition and acceptance processes amongst the 
different stakeholders as well as the general public will be difficult and 
complex. 

• The results of the questionnaire survey stems from the questionnaire 
formulation, which is based on stakeholder interviews. Thus the selection 
of interviewees is crucial and it is unknown whether the results would 
differ by expanding the number of interviews made and/or expanding 
the selection of stakeholder interviewees to include the private and 
agricultural sector. 
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Abstract 

A software tool (DRONE) has been developed to evaluate road traffic noise 
in a large area with the consideration of network dynamic traffic flow and 
the buildings. For more precise estimation of noise in urban network where 
vehicles are mainly in stop and go running conditions, vehicle sound power 
level (for acceleration/deceleration cruising and ideal vehicle) is incorpo-
rated in DRONE. The calculation performance of DRONE is increased by 
evaluating the noise in two steps of first estimating the unit noise database 
and then integrating it with traffic simulation. Details of the process from 
traffic simulation to contour maps are discussed in the paper and the imple-
mentation of DRONE on Tsukuba city is presented. 

Introduction 

Generally traffic noise is not evaluated in a comprehensive manner, i.e., it 
is limited to road side area with static traffic flow consideration. The effect 
of buildings especially in built-up area is also not taken into account. For the 
noise evaluation in a large area with the consideration of network dynamic 
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traffic flow and the buildings (forming the built-up area) a computerized 
model, DRONE (area-wide Dynamic Road traffic Noise) [1–3], has been 
developed. This paper elaborates the methodology and structure of DRONE 
to estimate noise levels on a large urban area where the vehicles are gener-
ally in stop and go running conditions. For computationally efficient noise 
estimation on a large network, DRONE generates unit noise database for the 
study area, which is then efficiently integrated with traffic simulation. 

The structure of paper is as follows: first the general methodology and 
framework of DRONE is discussed, followed by the discussion on the ex-
plicit consideration of acceleration/deceleration in DRONE. Then a two-step 
procedure of first generating unit noise database and then area-wide noise 
estimation is discussed. Finally the results from the implementation of 
DRONE at Tsukuba city, Japan are presented. 

General methodology and framework of DRONE  

Methodology and framework of DRONE 

The methodology of DRONE is to integrate the time-dependent traffic char-
acteristic simulated from the traffic simulation model with the noise esti-
mation model to estimate noise on an area-wide region by considering the 
time-dependent variations in traffic flow on the whole network. It is then 
further linked with Geographic Information System (GIS) to provide visual 
representation to the estimated noise in the form of time-dependent noise 
contour maps. 

In the present research, for traffic simulation, a mesoscopic traffic simu-
lation model AVENUE [4] is used. Standard Japanese road traffic noise 
estimation model (ASJ Model [5–7]) developed by the Acoustic Society of 
Japan is used for noise estimation. In the model, the building attenuation in 
the built-up area is estimated by considering the statistical model by 
Useaka [8]. For detailed discussion about how the buildings and built-up 
area attenuation is considered for noise estimation in DRONE, refer to [2]. 

For area-wide noise estimation, the study area is divided into a number 
of receptor points. The road network is also divided into a number of small 
sections (source sections). For each receptor point, the source sections, 
which contribute noise level at the receptor point are searched. Then for a 
particular source and receptor point, noise calculations, with appropriate 
consideration of attenuations such as building, distance etc., are performed 
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Fig. 1. Framework for noise estimation in DRONE 

is repeated for all the sources and for all the receptor points to estimate 
time-dependent noise level in the area-wide region (Fig. 1). 

A brief outline of the noise calculation procedure is as follows: The 
noise generated from a source section is defined in terms of sound power 
level (LWA,) for a vehicle based on the vehicle type and its running condition 
(transient or steady). The corresponding sound pressure level (Lp, Eq. 1) at 
the receptor point is calculated by appropriate consideration of the sound 
propagation from the vehicle position to the receptor point. The sound 
propagation from the source to the receptor point is dependent on the num-
ber of factors, such as ground properties, buildings, etc., between source 
and receptor point. These factors contribute to the correction terms to the 
sound power level (LWA) generated by the source. 

 

p WAL L Correction terms= +   (1) 
 

Then, the sound pressure exposure (LAE) at the receptor point is estimated 
based on the time during which the vehicle is in the corresponding section. 
Finally, equivalent continuous sound pressure level (A weighted) LAE is  
estimated by considering the traffic flow at the corresponding section. 

based on the time-dependent traffic simulation on the network. The process
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Explicit consideration of acceleration in noise estimation  

The last application of DRONE [1] is based on the ASJ Model 1998, which 
differentiates the vehicle motion in terms of transient and steady running 
conditions. Vehicle power level for transient running condition is higher 
than those from steady running condition, which implicitly accounts for 
the increase in the noise level for accelerating vehicle. However, in an urban 
environment, the vehicles are in stop and go running condition. For exam-
ple, at control intersection they decelerate, stop, and then accelerate. It has 
been found that the noise level for an accelerating vehicle can be signifi-
cantly higher than those from cruising vehicle at the same speed [9]. Hence, 
for more precise and accurate estimation of noise in urban environment, it 
is necessary to consider the more detail driving condition. 

In ASJ Model 1998, the sound power level from the source does not  
explicitly consider the acceleration of the vehicle. So, in order to capture 
the effect, a detailed relationship between vehicle sound power level and 
running conditions defined in terms of speed, and rate of change of speed 
(acceleration/deceleration) is used in DRONE. The required relationship is 
obtained from the latest research from Japan Automobile Research Insti-
tute [10]. The template for the relationship is shown in Table 1. The revised 
power levels are for acceleration (m s–2) ranging from –1.5 to 1.5 with step 
of 0.25. The speed (km h–1) range is from 0 to 120 km h–1. with zero speed 
corresponding to an ideal vehicle. In DRONE, Table 1 is a lookup table for 
the relationship between vehicle type, its running condition, and corre-
sponding sound power level. Note, in this paper we use the word “running 
condition categories”; these categories are related to column 1 of Table 1. 

Table 1. Template for relationship between vehicle running conditions and A-
weighted sound power levels 

Category Acceleration 
(m sec–2) 

Speed 
(km h–1) 

Sound power level dB 
(A) 

   Passenger 
car 

Small 
size 

Medium 
size 

Large 
size 

1 0 0–5 68.6 80.6 87.0 85.0
2 –1.5 5–10 75.3 80.8 82.5 85.1
3 –1.25 5–10 75.3 80.8 82.5 85.1
… … … … … … …
155 1 115–125 109.3 – – –
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Unit noise database  

The sound pressure level (Eq. 1) at the receptor point depends on the vehi-
cle sound power level (source model) and the correction terms for the 
sound propagation (propagation model) from source to receptor point. The 
sound power level depends on the vehicle running condition obtained from 
the traffic simulation. However, the correction terms are independent of 
the traffic simulation and depend on the geographical conditions. In a dense 
urban network, the calculation of correction terms (for building attenua-
tion, etc.) for a grid of large number of receptor points requires consider-
able computation time. For noise abatement policy evaluation we need to 
run the noise simulation for different transportation policies to evaluate 
and implement the cost-effective and efficient transportation policy [1]. 
During different simulation runs for the same area, only traffic conditions 
in the network changes. Hence, for a large study area, we propose to com-
pute the correction terms for all the sources to respective receptor point 
only once. And then integrate this with different traffic simulations to gen-
erate noise maps in more computationally efficient manner. 

The unit noise database is defined in terms of correction terms for each 
receptor point from different source sections and is visualized in terms of 
unit noise map. Unit noise is obtained from a hypothetical situation of unit 

sound propagation (effect of buildings, ground, and distance) on the whole 
network. 

Traffic simulation provides the flow for each vehicle category type on 
the network, which is then integrated with unit noise database to obtain the 
area-wide noise map as discussed in the following section. 

Area-wide noise estimation  

Traffic simulation output 

speed (mesoscopic characteristics) of vehicles with minimum resolution of 
1 s. For considering the time dependent accelerating and deceleration of the 
vehicle (microscopic characteristics) individual vehicle trajectory is tracked 
during traffic simulation from AVENUE (Fig. 2) represents an individual 
vehicle trajectory from AVENUE and its corresponding time-dependent 

corresponding contour map is unit noise contour map. The physical signi-
flow on the whole network and for each vehicle running category. The

ficance of the unit noise map is that it visualizes the correction terms for

The standard traffic simulation output from AVENUE is the flow and

information for acceleration, deceleration, cruising, and ideal conditions.
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Fig. 2. Individual vehicle trajectory from traffic simulation 

More precise data for noise estimation is obtained by transforming indi-
vidual vehicle trajectory into its corresponding running conditions. 

Individual vehicle trajectory is time-dependent space coordinates of the 
vehicle. These coordinates are related to the respective sections in the road 
network. For each section, vehicles are aggregated according to its type and 
running condition category (defined in column 1 of Table 1). Finally, area-
wide noise is obtained by integrating the above flow with the pre-calculated 
unit noise database 

The following section discusses about the implementation of the above 

Implementation 

Study area 

The study area is 1.8 km × 2.3 km in Tsukuba city, Japan. Figure 3 shows 
the site of the study area where buildings are represented by blocks. Dif-
ferent colours represent different height of the buildings, which varies 
from 4 m to 58 m. 

To generate noise map for the above mentioned area, we consider a larger 
area for traffic simulation, which is 2.8 km × 3.3 km as shown in Figure 3. 
Noise for a receptor point is contributed by all the sources in the network. 
Farther the source from the receptor point, lesser is the noise contribution. 
It has been observed that sources beyond 300 m have very little contribution 
in the noise at the receptor point and beyond 500 m the contribution is neg-
ligible 2. For the present application we consider 500 m as a buffer distance 
for noise estimation at a receptor point, i.e., all the sources within 500 m 

mentioned procedure on Tsukuba city, Japan.  

from the receptor point are considered for noise estimation. For estimating
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Fig. 3. Study area 

noise around boundary points of the study area, we need to consider sources 
beyond the study area; hence for traffic simulation we consider the area 
more than 500 m beyond the noise estimation area, which is 2.8 km × 3.3 
km area as shown in Figure 3. The entire building infrastructure in the area 
is considered for noise simulation. Traffic simulation at the morning peak 
between 7 a.m. and 9 a.m. was executed to estimate area-wide traffic noise. 

In the present application receptor points are spaced at 10 m grid, and 
the road network is divided into 10 m source sections. 

Results 

Figures 4–6 represent the results of the application of DRONE in the above 
mentioned area. First, unit noise map database is generated for the area, 
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which contains the correction terms for each receptor point and source sec-
tion. This is visualized by considering the unit flow on the network for 
each vehicle running category and corresponding unit noise map is presented 
in Figure 4. In the contour maps different colour represents different noise 
level. Blue, green, yellow, and red represents the increasing intensity of the 
noise level. 

For unit noise map, we assume unit flow (for each vehicle running cate-
gory) on the whole network, irrespective of the road type. So, each section 
of the network has a source corresponding to each vehicle running cate-
gory. This can be seen as intense noise level along the road network in 
Figure 4. However, during traffic simulation we only have very low flow 
on the residential roads and high flow on the major roads. The integration 
of which provides the noise map for the area. 

In Figure 5, traffic simulation result is also visualized in terms of hourly 
flow on the network. The flow on the residential roads is negligible. The 
diagonal running highway has the major flow, of the order of 1000 vehi-
cles per hour. Noise contour map (Fig. 6) for the study area is finally obtained 
from the integration of the traffic simulation with unit noise database. The 
traffic simulation output indicates that the diagonal running highway has 
significant amount of flow, which is reflected in the noise map with more 
intense noise level along the same road. Similarly, residential roads have 
negligible flow and corresponding low noise levels in the noise contour 
map. 
 

Fig. 4. Unit noise contour database  
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Fig. 5. Traffic simulation database 

 
Fig. 6. Noise contour map 

The unit noise database for the area is fixed and for further research it 
can be used for evaluating different transportation policies in computation-
ally efficient manner. 
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Conclusions 

A software tool DRONE has been developed by the integration of the dy-
namic output from a traffic simulation model with the noise estimation 
model. It can estimate comprehensive area-wide noise, considering net-
work time-dependent traffic flow and buildings forming built-up area. 
DRONE considers the state-of-the-art relationship between vehicle sound 
power level and running conditions along with detailed vehicle trajectory 
for estimating noise in urban environment. 

The calculation performance of DRONE is improved by evaluating the 
noise in two steps. The two-step procedure is applied on Tsukuba city, Japan 
and unit noise database is created, which can be used for testing different 
traffic management scenarios on the study area. 
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