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ABSTRACT 

In Sweden, utilisation of incinerator residues outside disposal areas is restricted by environmental 
concerns, as such residues commonly contain greater amounts of potentially toxic trace elements 
than the natural materials they replace. On the other hand, utilisation can also provide 
environmental benefits by decreasing the need for landfill and reducing raw material extraction. 
This thesis provides increased knowledge and proposes better approaches for environmental 
assessment of incinerator residue utilisation, particularly bottom ash from municipal solid waste 
incineration (MSWI).  
A life cycle assessment (LCA) based approach was outlined for environmental assessment of 
incinerator residue utilisation, in which leaching of trace elements as well as other emissions to air 
and water and the use of resources were regarded as constituting the potential environmental 
impact from the system studied. Case studies were performed for i) road construction with or 
without MSWI bottom ash, ii) three management scenarios for MSWI bottom ash and iii) three 
management scenarios for wood ash. Different types of potential environmental impact 
predominated in the activities of the system and the scenarios differed in use of resources and 
energy. Utilising MSWI bottom ash in road construction and recycling of wood ash on forest 
land saved more natural resources and energy than when these materials were managed according 
to the other scenarios investigated, including dumping in landfill. There is a potential for trace 
element leaching regardless of how the ash is managed.  
Trace element leaching, particularly of copper (Cu), was identified as being relatively 
important for environmental assessment of MSWI bottom ash utilisation. CuO is suggested as 
the most important type of Cu-containing mineral in weathered MSWI bottom ash, whereas in 
the leachate Cu is mainly present in complexes with dissolved organic matter (DOM). The 
hydrophilic components of the DOM were more important for Cu binding than previously 
understood. Differences were also observed between MSWI bottom ash DOM and the natural 
DOM for which the geochemical speciation models SHM and NICA-Donnan are calibrated. 
Revised parameter values for speciation modelling are therefore suggested. Additions of salt or 
natural DOM in the influent did not change the leachate concentration of Cu. Thus, although Cl 
and natural DOM might be present in the influent in the field due to road salting or infiltration 
of soil water, this is of minor importance for the potential environmental impact from MSWI 
bottom ash.  
This thesis allows estimates of long-term leaching and toxicity to be improved and demonstrates 
the need for broadening the system boundaries in order to highlight the trade-offs between 
different types of impact. For decisions on whether incinerator residues should be utilised or 
landfilled, the use of a life cycle perspective in combination with more detailed assessments is 
recommended. 

Key words: MSWI bottom ash; wood ash; recycling; LCA; environmental assessment; 
geochemical speciation modelling; dissolved organic matter; copper (Cu) 
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INTRODUCTION 

Incineration of biofuel, peat and different 
types of waste for energy production in 
Sweden generates almost 1.2 million tonnes 
of ash per year (Ribbing, 2007). This ash has 
varying chemical and technical properties, 
depending on the type of fuel, the 
incineration process and the type of furnace 
(Rendek et al., 2007). Incineration of 
household and industrial waste for district 
heating results in approximately 600 000 
tonnes of residues annually, of which 
bottom ash constitutes the major fraction 
(Ribbing, 2007). This bottom ash is generally 
referred to as municipal solid waste 
incinerator (MSWI) bottom ash, although it 
also derives partly from industrial waste 
(mostly paper and plastic materials).  
Some of the ash is technically suitable for 
construction purposes. For example, MSWI 
bottom ash can be used as a gravel-like 
material in embankments and capping layers 
on landfills or in a road sub-base layer  
(Fig.1). Several field experiments have been 
performed with MSWI bottom ash in road 
construction in Sweden (Hartlén et al., 1999; 
Lind et al., 2005; Bendz et al., 2006a) and 
internationally (Kärrman et al., 2004). Anot-
her possibility is to utilise the MSWI bottom 
ash in the drainage layer in landfill, situated 
above the barrier layer but below the surface 
and the vegetation layers (Mácsik et al., 

2006). Fly ash from wood and peat com-
bustion can also be a useful material for road 
construction (Lahtinen, 2001; Mácsik & 
Svedberg, 2006) or it can form an im-
permeable barrier layer for landfill con-
structions if mixed with sludge (Mácsik et al., 
2006). Fly ash from wood incineration not 
only comprises a potential construction 
material, but can also be regarded as a 
valuable nutrient resource and the re-
commendation from the Swedish Forest 
Agency is to use it for ash recycling on 
forest land after harvesting of biofuels 
(Samuelsson, 2001).  
Generally, the utilisation of incineration 
residues outside landfill is limited in Sweden 
(Ribbing, 2007). One reason is their content 
of potentially toxic trace elements, which 
can cause contamination of the environment 
when the material comes into contact with 
water. However, the chemical variation be-
tween different ash types is large and while 
the use of some ash types is generally accep-
ted, others require extensive risk assessments 
to be performed unless dumped under 
controlled leaching conditions in landfill.  
The main focus of this thesis is on MSWI 
bottom ash because of the large volume 
produced and its suitability for use. There is 
an ongoing discussion on how the material 
could affect the environment through trace 
element leaching and how the policies or 
restrictions on the use of MSWI bottom ash 
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Crushed granite 0-100 mm

130

80

465

(mm)

130

150

465

(mm)

Bitumen bound surface layer and base
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Figure 1. Cross-sec-
tion of the test road 
Törringevägen, situa-
ted near Malmö in 
southern Sweden, in 
which MSWI bottom 
ash has been used in 
the sub-base layer in 
one of the test sec-
tions (Hartlén et al., 
1999). 
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should therefore be designed. Most of the 
MSWI bottom ash in Sweden is produced in 
‘mass-burning systems’, in which the waste 
is burned on a grate without pre-treatment 
(Ribbing, 2007). Arm (2003) reported a 
particle size distribution similar to sandy 
gravel for MSWI bottom ash and found the 
composition to be predominated by slag and 
glass particles, with only small amounts of 
materials such as ceramics, metals, paper, 
plastic, textiles and wood. Generally, MSWI 
bottom ash is sorted before it is utilised or 
landfilled, which means that metals, un-
burned materials and large particles are 
removed. According to Arm (2003), careful 
and standardised sorting and sieving 
together with a thorough incineration pro-
cess limit the variation in stiffness and sta-
bility of the bottom ash. The term ‘slaggrus’ 
(‘slag gravel’ in English) is commonly used 
in Sweden for MSWI bottom ash that is 
sorted and sieved and that has aged for at 
least six months (Wilhelmsson et al., 2003).  
MSWI bottom ash commonly contains suffi-
cient toxic substances to be considered a 
potential risk, but not so much that it must 
be classified as a hazardous waste (RVF, 
2002; Wilhelmsson et al., 2003). Generally, 
MSWI bottom ash contains a larger amount 
of potentially toxic trace elements, parti-

cularly of copper (Cu), than for example 
wood ash or conventional construction 
materials such as crushed rock (Table 1) 
(Lidelöw & Lagerkvist, 2007). However, a 
high content of trace elements does not 
necessarily lead to high leaching (van der 
Sloot et al., 2001; Karlfeldt & Steenari, 
2007). Although much research has been 
done on MSWI bottom ash leaching over 
recent decades, the mobilisation mechanisms 
for trace elements are not yet fully under-
stood. Hence, the possibilities for leaching 
predictions are limited. Based on the 
precautionary principle that is practised in 
Sweden, authorities are therefore often 
restrictive as regards use of the material. 
It can be argued that the environmental 
benefits of using MSWI bottom ash justify 
the acceptance of a certain level of leaching. 
For example, increasing the use of MSWI 
bottom ash in construction would decrease 
the amount of ash material sent to landfill, 
while also decreasing the need for natural 
aggregates such as crushed rock. Neither the 
disposal of material on landfills nor the 
extraction of natural aggregates can be 
expected to cause none-environmental im-
pact. These aspects should be considered 
according to both the Swedish environ-
mental code (Swedish Code of Statutes 

Trace 
element 

MSWI bottom ash1 Crushed rock2 

As 36(14) 10(25) 

Cd 7.6(5.0) 0.36(0.14) 

Cr 495(248) 43(45) 

Cu 4245(2945) 27(20) 

Ni 289(229) 20(16) 

Pb 1280(685) 21(18) 

Zn 3480(1507) 70(45) 

Table 1. Concentration 
(mg/kg) of various trace 
elements in MSWI bottom 
ash and crushed rock. The 
differences between the 
two materials are highly 
significant (P<0.001) for all 
trace elements according 
to the Wilcoxon test 
(Helsel, 2005). 

1Average content in Swedish MSWI bottom ash from six different 
incineration plants (n=47) according to RVF (2002). Standard deviations 
are given within brackets.  
2Average content in rock samples (n=23) according to Ekvall et al. (2006). 
Different rock types, such as limestone, granite and gneiss, are represented. 
Standard deviations are given within brackets. 
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1998) and the Swedish Environmental 
Quality Objectives (Swedish Environmental 
Objectives Council 2007). However, the 
content and leaching of trace elements are 
commonly the main focus in environmental 
assessment of MSWI bottom ash utilisation 
and the environmental benefits of utilisation 
are seldom quantified (Kärrman et al., 2004; 
Kärrman et al., 2008). Assessments focused 
solely on the risks associated with leaching 
fail to consider pressures relevant on a 
regional or global scale, such as resource use, 
acidification or climate change (Roth & 
Eklund, 2003; Roth, 2005). To improve the 
basis for decisions on MSWI bottom ash 
management, there is therefore a need not 
only to improve assessment of trace element 
leaching, but also to include in the assess-
ment potential environmental impacts that 
are not directly associated with the chemical 
properties of the material. 

Aim and objectives 

The aim of this thesis was to provide 
increased knowledge and better approaches 
for environmental assessment of incinerator 
residue utilisation, with particular focus on 
MSWI bottom ash.  
Specific objectives were to: 
• Develop an approach for environmental 

assessment of incinerator residue utilisa-
tion that considers different types of 
potential environmental impact and that 
accounts for alternative disposal (land-
filling) of the material 

• Describe and quantify differences in 
potential environmental impact that can 
be expected in different cases of incine-
rator residue utilisation 

• Increase the understanding of the mo-
bilisation mechanisms for Cu in MSWI 
bottom ash  

• Improve the basis for leaching and 
toxicity estimations of Cu from MSWI 
bottom ash 

• Quantify the possible influence of road 
salt and dissolved organic carbon in the 
influent on the release of trace elements 
from MSWI bottom ash. 

Outline 

This thesis is based around four papers and 
includes both a broad systems perspective 
on the utilisation of incinerator residues and 
a more specific focus on the chemical 
properties  of MSWI bottom ash material 
and its leaching behaviour. Papers I and II 
develop an environmental assessment 
approach and present case studies in which 
different scenarios for managing incinerator 
residues are compared in terms of metal 
leaching and other types of emissions and 
the use of resources and energy. Papers III 
and IV describe more detailed studies on 
trace element leaching from MSWI bottom 
ash. Paper III investigates the role of 
different organic fractions for Cu leaching 
and examines the possibility of geochemical 
speciation modelling, while Paper IV 
investigates solid Cu phases in the MSWI 
bottom ash and presents the results of 
leaching experiments performed with 
different influent compositions. The thesis 
begins with a review of current research 
concerning environmental assessment of 
incinerator residues in order to place the 
concept of environmental assessment in a 
systems perspective and to describe different 
approaches for transferring information on 
trace metal leaching into broader assess-
ments. 

REVIEW OF RESEARCH AREA 

Chemical characteristics of MSWI 
bottom ash 

Total content and leaching of  trace elements 
The composition of MSWI bottom ash has 
been described for many different 
incineration plants and countries (e.g. 
Hjelmar, 1996; Wiles, 1996; Chandler et al., 
1997; Chimenos et al., 1999; Izquierdo et al., 
2002; Forteza et al., 2004). There is also 
much information available on Swedish 
MSWI bottom ash (e.g. Fällman, 1997; RVF, 
2002; Johansson, 2003; Bjurström et al., 
2004; Lidelöw & Lagerkvist, 2007; Ribbing, 
2007; Avfall Sverige, 2008). Generally, 
MSWI bottom ash contains relatively large 
amounts of trace elements, especially Cu, 
compared with natural aggregates such as 
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sand or crushed rock (Table 1). The trace 
element content in bottom ash is controlled 
primarily by the type of fuel, but also by the 
incineration temperature. In an investigation 
of trace elements in different waste fractions 
in Denmark, As, Cu and Pb were generally 
found in metal items, whereas Cr was 
derived from leather or textile and Cd, Ni 
and Zn were derived from batteries (Riber & 
Christensen, 2006). A higher temperature 
results in increased transfer of many metals 
into the gaseous phase (Belevi & Langmeier, 
2000).  
For environmental assessments of MSWI 
bottom ash utilisation, information is needed 
not only on the total content of trace 
elements in the material but also on the 
amount of these trace elements that might 
be expected to reach the surrounding 
environment. For most trace elements, there 
is not necessarily a correlation between the 
total content in the bottom ash and the 
amounts leached, as several additional 
factors may determine leaching (van der 
Sloot et al., 2001; Jeong et al., 2005). By 

using specifically designed or standardised 
leaching tests, extensive information can be 
obtained on material properties and the 
mechanisms controlling leaching. Different 
leaching tests for characterisation of the 
intrinsic leaching properties of wastes are 
being standardised at the European level in 
CEN/TC 292 (European Committee for 
Standardisation, Technical Committee 
‘Characterisation of Waste’) (Table 2). In 
both extraction tests (batch tests) and 
percolation tests, leaching is determined as a 
function of the amount of liquid with which 
the material comes into contact, commonly 
expressed as the liquid-solid (L/S) ratio. 
Extraction tests typically involve mixing a 
sample with a specific volume of leaching 
solution, which is not renewed during the 
test. Mixing is performed for a specified 
time period and is followed by filtration and 
analysis of the leachate. Examples of 
extraction tests are NT ENVIR 003, EN 
12457 (1-4) and CEN/TS 14429.  
The availability test NT ENVIR 003 deter-
mines the amounts of different substances 

Table 2. Examples of common leaching tests for granular material. 

Test Type Procedure Results 

EN 12457 
(1-4) 

Extraction 
test 

Sample is mixed with H2O and 
HNO3 for 24 h, L/S 2-10. 
Particle size is <10 or <4 mm. 

Estimates of leaching 
during a short time 
perspective. 

CEN/TS 14429 Extraction 
test 

Replicate samples are mixed 
with H2O and HNO3 for 48 h at 
different pH values (4-12). The 
L/S ratio is 10 and the particle 
size is <1 mm.  

Information on the 
impact of pH on leaching. 

NT ENVIR 
003 
(availability test) 

Extraction 
test 

Sample is mixed with H2O and 
HNO3 in two steps, at pH 7 
(3h) and pH 4 (18h). The L/S 
ratio is high and particle size is 
<125 μm. 

Estimates of leaching 
during a long time 
perspective (several 
thousands of years). 

CEN/TS 14405 
(upflow 
percolation test) 

Dynamic 
test 

Sequential flushing with H2O in 
a column of the sample at 
increasing L/S ratios (0.1-10). 
Particle size is <10 or <4 mm. 

Information on how 
leaching progresses at 
different L/S ratios in a 
situation that is more 
similar to field conditions 
than in an extraction test. 
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that are available for leaching in a long time 
perspective (several thousands of years). EN 
12457 (1-4) and the pH static test CEN/TS 
14429, on the other hand, aim to describe 
the accumulated leaching during a shorter 
time perspective and therefore lower L/S 
ratio and coarser particles are used. In 
dynamic tests, the leaching solution is perio-
dically or continuously renewed and the 
successive leaching of different substances 
can be determined. An example of a dyna-
mic test is the upflow percolation test 
CEN/TS 14405, which is based on NEN 
7345 and NT ENVIR 002.  
Although the content of most trace elements 
is generally larger in MSWI bottom ash than 
in natural materials such as crushed rock, the 
differences in leachate concentration at L/S 
10 seem to be relatively small (Table 3). 
According to data obtained from RVF 
(2002) and Ekvall et al. (2006), the differ-
rences in average leachate concentration at 
L/S 10 are within one order of magnitude 
for all trace elements except Cu. It can be 
understood from the maximum leaching 
values reported for crushed rock that the 
leaching values of the two materials in some 

cases might overlap. Unfortunately, the 
limited amount of data on leaching from 
crushed rock does not allow for any sta-
tistical comparison of the leaching results, 
and no general conclusions can therefore be  
drawn on whether there are differences 
between the materials. At L/S 2, the diffe-
rences in leaching seem to be somewhat 
larger, but again, a more extensive dataset 
would be needed to determine any sig-
nificant differences.  
Average Cu leaching, however, seems to be 
much larger from MSWI bottom ash than 
from crushed rock (Table 3). The large 
amount of Cu leached from MSWI bottom 
ash is in line with what has been reported 
elsewhere (Chandler et al., 1997; van 
Zomeren & Comans, 2004; Åberg et al., 
2006). Cu is considered to be relatively toxic, 
compared with other trace elements 
(Huijbregts et al., 2000).  

Chemical mechanisms for trace element 
leaching 
The chemical mechanisms for dissolution of 
trace elements in MSWI residues have been 
the subject of discussion for several authors. 

Table 3. Accumulated leaching (mg/kg) of selected trace elements from MSWI bottom ash 
and crushed rock in batch leaching tests (L/S 2 and 10) at native pH (max and min values 
given within brackets). 

Trace 
element 

Bottom ash1 

L/S 2 

Crushed rock2 

L/S 2 

Bottom ash1 

L/S 10 
Crushed rock3 
L/S 10 

As 0.013 (0.003-0.02) 0.0078 0.030 (0.01-0.05) 0.012 (max 0.055) 

Cd 0.0022 (0.0006-0.016) 0.00024 0.0036 (0.001-0.023) 0.0045 (max 0.006) 

Cr 0.0179 (0.0012-0.09) 0.0010 0.041 (0.0052-0.18) 0.080 (max 0.08) 

Cu 2.42 (0.16-12.0) 0.011 3.65 (0.39-16.0) <0.050 

Ni 0.0354 (0.019-0.08) 0.0054 0.067 (0.03-0.16) 0.052 (max 0.065) 

Pb 0.0090 (0.0018-0.06) 0.00063 0.026 (0.0058-0.22) 0.013 (max 0.015) 

Zn 0.0681 (0.007-0.39) 0.0065 0.15 (0.022-0.64) 0.058 (max 0.060) 
1 Average leaching from Swedish MSWI bottom ash deriving from six different incineration plants according to 
RVF (2002) (only samples with content above detection included).  
2 Leaching from a crushed rock (gabbro-diorite) sample according to Tossavainen & Håkansson (1999).  
3 Average leaching from crushed rock samples (n=23) according to Ekvall et al. (2006) (only samples with 
content above detection included). 
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Weathering processes have been found to 
have a significant effect on the leaching of 
trace elements. Meima & Comans (1997) 
distinguished between three different 
weathering stages, based on pH, in which 
different bottom ash types showed largely 
similar leaching behaviour. In the most 
weathered MSWI bottom ash (1.5 years old), 
the pH was found to be 8-8.5. Later, the 
same authors concluded that leaching was 
lower in the more weathered (carbonated) 
bottom ash (Meima & Comans, 1999). The 
decreased leaching was explained as an 
effect of pH and of the controlling pro-
cesses being different than in the fresh ash. 
During weathering, the bottom ash is 
oxidised and the oxides are hydrolysed 
(Speiser et al., 2000), e.g. to Fe- and Al 
hydroxides. Carbonation then takes place, in 
which CO2 is absorbed by the material, pH 
is decreased and calcite (CaCO3) is formed 
until equilibrium with the atmospheric CO2 
is reached (Goumans et al., 1994; Chandler 
et al., 1997; Meima & Comans, 1997) (eq. 1). 
Amorphous aluminosilicates have also been 
found to precipitate (Goumans et al., 1994). 
Calcite works as an important long-term 
buffer in the bottom ash, keeping pH 
relatively high for a very long time (Fällman 
et al., 1999; Johnson & Furrer, 2002).  
 

CaO + CO2 → CaCO3  (eq. 1) 
     CO2 + H2O ↔ HCO3

- + H+ 
 
The processes controlling the leaching of 
trace elements from weathered bottom ash 
are not yet fully understood. Precipitation of 
calcite and other carbonates may be one of 
the controlling mechanisms for the leaching 
of Cd and Pb (Johnson et al., 1996) or Cd 
and Zn (Meima & Comans, 1999). Neo-
formed minerals such as Fe/Al-(hydr)oxides 
have also been discussed for controlling 
leaching as potentially important sorbent 
minerals (Kersten et al., 1997; Meima & 
Comans, 1998; Meima & Comans, 1999; 
Dijkstra et al., 2002), but additional sorption 
sites, which need to be identified, may also 
be important (Meima et al., 2002).  

For Cu, some indications have been found 
that sorption to amorphous Al-minerals 
reduces the mobility (Meima & Comans, 
1999; Meima et al., 2002). However, Cu 
leaching from MSWI bottom ash is also 
facilitated by dissolved organic matter 
(DOM) (Kersten et al., 1997; Meima & 
Comans, 1997; Meima & Comans, 1999; 
Åberg et al., 2006). Between 95 and 100% of 
the total Cu content in the leachate appears 
to be organically bound (Meima et al., 1999). 
There is commonly some organic material 
left in MSWI bottom ash that may be 
dissolved in the leachate (Brunner et al., 
1987; Chandler et al., 1997; Dugenest et al., 
1999; Johansson et al., 2000; Ferrari et al., 
2002; Johansson, 2003; Kim & Osako, 
2004). In Swedish MSWI bottom ash, the 
amounts of organic material vary from a few 
percent upwards, depending on the 
incineration process (RVF, 2002; Arm, 
2003). Ecke & Svensson (2008) found that 
approximately 60% by weight of the total 
organic carbon (TOC) in MSWI bottom ash 
was available for leaching.  
For predictions and toxicity estimates of Cu 
leaching, detailed knowledge of the spe-
ciation of Cu in the leachate and the contri-
bution from DOM is essential. When Cu-
DOM complexes are formed, the Cu2+ 
activity in the solution is decreased, which 
forces processes such as desorption or 
dissolution of Cu-containing minerals to 
take place in order to maintain the equi-
librium concentration of Cu2+ in the solu-
tion. Thus, the solution can become over-
saturated with regard to the total Cu 
concentration. This Cu-DOM complex for-
mation also decreases the bioavailability of 
Cu, which has implications for the leachate 
toxicity. In the United States, this is account-
ted for in quality criteria recommendations 
for Cu in freshwater by incurporation of the 
biotic ligand model (BLM) developed by Di 
Toro et al. (2001) into the regulatory 
framework (United States Environmental 
Protection Agency, 2007). Similar work is 
going on in Europe, and Swedish water 
quality criteria are based both on total Cu 
concentration and on the bioavailable 
fraction (Naturvårdsverket, 2007a).  
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There is a need for further studies of the 
nature of DOM in MSWI bottom ash its 
role for Cu speciation in the leachate. To 
describe the complexation of Cu by DOM, 
geochemical speciation models can be used, 
such as NICA-Donnan (Benedetti et al., 
1995; Kinniburgh et al., 1999; Milne et al., 
2003), Model VI (Tipping, 1998; Tipping, 
2002) and Stockholm Humic model (SHM) 
(Gustafsson, 2001). Generic parameter 
values in these models are based on large 
datasets containing data mainly from natural 
waters and soils, the capacity of which to 
complex copper has been thoroughly 
investigated (e.g. Kinniburgh et al., 1999; Lu 
& Allen, 2002). However, the DOM in 
MSWI bottom ash leachate may be different 
than the DOM in the natural waters for 
which the models have been calibrated. For 
example, the possible contribution of 
hydrophilic components, which can 
comprise a relatively large proportion of the 
DOM in MSWI bottom ash leachate as 
indicated by van Zomeren & Comans 
(2004), is not yet investigated.  

Measures to reduce trace element leaching 
There are different techniques described in 
the literature that can be used to improve 
the chemical properties of MSWI bottom 
ash. One possibility is to reduce the leacha-
bility of contaminants by chemical stabili-
sation or addition of sorbing components 
(e.g. Crannell et al., 2000; Comans et al., 
2000). Washing (Stegemann et al., 1995), 
accelerated carbonatisation (Van Gerven et 
al., 2005; Arickx et al., 2006), or thermal 
treatment of MSWI ash are other ways to 
reduce the leaching of some substances and 
improve the feasibility of recycling incine-
rator ash as a construction material (Wang et 
al., 1998; Sakai & Hiraoka, 2000; Nishida et 
al., 2001; Wang et al., 2003). Co-heating or 
mixing of the bottom ash with other ash 
fractions are other options (Abbas et al., 
2001; Sorensen et al., 2001; Baun et al., 
2004). Apart from carbonatisation in open 
piles, which is commonly practised, the use 
of these techniques for decreasing trace 
element leachability from MSWI bottom ash 
is limited in Sweden. One reason is that they 
are too expensive compared with the fee for 

landfilling and another reason is that it is still 
difficult to achieve sufficiently low leacha-
bility levels (Appendix 2 in Avfall Sverige, 
2008). 

Environmental assessment 

Systems analysis and environmental systems 
analysis 
Environmental assessment is a broad term 
that can include several different metho-
dologies, and it is used here for any type of 
study that addresses environmental impact. 
Environmental assessments can be applied 
to more or less complex systems. App-
roaches that study complex problems 
present in society by applying scientific 
methods and knowledge are commonly 
referred to as systems analyses (Miser & 
Quade, 1985). The definition of system 
boundaries is an important issue in all types 
of environmental assessments, but is most 
commonly discussed in connection with 
broader types of studies such as systems 
analyses. Wide system boundaries implies 
that more subsystems are included than in 
more detailed studies. This is in line with a 
non-reductionistic view, which acknow-
ledges that there are no isolated parts of a 
system. According to such a view, care must 
be exercised when breaking down the reality 
into examinable entities, and each system 
studied has to be seen within its larger 
context.  
Environmental systems analysis can be seen 
as a type of systems analysis that deals with 
the ‘interaction between anthropogenic 
(human-made) systems and their envi-
ronment(s)’ and that aims at providing a 
‘basis for decisions and planning for a more 
sustainable behaviour’ (Moberg, 2006). 
There are many examples of tools for 
environmental systems analyses (Robert et 
al., 2002; Wrisberg et al., 2002; Finnveden & 
Moberg, 2005; Ness et al., 2007). Life cycle 
assessment (LCA) is one such tool. It is used 
for describing environmental aspects and 
potential impacts throughout a product’s 
life, from raw material acquisition through 
production, use and disposal (ISO, 1997). 
LCA is commonly used to compare pro-
ducts with equivalent functions, to deter-
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mine the parts of the life cycle that are most 
critical to the system’s overall environmental 
impact, and to increase the understanding of 
the system studied.  

System boundaries for waste materials in 
construction 
Environmental assessments of the use of 
waste materials in construction can be made 
with different system boundaries that imply 
different levels of complexity. Roth & 
Eklund (2003) describe four different levels 
for environmental assessment of by-product 
re-use in road construction:  

1. Material  
2. Road environment  
3. Narrow life cycle level  
4. Industrial system level  

According to Roth & Eklund (2003), certain 
questions can be answered for each level and 
each level is also associated with some 
specific tools. The material level addresses 
the properties and content of the material, 
e.g. through leaching tests. Studies on the 
road environment level, on the other hand, 
deal with the material in its spatial context. 
On this level, scenario-specific leaching 
predictions are typically performed and the 
risks of toxic effects on ecosystems and 
humans are assessed. The narrow life cycle 
level requires that the system boundaries be 
expanded to include more parts than the 
operations stage in the construction’s life 
cycle. At the industrial system level, the 
system boundaries are even further ex-
panded to also cover indirect effects caused 
by interrelations with other parts of the 
industrial system. 
Olsson (2005) used these system levels as a 
basis for the organisation of previous 
scientific work concerning the environ-
mental aspects of using MSWI bottom ash 
in construction. In agreement with Roth & 
Eklund (2003), it was found that a question 
addressed at one level could not always be 
discussed on other levels, and that the aim 
of the study should thus define the suitable 
system level. However, it was also found 
that previous environmental assessments of 
MSWI bottom ash utilisation had been 

almost exclusively performed on the two 
lowest levels, focusing only on the chemical 
properties of the material and the possible 
leaching of contaminants. There are only a 
few examples of studies in which a broader 
perspective on incinerator residues in 
constructions has been applied. A life cycle 
perspective has been used in environmental 
assessments of road construction with 
MSWI bottom ash (Birgisdottir et al., 2007) 
and other incinerator residues (Mroueh et 
al., 2001; Carpenter et al., 2007). However, 
the number of publications in this field of 
research is still very limited.  
Each system level for environmental assess-
ment has its advantages and drawbacks. 
Generally, wider system boundaries are 
associated with more complexity and 
uncertainty, and the results seem to be more 
difficult to communicate. Narrower system 
boundaries, on the other hand, provide 
more detailed and validated information but 
cover only a limited part of the system. In 
some cases, a broad view is needed in order 
to obtain relevant results and it might then 
be necessary to accept a decrease in 
precision. As the oft-quoted American 
investor Buffett states, ‘it is better to be 
approximately right than precisely wrong’ 
(Kilpatrick, 1994). By using broad system 
boundaries in an environmental assessment, 
information can be obtained on which sub-
systems that are contributing signifycantly to 
the environmental impact. By further 
investigations of those, the precision of the 
assessment can then be increased. Without 
the broad perspective effort may be spent 
on investigating parameters that are easily 
determined or that have a high public 
interest, and not on those that are the most 
relevant (Wrisberg et al., 2002). Besides 
being a waste of time and resources, this 
may lead to non-optimal or contra-
productive decisions and the export of 
environmental problems in time and space. 

Transferring information between different 
system boundaries 
In order to use a broad systems perspective, 
detailed information on the different sub-
systems is needed as input. Thus, results  
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from the material level are necessary for 
predicting future risks from trace element 
leaching or for assessing life cycle impacts of 
the material in a field situation. The different 
system levels for environmental assessment 
should therefore not be viewed as isolated 
methods. Information gained on one system 
level is needed in order to improve the 
results on another. Whereas broad system 
boundaries provide information on the 
parameters that are relevant to study, narrow 
system boundaries provide detailed infor-
mation about those parameters. Transferring 
information between different approaches 
for environmental assessment is essential for 
obtaining relevant and reliable support for 
decisions on MSWI bottom ash manage-
ment (Fig. 2).  
For example, knowledge of the material 
characteristics and the release processes is a 
prerequisite for understanding how the 
surrounding conditions affect the release of 
trace elements in a certain field scenario. 
Such leaching predictions can in turn be 
used in an LCA of MSWI bottom ash 
utilisation. Thus, the effort spent on 
characterising MSWI bottom ash and 
investigating the chemical mechanisms of 
trace element leaching provides a necessary 
basis for environmental assessments with 
broader system boundaries. As pointed out 
by Finnveden et al. (1995), the inclusion of 

landfilling in LCAs implies that the 
emissions from the landfilled material need 
to be predicted, since there are no possi-
bilities for measuring future emissions. The 
same is true when including waste material 
such as MSWI bottom ash in construction. 
To predict future leaching, some type of 
basic information is needed together with a 
theory of how the leaching will develop over 
time.  

Predicting long-term leaching from 
MSWI bottom ash in environmental 
assessments  

Choice of  time perspective  
When predicting future leaching from 
MSWI bottom ash in a construction, the 
chosen time perspective can have a large 
impact on the outcome. Finnveden et al. 
(1995) suggested the use of different time 
perspectives, including the surveyable time 
perspective of about one century, in LCAs 
of landfills. The use of a temporal cut-off in 
LCAs presumes that there will be no impact 
from future emissions and can therefore 
underestimate the total environmental 
burden of the system (Hellweg et al., 2001). 
The use of an infinite time perspective, on 
the other hand, can produce a result that is 
difficult to interpret. In a very long time 
perspective, all available trace elements can 
be expected to leach from a waste material, 

Narrow system level Wide system level

Parameter information

Identification of important parameters

Increased complexity
Increased uncertainty

Figure 2. Information 
from a narrow system 
level, i.e. the material 
level, is needed in studies 
on wider system levels, 
i.e. in life cycle assess-
ments. The information 
obtained on the wider 
system level can then be 
used to identify im-
portant parameters for 
further investigations. 
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regardless of how it is disposed of. A diffi-
cult question is then whether the potential 
impact in the distant future should be valued 
as equal to the potential impact in a 100-year 
perspective. Hellweg et al. (2005) argue that 
if there is reason to believe that two identical 
emissions at different points in time cause 
different magnitude of damage, those 
emissions should be weighted differently. 

Three different approaches for predicting 
leaching  
According to Obersteiner et al. (2007), there 
are two conceptually different approaches 
for predicting long-term leaching from ash, 
those that are based on empirical results 
from field measurements and those that are 
based on the modelling of a causal relation 
between the material and the emission. The 
latter can be based on the total content in 
the waste, release of contents under certain 
circumstances (determined through labora-
tory tests) and/or model calculations in 
which several scenario-specific parameters 
are used. Similar divisions are provided by 
others. Hellweg et al. (2001) proposed field 
measurement or transfer coefficients, with 
or without a probability function, based on 
leaching tests for predicting the mass of 
pollutant released in the future. In order to 
predict emission concentrations as a func-
tion of time, a combination of thermo-
dynamic equilibrium calculations with 
transport modelling was suggested by the 
same authors.  
Finnveden et al. (1995) distinguished bet-
ween field studies, laboratory experiments 
and theoretical modelling as information 
sources for long-term leaching predictions. 
They also noted that there are limitations to 
all these methods and that they should 
therefore preferably be used together to 
complement each other. This is in line with 
different frameworks suggested for defining 
acceptance levels or critical limits for 
contaminant release from waste materials in 
constructions. Several authors have argued 
that leaching properties, measured by 
laboratory tests, need to be combined with 
geochemical reaction and transport model-
ling (Kosson et al., 2002; Petkovic et al., 
2004; van der Sloot et al., 2006). This is also 

applied in the general procedure for risk 
assessment of waste materials that has been 
outlined in EU standard SS-ENV 12920 
according to the Council Directive on the 
Landfilling of Waste (1999/31/EC). In the 
following, different approaches used in 
order to predict future emissions from waste 
materials for environmental assessment 
purposes are reviewed. A distinction is made 
between:  
• Approaches based on field measure-

ments  
• Approaches in which results from 

laboratory experiments are extrapolated 
without considering the chemical pro-
cesses involved 

• Approaches that include the chemical 
processes by thermodynamic equilibrium 
calculations  

Approaches based on field measurements 
Empirical results from field studies have 
been used as the basis for long-term leaching 
predictions for municipal solid waste 
material (Finnveden et al., 1996) and 
incineration residues (Obersteiner et al., 
2007) on landfills. In those studies, the 
landfill was regarded as a ‘black box’ and the 
processes inside the landfill were not 
considered. The results from Finnveden et 
al. (1996) form the basis for many later 
LCAs on waste management (e.g. Björklund, 
2000; Finnveden et al., 2005). The ecoinvent 
approach described by Doka & Hischier 
(2004) also uses field measurements to 
predict leaching from incineration residues 
on a landfill, although the relationship 
between landfill content and leachate 
concentration may be adjusted for future 
changes in pH. In Carpenter et al. (2007), 
field measurements were used for predicting 
trace element leaching from a road built with 
coal bottom ash over a period of 200 years 
and constant leachate concentrations were 
assumed over the whole period.  
The possible changes in leachate concen-
tration over time were not considered in 
either the landfill studies or the road material 
study described above. However, in trace 
element leaching from MSWI bottom ash, 
leachate concentration typically decreases 
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over time. There are several reasons for this, 
such as a successive dissolution of different 
mineral phases, complex formation with 
dissolved organic matter that is rapidly 
leached out, and adsorption-desorption 
reactions leading to a lower equilibrium 
concentration in the solution as the trace 
elements are continuously removed from the 
surface sites. Several external changes might 
also take place in the future, with impli-
cations on the leaching. Thus, the use of 
field data obtained during a short period of 
time can produce misleading predictions of 
future leaching. Hellweg et al. (2001) claim 
that empirical results can only be used if 
similar conditions to those at the experi-
mental site can be expected for the scenario 
studied. Hence, they suggest that the use of 
field measurements for landfill leaching 
predictions should be restricted to short-
term assessments (<100 years) because of 
the likelihood of changes in landfill 
conditions in the future.  

Extrapolation from laboratory experiments 
Results from laboratory experiments, such as 
batch and percolation tests, have been used 
in a number of cases to predict leaching 
from waste materials through different  
extrapolation methods in both risk 
assessments and LCAs. From these tests, 
information is obtained on the leaching as a 
function of the amount of water in contact 
with the material, expressed as the liquid-
solid (L/S) ratio.  
Mroueh et al. (2000) provide an example of 
how laboratory-scale leaching tests can be 
used for estimating leaching from different 
potential road construction materials in an 
LCA. The leaching of trace elements during 
the time period investigated was assessed by 
calculating the amount of water expected to 
pass through the construction (the L/S ratio 
obtained in the field). The field leaching was 
then assumed to correspond to that leached 
in laboratory tests at the same L/S ratio. 
Laboratory tests typically include L/S ratios 
between 0.1 and 10. No leaching deter-
mining factors other than percolating water 
were accounted for. In a substance flow 
analysis by Avfall Sverige (2008, Appendix 
1), a similar approach was used and the 

amount of trace elements leached from 
different waste materials was approximated 
by the accumulated leaching results obtained 
at either L/S 2 or L/S 10 (Fig. 3, left). 
Experimental results obtained at L/S 2 were 
used when the L/S-ratio during a 100-year 
period in a field application was expected to 
not exceed a value of 2. For applications in 
which more water was expected to come 
into contact with the material, the 
accumulated leaching measured at L/S 10 
was used. The results were used in a 
substance flow analysis (Appendix 1 in 
Avfall Sverige, 2008), in an LCA of ash 
management (Appendix 3 in Avfall Sverige, 
2008) and in an LCA of waste products 
from copper extraction (Appendix 4 in 
Avfall Sverige, 2008). However, this 
approach neglects the leaching at higher L/S 
values and may thus underestimate the trace 
element leaching at L/S ratios above 10. The 
solution might be to use the availability of 
the trace elements as a measure of the 
accumulated leaching at L/S ratios larger 
than 10 (e.g. Finnveden & Nielsen, 1999; 
Hellweg et al., 2001; Doka & Hischier, 
2004). Availability tests are commonly 
considered to produce an estimate of what 
can potentially be leached out from the 
material without it being exposed to 
weathering. However, this approach is also 
associated with some problems. As pointed 
out by Astrup et al. (2006), the leached 
fraction under the test conditions commonly 
used for availability tests is not easily related 
to a physical leaching scenario and the 
potential leaching of trace elements in 
particular is significantly overestimated when 
based on availability tests. Furthermore, a 
generic approach to classify a ‘leaching-
available’ fraction is still missing (Hyks, 
2008). 
A different way of using laboratory-scale 
leaching tests is to use the results from a 
number of laboratory experiments for 
producing an exponential curve for the 
release of substances with time (Fig. 3, 
right). An example of this approach is the 
so-called TAC model (previously used for 
developing waste disposal criteria) in which 
the exponential decrease in each trace 
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element is assumed to follow a general 
pattern, described by the model parameter 
‘kappa’ (Aalbers et al., 1996). By combining 
the trace element-specific kappa values with 
experimental results obtained at a certain 
L/S ratio, the release at a scenario-specific 
L/S ratio can be estimated. The same 
approach has been used in Sweden for 
suggesting acceptance criteria for waste 
material in road construction (Bendz et al., 
2006b), and in the Netherlands for defining 
acceptance criteria for different types of 
construction materials (Verschoor et al., 
2008). It was also used by Birgisdottir et al. 
(2007) in order to estimate trace element 
leaching from MSWI bottom ash in a road 
construction and in a landfill.  
It might be argued that the exponential 
release curve approach is better than 
assuming a constant release rate or ignoring 
leaching at L/S ratios higher than 10, but 
some caution has to be exercised when 
interpreting the results. The exponential 
decrease expressed by the model parameter 
kappa (Aalbers et al., 1996) is based on 
experimental results at L/S ratios of 10 and 
lower, which means that they have not been 

calibrated for higher L/S ratios. Further-
more, the exponential decrease in leachate 
concentration may be different for different 
materials, something which was not 
accounted for in Bendz et al. (2006b).  
When using results from laboratory experi-
ments to predict what will happen in a field 
situation, it is essential to know how to 
interpret the results from the tests. Due to 
the complexity of the systems and the long 
time periods of interest, it is difficult to 
simulate landfills or specific processes using 
laboratory experiments (Finnveden et al., 
1995). There can be substantial differences 
between laboratory and field chemical 
conditions and there can also be changes 
over time that are not accounted for in the 
laboratory tests (Belevi et al., 1992; Fällman 
& Hartlén, 1994; Fällman & Aurell, 1996; 
Fällman, 1997; Fällman & Rosén, 2001; 
Lidelöw & Lagerkvist, 2007). For example, 
laboratory experiments do not reveal the 
effects of the chemistry in the percolating 
water, except for its acidity. For MSWI 
bottom ash utilisation scenarios, however, 
the influents might contain DOM from 
surrounding or overlying materials or salt 
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Figure 3. Long-term leaching can be predicted from leaching experiments either by using the 
accumulated leaching at a certain L/S ratio obtained in the laboratory as a direct measure of 
the expected leaching at the same L/S ratio in the future field scenario (left), or by using a 
number of laboratory data to create an exponential curve, which can be used for estimating the 
leaching at certain L/S ratios (right). The resulting estimate of leaching (indicated by dashed 
line) at a certain L/S value differs to varying degrees between the two approaches. Crosses 
represent hypothetical experimental data. 
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from road salt application. The use of 
laboratory batch experiments for extra-
polating future leaching in a field scenario 
can also be criticised for creating physical 
conditions that are very different from the 
field situation. It is likely that shaking the 
material causes some grinding of the ash 
particles, resulting in more aggressive 
leaching than if the water had slowly 
percolated through the material. In a recent 
comparison, batch experiments were found 
to cause greater leaching of small colloids 
than column experiments (Elert et al., 2008). 
This would result in an overestimation of 
the leaching. Furthermore, none of the 
methods described above considered the 
fact that not all of the material may be in 
contact with the infiltrating water, either in 
the laboratory test or in the field scenario. 
Previous measurements indicate the occur-
rence of preferential flow in landfills and 
indicate that only about 30% of the material 
may come into contact with water (van der 
Sloot et al., 2003; Hellweg et al., 2005). In 
percolation leaching tests, the presence of 
physical non-equilibrium processes such as 
slow diffusion from stagnant zones has been 
indicated (Dijkstra et al., 2008; Hyks, 2008).  
Another aspect that might be questioned is 
whether equilibrium conditions can be ex-
pected in the laboratory-scale experiment 
and in the future field scenario. If not, it 
would be difficult to use the experimental 
results for future scenario predictions, as the 
actual leaching could be either overestimated 
or underestimated to varying degrees. There-
fore the assumption is made, often inex-
plicitly, that equilibrium is reached and 
hence that leaching is not significantly 
determined by the percolation rate. The 
equilibrium assumption needs to be dis-
cussed and justified for each specific case, 
but the uncertainty derived from the 
equilibrium assumption should also be put 
in relation to the other sources of un-
certainty regarding leaching estimates as 
described above. 

Approaches that include the chemical 
processes 
Another possibility for predicting future 
leaching from a certain application of ash or 

other waste material is to use results from 
laboratory-scale leaching tests in order to 
obtain information on chemical processes 
and transport mechanisms and then use this 
in thermodynamic equilibrium calculations.  
There have been several attempts to use 
chemical equilibrium calculations in combi-
nation with transport modelling in order to 
predict future leaching in the context of 
LCAs or risk assessments. Sundqvist et al. 
(1997) used a coupled chemistry and tran-
sport model (PHREEQM) that was based 
on a thermodynamic reaction path model 
(PHREEQE) to calculate leaching from 
MSWI fly ash and other types of waste 
materials. The results obtained were later 
used to produce a rough estimate of leaching 
from MSWI bottom ash (Sundqvist, 1999). 
Another similar early approach can be found 
in Bäverman et al. (1997), who used the 
coupled geochemical and transport pro-
gramme CHEMFRONTS to predict long-
term leaching from waste materials such as 
steel slag and MSWI bottom ash. Modelling 
approaches on dynamic MSWI bottom ash 
systems have also been applied by Dijkstra 
et al. (2002) and Baranger et al. (2002).  
However, as noted by Finnveden et al. 
(1995), to use these types of approaches all 
relevant mechanisms must be known and 
described mathematically. The mechanisms 
for release from MSWI bottom ash vary 
between different trace elements and pro-
cesses such as dissolution/precipitation, 
adsorption/desorption and complex for-
mation with surfaces, such as Fe- 
Al(hydr)oxides, or substances in the solu-
tion, such as DOM. As the understanding of 
these processes continuously increases, 
possibilities to improve the geochemical 
models will arise. For example, the leaching 
of Cu as DOM complexes has been 
explored during the past decade (Meima et 
al., 1999; van Zomeren & Comans, 2004).  
This has been accounted for in the model-
ling approaches developed more recently by 
Dijkstra et al. (2008) and Hyks (2008). 
Dijkstra et al. (2008) used a geochemical 
model that includes mineral dissolu-
tion/precipitation and sorption processes to 
reactive surfaces, such as Fe- Al(hydr)oxides 
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and humic and fulvic acids, together with a 
transport model, to predict the dynamic and 
complex leaching from granular contami-
nated materials. The model predictions were 
verified by comparing them with results 
from percolation leaching tests (CEN/TS 
14405). Hyks (2008) uses a similar approach, 
but takes one step further towards long-term 
leaching predictions by providing results 
from percolation tests with an L/S ratio of 
100. His findings suggest that this is 
necessary to capture the long-term release of 
oxyanions in particular. In geochemical 
modelling, equilibrium is assumed and ther-
modynamic equilibrium constants are used 
in the calculations. As described above, 
however, this might not be the case either in 
the field application or in the laboratory 
tests. Although the assumption of equi-
librium may not be correct, it may still be 
argued that it is relevant for use in an 
environmental assessment where the aim is 
to evaluate the potential impacts rather than 
account for processes that may or may not 
diminish leachate concentration (Finnveden 
& Nielsen, 1999; Astrup et al., 2006).  

METHODS 

LCA-based environmental assessment 
approach (Papers I and II) 

A broad systems perspective was used in the 
initial part of this thesis in order to cover 
several different types of potential environ-
mental impact from MSWI bottom ash 
utilisation. A life cycle perspective was 
chosen, since different types of environ-
mental impact were expected to occur in 
different stages of the system’s life cycle. A 
further reason for widening the system 
boundaries was to account for alternative 
disposal of the material. Use of bottom ash 
in construction would reduce landfilling of 
bottom ash and at the same time reduce the 
amounts of rock needed to be extracted for 
construction purposes.  
In order to apply a life cycle perspective, the 
methodology and concepts developed for 
life cycle assessment (LCA) were used (ISO, 
1997; Baumann & Tillman, 2004). Although 
LCA was traditionally developed for the 

environmental assessment of products, there 
are examples where it has been used for 
other more complex problems, such as for 
evaluating strategies for treatment of solid 
waste (Finnveden et al., 2005) or various 
waste water systems (Tillman et al., 1998; 
Weiss et al., 2008). In the studies sum-
marised in this thesis, an approach for 
environmental assessment of MSWI bottom 
ash utilisation was developed based on the 
concepts of life cycle thinking and using the 
framework of LCA. Central issues in an 
LCA are the use of a life cycle perspective, 
the definition of a system and the quanti-
fication of flows in and out of the system 
(resources and emissions) as a basis for an 
impact assessment (Baumann & Tillman, 
2004). The LCA framework includes several 
possible methodological choices, which 
influences the outcome of the assessment. 
Each such choice should be based on the 
aim of the LCA (Tillman, 2000).  
In Paper I, the LCA-based environmental 
assessment approach was used in a case 
study of road construction with or without 
MSWI bottom ash in the Stockholm region 
(Table 4). The term ‘environmental systems 
analysis’ was used to indicate the broad 
systems approach. In Paper II, the approach 
was adjusted for use in a study with a slightly 
altered focus and a wider scope, and parts of 
the inventory were extended. The main 
focus in Paper II was not a product in the 
traditional sense, such as a road, but rather 
the function ‘management of ash’, which 
had implications on the definition of system 
boundaries and the functional unit. The 
reason for widening the scope was that it 
was assumed to provide more comprehen-
sive support for policy decisions on ash 
management. Although a secondary material 
may seem to be favourable over a con-
ventional material in a certain construction, 
there might be even better ways of utilising 
the secondary material from an environ-
mental point of view. Thus, whereas Paper I 
studied the environmental impact from 
utilising MSWI bottom ash for road con-
struction, the focus on ash management in 
Paper II allowed for more than one utili-
sation possibility to be included. The 
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approach was used in a case study of wood 
fly ash and a case study of MSWI bottom 
ash (Paper II). In both cases, three possible 
management scenarios were identified, 
including two utilisation possibilities and 
landfilling of the ash. The approach has also 
been used in a case study of peat fly ash 
management, which was not included in this 
thesis (Kärrman et al., 2006).  
In the case study on MSWI bottom ash 
management (Paper II), the possible mana-
gement options included were utilisation as a 
drainage layer material on a landfill (scenario 
1), utilisation as a sub-base material in an 
asphalt-covered road (scenario 2), or dum-

ping in landfill (scenario 3) (Table 5). In the 
case study on wood fly ash, the possible 
management options included were ash 
recycling on forest land (scenario 1), 
utilisation as a road construction material in 
a small forest road covered with gravel 
(scenario 2), or dumping of the ash in 
landfill (scenario 3) (Table 6). In general, the 
work in both Papers I and II followed the 
established methods and practices for an 
LCA (ISO, 1997; Baumann & Tillman, 
2004), including the principles for defining 
system boundaries and for conducting the 
inventory and the impact assessment 
interpretation. However, the impact assess-

Table 4. Material used in the case study of road construction with MSWI bottom ash      
(Paper I). 

 
Road  

construction 

Landfilling of  

MSWI bottom ash 

Scenario 1 Crushed rock MSWI bottom ash 

Scenario 2 MSWI bottom ash  Landfilling is not needed 

 

Table 5. Materials used in the case study of MSWI bottom ash management (Paper II). 

 
Road    Drainage 

material construction 

Landfilling of  

MSWI bottom ash 

Scenario 1 MSWI bottom ash Crushed rock Landfilling is not needed 

Scenario 2 Sand MSWI bottom ash Landfilling is not needed 

Scenaro 3 Sand Crushed rock MSWI bottom ash and material 
for landfill final covering 

    

Table 6. Materials used in the case study of wood ash management (Paper II). 

 
Nutrient  

source 
Road   
construction 

Landfilling of  

wood ash 

Scenario 1 Wood ash Crushed rock Landfilling is not needed 

Scenario 2 
Alternative nutrient 
source1 Wood ash Landfilling is not needed 

Scenaro 3 
Alternative nutrient 
source1 Crushed rock Wood ash and material for landfill 

final covering  
1 The alternative nutrient source was assumed to be composed of dolomite as the main component and with the 
same amount of Ca, Mg, K, P and Zn as in 1 tonne of wood ash. 
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ment did not include classification and 
characterisation in impact categories, as is 
common in LCAs. Instead, it was based 
directly on the inventory results.  

Definition of  system boundaries and 
functional unit 
Firstly, the scope of the study and the 
system boundaries were defined and a 
conceptual model of the system studied was 
constructed. According to the LCA metho-
dology, the conceptual model should include 
all activities that contribute to the function 
of the system, defined by the functional unit 
(ISO, 1997; Baumann & Tillman, 2004). In 
Paper I, these activities were referred to as 
‘life cycle stages’, but in Paper II the term 
‘unit processes’ was introduced instead, since 
this is more in line with LCA methodology.  
To avoid allocation problems for the 
different services provided by the system, 
the system boundaries were expanded. Thus, 
the products that the material could be used 
for as well as the service ‘disposal of 
material’ were included in the functional 
unit. This approach was chosen in order to 

allow a broad evaluation of the system’s 
environmental performance at each scenario 
alternative, including both the use of natural 
resources and aspects regarding landfilling. 
As a result, the functional unit in Paper I 
included two services, road construction (1 
km) and the management of MSWI bottom 
ash (corresponding to the amount that can 
be used for 1 km road construction) (Fig. 4). 
In Paper II, the utilisation possibilities were 
expanded and the functional unit included 
two different services for which the MSWI 
bottom ash or wood fly ash could be 
utilised, as well as the function of managing 
the ash material (Fig. 4).  
Focus was put on the differences between 
the scenarios rather than on the total 
environmental impact caused by each 
scenario. Thus, unit processes that were 
similar for all scenarios studied were 
excluded and the results should therefore be 
referred to as the relative potential environ-
mental impact of the system. For example 
the production of ash was not considered, 
since the inflow of ash to the system is the 
same regardless of the management scena-

Figure 4. System boundaries and the functional units used for case studies of MSWI bottom 
ash in Papers I and II. In Paper I, the amount of bottom ash to be managed is defined by the 1 
km road construction. In Paper II, the amount of bottom ash to be managed is 1 tonne and this 
defines the dimensions of the road and the drainage layer construction. In both cases, the time 
horizon for the services was set to 100 years. Dashed boxes indicate that this activity is not 
present in all scenarios. Transport is not shown.

D isposal of 
ash on 
landfill

Refinem ent 
of ash

Landfill 
covering Production of

service A

U se of 
service A

Extraction and 
refinem ent of
raw  m aterials

Extraction of 
raw  m aterials

Production of
service B

Extraction and 
refinem ent of
raw  m aterials

Refinem ent 
of ash

U se of 
service B

Functional unit in  paper I:
• Service A : 1 km  road
• M anagem ent of M SW I bottom  ash 

Functional unit in  paper II:
• M anagem ent of 1 tonne M SW I bottom  ash
• Service A : road 
• Service B : drainage layer

 16



Environmental assessment of incinerator residue utilisation 
 

rio. The scenarios for utilisation of ash were 
defined, e.g. by adjusting the dimensions of 
the construction, so that the substitution of 
natural material could be made without any 
decrease in the quality of the product. 
Hence, the use and maintenance, as well as 
the possible destruction, of the construc-
tions in the different scenarios were assumed 
to be the same and the unit processes for 
these activities were not included. For those 
emissions that can be expected to prevail for 
a very long time, the main focus was on a 
100-year perspective, although a longer time 
span was also discussed. This is in line with 
Finnveden et al. (1995), who suggested a 
short-term ‘surveyable time perspective’, 
such as a century, to be combined with 
longer time perspectives in LCAs of land-
fills. The temporal cut-off was considered as 
being relevant, as it highlighted the differen-
ces between the scenarios. Similar time 
perspectives have been used by others. 
Carpenter et al. (2007) considered a 
maximum period of 200 years and Mroueh 
et al. (2000) used a time period of 50 years in 
their assessment of recycled materials in 
road construction. Birgisdottir et al. (2007) 
used a time perspective of 100 years in their 
LCA, and they also introduced the new 
environmental impact category ‘Stored 
ecotoxicity’, which can be seen as a way to 
include a longer time perspective.  

Inventory 
During the inventory step the resources used 
and the emissions formed in each activity, or 
unit process, in the system were quantified. 
The flows of resources and emissions into 
or out of the system were referred to as 
‘aspects’ in Paper I. In Paper II, however, 
the term elementary flows (EFs) was used 
instead. The EFs should include all material 
or energy that enters the system from the 
environment without previous human trans-
formation, and material or energy that is 
discarded from the system into the environ-
ment without subsequent human trans-
formation (ISO, 1997).  
EFs associated with the life cycle of 
products used in the unit processes, such as 
fuel, electricity and chemical products, were 
included in the inventory. Thus, raw mate-

rials, energy and emissions from producing, 
utilising or disposing of these products were 
included. For example, the emissions from 
the combustion of diesel by the transporting 
lorry were inventoried as EFs, as was the 
raw material and the emissions from the 
production of the diesel. The EFs included 
were those that have the potential, based on 
current knowledge, to contribute to any type 
of environmental impact described by 
SETAC-Europe (1999) or defined in the 
Swedish environmental quality objectives 
(Swedish Environmental Objectives Council, 
2007). Other criteria were data availability 
and the significance for the outcome of the 
study. Generally, data were obtained from 
the literature (Table 7) or estimated by re-
searchers, project owners or entrepreneurs. 
It might be argued that marginal data are 
relevant in this type of approach, which can 
be referred to as a consequential LCA 
(Ekvall & Weidema, 2004). However, in the 
case studies presented in Papers I and II, 
average data were used due to difficulties in 
obtaining reliable estimates on future 
conditions. More detailed information on 
the data and the assumptions used in the 
calculations can be found in Avfall Sverige 
(2008, Appendix 3), Olsson (2005) and 
Olsson et al. (2008). 
For Paper I, it was hard to find information 
on landfilling of ash, and relatively old data 
were used for the energy consumption. 
Therefore, this part of the inventory was 
extended in the case study on wood ash in 
Paper II and new assumptions were made 
based on interviews with relevant experts. 
According to the new inventory, 5.9 MJ 
diesel are needed for landfilling and com-
paction of 1 m3 material. The final covering 
of the landfill was also included in paper II 
for both case studies. The final covering was 
assumed to consist of different types of 
natural materials that have to be excavated 
and transported. The amount of energy to 
be used for this was approximated to 5 MJ 
per tonne landfilled material. Furthermore, 
whereas Paper I focused on the Stockholm 
region, the aim in Paper II was to obtain 
information that would be valid in a wider 
range of regions. All the assumptions 
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regarding the dimensions of the different 
constructions, including the landfill, were 
therefore verified by a number of stake-
holders, who comprised the reference group 
of a parallel project (Avfall Sverige, 2008).  
For the emissions of trace elements from the 
ash and the crushed rock in the system, 
future leaching was estimated, since there 
were no available field data on leaching 
during such a long time period as 100 years. 
The accumulated leaching was estimated by 
extrapolation of laboratory-scale leaching 
tests. In Paper I, results from batch experi-
ments at L/S 2 were assumed to be approx-
imately equivalent to the accumulated 
leaching from the road in a 100-year period, 
based on the expected infiltration rate. No 
other leaching determining factors apart 
from percolating water were accounted for. 
The landfill leachate was assumed to be 
treated during 100 years after lanfilling. 
Results from availability tests were used to 
illustrate potential leaching during a longer 
time perspective. The trace elements 
included were As, Cd, Cr, Cu, Ni, Pb and 
Zn. In Paper II, these trace elements were 
included for the MSWI bottom ash case 
study, whereas for the wood ash case study 
only As, Cd and Pb were included due to 
lack of data. The leaching from the 

constructions was approximated by the 
accumulated leaching results obtained at 
either L/S 2 or L/S 10, depending on the 
expected infiltration. The leaching from ash 
recycled on forest land was approximated by 
results from availability tests.  

Impact assessment and interpretation 
In the impact assessment, the EFs quantified 
through the inventory were regarded as the 
potential environmental impact from the 
system. In order to determine the relative 
importance of each EF, the inventory results 
were normalised by relating each flow of 
resource or emission to the national flow of 
each kind in Sweden. In LCA, normalisation 
is often used to provide a measure of the 
relative contribution from a product system 
to one or more environmental problems. 
Normally, total yearly emissions for a 
reference year in a reference region are used 
to calculate normalisation figures for 
different impact categories (Heijungs & 
Hofstetter, 1996). In this study, however, the 
EFs were not classified and categorized into 
impact categories and the normalisation was 
therefore performed for each specific EF 
rather than for different impact categories. 
In Paper I, the normalised EFs was 
calculated according to eq. 2, where the 

Table 7. Literature sources used in the inventories in Papers I and II. 

Extraction and refinement of raw 
materials for construction purposes 

Stripple (2001) 
 

Road construction  Hartlén et al. (1999), Stripple (2001), Vägverket 
(2001), Mácsik & Svedberg (2006)  

Drainage layer construction Mácsik et al. (2006) 

Nutrient recycling on forest land Davis & Haglund (1999), Samuelsson (2001)  

Geotextile production Svingby & Båtelsson (1999) 

Transports Stripple (2001), Baumann & Tillman (2004) 

Dumping of material in landfill Tillman et al. (1991), Mingarini (1996), Sundqvist et 
al. (1997), Björklund (1998), Avfall Sverige (2008)  

Leaching predictions Tossavainen & Forssberg (1999), Tossavainen & 
Håkansson (1999), RVF (2002), Ekvall et al. 
(2006), Avfall Sverige (2008) 
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normEFx,p is the normalised EF for the 
substance x for a  Swedish person p at the 
time for the study, EFx  is the EF of sub-
stance x from the system studied and Mx,p is 
the the yearly emission (or use, if x is a 
resource) of substance x  for an average 
person p in Sweden at the time for the study.  
 
NormEFx,p = EFx / Mx,p (eq. 2) 
 
In Paper II, normalised values were instead 
calculated by dividing the EFs from the 
system by the total annual national emissions 
of each kind, according to eq. 3, where Mx,S 
is the the yearly emission of substance x in 
Sweden (S).  
 
NormEFx,S = EFx / Mx,S (eq. 3) 
 
The small changes in normalisation proce-
dure of Paper II compared to Paper I did 
not change the content of the outcome, 
since it is only a matter of how the figures 
are presented. In Paper II, the normalised 
values (NormEFx,s) was also multiplied with 
the total annual production of each ash type. 
Thus, the results indicate how important the 
differences in potential environmental im-
pact would be in relation to the environmen-
tal impact from other sources if all ash were 
to be managed according to a certain strate-
gy. These results were found to be easier to 
communicate than the normalised values of 
EF. Furthermore, some data on the annual 
national emissions were updated in Paper II 
(Table 8). The normalisation results were 

used during the impact assessment to identi-
fy the most important types of environ-
mental impact from the system. In order to 
increase the reliability of the results, sensi-
tivity analyses were continuously carried out. 
The impact assessment was based on the 
inventory results together with the nor-
malisation results. There were three reasons 
for the methodological choice to not use 
classification and characterisation. Firstly, 
after talking to different stakeholders and 
entrepreneurs it was found that aggregating 
the information by classification and charac-
terisation was of limited interest to the 
decision-makers associated with ash manage-
ment in Sweden. Secondly, the methods for 
consistently and accurately calculating the 
contribution of each inventtory data to 
different types of potential environmental 
impact can be questioned. Finally, data gaps 
can limit the inclusion or coverage of a 
number of impact categories, thus limiting 
the possibilities to draw conclusions from 
the results (Finnveden, 1998). For example, 
human and eco-toxicological impact cate-
gories would suffer from severe data gaps 
due to insufficient knowledge about many 
substances in the ash.  

Laboratory experiments on MSWI 
bottom ash (Papers III and IV) 

MSWI bottom ash samples and leachates 
Three different ash samples were used in 
laboratory experiments on MSWI bottom 
ash (Table 9). In March 2004, unsorted 
MSWI bottom ash was sampled from 
Uppsala (BA1) and Stockholm (BA2) for the 

Table 8. Data sources for annual resource use and emissions on a national scale. 

Annual elementary 
flows of resources and 
emissions in Sweden 

Data sources for Paper I Data sources for Paper II 

Energy  STEM (2003) STEM (2006) 

Raw materials SGU (2003) Carlsson et al. (2006), SGU (2006), 
SGU (2007) 

Emissions to air Naturvårdsverket (2004a), 
Naturvårdsverket (2004b) 

Naturvårdsverket (2006), 
Naturvårdsverket (2007b) 

Emissions to water Bergbäck et al. (2001), SCB 
(2002) 

Bergbäck et al. (2001), SCB (2004), 
Avfall Sverige (2008, Appendix 1)  
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Cu speciation experiment in Paper III. In 
May 2005, sorted bottom ash (< 10mm) 
from Uppsala was sampled for the column 
experiment in Paper IV. At the time of all 
experiments, the ash samples had aged for at 
least six months and the pH in the leachate 
approached 8.5, which indicates that the 
majority of the carbonation had occurred 
(Meima & Comans, 1999).  
To produce the leachates for the Cu specia-
tion experiments, samples from which metal 
parts, unburned material and particles 
>10mm had been removed were leached 
with deionised H2O in an end-over-end 
rotator (L/S 5). After filtration through a 0.2 
m membrane, pH, cations, anions, DOC and 
low molecular weight organic acids 
(LMWOAs) were measured in the MSWI 
bottom ash leachate.  

DOM fractionation 
The BA1 and BA2 leachates were also 
fractionated according to Leenheer (1981). 
By passing each leachate through a column 
containing Amberlite® XAD-8 and expo-
sing it to cation and anion exchange, the 
hydrophobic acids and neutrals and the 
hydrophilic acids, bases and neutrals were 
estimated (Fig. 5). The hydrophobic acids, 
which are retained in the XAD-8 column 
and then recovered using 0.01 M NaOH, are 

often referred to as ‘fulvic acids’ (FA) in the 
literature (Ritchie & Purdue, 2003). A simpli-
fied fractionation procedure, where the 
hydrophilic components were isolated from 
the hydrophobic components by the Amber-
lite® XAD-8-containing column, was used 
to produce subsamples for the titration 
experiments.  

Titration experiments  
Prior to the titrations, the BA1 leachate was 
exposed to different treatments. As a result, 
three different subsamples were obtained, 
the untreated leachate (BA-0), a cation-
exchanged leachate (BA-CE) and the 
hydrophilic fraction of the cation-exchanged 
leachate (BA-HPI) (Table 10). There were 
two reasons for removing the cations from 
the leachate; the Ca content was too high to 
allow efficient separation of the hydrophilic 
DOM fraction through the Amberlite® 
XAD-8-containing column, and we wanted 
to simplify the system as much as possible 
by removing the competing cations.  
Acid-base titrations were performed on the 
BA-CE subsample, whereas pH-static titrat-
ions and alkalimetric copper titrations were 
performed on all three subsamples. In the 
pH-static titrations, Cu was added to the 
solution as Cu(NO3)2 and pH was kept 
constant with diluted NaOH at 6.0 or 9.0. 
These pH values were chosen in order to 

Table 9. Samples and subsamples of MSWI bottom ash used in the different experiments. 

Sample Subsample exposed to the 
experiment 

Experiment Publication 

Solid MSWI bottom ash sample X-ray spectroscopy Paper IV 
Fractionation 
pH static titrations 

Untreated leachate (BA-0) 

Alkalimetric titrations 

Acid-base titrations 
pH static titrations 

Cation-exchanged leachate (BA-CE) 

Alkalimetric titrations 
pH static titrations 

BA1 

The hydrophilic fraction of the cation-
exchanged leachate (BA-HPI) Alkalimetric titrations 

Paper III 

Solid MSWI bottom ash sample X-ray spectroscopy Paper IV BA2 
Untreated leachate Fractionation Not published

BA3 Solid MSWI bottom ash sample X-ray spectroscopy Paper IV 
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allow testing of the model parameters.  
The change in Cu2+ activity after each 
addition of Cu or NaOH was measured with 
a Cu ion selective electrode (Cu-ISE) that 
had been calibrated with a Cu-ethylen-
diamine buffer solution according to Avdeef 
et al. (1983). In the alkalimetric copper 
titrations, the Cu-ISE was used to measure 
the decrease in Cu2+ activity as NaOH was 
added and pH increased. Prior to the titra-
tions, the Cu concentration in the sub-
samples was adjusted with Cu(NO3)2 in 
order to obtain a similar ratio of Cu to DOC 
(Table 10).  
The subsamples were also adjusted to a pH 
between 2 and 3 before the titration started. 

In all titrations, solutions were continuously 
stirred and purged with N2(g) before and 
during the titration period to eliminate the 
interference of carbonate, and the tem-
perature was kept constant at 22°C. A 
problem during the titrations was that the 
high Cl- concentration in the MSWI bottom 
ash leachate (20-40 mM) interfered with the 
Cu ISE measurements at low pH values. 
The consistency between measurements was 
poor and a lower Cu2+ activity than expected 
was measured. This was probably due to the 
reduction of Cu(II) to Cu(I) at the electrode 
surface with subsequent adsorption of 
CuCl2- ions at the electrode surface (Westall 
et al., 1979). However, at pH > 5, accurate 
Cu ISE measurements were obtained even 
in the presence of high Cl- concentrations. 
This was confirmed by NaOH titrations on 
an artificial leachate (9.5 mM H2SO4, 5μM 
Cu(NO3)2) and a previously characterised 
soil solution (Fröberg et al., 2003) to which 
5μM Cu had been added under the presence 
of Cl- or NO3

-. 

Cation exchanged MSWI bottom ash leachate

XA
D

-8

Column experiment 
The column experiment was performed by 
SGI in Linköping according to the standard 
procedure for upflow percolation test 
CEN/TS 14405:2004. Six glass columns (A-
F) with an internal diameter of 100 mm were 
packed with the MSWI bottom ash to a 
height of 300 mm and leached with an 
upward flow velocity of 40-60 mL/h. In 
columns A and B deionised water was used 
as influent as prescribed in the standard 
procedure, whereas NaCl solution was used 

Table 10. Range of solute concentrations in subsamples subjected to titration. 

Sample Ca 
(mM) 

Na 
(mM) 

Al  
(μM) 

Fe    
(μM) 

Cua 
(μM) 

Cl   
(mM)

SO4 
(mM) 

NO3 
(mM) 

DOC    
(mg L-1) 

BA-0 3.5-4.4 29-37 22-24 0.3-0.4 4-4.5 29-40 6-10 0-9 26-31 

BA-CE 0.0 35-47 0.3 0.1 3.5-4.8 20-32 8-11 0.0 15-23 

BA-HPI 0.0 34-44 1.9-2.0 0.2 2.8-2.9 23-30 9-10 0.0 14-15 

a Concentrations during the alkalimetric titrations. 

Figure 5. Fractionation of DOC in MSWI 
bottom ash leachate based on Leenheer 
(1981). 
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as influent in columns C and D and lake 
water in columns E and F. The NaCl 
solution (0.1 M) was prepared in order to 
resemble the concentration found in 
groundwater after road salt application. 
Concentrations of up to 7 g/L of NaCl have 
been detected in road-runoff (Hallberg, 
2007). The lake water was sampled in 
December 2006 in Lake Snuggan, surroun-
ded by forests and situated in Sollentuna. Its 
concentration of organic carbon (35.1 
mg/L) is within the range that can be 
expected in soil water (Fröberg et al., 2006).  
Leachate samples from the column experi-
ment were collected at L/S ratios of 0.1, 0.2, 
0.5, 1.0, 2.0, 5.0 and 10.0 for each column. A 
small portion of each sample was taken out 
for conductivity and alkalinity measure-
ments, while the remainder was filtered 
through a 0.45 μm membrane filter and ana-
lysed for cations, anions, pH, DOC and UV 
absorbance at 260 nm. The Cu-ISE was used 
to measure the Cu2+ activity in the leachate 
samples. However, it was difficult to obtain 
any reproducible results, possibly due to the 
low total concentrations of Cu and DOC in 
combination with high Cl concentrations.  

X-ray absorption spectroscopy 
X-ray absorption spectroscopy (XAS) is a 
technique to obtain structural information 
and identify the chemical speciation of an 
element within a sample. The technique has 
been used previously for investigating trace 
metals in incinerator residues (e.g. Pinzani et 
al., 2002). In XAS, the sample is irradiated 
with a narrow, monochromatic and high-
energetic X-ray beam. When the X-ray ener-
gy hitting the sample approaches the binding 
energy of the core electrons (those in the K-
shell of the atom), the energy is absorbed 
and one of these electrons is excited/ejected. 
The binding energy of the core electrons is 
specific for each element, and for pure Cu 
the so-called K absorption edge occurs at 
8980.3 eV (Thompson et al., 2001). When an 
electron from the K-shell of an atom is 
ejected, an electron from a higher shell, such 
as the L-shell, quickly drops down to ‘fill the 
gap’. Either the difference between the 
intensity of the incoming and outgoing 
beams (transmission mode) or the surplus 

energy that is emitted as a photon when the 
K-shell is filled with an electron from a 
higher shell (fluorescence mode) can be 
measured. Due to the low content of Cu in 
the MSWI bottom ash samples, a fluore-
scence mode was used for the experiments 
described in Paper IV. In either case, infor-
mation can be gained both by looking at the 
exact position and shape of the edge and the 
oscillations in the XAS spectrum created by 
the interference between emitted photons 
and the surrounding atoms. Whereas X-ray 
absorption near-edge structure (XANES) 
spectroscopy can be used to determine the 
valence state and coordination geometry of 
the element, extended X-ray absorption fine 
structure (EXAFS) spectroscopy is used to 
determine the molecular structure of the 
element. More detailed information on the 
XAS technique can be found in Jalilehvand 
(2000).  
The K edge X-ray absorption spectra for Cu 
were recorded at beamline I811, MAX-lab 
synchrotron radiation source at Lund 
University, in order to investigate the oxida-
tion state of Cu and its chemical environ-
ment in the MSWI bottom ash matrix. The 
samples were finely ground prior to analysis 
and contained in an aluminium frame 
covered with Mylar tape during the analysis.  

Modelling 
There are different geochemical speciation 
models available for describing Cu 
complexation by DOM. The NICA-Donnan 
(Kinniburgh et al., 1999; Milne et al., 2003), 
Model VI (Tipping, 1998) and SHM 
(Gustafsson, 2001) models are the most ad-
vanced models currently available. All three 
take electrostatic effects and binding site 
heterogeneity into account while keeping the 
number of adjustable parameters to a mini-
mum. The NICA-Donnan model differs 
from the latter two in a number of respects, 
for example by applying the Non Ideal 
Competitive Adsorption (NICA) model 
(Benedetti et al., 1995) with the assumption 
of continuous distribution of site affinity. 
The SHM model is similar to Model VI in 
using a discrete-site affinity approach, 
although it uses a slightly more advanced 
electrostatic model.  
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The titration results from the Cu speciation 
experiment were compared with speciation 
calculations made in Visual MINTEQ 
(Gustafsson, 2006). The generic parameters 
for proton binding and metal complexation 
in these models were originally optimised for 
the DOM in natural waters and we initially 
assumed that these could also be used for 
the DOM in MSWI bottom ash leachate. 
Thus, generic parameters for fulvic acid in 
SHM (Gustafsson & van Schaik, 2003) and 
NICA-Donnan (Milne et al., 2001; Milne et 
al., 2003) were used for calculating proton 
binding and metal complexation in MSWI 
bottom ash DOM. Based on results reported 
by van Zomeren & Comans (2004), we also 
assumed initially that the concentration of 
fulvic acid required by the models was given 
by the hydrophobic acid DOM fraction. 
However, this was later adjusted so that 
both the hydrophobic and hydrophilic acid 
DOM fractions were considered. Based on 
the results from the acid-base titrations, we 
also adjusted the parameters describing the 
ratio of carboxylic to phenolic acid groups 
of both models. To further improve the 
agreement between the model description 
and the experimental results for Cu2+ activity 
in the leachate, the copper-binding 
parameters of both models were optimised 
using the data from the Cu titrations for pH 
6 and pH 9 in the cation-exchanged leachate 
(BA-CE). Optimisation of the parameters 
was performed with a Nelder-Mead polytype 
technique to minimise the root-mean square 
errors. 
The optimised parameters for proton and 
Cu binding to MSWI bottom ash DOM 
were used in Paper IV to calculate the Cu 
speciation and saturation indexes for CuO in 
the leachate by SHM. Both the hydrophilic 
and the hydrophobic acids were considered 
as taking part in Cu complex formation 
according to the previous results. Based on 
the fractionation of BA1 and BA2, those 
fractions were assumed to constitute 75% of 
the DOM in the leachate.  

RESULTS FROM THE LCA-BASED 

ENVIRONMENTAL ASSESSMENT 

APPROACH (PAPERS I AND II)  

Case study of road construction with 
MSWI bottom ash (Paper I) 

The resource use and emissions to air and 
water that could be expected if crushed rock 
in the sub-base of a road in the Stockholm 
region in Sweden were to be substituted by 
MSWI bottom ash were reviewed as the 
system’s EFs (Table 11). According to these 
results, scenario 1 (rock material in the 
road’s sub-base) would use larger amounts 
of energy and crushed rock than scenario 2 
(MSWI bottom ash in the road’s sub-base). 
Scenario 2, on the other hand, would lead to 
larger leaching of trace elements. According 
to the normalisation results, the use of 
natural materials and the emissions of Cd, Cr 
and Cu might be considered the system’s 
most important EFs. The normalisation 
results did not change to any large extent 
when different information sources for the 
resource use and emissions on a national 
scale were tested for the normalisation. 
The emissions of trace elements derived 
from the MSWI bottom ash or the crushed 
rock situated within the road body, as the 
MSWI bottom ash on the landfill was 
assumed to be treated during the first 100 
years so that no trace elements were released 
to the nature. It should be noted that the 
information on leaching from crushed rock 
was scarce and the inventory was therefore 
based on only a few samples. Two different 
time perspectives were illustrated through 
the test methods used. In an infinite time 
perspective all available trace elements were 
assumed to leach out from both the crushed 
rock and the MSWI bottom ash, regardless 
of whether the material was situated in a 
landfill or in a road. The differences between 
the scenarios then levelled out.  
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All emissions to air, and to some extent the 
emissions to water, depended on the amount 
of energy used in the different unit processes 
of the system. Whereas the rock material 
was used during the construction stage as a 
construction material, the energy was used 
for various purposes in all the different life 
cycle stages. The largest difference in energy 
use between the two alternatives was caused 
by the fuel and electricity used for producing 
crushed rock (Fig. 6). The second largest 
difference was caused by landfilling of the 
MSWI bottom ash. However, as shown by a 
refined inventory of MSWI bottom ash 
landfilling (Paper II), the energy use for 
landfilling was overestimated. With the new 

input data on landfilling, compaction and 
final covering of the landfill, scenario 1 used 
57 GJ instead of 217 GJ for landfilling and 
thus, this activity became less important than 
transport for the system’s use of energy.  
The transport distance was assumed to be 20 
km for both MSWI bottom ash and for the 
crushed rock in the case study. For crushed 
rock this is a likely transport distance if the 
rock is transported from a quarry. However, 
the transport distance for MSWI bottom ash 
is a parameter that can vary considerably 
between different road projects, since the 
material is taken from a limited amount of 
sources. A sensitivity analysis of the 
transport distances for MSWI bottom ash 

Elementary flow Unit Scenario 1 Scenario 2 

Resource use    
Energy1 TJ 0.93 0.37 
Crushed rock tonnes 7600 2100 
Emissions to air    
SO2  kg 20 9.0 
NOx  kg 350 150 
CO  kg 45 21 
CO2  kg 41000 18000 
HC kg 24 9.9 
CH4  kg 0.05 0.02 
VOC  kg 0.18 0.06 
N2O  kg 0.88 0.38 
Particles  kg 12 4.2 
Emissions to water    
COD  kg 0.61 0.27 
N-tot  kg 0.10 0.04 
Oil g 200 90 
Phenol g 290 130 
As g 59 40 
Cd  g 1.8 21 
Cr  g 7.6 210 
Cu  g 84 2100 
Ni  g 41 84 
Pb  g 4.8 22 
Zn  g 50 120 
1 Energy includes the different types of fuel used within the system, and 
precombustion for fuel production. 

Table 11. The system’s 
elementary flows (EFs) for 
the two scenarios compared 
for construction of 1 km 
road. In scenario 1 the road 
is built with crushed rock, 
while in scenario 2 it is 
built with MSWI bottom 
ash. Only those activities in 
which there are differences 
between the scenarios are 
included and the EFs 
should therefore be inter-
preted as relative values. 
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Figure 6. Use of energy by 
the different activities in the 
system. In scenario 1 (grey 
bars), the bottom ash is 
landfilled and crushed rock 
is used for the road con-
struction. In scenario 2 
(black bars), the bottom ash 
is utilised for the road con-
struction. 

showed that using the bottom ash for the 
road construction would be the most 
energy-saving scenario, even if it involved an 
up to 140 km longer transportation distance 
for the bottom ash than for the crushed 
rock. With the refined landfill data, this 
distance was slightly decreased to 100 km.  

Case study of MSWI bottom ash 
management (Paper II) 

The impact assessment for MSWI bottom 
ash management was based on the EFs for 
the different scenarios (Table 12) since these 
were assumed to represent the potential 
environmental impact from the system. In 
scenario 1, the bottom ash is used as 
drainage material, in scenario 2 it is used for 
road construction and in scenario 3 it is 
dumped in landfill. According to the 
normalisation results, the use of natural 
materials and the emissions of trace 
elements might be considered the system’s 
most important EFs on a national scale. 
Regarding the use of natural materials, the 
use of sand was most important. Sand was 
used for the drainage layer in scenarios 2 and 
3, whereas crushed rock was used for road 
construction in scenarios 1 and 3 and other 
excavated natural materials were used for 
landfill covering in scenario 3. 
Among the trace elements, Cu was leached 
in the largest amounts (Table 12). The 
reason for the low leaching in scenario 2, 
where the bottom ash was used in road 
construction, is that in this scenario there 

was no use of crushed rock. Thus, no 
leaching from this material was included. In 
the landfill scenario, leaching from crushed 
rock in the road construction was included. 
There was also some leaching from the 
landfilled MSWI bottom ash, as treatment of 
the leachate was only assumed for the first 
20 years, although the leaching from the 
bottom ash in this scenario was smaller than 
in the other scenarios due to a lower 
expected infiltration rate. It should be noted, 
however, that although the average values 
indicated some differences between the 
scenarios, the variation in data was large and 
the dataset was too small to allow for any 
general conclusions regarding differences in 
trace element leaching (see ‘Review of 
research area’, Table 3). Due to the large 
contribution from the crushed rock to the 
total leaching from the scenarios, different 
assumptions regarding the infiltration rate 
were of minor importance for the outcome, 
except for the Cu leaching.  
The emissions to air and some of the 
emissions to water were strongly linked to 
the use of energy. The most energy-efficient 
way to manage the MSWI bottom ash was 
to use it in the road construction (scenario 
2). The production of crushed rock used for 
road production was found to be an energy-
consuming process, which constituted a 
large proportion of the total energy use in 
scenario 1 and 3. Transporting the material 
was also relatively important for the system’s 
use of energy. According to a sensitivity 
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analysis for transport distances, scenario 2 
could include a transport distance for the 
MSWI bottom ash that is up to 80 km 
longer than in scenario 1 or 3, and still be 
the most energy-saving scenario.  

A sensitivity analysis of differences in 
maintenance revealed that a 20% decrease or 
increase in maintenance due to the choice of 
material had little effect on the comparison 
of scenarios, although the system’s total 

Table 12. The system’s elementary flows (EFs) for the scenarios compared for managing 1 
tonne of MSWI bottom ash. The results for each scenario should be interpreted as relative to 
the other scenarios, since only those activities in which there are differences between the 
scenarios are included and not the total system. In scenario 1, the bottom ash is used as 
drainage material, in scenario 2 it is used for road construction and in scenario 3 it is dumped 
in landfill. 

Elementary flow Unit Scenario 1 Scenario 2 Scenario 3 

Resource use     
Energy 1 MJ 168 89 172 
Sand tonnes 0.0 0.9 1.0 
Other natural aggregates 2 tonnes 1.2 0.4 1.4 
Crude oil 3 Kg 0.94 0 0 
Emissions to air     
CO  g 7.3 6.3 10.2 
CO2 g 6144 5059 8332 
CH4  g CO2-ekv 0.17 0.09 0.19 
HC g 3.3 2.5 4.3 
NOx  g 49 40 67 
N2O g CO2-ekv 42 33 55 
Particles g 1.3 0.9 1.6 
SO2  g 3.1 2.3 3.9 
VOC  g 0.03 0.01 0.03 
Emissions to water     
COD  g 0.096 0.061 0.108 
N-tot  g 0.015 0.010 0.017 
Oil g 0.032 0.020 0.036 
Phenol g 0.046 0.029 0.051 
As g 0.023 0.009 0.020 
Cd  g 0.008 0.003 0.007 
Cr g 0.13 0.03 0.11 
Cu g 3.0 2.9 2.0 
Ni g 0.12 0.05 0.09 
Pb  g 0.04 0.02 0.02 
Zn g 0.19 0.12 0.12 
1 Energy includes the different types of fuel used within the system and precombustion for fuel production.  
2 Other natural aggregates include excavated materials such as crushed rock and soil, of which the crushed rock 
constitutes the dominant fraction (>80%). 
3 Crude oil used as a raw material for geotextile production 
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energy use would increase if the main-
tenance were included. Although the main-
tenance differences did not affect the results 
significantly, they had an influence on the 
sensitivity analysis outcome of the transport 
distance. 

Case study of wood fly ash management 
(Paper II) 

The impact assessment for wood fly ash 
management was based on the EFs for the 
different scenarios (Table 13) since these 
were assumed to represent the potential 
environmental impact from the system. In 
scenario 1, the wood ash is recycled on 
forest land, in scenario 2 it is used for road 
construction and in scenario 3 it is dumped 
in landfill.According to the normalisation 
results, the use of natural materials and the 
emissions of Cd might be considered the 
system’s most important EFs on a national 
scale. 
Regarding the use of natural materials, the 
most beneficial scenario for all materials 
except crushed rock was to recycle the ash 
as a nutrient source on forest land (scenario 
1). In scenarios 2 and 3, natural materials 
were needed to produce the alternative 
nutrient source and in scenario 3, additional 
natural materials were needed for landfill 
covering. To save crushed rock, on the other 
hand, it was most beneficial to use the ash 
for road construction. Whereas the amounts 
of natural materials used for construction 
were small in a national perspective, the use 
of natural resources for the production of 
alternative nutrient source was more 
important.  
The estimated leaching of As, Cd and Pb 
from crushed rock and wood ash was larger 
in scenario 1 than in scenario 2 or 3 (Table 
13), due to the relatively large amount of 
water that was assumed to reach the wood 
ash in this scenario. However, ash recycling 
implies a return of substances that were 
once removed from the forest area through 
biomass harvesting and if biomass har-
vesting had been included within the system 
boundaries, the amount of As, Cd and Pb in 
the recycled ash would not have constituted 
an emission. The road construction as well 

as the landfill alternatives would then have 
resulted in a net removal of As, Cd and Pb 
from the forests in a 100-year perspective, 
provided that the alternative nutrient source 
in scenarios 2 and 3 was not contaminated. 
Recycling of ash on forest land (scenario 1) 
was found to be the most energy-efficient 
way to manage the ash. The differences in 
energy consumption between the scenarios 
were mainly due to the production of an 
alternative nutrient source in scenarios 2 and 
3, which was found to be a highly energy-
consuming activity. According to a sensitvity 
analysis for transport distances, ash recycling 
on forest land was the most energy-efficient 
scenario even when the transport distance 
for the wood ash exceeded 200 km. The 
large amount of energy used for producing 
the alternative nutrient source also caused 
different assumptions regarding maintenance 
to be insignificant. Because the emissions to 
air, and the emissions to water of COD, 
nitrogen, oil and phenol, were strongly 
linked to the use of energy, scenario 1 was 
also that with the smallest amount of these 
emissions.  
However, it is debatable whether it is rea-
listic to assume an alternative nutrient source 
to be used in scenario 2 or 3 for compen-
sating the biofuel harvesting. If no nutrient 
compensation were made in these scenarios, 
the production of crushed rock and the 
transport would cause the system’s major 
use of energy. Scenario 2 would then be the 
most energy-efficient scenario.  

General findings 

The three case studies presented in Papers I 
and II can be referred to as LCAs, since a 
life cycle perspective was used and the work 
procedure followed the LCA framework. 
Some general conclusions can be drawn 
from these LCAs. Firstly, different types of 
potential environmental impact predomi-
nated in the different activities of the system. 
The EFs investigated can be divided into 
three different categories: i) the use of 
natural resources, ii) the use of energy and 
the associated emissions to air and water, 
and iii) the direct emissions from the 
material. Whereas the differences in the use 
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of natural resources and energy were largest 
during the extraction and refinement of raw 
materials, the leaching of trace elements 
occurred when using the services of the 
system. The case studies demonstrated the 
possibility to include and quantify these 

different types of environmental impact in 
the assessment. The results confirm the need 
for a life cycle perspective to be used in 
order to cover different types of potential 
environmental impact.  

Table 13. The system’s elementary flows (EFs) for the scenarios compared for managing 1 
tonne of wood ash. The results for each scenario should be interpreted as relative to the other 
scenarios, since only those activities in which there are differences between the scenarios are 
included and not the total system. In scenario 1, the wood ash is recycled on forest land, in 
scenario 2 it is used for road construction and in scenario 3 it is dumped in landfill. 

Elementary flow Unit Scenario 1 Scenario 2 Scenario 3 

Resource use     
Energy 1 GJ 0.52 2.72 2.89 
Sand tonnes 0 0 0.04 
Other natural aggregates 2 tonnes 3.92 2.33 4.10 
Zn kg 0 0.50 0.50 
P kg 0 15 15 
Dolomite kg 0 780 780 
K kg 0 70 70 
Emissions to air     
CO  g 29 106 114 
CO2 g 24536 95846 102946 
CH4  g CO2-ekv 0.6 2.9 3.1 
F2 g 0 11 11 
HC g 13 58 62 
NOx  g 198 826 884 
N2O g CO2-ekv 163 660 708 
Particles g 5.3 29.5 31.2 
SO2  g 12 549 552 
SO3 g 0 63 63 
VOC  g 0.09 0.60 0.64 

Emissions to water     

COD  g 0.37 1.43 1.54 
N-tot  g 0.06 0.23 0.24 
Oil g 0.12 0.48 0.51 
Phenol g 0.18 0.68 0.73 
As g 0.38 0.017 0.056 
Cd  g 4.3 0.006 0.023 
Pb  g 2.3 0.20 0.127 
1 Energy includes the different types of fuel used within the system and precombustion for fuel production. 
2 Natural aggregates include excavated materials such as crushed rock and soil, of which the crushed rock 
constitutes the dominant fraction (>95%). 
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Secondly, the approach outlined can be used 
for identifying the most important potential 
environmental impact from the system. The 
normalisation results confirmed the general 
conception that trace element leaching is an 
important environmental impact to be 
considered in environmental assessments of 
MSWI bottom ash management. This is also 
in line with the results presented by 
Birgisdottir et al. (2007). Improving the 
knowledge on trace element leaching is 
therefore a highly relevant research issue. 
Finally, the results can be used to compare 
the scenarios with regard to each type of 
emission or resource. For MSWI bottom 
ash, the results indicate that natural 
resources and energy could be saved and 
that the amount of energy-derived emissions 
would be lower if the MSWI bottom ash 
were to be utilised instead of being 
landfilled. The assumed transport distance 
had a large influence on this result. For the 
wood ash, transport distance was of less 
importance. Production of the alternative 
nutrient source needed if ash were not 
recycled on forest land was found to be very 
energy-consuming. When nutrient compen-
sation was regarded as necessary, the results 
suggested that ash recycling was the most 
energy- and resource-saving scenario.  
For trace element leaching, the results were 
more difficult to interpret. For the wood 
ash, recycling led to largest emissions of 
trace elements, although it may be debated 
whether this is really an emission or only a 
return of substances. For the MSWI bottom 
ash, however, differences between the 
scenarios were relatively small in relation to 
the uncertainty of the long-term leaching 
predictions. A reason for this is that there is 
leaching from the MSWI bottom ash in all 
scenarios (except for in Paper I, where 
treatment of leachate was assumed) and 
there is also leaching from crushed rock in 
some of the scenarios. The outcome of the 
scenario comparison was highly sensitive to 
the data selected to describe material 
leaching and to the assumptions of future 
infiltration. Because the variation in leaching 
is large for both MSWI bottom ash and 
crushed rock and because the estimates of 

future infiltration are relatively uncertain, the 
most preferable scenario for MSWI bottom 
ash management in order to avoid trace 
element leaching cannot be distinguished 
based on the results presented here. 
Furthermore, the potential environmental 
impact from the trace elements is probably 
more dependent on when, where and at 
what concentrations the trace elements are 
leached than on the total leaching during 100 
years.  
It should be noted that there are additional 
aspects that were not investigated in the case 
studies, such as noise, dust emissions during 
production, occupation of land area and 
emissions from the ash and the crushed rock 
of other potentially toxic substances than 
those included here. It should also be noted 
that although sensitivity analyses were 
performed, the results are still associated 
with uncertainties, and the specific figures 
should therefore be used with some caution. 
For example, they should not be presented 
without background information about the 
system boundaries used.  

RESULTS FROM THE LABORA-
TORY EXPERIMENTS ON MSWI 
BOTTOM ASH (PAPERS III AND 

IV) 

Focus on Cu leaching 

The results from the case studies in Papes I 
and II showed that trace element leaching 
can be considered as one of the major 
problems with MSWI bottom ash utilisation. 
Hence, further efforts to increase the 
understanding of trace element leaching 
were considered relevant and Cu was chosen 
due to its toxicity and the likelihood of large 
differences in leaching between MSWI 
bottom ash and crushed rock. Special 
emphasis was placed on the Cu speciation in 
the leachate and the possible contribution 
from hydrophilic DOM fractions, as this 
was found to be a relatively unexplored 
issue. Furthermore, the Cu-containing solid 
phases in the MSWI bottom ash were 
investigated and the influence of additional 
DOM or salt in the influent on the trace 
element leaching was studied.  
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MSWI bottom ash DOM (Paper III) 

The concentration of dissolved organic 
carbon (DOC) in the BA1 and BA2 leachate 
was 28 and 33 mg/L respectively. There 
were no detectable concentrations of humic 
acid in the leachate and the content of 
LMWOAs (malonate, oxalate, acetate and 
formate) was low, only 0.1% of the total 
DOC (Table 14).  
The fractionation results showed that the 
MSWI bottom ash leachate contained a large 
proportion of hydrophilic components, 75% 
in the BA1 leachate and 81% in the BA2 
leachate (Table 15). Hydrophilic acids were 
the predominant fraction, constituting 58% 
of the total DOC in the BA1 leachate and 
50% in the BA2 leachate.  
This is higher than what is commonly found 
in natural waters. In Fröberg et al. (2003), 
the hydrophilic acids were shown to 
comprise around 30% of the DOC in a soil 
leachate, while Leenheer & Huffman (1976) 
isolated approximately 25% hydrophilic 
acids and 62% hydrophobic acids from a 
Wyoming groundwater sample. Similar 
results have been reported for surface water 
(Martin-Mousset et al., 1997). Thus, in 
natural waters the fulvic acids, defined as the 
fraction retained in the Amberlite® XAD-8 
column and recovered with 0.01 M NaOH, 
seem to be the predominant DOC fraction. 

The acid-base titration of the cation-
exchanged BA1 leachate (BA-CE) showed a 
gradual change in charge with rising pH, 
likely caused by large distribution of proton 
affinity constants for the binding sites (Fig. 
7). The evenly distributed binding sites over 
the pH range tested suggest that the ash 
DOM contains humic-type materials. Hence, 
the geochemical speciation modelling tools 
SHM and NICA-Donnan were assumed to 
be suitable for modelling the proton binding 
of the ash DOM, although they were 
originally developed for natural waters. This 
was also suggested by van Zomeren & 
Comans (2004). 
In the SHM and NICA-Donnan models, 
fulvic acids are commonly the only DOM 
fraction considered. However, when 
applying the SHM and NICA-Donnan 
models to the cation-exchanged BA1 
leachate (BA-CE), we found that hydro-
phobic acids alone could not describe the 
proton dissociation measured in the acid-
base titrations. When we considered both 
the hydrophobic and the hydrophilic acids 
(assuming that these had the same proton-
binding properties as generic fulvic acid) as 
contributing, the simulations agreed much 
better with the experimental results. Gene-
rally, carboxylic and phenolic groups are 
considered to provide the most important 
proton-binding sites of DOM. While the 

Table 14. Concentrations of LMWOAs in untreated leachate (L/S=5, native pH) from >6-
month-old MSWI bottom ash BA1 and BA2. 

Sample 
Malonate 
(µM) 

Oxalate 
(µM) 

Formate 
(µM) 

Acetate 
(µM) 

Propionate 
(µM) 

Lactate 
(µM) 

Citrate 
(µM) 

BA1 3.8 7.3 35 14 0 0 0 
BA2 1.3 6.1 28 11 0 0 0 
 
 
Table 15. DOC fractions in leachate (L/S=5, native pH) from >6-month-old MSWI BA 
samples BA1 and BA2 in % or DOC. Total DOC was 28 mg/L in BA1 and 33 mg/L in BA2.  

Sample 
Hydrophobic 
acids 

Hydrophobic 
neutrals 

Hydrophilic 
acids 

Hydrophilic 
neutrals 

Hydrophilic 
bases 

BA1 16.5 8.9 57.7 16.0 0.9 
BA2 11.8 7.1 49.5 29.8 1.8 
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Figure 7. Acid-base titration of cation-exchanged MSWI bottom ash leachate (BA-CE). Lines 
show model predictions with the generic parameters at 17% and 75% FA of DOM, and the 
optimised proton-binding parameters at 75% FA of DOM. Left: SHM; right: NICA-Donnan. 
The root-mean-square error for the fit with the optimised proton-binding parameters was 0.081 
mmol g-1 for both models. 

carboxylic groups are most important at low 
pH values, the phenolic groups are disso-
ciated at less acid conditions. The slope of 
the acid-base titration curve, which was 
considerably steeper at pH values below 6, 
suggests a larger amount of carboxylic 
binding sites than of phenolic binding sites 
in the leachate. By modifying the acid-base 
parameters accounting for the number of 
different types of sites, the models agreed 
even better with the experimental data (Fig. 
7, Table 16). To obtain the best possible fit, 
it was also necessary to adjust the width 
distribution parameters for proton binding 
to the carboxylic sites.  

Cu speciation (Paper III) 

The Cu speciation was measured during 
alkalimetric and pH-static titration experi-
ments on the three BA1 leachate sub-
samples. In agreement with previous pub-
lications (Meima & Comans, 1999; van 
Zomeren & Comans, 2004), only a small 
proportion of the total Cu concentration 
was measured as free Cu2+. The relatively 
low Cu2+ activity compared with the total 
amount of Cu present in the solution was 
interpreted as evidence of organic Cu 
complex formation, since it could not be 

explained by complexation with inorganic 
ligands or LMWOAs. However, the 
presence in the leachate of Cu-containing 
ash colloids, which would lead to less Cu 
being available for reaction with DOM, 
cannot be entirely ruled out.  
One striking finding was that removal of the 
hydrophobic acid fraction (which is often 
considered to constitute the metal binding 
fraction of DOM) had little effect on Cu 
binding. The Cu-binding properties of the 
BA-CE and BA-HPI subsamples were simi-
lar (Fig. 8), implying that parts of the hydro-
philic fraction, probably the hydrophilic 
acids, have Cu-binding properties.  
Neither the SHM nor the NICA-Donnan 
models could describe the Cu2+ activity 
satisfactorily for the BA-CE sample when 
employing generic parameter sets for fulvic 
acid (FA), even though both the hydro-
phobic and the hydrophilic fractions were 
considered (Fig. 9, left). When only the 
hydrophobic acids were considered, as 
suggested by van Zomeren & Comans 
(2004), the fit was even worse. By using the 
optimised proton-binding parameters de-
rived from the acid-base titration, the model 
performance was significantly improved 
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(Fig. 9, right). However, both models under-
estimated Cu2+ activity at pH 9.  
This suggests that the Cu-binding affinity of 
the phenolic groups is lower than suggested 
by the generic parameters. In an attempt to 

adjust the models for MSWI bottom ash 
leachate, the generic parameters in NICA 
Donnan and SHM were optimised for the 
BA-CE leachate (Table 16). In NICA 
Donnan, the optimisation included changes 

Table 16. Acid-base and Cu complexation constants for generic fulvic acid and bottom ash 
fulvic acid in the SHM and NICA-Donnan models. 

SHM Generic fulvic acida Bottom ash fulvic acidb 

Acid-base parameters   
nA (mol kg-1) 5.4 5.51 
nB (mol kg-1) 1.62 0.83 
log KA -3.51 -3.51 
log KB -8.81 -8.81 
ΔπΚΑ 3.48  2.8 
ΔπΚΒ 2.49 2.49 
gf 0.72 0.72 
Cu complexation   
log KCu, m -0.8 -0.18 
log KCu, b -5.8 -5.86 
log KCuOH, b -13.4 -14.8 
ΔLK2 1.4 1.5 
   
NICA-Donnan Generic fulvic acidc Bottom ash fulvic acidb 

Acid-base parameters   
Qmax1,H (mol kg-1) 5.88 5.74 
Qmax2,H (mol kg-1) 1.86 0.86 
log KH1 2.34 2.34 
log KH2 8.6 8.6 
nH,.1 0.66 0.82 
nH,.2 0.76 0.76 
b 0.57 0.57 
p1 0.59 0.59 
p2 0.7 0.7 
Cu complexation   
log KCu, 1 0.26 0.44 
log KCu, 2 8.26 7.47 
nCu,.1 0.57 0.53 
nCu,.2 0.36 0.36 
aFrom Gustafsson & van Schaik (2003). 
bThis study. Values in italics indicate changes to the generic fulvic acid parameter set (optimised parameter values). 
Bottom ash fulvic acid includes both hydrophobic and hydrophilic acids. Due to correction of a small error in the code of 
Visual Minteq, the optimised parameters in NICA-Donnan are slightly different than what is reported in Paper II. 
cFrom Milne et al. (2001). 
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in parameters for Cu binding to phenolic 
and carboxylic groups, while in SHM the 
parameters describing hydrolysed bidentate 
Cu complex formation and monodentate Cu 
complexation to carboxylic acid sites were 
adjusted. The heterogeneity parameters were 
also slightly changed in both models. These 
changes, together with the adjusted acid-
base parameters and the assumption that 
both hydrophilic and hydrophobic acids 
contribute to Cu-complex formation, resul-
ted in good descriptions of the data for both 
the BA-CE and BA-HPI samples, in the pH 
static titrations as well as the alkalimetric 
titrations.  
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Figure 8. Copper titration of the cation-
exchanged MSWI bottom ash leachate 
(BA-CE) (empty symbols) and the isolated 
hydrophilic DOM fraction (BA-HPI) 
(filled symbols) at pH 6 (diamonds) and 
pH 9 (triangles). 

A slightly different picture emerged when 
the titrations results for the untreated BA-0 
sample were analysed (Fig. 10). As before, 
the SHM and NICA-Donnan models pro-
vided poor fits when using the generic para-
meter values, underestimating Cu complex-
ation. However, applying the previously de-
rived sample-specific parameters did not 
provide acceptable fits for this sample, de-
spite the successful description of the Cu2+ 
activity for the BA-CE and BA-HPI samp-
les. One possible reason is that the compe-
tition between Cu2+ and other ions was not 
correctly captured. The speciation of Al, for 
example, might have been misinterpreted if a 
large proportion of Al exists in colloidal 
form.  

Cu phases present in bottom ash    
(Paper IV) 

The three ash samples studied with X-ray 
adsorption spectroscopy showed very similar 
XANES spectra, with edge positions and 
features very similar to those of copper(II) 
oxide, CuO. Analysis of the EXAFS spectra 
revealed that the Cu-O and Cu···Cu dis-
tances observed in the ash samples are in 
good agreement with the distances in 
crystalline copper(II) oxide (Åsbrink & 
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Figure 9. Copper titration of cation-exchanged MSWI bottom ash leachate (BA-CE) at pH 6 
(diamonds, two separate titrations) and pH 9 (triangles, two separate titrations). Lines show 
SHM model predictions with the generic parameters at 17% and 75% FA of DOM (left) and the 
optimised parameters at 75% FA of DOM (right). The root-mean square error for the fit with 
the optimised Cu-binding parameters was 0.061. 
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1 1

Waskowska, 1991). Thus, the most common 
form of copper in the MSWI bottom ashes 
is copper(II), and copper(II) oxide, or 
phases very similar to that, are making up 
the copper content.  
These findings are in line with previous 
research (Meima & Comans, 1999). How-
ever, it should be noted that the material in 
the current study had been exposed to 
oxidising conditions prior to the experiment, 
and that the level of oxidation might be 
lower in fresh material. The existence of 
Cu(I) in fresh MSWI bottom ash, possibly as 
the less soluble solid phase Cu2O, cannot be 
ruled out entirely. 

Comparison between different influents 
in the column experiment (Paper IV) 
The column experiment was designed in 
order to test whether the concentration of 
Cl or DOM in the influent would influence 
trace element leaching. However, in spite of 
different composition of the influent, 
leached concentrations of most substances 
did not differ significantly between the 
treatments (Fig. 11). This was surprising, 
since the additional DOM in the lake water 
was expected to accelerate Cu leaching from 
the MSWI bottom ash due to Cu-DOM 
complex formation. The results can be 
explained by the fact that there seemed to be 

considerable retention of lake DOM in the 
material. Although the accumulated amount 
of TOC leached out at L/S 10 was highest 
in leachate from the two columns with lake 
water (columns E and F) (Fig. 11), leachate 
concentrations were still much lower than in 
the inflowing lake water (Fig. 12, left). 
Furthermore, the specific UV absorbance of 
the leachate from the lake water columns 
resembled that of the deionised water 
columns (Fig. 12, right), suggesting that 
DOM originating from the ash material is 
probably dominant in the leachate from the 
lake water columns, whereas the lake DOM 
is mainly retained within the ash. Therefore 
the lake DOM had no impact on the 
leachate concentration of Cu. The preferen-
tial removal of lake DOM by the material 
might possibly be explained by sorption on 
Al and Fe hydroxides (Kaiser et al., 1997) or 
precipitation due to charge neutralisation by 
Ca binding. It should be noted, however, 
that soil water can contain larger amounts of 
DOM than the lake water used in this study, 
and also that the column experiment was 
only carried out up to L/S 10. In a longer 
time perspective than represented by L/S 
10, the sorption capacity of the ash may be 
saturated.  
The results indicate a possible effect of Cl 
on the leaching of As, which was leached to 

Figure 10. Copper titration of the bulk MSWI bottom ash leachate (BA-0) at pH 6 (symbols 
represent separate titrations). Lines show model predictions with optimised proton-binding 
and Cu-binding parameters and different assumptions regarding Al. Hydrophobic and 
hydrophilic acids are considered (75% FA of DOM). 
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a slightly greater extent from the columns 
with Cl-enriched water (Fig. 11). We could 
not explain this satisfactorily and it may need 
to be explored further. However, for the 
conditions used here, the differences were 
rather small between the treatments and for 
most environments the salt effect is 
probably of minor importance.  
Applying the SHM model with the opti-

Figure 11. Leachate concentration of trace elements at different liquid solid (L/S) ratios in 
columns with deionised water (diamonds), 0.1 M NaCl (triangles) and lake water (squares) 
(filled and unfilled symbols represent duplicates). 

mised parameters to the column leachates 
showed that the leachate from columns with 
water or salt as influents (columns A-D) was 
undersaturated regarding CuO at L/S ratios 
of 1 or lower, whereas it approached CuO 
equilibrium at higher L/S ratios (Fig. 13). 
However, in the lake water leachate, equi-
librium was not approached at higher L/S 
ratios. 
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Figure 12. Leachate concentration of TOC (total organic carbon)(left) and UV absorbance at 
260 nm (right) in the inflowing lake water (solid lines) and in the leachate from columns with 
deionised water (diamonds), 0.1 M NaCl (triangles) and lake water (squares) (filled and 
unfilled symbols represent duplicates). 
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Cu mobilisation mechanisms 

ic and the 

 

icting Cu speciation 
by geochemical equilibrium modelling 

s 
Figure 14. Concentration of Cu2+ in 
solution as determined by dissolution of 
CuO, desorption/adsorption on neo-
formed minerals such as hydroxides and 
Cu-DOM complex formation. 

The results from the pH-stat
alkalimetric titrations (Paper III) supported 
the previous suggestions that only a low 
proportion of the Cu concentration in 
MSWI bottom ash leachate is present as 
Cu2+ because of Cu-DOM complex for-
mation. By removal of Cu2+ from the solu-
tion, Cu-DOM complex formation can force 
desorption of Cu or dissolution of the solid 
phase, thus increasing the total Cu concen-
tration in the leachate until equilibrium is 
reached (Fig. 14). The final value for 
dissolved Cu may also be determined by 
other secondary reactions such as adsorption 
to Fe and Al (hydr)oxides. However, based 
on the variation in the CuO saturation index 
in the column leachate, it can be hypothe-
sised that Cu2+ adsorption to (hydr)oxide 
minerals plays a comparably small role in 

this process, since strong adsorption would 
lead to small variations in the Cu2+ activity 
over time. A more extensive dataset would 
be needed to test this hypothesis, however.  
Based on the column experiment (Paper IV), 
natural DOM in the infiltrating water
appears to be of little significance for Cu 
leaching, at least in a short time perspective 
and at relatively low concentrations. How-
ever, the addition of lake DOM in the 
influent resulted in lower saturation indices 
for CuO in the leachate. A possible expla-
nation for the increasing undersaturation in 
the lake water leachate at increasing L/S 
ratios is that the fast process of Cu-DOM 
complex formation consumed the Cu2+ 
quickly, whereas the CuO dissolution rate 
was much slower. Thus, the continuous 
addition of DOM resulted in decreased Cu 
activity and, consequently, in decreased 
saturation index. An alternative explanation 
could be that DOM was sorbed onto the 
surfaces of the ash, thereby preventing the 
dissolution of CuO.  

Possibilities for pred

The Cu speciation has implications for the 
total concentration of Cu in the leachate, a
well as for the leachate toxicity. Thus, pre-
dictions of Cu leaching by geochemical equi-
librium calculations need to consider the 
contribution from DOM, e.g. through geo-
chemical modelling tools such as SHM or 
NICA-Donnan.  

Adsorbed Cu

Figure 13. Saturation index for 
CuO for leachate from 
columns with deionised water 
(diamonds), 0.1 M NaCl 
(triangles) and lake water 
(squares) at different L/S 
ratios (filled and unfilled 
symbols represent duplicates). 
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The titration results in combination with the 
model predictions strongly suggest that both 

SWI bottom 

omplex formation 

N 

ctives on utilisation of 
incinerator residues  

s. A life cycle per-

hydrophobic and hydrophilic components 
contribute to proton dissociation in MSWI 
bottom ash leachate. In natural water too, 
there have been some indications that 
hydrophilic acids might not be greatly 
different to the fulvic acids. Vance & David 
(1991) found that hydrophilic acids from 
forest floor leachate and stream water 
possessed fulvic acid-like proton-binding 
properties. A soil leachate investigated in a 
parallel project at our laboratory showed that 
the Cu-binding properties of the hydrophilic 
fraction were similar to those of fulvic acids 
(van Schaik et al., submitted manuscript). 
However, the MSWI bottom ash leachate 
DOM contained a larger proportion of 
hydrophilic components than what is 
generally the case in natural waters. Neg-
lecting this fraction may lead to under-
estimations of Cu-DOM complex formation 
in MSWI bottom ash leachate.  
The predominance of hydrophilic com-
ponents that we found in the M
ash leachate is also supported by other 
publications. Van Zomeren & Comans 
(2004) found that the hydrophilic com-
ponents constituted more than 80% of the 
total DOC, while Arickx et al. (2007) 
reported the hydrophilic fraction to 
constitute 65-74% of the DOC in leachate 
from different size fractions of an MSWI 
bottom ash sample. The differences between 
natural DOM and MSWI bottom ash DOM 
were also shown here by the specific UV 
absorbance measurements in the column 
experiment (Paper IV). The specific UV 
absorbance at 260 nm is closely related to 
the amount of hydrophobic DOM in 
solution (Dilling & Kaiser, 2002). The 
specific UV absorbance in the lake water 
was about twice that in leachate from the 
deionised water columns, indicating that the 
fraction of hydrophobic DOM in the lake 
water is about twice that originating from 
the MSWI bottom ash. 
Including the hydrophilic fraction as 
contributing to Cu-c
improved the possibility to capture the Cu 
speciation in the SHM and the NICA-

Donnan models. To obtain an even better fit 
between the experimental results and the 
model simulations, several other parameters 
were also adjusted, and a set of optimised 
parameters was developed based on the 
titration results for the cation-exchanged 
subsample. These provided consistently 
good predictions for the cation-exchanged 
leachate in the different titration experi-
ments. However, some remaining work 
needs to be done before the Cu speciation in 
untreated leachate can be correctly 
described. Even the optimised parameters 
did not provide a sufficiently good descrip-
tion of the experimental results for the 
untreated leachate and to provide more 
accurate model descriptions of Cu activity in 
bottom ash leachate, it is necessary to 
examine Cu speciation and ion competition 
in more detail. The speciation of aluminium, 
for example, needs to be further investi-
gated. Furthermore, there are strong indi-
cations that geochemical speciation model-
ling approaches need to consider the specific 
properties of MSWI bottom ash DOM 
rather than just applying generic fulvic acid 
parameters.  

DISCUSSIO

Systems perspe

Two different systems perspectives were 
included in this thesi
spective was used to investigate the impor-
tance of trace element leaching in relation to 
other types of potential environmental 
impact. Through more detailed studies using 
a material perspective, the chemical mecha-
nisms for Cu leaching were then studied. 
These approaches with their different system 
boundaries complement each other within 
the framework of different complexity levels 
for environmental assessments by answering 
different types of questions. Whereas studies 
on the material level can provide detailed 
information on leaching under different 
chemical conditions, they cannot capture any 
type of environmental impact that is not 
directly associated with the material. The life 
cycle approach, on the other hand, can cover 
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a large and complex system and identify the 
most significant issues, but it is poorly suited 
to describe the risk of contamination effects 
in time and space or to describe the leaching 
mechanisms in detail.  
It should be emphasised that the system 
boundaries can also be expanded even 

illing of incinerator 
residues 

of whether incinerator residues 

ario comparison depended on the 

rdless of whether 

further than in the studies performed here. 
For example, future changes in the sur-
rounding system, such as material demand 
and the supply of other types of materials, 
can be included in the environmental 
assessment. The environmental assessment 
can also be combined with other sustain-
ability issues. One question that would 
require broader system boundaries than 
those used in Papers I and II is whether 
MSW should be incinerated at all. To answer 
this, further dimensions of society such as 
alternative energy production and the effects 
of waste recycling need to be included in the 
analysis. For wood fly ash, broader system 
boundaries might be needed if the question 
concerns biofuel harvesting rather than only 
ash management. Just as leaching predict-
tions can be used as input to risk 
assessments or studies on the LCA level, 
LCA results can be used as input to studies 
with even wider system boundaries. The 
results presented in this thesis (Paper I and 
II) can potentially contribute by providing 
input information to future studies of forest 
management, waste management system and 
reuse of by-products in a wide sense. Waste 
management has been investigated in 
previous LCAs (Björklund et al., 1999; 
Sundqvist et al., 2002; Finnveden et al., 
2005), e.g. through the model ORWARE 
(Organic Waste Research), but the fact that 
the incinerator residues can be utilised 
instead of being dumped in landfill has not 
yet been considered.  

Utilisation or landf

No general answer can be given to the 
question 
should be utilised or not, as this depends on 
the specific case, the environmental values 
to be protected and how these environ-
mental values are prioritised. However, the 

LCA approach provided some important 
information on the potential environmental 
impact of the management scenarios 
studied. The leaching of trace elements was 
set in relation to other types of emissions 
and to the resources used by the system. 
Thus, the environmental benefits from 
utilising the incinerator residues were 
demonstrated. The results also give an 
indication of the scenario that is most 
preferable with regard to resource use and 
emissions to air. Furthermore, the activities 
in the systems that contributed most to the 
potential environmental impact of each type 
could be distinguished and the most 
important EFs in relation to resource use 
and emissions on a national scale were 
identified. 
Regarding trace metal leaching, the outcome 
of the scen
specific MSWI bottom ash or crushed rock 
samples used, on the assumed infiltration in 
the different constructions and also on how 
the environmental impact from the leaching 
is considered. Therefore, it is not possible to 
distinguish the management scenario that 
leads to the least leaching of trace elements. 
As shown by the comparison in ‘Review of 
research area’ (Table 3) it is not even 
possible to draw general conclusions on 
what material that leaches the smallest 
amounts of trace elements, except for Cu, as 
trace element leaching from the crushed 
rock in some cases approaches or exceeds 
the leaching from the MSWI bottom ash. 
Further experimental data on leaching from 
crushed rock and leaching predictions that 
are based on chemical processes may 
contribute to a better understanding of the 
leaching differences between the materials in 
the scenarios compared. 
Trace elements will be released from the 
incinerator residues rega
they are utilised or not, although the 
concentration in time and space will differ 
between the different scenarios. The 
potential toxic effects of trace element 
leaching might be strongly dependent on 
when and where the leaching occurs. 
However, the time and site specific effects 
of leaching are not captured by the LCA 
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approach. The approach outlined here 
should therefore preferably be comple-
mented with site-specific risk assessments 
for each specific case of utilisation, in order 
to describe the risk of trace element leaching 
more in detail and to capture the time- and 
site-specific character of the potential risk 
associated with the leaching. Such site-
specific risk assessments should not only 
include the leaching from the MSWI bottom 
ash material, but also the leaching from the 
alternative crushed rock material, as the 
differences between these materials may in 
some cases be small.  

Leaching of trace elements from MSWI 
bottom ash 

ace elements was identified as 

 the specific com-

nd II), detailed chemical pro-

es of measures that can 

Through the LCA approach outlined here, 
leaching of tr
one of the major problems in MSWI bottom 
ash management. However, it should be 
noted that the comparison with resource use 
and emissions on a national basis involved a 
form of weighting of the inventory results 
and other methods for weighting might give 
a different answer. The estimations on trace 
element leaching were associated with large 
uncertainties and therefore, this issue was 
investigated more in detail in Papers III and 
IV. The results can be used as a basis for 
long-term leaching predictions, but also for 
discussing material improvements and 
utilisation possibilities.  
Both risk assessments and LCAs require 
detailed knowledge on
ponents of the system, such as the expected 
trace element leaching. Long-term leaching 
predictions may be based on e.g. geo-
chemical equilibrium calculations. The 
results presented in this thesis regarding Cu 
mobilisation mechanisms and Cu speciation 
contribute to the possibilities of predicting 
long-term leaching of Cu from MSWI 
bottom ash through geochemical equi-
librium calculations. One remaining ques-
tion, however, is how to incorporate the 
findings into existing modelling approaches. 
Their significance for long-term leaching 
predictions also needs to be tested. Further-
more, there are still some remaining 
questions regarding the speciation of Cu in 

MSWI bottom ash leachate that have not yet 
been sufficiently investigated. For example, 
more knowledge is needed on how 
competing cations such as As affect Cu 
speciation.  
In the LCA approach outlined in this thesis 
(Papers I a
cesses were not considered in the leaching 
estimates. Instead, results from batch 
experiments at certain L/S values were used 
to predict accumulated leaching from MSWI 
bottom ash and wood fly ash during the 
time period investigated. This is similar to 
the approaches used by Birgisdottir et al. 
(2007) and Mroueh et al. (2001), whereas 
Carpenter et al. (2007) used the results from 
field measurements for future leaching 
predictions. These ‘black box’ approaches 
do not require the same thorough under-
standing of the complex processes involved 
in the leaching as does the geochemical 
modelling approach. On the other hand, 
they are relatively inflexible and it is 
debatable whether laboratory experiments 
represent the field scenario conditions 
sufficiently (Lidelöw & Lagerkvist, 2007). 
An interesting task for future studies would 
be to compare the outcome from geo-
chemical and transport modelling with the 
more simple ‘black box’ approaches to 
determine if and when it might be 
reasonable to save time by using the more 
simple approaches. 
As described in the introduction section, 
there are several typ
be used to reduce trace element leaching 
from MSWI bottom ash in order to make it 
more usable. The results presented in Papers 
III and IV can provide valuable information 
both for suggesting measures to decrease Cu 
leaching and for choosing management 
scenarios that minimise the risk of negative 
toxic effects. In agreement with previous 
research, it was found that Cu to a large 
extent forms complexes with DOM. The 
DOM originating from the MSWI bottom 
ash was found to be more important for Cu 
leaching than additional DOM from natural 
sources, at least in a short-term perspective. 
Thus, it is possible that Cu leaching can be 
decreased by minimising the amount of 
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organic carbon available for leaching in the 
material. In previous studies on MSWI 
bottom ash it has been shown that organic 
carbon only constitutes a small fraction 
compared to elementary carbon (Ferrari, 
1997; Bjurström & Suér, 2006), and that the 
ratio between these fractions may be 
changed through the incineration practice 
(Rubli et al., 2003). It is also possible that Cu 
leaching can be decreased by limiting the 
leaching of certain carbon fractions, as 
suggested by Arickx et al. (2007). 
The Cu-DOM complex formation might 
also have implications for the utilisation 

ecision support in MSWI 
bottom ash management 

l for long-term 

hich it 

possibilities. Although the natural DOM in 
the infiltrating water was insignificant for Cu 
leaching in a short time perspective (L/S 
<10), it may be unwise to expose the MSWI 
bottom ash to situations in which large 
amounts of DOM in the infiltrating water 
could be expected until the long-term effects 
of this are further explored. The fact that the 
additional DOM was retained within the 
bottom ash material may also be important 
to consider when interpreting the results of 
field experiments. If additional DOM in the 
infiltrating water can be expected, from 
overlying waste or soil layers in a landfill or 
from soils beside a road construction, the 
effect on Cu leaching might not be visible in 
the measurements for a long time. However, 
the DOM sorption capacity might eventually 
be saturated. 

Improved d

The information on Cu mobilisation 
mechanisms may be usefu
leaching predictions, decisions concerning 
improvements to MSWI bottom ash quality 
or utilisation practices, while the information 
obtained through the LCA-based approach 
can contribute to more strategic decisions 
on waste utilisation. One example is the 
definition of acceptance criteria for utilising 
waste materials such as ash in construction, 
which are currently being discussed by the 
Swedish Environmental Protection Agency. 
In the process of defining acceptable levels 
for trace element release from waste 
materials, the results presented in this thesis 

add a further dimension to the problem by 
pointing out the trade-offs between different 
environmental objectives. This is important, 
as unnecessarily restrictive recommendations 
concerning trace element leaching in the 
case of MSWI bottom ash utilisation work 
can counter the overall environmental 
objectives. A definition of the acceptable 
leaching that is solely based on leaching 
estimates would presume that the conta-
mination problem is prioritised over other 
problems, such as greenhouse gas emissions. 
Such a weighting is not justified, either in the 
Swedish environmental objectives or in the 
Swedish Environmental Code (Swedish 
Code of Statutes, 1998; Swedish Enviro-
nmental Objectives Council, 2007). Thus, in 
order to define sound acceptance criteria for 
trace element leaching from waste materials 
in construction, a risk assessment approach 
that focuses on the potential toxic effects 
needs to be combined with a life cycle 
perspective that can include the trade-offs 
with other environmental objectives.  
Throughout the work with this thesis, a 
positivistic approach was applied in w
was assumed that there is an objective and 
measurable reality to be explored by 
research. It was also presumed that the 
information obtained would help to improve 
support for decision-making. However, 
decision-making may not be the rational 
process that one would sometimes wish, in 
which information is systematically gathered 
and analysed in order to reach an optimal 
decision. There is therefore no guarantee 
that the information obtained through this 
work will actually lead to better decisions. As 
Gluch (2005) observed, the large number of 
analytical tools that assess and monitor the 
environmental impact from the built 
environment to provide management 
guidelines seem not to have influenced the 
practice in the construction sector suffi-
ciently. Improving the understanding of the 
management process and the role of 
different assessment methods in this process 
is therefore an emerging field of research. In 
order to study the implementation of 
environmental assessment results in 
decisions on ash management, other 
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approaches and more explorative methods 
might be necessary. 
In a parallel project to this thesis (Kärrman 
et al., 2008), possible implementation of a 

s requires an ability 

life cycle perspective in the decision-making 
framework of MSWI bottom ash utilisation 
was investigated. Through a focus group 
approach, it was found that a life cycle 
perspective could be useful either in strategic 
planning or as part of project-specific permit 
applications. However, the implementation 
of a life cycle perspective in decisions on ash 
management seems not to be a simple 
straightforward process. According to 
Kärrman et al. (2008), structural changes to 
the regulation framework might be needed, 
as well as a broad understanding of what can 
be gained by broadening the system 
boundaries to include a life cycle per-
spective. Such an understanding can proba-
bly not be achieved without thorough 
communication efforts.  
The implementation of LCA results into 
decision-making situation
to interpret the results and an understanding 
of how they can be utilised. For example, it 
is not possible to use LCA as a tool to prove 
that one scenario is preferable over another 
(Finnveden, 1998). There are at least two 
reasons for this. Firstly, all relevant environ-
mental impacts may not be included. In the 
case of MSWI bottom ash management, 
there may for example be a release of sub-
stances with harmful impacts that are as yet 
unknown. Secondly, the uncertainties are 
large, both regarding the input data and the 
choice of system boundaries or other 
methodological considerations. Therefore, 
LCAs and similar approaches may show 
 

their greatest value as tools for increasing 
the understanding of the system. According 
to Heiskanen (2000), an important strength 
of LCA tools is that they can direct attention 
and inspire new thinking. Hopefully, the 
results presented in this thesis can inspire 
future environmental work to increase the 
system boundaries by including alternative 
strategies and different types of environ-
mental impact from the management of 
different types of incineration residues or 
other waste materials. 
By highlighting the trade-offs between 
different scenarios, a life cycle perspective 
provides results that sometimes complicate 
decisions and that can therefore be regarded 
as inconvenient. The inclusion of a larger 
range of aspects could help to reduce the 
risk of sub-optimal decisions, but makes 
decision situation more complicated than if 
only one aspect would be considered. The 
value of increasing the system boundaries 
needs to be understood and tools for how to 
interpret and use the new information are 
therefore needed in order for the life cycle 
perspective to be implemented. Because ash 
management is associated with conflicting 
types of environmental impact, prioritising 
between environmental objectives may be 
unavoidable in a decision-making situation. 
Generally acceptable methodologies for this 
are needed and multicriteria analysis 
approaches may be useful as described by 
Hung et al. (2006). In addition, more 
knowledge is needed on how to combine the 
life cycle approach with other tools for 
environmental assessment, such as site-
specific risk assessment. 
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CONCLUSIONS 

By demonstrating how a broad approach can 
be used to include a wide range of 
environmental impact and by providing new 
insights on the Cu mobilising mechanisms, 
the results in this thesis have increased the 
understanding of the environmental impact 
from incinerator residue utilisation and how 
it can be assessed. More specifically, the 
following findings were made: 
• An LCA-based approach for environ-

mental assessment was outlined and its 
use for comparing utilisation or land-
filling of incinerator residues was 
demonstrated. It was found that utilising 
MSWI bottom ash in road construction 
and recycling of wood ash on forest land 
would save more natural resources and 
energy than if these materials were to be 
managed according to the other investi-
gated scenarios, including dumping in 
landfill. These results are dependent on 
the system boundaries used and they are 
sensitive to assumptions regarding 
transport distances and the need for 
nutrient compensation after biofuel har-
vesting. Concerning trace element 
leaching, neither of the scenarios investi-
gated can be considered as being gene-
rally preferable.  

• The potential environmental impact 
from trace element leaching depends on 
how the spatial and temporal dilution of 
the trace elements is considered. In 
order to achieve a comprehensive base 
for decisions on the management of 
incinerator residues, site- and material-
specific risk assessments are therefore 
recommended as a complement to the 
presented LCA-based approach. Such a 
risk assessment should include the 
leaching from the alternative con-
ventional material. 

• Trace element leaching, especially 
leaching of Cu, was identified as being a 
relatively important potential environ-
mental impact from managing MSWI 
bottom ash. The Cu2+ activity in the 
MSWI bottom ash leachate is most likely 

determined by formation of Cu-DOM 
complexes, dissolution of CuO, and 
possibly also by adsorption to 
(hydr)oxide minerals. 

• Hydrophilic components were found to 
contribute significantly to Cu binding in 
the MSWI bottom ash leachate. When 
predicting Cu speciation by geochemical 
modelling, the hydrophilic acids should 
therefore be accounted for together with 
the hydrophobic acids that are com-
monly referred to as ‘fulvic acids’. The 
results also indicated that there are 
differences in acid-base properties and 
Cu binding properties between MSWI 
bottom ash DOM and the natural DOM 
for which the geochemical speciation 
models SHM and NICA-Donnan are 
calibrated. Revised parameter values for 
geochemical speciation modelling of Cu 
in MSWI bottom ash leachate are 
therefore suggested. 

• Addition of DOM from soil organic 
matter or salt from e.g. road salting in 
the infiltrating water can be expected to 
be of minor importance for trace 
element leaching from the bottom ash, 
at least in a short time perspective and at 
relatively low concentrations. Possible 
effects in a longer time perspective than 
represented by L/S 10 cannot be 
excluded. 

In order to further improve the basis for 
decisions on the management of incinerator 
residues, an integration of different environ-
mental assessment approaches is suggested 
as there are several questions to be answered 
that require different system boundaries to 
be used. The possibilities for this need to be 
further explored. In addition, long-term 
leaching predictions need to be further 
developed and different approaches for such 
predictions need to be compared. 
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