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Abstract 
Waste management methods are needed more than ever in today´s consumer society. Incineration 

of waste is a treatment method which can be sustainable both in terms of waste volume reduction 

as well as a source of energy. However, in the incineration process, both fly and bottom ash 

materials are generated as waste that requires further action. A common goal throughout Europe is 

to find ways to utilize ash materials in an environmentally and economically efficient manner in 

accordance with the current legislation. This legislation is the Waste Framework Directive (WFD) 

which lists essential properties (H-criteria) to classify waste, as hazardous or not. Of these criteria, 

ecotoxicity (criterion H-14) should be classified based on the wastes’ inherent hazardous properties. 

The WFD further states that this classification should be based on the Community legislation on 

chemicals (the CLP Regulation No 1272/2008; European Regulation on Classification, Labeling and 

Packaging of chemical substances and mixtures). Today, there are no harmonized quantitative 

criteria for the H-14 classification in the WFD, but there is a proposal from the EU on a computing 

model that summarizes all the measured elements classified as ecotoxic in the solid material. 

However, there may be a poor relationship between the theoretical ecotoxicity, based on analysed 

individual elements, and their actual contribution to the measured total toxicity. Therefore, to 

reduce the risk of incorrectly assessing the hazard potential, the overall aim of this doctoral Thesis 

was to develop a scientifically well-founded basis for the choice of leaching methodology and 

ecotoxicity testing for the H-14 classification of ash materials in Europe. In Paper I, different ash 

materials were classified, two leaching methods were compared and the sensitivity as well as the 

usefulness of a selected number of aquatic ecotoxicity tests were evaluated. Paper III and IV studied 

different leaching conditions, relevant for both hazard classification and risk evaluation of ash. 

Moreover, all four papers investigated potentially causative ecotoxic elements in the ash leachates. 

Finally, three different approaches for ecotoxicity classification of ash were evaluated and 

compared; (1) composition and quantities of known hazardous elements determined by chemical 

analysis of the solid material; (2) analysed elements in leachates combined with ecotoxicity data on 

individual elements; and (3) ecotoxicity testing on generated leachates in combination with 

chemical analysis on both the solid material and leachates (Papers I-IV). The results from this Thesis 

show that elements not classified as ecotoxic in the chemical legislation have a significant influence 

on the overall toxicity of the complex ash materials and will be considered if using the approach 

with ecotoxicity tests on ash leachates, but not if using the computing model. In addition, the 

approach of comparing chemically analysed elements in the solid ash with literature toxicity data for 

the same elements systematically over-estimates the hazard potential. This emphasizes the 

importance of using leaching tests in combination with ecotoxicity tests for the ecotoxicity 

classification of ash materials, at least if the aim is to fully understand the inherent hazard potential 

of the ash. To conclude, the recommendation for H-14 classification of ash is that leachates should 

be prepared using the leaching test and conditions evaluated in Paper III and that the generated 

leachates should be tested in a battery of test organisms representing a wide range of biological 

variation and different routes of exposure. This classification proposal has support in the CLP 

Regulation and contributes to harmonizing the waste and chemical legislation. 
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Svensk sammanfattning 
En konsekvens av dagens konsumtionssamhälle är att mängden avfall ökar och därmed även 

efterfrågan på behandlingsformer för avfall. Avfallsförbränning är ett exempel på en 

behandlingsmetod som är fördelaktig både eftersom avfallet minskar i volym samtidigt som 

processen genererar energi. Vid förbränningen uppkommer dock ett nytt avfall i form av askor som 

behöver tas omhand. Inom EU finns ett gemensamt mål att återanvända så mycket av askorna som 

möjligt på ett sätt som är miljövänligt, ekonomiskt fördelaktigt och som följer den rådande 

lagstiftningen. Avfallsdirektivet (2008/98/EC) listar olika egenskaper (H-kriterier) som används för 

att klassificera avfallet som farligt eller icke farligt. För egenskapen ekotoxicitet gäller kriteriet H-14, 

som klassificerar avfallet med avseende på dess inneboende farliga egenskaper. Avfallsdirektivet 

anger även att klassificeringen av avfall bör grundas på kemikalielagstiftningen (CLP förordningen, 

1272/2008). Idag finns inga harmoniserade kvantitativa kriterier för H-14-klassificeringen i 

avfallslagstiftningen. Det finns dock ett förslag inom EU att använda en beräkningsmodell som 

summerar uppmätta ämnen som klassas som ekotoxiska i CLP förordningen i den fasta matrisen. 

Relationen mellan den teoretiska ekotoxiciteten, utifrån analyserade ämnen, och deras faktiska 

bidrag till den totala uppmätta toxiciteten kan emellertid ifrågasättas. För att bättre kunna bedöma 

askors inneboende fara var syftet med den här doktorsavhandlingen att utveckla ett vetenskapligt 

grundat tillvägagångssätt för lakning och ekotoxikologisk testning av askor enligt H-14 kriteriet. I 

Papper I klassificerades olika askor, två olika lakmetoder jämfördes och ett antal akvatiska 

ekotoxikologiska tester utvärderades med avseende på känslighet samt användbarhet. Papper III 

och IV studerade olika lakförhållanden relevanta för både faroklassificering och riskutvärdering. 

Dessutom undersökte alla fyra papperen vilka ämnen i lakvätskorna som potentiellt skulle kunna 

vara ansvariga för effekterna observerade i de ekotoxikologiska testerna. Slutligen jämfördes och 

utvärderades även tre olika tillvägagångssätt för ekotoxikologisk klassificering av askor; (1) halter av 

ämnen uppmätta i den fasta matrisen som jämförs med ämnenas individuella ekotoxicitet; (2) halter 

av ämnen i lakvätskor som jämförs med ämnenas individuella ekotoxicitet; och (3) ekotoxikologisk 

testning med lakvätskor i kombination med uppmätta halter i både den fasta matrisen och i 

lakvätskorna. Resultaten från den här avhandlingen visar att ämnen som inte klassificeras som 

ekotoxiska i CLP förordningen, ändå kan ha en signifikant effekt på den övergripande toxiciteten hos 

komplexa askor. Detta får betydelse vid val av tillvägagångssätt för H-14-klassificeringen eftersom 

ämnen som inte klassificeras som ekotoxiska inte tas hänsyn till när man använder 

beräkningsmodellen. Dessutom visar den här avhandlingen att tillvägagångssättet med att summera 

uppmätta halter i den fasta matrisen systematiskt överskattar toxiciteten. Det här understryker 

vikten av att använda ekotoxikologiska tester vid H-14-klassificeringen av askor, i alla fall om syftet 

är att förstå den inneboende faran hos materialet. Sammanfattningsvis är rekommendationerna för 

den här klassificeringen att lakvätskor ska framställas med den lakmetod som testades i Paper III 

och att de genererade lakvätskorna ska testas i ett batteri av tester som inkluderar olika inkluderar 

olika testorganismer, vilka representerar ett brett spektrum av biologisk variation med olika 

upptagsvägar. Den här rekommendationen har stöd i CLP-förordningen och bidrar därför till att 

harmonisera dagens avfalls- och kemikalielagstiftning.    



7 
 

List of papers & Statements  

 

Paper I 

Stiernström, S., Hemström, K., Wik, O., Carlsson, G., Bengtsson, B-E., Breitholtz, M., 2011. An 

ecotoxicological approach for hazard identification of energy ash. Waste Management. 31, 342-352. 

 

Paper II 

Stiernström, S., Lindé, M., Hemström, K., Wik, O., Ytreberg, E., Bengtsson, B.-E., Breitholtz, M., 2013. 

Improved understanding of key elements governing the toxicity of energy ash eluates. Waste 

Management. 33, 842-849. 

 

Paper III 

Stiernström, S., Enell, A., Wik, O., Hemström, K., Breitholtz, M., 2013. Influence of leaching 

conditions for ecotoxicological classification of ash. (Submitted to Waste Management). 

 

Paper IV 

Stiernström, S., Enell, A., Wik, O., Borg, H., Breitholtz, M., 2013. An ecotoxicological evaluation of 

aged bottom ash for use in constructions. (Submitted to Waste Management). 

 

All four papers were reproduced with permission from Elsevier. 

 

I made the following contributions to the papers presented here: 

Paper I 

I took a major part in planning and carrying out the ecotoxicity tests. The Swedish Geotechnical 

Institute (SGI) performed the leaching tests. I took a large part in writing the paper.  

 

Paper II 

I planned and carried out the ecotoxicity tests together with help from technicians. I took the lead 

role in writing the paper. 

 

Paper III 

I planned the experiments together with my co-authors. I carried out the ecotoxicity tests with help 

from technicians. SGI performed the leaching tests. I took the lead role in writing the paper. 

 

Paper IV 

I planned the experiments together with my co-authors. I carried out the ecotoxicity tests together 

with help from technicians. SGI performed the leaching tests. I took a large part in writing the paper.       

  



8 
 

Table of content 
 

Abstract .................................................................................................................................................. 5 

Svensk sammanfattning ......................................................................................................................... 6 

List of papers & Statements ................................................................................................................... 7 

1. Introduction ........................................................................................................................................ 9 

2. Aim and objectives of the Thesis ...................................................................................................... 10 

3. Background ....................................................................................................................................... 11 

3.1 Regulatory aspects ..................................................................................................................... 11 

3.2 Leaching tests ............................................................................................................................. 12 

3.3 Ecotoxicity testing....................................................................................................................... 13 

3.4 Approaches for ecotoxicological classification of ash ................................................................ 14 

4. Outline of the main findings ............................................................................................................. 15 

4.1 Ecotoxicological classification and evaluation of ash materials (Papers I and II) ....................... 15 

4.1.2 Materials and Method ......................................................................................................... 15 

4.1.3 Results ................................................................................................................................. 17 

4.1.4 Discussion ............................................................................................................................ 19 

4.2 Evaluation of leachates from ash materials with conditions relevant for hazard classification 

(Paper III) and for the environment (Paper IV) ................................................................................ 20 

4.2.1 Material and Method .......................................................................................................... 20 

4.2.2 Results ................................................................................................................................. 22 

4.2.3 Discussion ............................................................................................................................ 22 

5. Overall discussion ............................................................................................................................. 23 

6. Conclusions ....................................................................................................................................... 27 

7. Future perspectives .......................................................................................................................... 27 

Acknowledgement – Tack! ................................................................................................................... 28 

References ............................................................................................................................................ 30 

 



9 
 

1. Introduction 
The amount of waste produced in the European Union (EU) is steadily increasing (Blumenthal, 

2011). Waste streams entering the waste disposal plants (e.g. household waste and industrial 

waste), need to be taken care of. The waste hierarchy ranks waste management options based on 

their environmental impact. According to this ranking system, prevention is the best option followed 

by minimization, reuse, recycling, energy recovery and last disposal (European Commission, 2008a). 

Today, incineration is the second major waste management option next after landfilling in many 

countries throughout Europe (European Commission, 2011). This treatment form is increasing when 

the energy recovery from waste is promoted (Blumenthal, 2011) and because it can be applied to a 

wide variety of wastes (Williams, 2005). In year 2011, 23 % of the treated municipal waste in the EU 

(96 % of the waste was treated) was incinerated (Eurostat, 2013). However, even if there are several 

advantages with incineration compared to landfilling, the process is usually constrained by high 

costs. Moreover, there are potentially toxic emissions and the production of ash materials amounts 

to about 25 weight percent of the incinerated wastes. This means that ash materials is a large waste 

stream within the EU that require adequate management for further handling, e.g. for transport, 

utilization and disposal (RVF, 2005).  

The type of waste being incinerated, the sort of ash (e.g. bottom ash collected at the bottom of the 

grate in the incinerator and fly ash collected from the air pollution control system) and how the ash 

is treated will affect the quality of the ash. For example, aging has been shown to reduce the 

inherent hazard potential of bottom ash (Gori, et al., 2013). Depending on the composition of the 

ash, some materials will be suitable for utilization, while others will not due to e.g. high levels of 

hazardous elements. At present, most bottom and fly ash materials are mainly deposited in landfills, 

however, a more environmentally friendly method would be to utilize these materials in 

geotechnical constructions, e.g. in embankments and roads (Chandler et al., 1997; Toller et al., 

2009). Such usage is already common in some countries (e.g. the Netherlands) and emerging in 

others (e.g. Sweden). In Sweden, incinerated waste produces about 1.5 million tonnes of ash 

materials every year (Svenska Energiaskor, 2013). Some of the bottom ash materials are used as 

covers for old landfills, but in a few years all landfills will be completely encapsulated and other 

management options are needed (Svenska Energiaskor, 2013). A common goal throughout Europe is 

to find ways to utilize ash materials in an environmentally and economically efficient manner. 

However, there are potential conflicts to the goal of reducing toxic pollution and recycling of ash 

materials, since these usually contain hazardous elements. Before use in construction, it is therefore 

necessary to carefully assess the environmental risks associated with the contaminants present in 

the ash. The starting point for this assessment is to classify the ash material according to the current 

legislation.  

The current legislation for waste classification, and therefore also ash classification, is the Waste 

Framework Directive (WFD; 2008/98/EC). Annex III of the WFD lists 15 properties, called H-criteria, 
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that determine if the waste is hazardous or not. Among these criteria, ecotoxicological properties 

should be classified based on the inherent hazardous properties of the waste under criterion H-14 

(“Ecotoxic”: substances and preparations which present or may present immediate or delayed risks 

for one or more sectors of the environment, European Commission, 2008a). The WFD further states 

that this classification should be based on the Community legislation on chemicals (the CLP 

Regulation, No 1272/2008; European Regulation on Classification, Labeling and Packaging of 

chemical substances and mixtures). Currently, there is no harmonized quantitative criterion for the 

H-14 classification, neither for waste nor for specific categories of waste such as ash materials. Some 

European countries have identified the need for developing methods to create leachates of solid 

waste to be tested in ecotoxicity tests (e.g. Pandard et al., 2006; Wilke et al., 2008) for this 

classification. Such test systems have the potential to integrate the effects of all contaminants 

including additive, antagonistic and synergistic effects and they are sensitive to the bioavailable 

fraction of the wastes (Wilke et al., 2008).  

2. Aim and objectives of the Thesis 
The overall aim of this doctoral Thesis was to develop a scientifically well-founded basis for the 

choice of leaching methodology and ecotoxicity testing for classification of ash materials from 

incinerated waste according to the H-14 criterion. 

 

The specific objectives were: 

 

1. to compare leaching methods developed for leaching of either organic or inorganic 

substances from ash materials from a variety of Swedish incineration plants (Paper I). 

2. to compare the sensitivity and usefulness  of a selected number of aquatic ecotoxicity test 

methods exposed to the ash leachates generated in objective 1 (Paper I).  

3. to leach a solid ash and evaluate the influence of different leaching conditions with 

subsequent chemical analysis and ecotoxicity testing (Paper III). 

4. to evaluate leaching behaviour and ecotoxicity of priority elements in an ash using 

environmentally relevant leaching conditions (Paper IV).  

5. to determine causative ecotoxic elements in leachates evaluated under objectives 2, 3 and 

4 (Papers I - IV). 

6. to evaluate and compare different approaches for ecotoxicological classification of ash 

(Papers I - IV). 
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3. Background 
3.1 Regulatory aspects  
The European Waste Catalogue, the so called List of Waste (LoW, European Commission, 2000), is 

used to code different types of wastes (e.g. ash materials) as hazardous, non-hazardous or as a 

waste type that needs to be classified (with a so called mirror entry) in accordance with the WFD. 

Waste that needs to be classified has the potential to be either hazardous or non-hazardous 

depending on its composition and concentration of hazardous elements and substances. For 

example, hazard classification is mandatory for bottom ash from municipal and industrial waste 

incineration (MSIWI) since it has a mirror entry in the LoW, while MSIWI fly ash has the code 

hazardous waste. For the hazard classification of the ecotoxicological property of waste, criterion H-

14 in Annex III in the WFD (European Commission, 2008a) is applicable. Here it is stated that 

“classification of waste as hazardous waste should be based, inter alia, on the Community legislation 

on chemicals, in particular concerning the classification of preparations as hazardous…”. For this, the 

CLP Regulation implements globally harmonized criteria for the classification of substances and 

mixtures according to their physical, health and environmental hazards (GHS; Globally Harmonized 

System of Classification and Labelling of Chemicals, Rev 4 United Nations 2011). Currently, there are 

no harmonized quantitative criteria for the H-14 classification, but the Committee for the 

Adaptation to Scientific and Technical Progress and Implementation (TAC) is currently reviewing 

both the LoW and Annex III in the WFD (Consultation on the review of the Hazardous Properties, 

European Commission, 2012) in order to harmonize the waste and chemical legislations. Their 

recommendation, so far, is that the H-14 classification should be done with a computing model. 

Briefly, the proposed model is based on the sum of the elements that the waste contains that are 

classified as being acutely or chronically ecotoxic in aquatic systems, in the CLP Regulation. If the 

sum of the elements classified as aquatically ecotoxic, equals or exceeds the concentration limit of 

25%, the waste should be classified as hazardous by H-14. However, there can be a poor relationship 

between the theoretical ecotoxicity based on analysed individual elements and their actual 

contribution to the measured total ecotoxicity (e.g. Bihari et al., 2005; Sundberg et al., 2005). To 

reduce the risk of incorrectly assessing the hazard potential, the H-14-classification could include an 

evaluation in which the waste is subjected to leaching and the generated leachate (i.e. eluate) 

tested in aquatic ecotoxicity tests (e.g. Pandard et al., 2006; Wilke et al., 2007). Similar to the 

computing model, that is built on a model for classifying mixtures in the CLP, should the leaching- 

and ecotoxicity-tests be conducted in line with the requirements for testing in the CLP Regulation. 

Using ecotoxicity tests for this classification is also in line with the general rule from the EU 

Commission to the Member States that available results from ecotoxicity tests on waste should 

prevail over calculated results from the proposed computing model (European Commission, 2012).  

A European ring test (Moser and Römbke, 2009, Moser et al., 2011) based on the recommendations 

in the European standard EN 14735 (a standard for Characterizations of waste, Preparations of 

waste samples for ecotoxicity tests), was organised by the German Federal Environment Agency in 

order to define suitable test methods for the ecotoxicity testing of waste according to H-14. One 
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major and important conclusion from the ring test was that an integrated analysis of biological and 

chemical data is necessary to fully understand the hazard potential of the tested waste materials. 

However, the recommendations from the ring test on specific test methods and conditions are only 

to a limited extent in line with the proposal for testing of substances and mixtures in the CLP 

Regulation. To conduct the H-14 classification according to the CLP, changes are needed as opposed 

to the limited recommendations from the ring test study (Moser and Römbke, 2009), both in 

relation to choice of leaching conditions (e.g. pH, Liquid/Solid ratio (L/S), particle size) and 

ecotoxicity tests (i.e. test species, endpoints).  

3.2 Leaching tests  
Today, there are two main groups of standard leaching tests used for wastes: batch extraction tests 

and column (i.e. percolation) tests (Vaajasaari 2005). Other leaching test methods for determining 

the influence of various factors are less common, but can be used if there is a need to determine the 

influence of pH, redox potential and ionic strength on leaching of contaminants from solid wastes 

(van der Sloot et al. 1997). As mentioned above, the European standard EN 14735 was previously 

used in a major European ring test for the ecotoxicity classification of different waste types, 

including ash materials (Moser and Römbke, 2009). This standard proposes a batch leaching test 

method designed to be conducted without pH adjustments (i.e. the inherent pH of the ash), at a L/S 

ratio of 10 l/kg, on a material with a particle size < 4 mm. However, these leaching conditions are 

inappropriate for ecotoxicity hazard classification since they deviate significantly from the 

requirements stated in the CLP Regulation. For instance, water accommodation fractions or 

dissolution tests at the L/S range of 10 000-1 000 000 l/kg (100-1 mg/l) are recommended for hazard 

classification of poorly soluble substances (ECHA, 2012). Also, the overall recommendation under 

the CLP Regulation is that leaching scenarios, e.g. pH, are chosen so that the solubility and 

bioavailability of toxic elements are maximized (ECHA, 2012; OECD, 2000). However, as the obtained 

leachate from the solid ash should be possible to use also in subsequent ecotoxicity tests, the 

leaching conditions are limited (e.g. L/S ratio, particle size). The leaching process is controlled by 

both the physical/chemical nature of the material being leached (e.g. pH, reducing properties, 

organic matter content) and the experimental conditions of the leaching (nature of the leachant, 

duration time of the test, particle size of the leached material and the L/S ratio used) (Engelsen et 

al., 2009; Dijkstra et al., 2008; Quina et al., 2009; 2011). Therefore, the conditions for the leaching 

procedure are important to consider (Engelsen et al., 2009) since they may influence the toxicity of 

the leachate and hence the hazardous properties of the ash (van der Sloot and Hoede, 1997).  

Depending on the purpose of the leaching, different leaching conditions are usually recommended 

(Vaajasaari, 2005). If the aim is to evaluate the risk posed to the environment, other aspects than for 

hazard classification, need to be considered. A risk evaluation of an ash needs to include an 

environmentally relevant exposure scenario. For example, when using ash materials as building 

materials, these can be exposed to rain or groundwater and compounds in the ash can be released 

(through leaching) and spread into soil or into surface water (Swedish EPA, 2010). Therefore, to 
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reflect the amount of water the material may come in contact with, lower L/S ratios are usually used 

for this leaching compared to hazard classifications (Vaajasaari, 2005). However, as for the H-14 

classification, there is no regulation on how ash materials utilized for construction should be 

evaluated, handled and tested (Swedish EPA, 2010). Instead, the methods and conditions to be used 

in these situations have to be decided on the relevance for that specific waste type in combination 

with the kind of construction it will be included in (Swedish EPA, 2010). In risk evaluations of ash 

materials for utilization in construction, a L/S ratio of 1-3 is recommended (Susset and Grathwohl, 

2011). This can be compared with a L/S ratio 2 and 10 (Xará et al., 2013) used for evaluation of 

acceptable leaching limits for landfills. Consequently, the recommendation for L/S ratios for risk 

evaluations is much lower than the recommendations in the CLP regulations for hazard 

classification. This since a hazardous classification should reflect the inherent hazardous potential 

and not the potential risk in a possible exposure scenario.  

3.3 Ecotoxicity testing 
The choice of test battery for classification of ash should be selected, as stated in the WFD, on the 

same basis as the guidance on hazard identification and classification in the European chemical 

legislation (European Commission, 2008b). In REACH (Registration, Evaluation, Authorisation and 

Restriction of Chemicals, 1907/2006), CLP and GHS, aquatic toxicity tests are used. The primary 

reason for this is that many chemicals sooner or later end up in the aquatic environment, via 

discharges from municipal sewage treatment plants, industrial processes, storm water runoff and 

landfill leachates (WHO, 1996). Furthermore, ecotoxicity testing is commonly conducted using a 

small number of aquatic organisms representing three main trophic levels: primary producers, 

primary consumers and secondary consumers (ECHA, 2012). The test organisms frequently used are 

microalgae (e.g., Pseudokirchneriella subcapitata), crustaceans (e.g., Daphnia) and fish (zebrafish, 

Danio rerio) (ECHA, 2012). The use of standard tests, i.e. tests that are predetermined and 

conducted in a standard manner, ensures good reproducibility, reliability and comparability 

between test runs and test laboratories, and these are therefore generally accepted by both 

regulatory authorities and the industry (European Commission, 2008b; OECD, 2001a). Guidance on 

the application of the CLP recommends scientifically sound and validated tests according to 

international standard procedures (ECHA, 2012). However, for classification of ash materials, it is 

advisable to select ecotoxicity tests that use test organisms that are tolerant to the ambient 

conditions of specific leachates from solid ash (Tsiridis et al., 2012). For instance, it may be 

inappropriate to use freshwater organisms on ash leachates with high ionic strength if the aim is to 

classify the ash based on its content of hazardous components (Tsiridis et al., 2012). As a 

consequence, it is important to ensure adequacy of physiological properties of test organisms to the 

pH, salinity and oxygen conditions of the test (Douglas and Horne, 1997). Ethical aspects should also 

be considered when selecting the test organisms (e.g. choosing the fish embryo test instead of 

testing on the adult fish) (Lammer et al., 2009).  
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It is well known that chronic and (sub)chronic tests in general are more sensitive than acute tests 

(e.g. Roex et al., 2000), primarily due to longer exposure times, but also because these (sub)chronic 

tests commonly include more sensitive life stages (e.g. juveniles) and events (e.g. development and 

reproduction) compared to acute tests (Dahl et al., 2006). In addition, as solid ash often has a 

complex composition of poorly soluble constituents (Williams, 2005), relevant test-data regarding 

degradation/transformation and bioaccumulation can be difficult to generate. At the same time, 

such data are crucial if using acute toxicity data for the classification of chemicals or mixtures in the 

CLP, since these need to be combined for the prediction of ecotoxic effects over time and for the 

classification to be valid (European Commission, 2008b). (Sub)chronic and chronic tests can, 

therefore, be important to use since knowledge about degradation/transformation and 

bioaccumulation are considered to be included in these tests (ECHA, 2012). Consequently, there are 

many aspects to consider when selecting test methods, both that the selected species is suitable for 

testing ash leachates and that the tests produce data that can be used for the classification 

requirements in the CLP. 

3.4 Approaches for ecotoxicological classification of ash  
In the simplest way, ecotoxicological properties of ash may be predicted based on composition and 

quantities of known hazardous elements determined by chemical analysis of the solid material, and 

their respective toxicities derived from the literature. Advantages with this approach are relatively 

low costs and time required for the assessment. However, the results from this approach can be 

questionable since bioavailability, leaching capacity and mixture toxicity are not considered 

(Pandard et al., 2006). Many contaminants may, for instance, be strongly sequestered by the solid 

matrix, with limited release to other compartments (Escher et al., 2004; Enell et al., 2008). 

Therefore, using such an approach for classification of ash raises concerns for inadequate 

classification and a risk of under- or overestimation of the hazard potential. Another approach for 

ecotoxicological classification of solid ash is to leach the material, analyse elements in the leachate 

and combine levels in the leachate with ecotoxicity data on each individual element (Lapa et al., 

2002). An advantage with this approach is that it takes leaching capacity into account. However, 

bioavailability and mixture toxicity are still not considered. This approach, by creating a leachate, is 

more relevant than the approach based on the solid material, but the elements´ contribution to the 

total toxicity can still be either over- or underestimated.  

 

To increase the relevance of the hazard assessment of different waste types such as ash materials, a 

third approach is to study the ecotoxicity of the leachates generated from the solid material using 

ecotoxicity tests (e.g. Ferrari et al., 1999; Lapa et al., 2002; Pandard et al., 2006; Wilke et al., 2008; 

Moser et al., 2011; Moser and Römbke, 2009). The advantage of using ecotoxicity testing compared 

to the two other approaches outlined above, is that bioavailability, leaching capacity and mixture 

toxicity are taken into account. Also, all elements are considered, not just those that are chosen to 

be analysed as in the other two approaches described above. This approach therefore has the 

potential to improve the ability to classify and risk-assess ash materials. Still, there are several 
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aspects that need to be considered. First, elements such as Na and Ca may have antagonistic effects 

on the toxicity of heavy metals released from ash (Di Toro et al., 2001). Second, pH in ash leachates 

is usually too high to be tolerable for the test organisms used in the ecotoxicity tests (Tsiridis et al., 

2012). The pH of leachates from conventional leaching tests used for hazard and risk assessment 

must therefore be adjusted before the ecotoxicity testing. However, geochemical modeling suggests 

that adjusting pH in the leachate may significantly alter the speciation and availability of most 

metals and thus change the leachate toxicity (Dijkstra et al., 2006; van der Sloot et al., 2009). In 

addition to these considerations, it is sometimes also important to have information about what 

caused the effect in the ecotoxicity tests, e.g. to improve utilization of ash materials in the future by 

finding suitable uses without increased risk to the environment. The ecotoxicity testing approach 

could therefore be complemented with chemical analysis (of both the solid material and leachate), 

to better understand the mechanisms governing the toxicity of the studied material, i.e. speciation, 

leaching capacity, mobility, bioavailability and synergistic/(ant)agonistic effects (Backhaus et al., 

2010) for both hazard classification and risk evaluation of ash materials (Moser et al., 2011).  

4. Outline of the main findings 
The main results of my studies are summarized in four papers that address various issues related to 

both regulatory and ecotoxicological aspects of the Thesis objectives. In 4.1, I present a synthesis of 

Papers I and II. These papers focus on the classification and evaluation of ash materials. In 4.2 the 

findings of Papers III and IV are summarized. These papers deal with investigations of leaching 

methods and conditions for both hazard classification and risk evaluation of ash materials. Finally, in 

chapter 5, I proceed with a more comprehensive discussion of the outcome of all four papers and 

their implications in a broader perspective.  

4.1 Ecotoxicological classification and evaluation of ash materials (Papers I 

and II) 

To increase the general understanding on how to classify ash with regard to criterion H-14 

(“ecotoxic”) in the WFD (2008/98/EC), different ash materials were classified and evaluated. The 

objectives were to compare two leaching methods and evaluate (a) if concentration-response 

relationships could be observed in ecotoxicity tests with bacteria, algae, crustacean and fish, (b) if 

some test(s) were more sensitive than others and (c) the consistency of the results in the 

ecotoxicity tests with the chemical composition of the tested ash materials (Paper I). Also, the 

causative ecotoxic elements were evaluated to better predict the ecotoxicological properties of 

the leachates from Paper I and to facilitate the comparison between chemical analysis and 

ecotoxicity testing (Papers I and II).  

4.1.2 Materials and Method 

Different bottom and fly ash materials from a range of Swedish incineration plants were studied and 

compared in Papers I and II. The type (stabilized fresh, mixed), origin (industrial, biofuel and 

municipal waste) and age (ranging from 1 week to 15 years) varied (see Table 1). 
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Table 1. The table shows abbreviations, type and origin of the tested ash materials.  

Ash Type  Origin Age 

A Bottom ash Municipal waste ca 3 months 

B Stabilized fly ash Municipal waste ca 1 year 

C Fresh fly ash Municipal waste < 1 week 

D Fly ash Industrial > 3 years 

E Mixed ash (bottom and fly ash) Industrial > 4 years 

F Fly ash Bio fuel < 1 month 

G Aged bottom ash Municipal waste > 15 years 

 

In Paper I, the ash materials were extracted to water leachates and were prepared either with the 

batch method described in EN 14735:2005 at L/S 10, or with a modified version of a recirculation 

column method, the ER-H method at L/S 10. The latter was developed by Gamst et al. (2007) for 

leaching of non-volatile organic compounds and has been validated for PAHs and chlorophenols. 

The test battery was selected to represent a wide range of biological variation and routes of 

exposure to trace an array of toxic responses. The tests used were: the Microtox test (ISO, 2007); a 

growth inhibition test with the microalga Pseudokirchneriella subcapitata (OECD, 2006a); an acute 

test and a larval development test (LDR (sub)chronic test) with the copepod Nitocra spinipes (SIS, 

1991; Breitholtz and Bengtsson, 2001); and an embryo toxicity test ((sub)chronic test) with zebra 

fish, Danio reiro (OECD, 2006b; Carlsson and Norrgren, 2004). Chemical analyses were performed on 

both the solid matrices and on the leachates after leaching.  

 

To determine causative ecotoxic elements in the ash leachates, ratios called Hazard Quotients (HQs) 

were calculated. These ratios were primarily calculated using the measured level of an element in 

the leachate divided with that elements´ individual effect concentration (e.g. LC50/NOEC-values). 

Three different HQs were used in Papers I and II and were, in detail, calculated as follows: HQacute1 - 

ratio of the measured concentration of a specific element in 100 % ash leachate and the acute LC50-

value in N. spinipes (from Bengtsson 1978) for the same element; HQacute2 – same as HQacute1 but 

refined by considering dilution (i.e. level of a specific element at the LC50-value for N. spinipes for the 

whole ash leachate tested in Paper I) and background concentration of the specific element; 

HQ(sub)chronic –  same as HQacute2 but using the NOEC-value instead of LC50-value for N. spinipes. A HQ-

value above one indicates that a specific element could have contributed to the observed toxicity 

since that element is present in the leachate at levels exceeding its individual effect concentration.  

 

In Paper I, HQacute1 was derived for all major elements chemically analysed, and results indicated 

that five elements where potentially responsible for the observed toxicity (K, Ca, Al, Zn and Pb). 

These five elements together with Cu, for which the HQacute1 was relatively high, were therefore 

studied in more detail in Paper II. (Sub)chronic data were available for Zn and Cu (Ytreberg et al., 
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2010) whereas no data were available for the other four elements. In Paper II, these elements were 

therefore tested in the LDR test with N. spinipes, which overall was the most sensitive test of the 

tests used in Paper I, and the results used for HQ(sub)chronic calculations.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                

4.1.3 Results  

The results from the ecotoxicity tests overall were relatively consistent with the results of the 

chemical analysis of measured elements in the leachates. However, classification based on the total 

composition and concentration of elements in the solid matrices over-estimated the potential 

toxicity. Our results further show that, in general, the selected test organisms responded in a 

concentration-dependent manner and that the (sub)chronic tests were more sensitive than the 

acute tests (see Table 2) (Paper I).  

  

Table 2. Effect concentrations (% leachate) for ash leachates A-G (see Table 1) obtained from ecotoxicity testing on 

a bacterium, an alga, a copepod (both acute and (sub)chronic) and a fish species. Ninety-five percentage 

confidence intervals of the effect concentrations are presented in brackets for the algal and copepod acute test. 

For the (sub)chronic copepod test and the fish embryo test, effect concentrations are presented as NOEC-values 

(No Effect Concentration). LDR – larval development ratio.  

 Bacterium Alga Copepod (acute) Copepod (LDR) Fish embryo 

 Effect value Effect value Effect value Effect value Effect value 

Ash leachate EC50 EC50 (95%CI) LC50 (95%CI) NOEC NOEC 

A (column) >90.0 >80 121 (93-200) 8 3.2 

B (column) >90.0 >20 38 (24-43) 8 13 

B (batch) >90.0 >20 40 (---)
a
 <1.3 13 

C (batch) 12.5-25.0 3.0 (2.6-3.4) 22 (19-25) 1.3 0.78 

D (column) >90.0 11(9.3-12) 16 (13-19) 0.5 >10 

E (column) >90.0 >80 78 (71-86) 20 >50 

F (column) >90.0 59 (49-72) 21 (19-24) 3.2 25 

G (column) >90.0 95 (87-108) >100 >50 nm 

nm=Not measured. 
a 
–

 
It was not possible to calculate the 95% confidence interval 

 

Comparing the results from the different types of ash materials shows that fly ash materials were 

overall more toxic than bottom ash materials and that aging seemed to decrease the toxic potential 

since none of the selected test organisms showed any toxicity response to the leachate from ash G, 

an aged bottom ash. Also, based on a comparison between measured levels of inorganic elements 

(results not shown here) in the leachates from ash B and G (which were leached with both the batch 

and ER-H method) and HQacute1, the two leaching methods generated similar results (Paper I). 

The ecotoxicity data from Paper II with NOEC/LOEC-values from the (sub)chronic tests are 

presented in Table 3. In all these tests, the mortality and LDR responses were concentration-

dependent and the measured concentrations were overall in line with the nominal concentrations 
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added to the media. The results show that Cu was the most toxic element to N. spinipes and the 

toxicity decreased in the following order Cu > Al > Zn > Pb > K > Ca. 

Table 3. Compilation of nominal (NC) and measured (MC) concentrations for the obtained NOEC/LOEC-values 

together with percentage mortality and Larval Development Ratio (LDR) with corresponding 95% confidence 

intervals of means (±95% CI) in N. spinipes exposed to Zn, Cu, K, Ca, Al and Pb. a - denotes significant differences 

from the control.   

Metal  
NC MC Mortality LDR 

% measured to 
nominal  

 

(mg/L) (mg/L) (mg/L) mean (% ± 95%CI) mean (% ± 95%CI)  concentrations * 

Zn** 

Control 0 0.006 4.9±4.7 48±11 - 

NOEC 0.24 0.19 10±6.6 31±11 77 

LOEC 0.48 0.40 16±8.1
a
 9.0±6.8

a
 82 

Cu** 

Control 0 0.003 11±6.9 61±11 - 

NOEC 0.06 0.049 11±6.9 51±12 78 

LOEC 0.12 0.11 14±7.5 7.2±6.1
a
 89 

K 

Control 0 80 2.8±3.7 76±9.9 - 

NOEC 35 117 8.1±6.2 63±12 97 

LOEC 105 190 10±6.7 53±12
a
 96 

Ca 

Control 0 100 5.0±4.8 68±11 - 

NOEC 160 266*** 8.8±6.2 55±12 nm 

LOEC 320 426*** 11±6.9 37±11
a
 nm  

Al 

Control 0 0.0057 4.5±5.0 61±12 - 

NOEC 0.09 0.058 8.5±7.1 76±11 64 

LOEC 0.28 0.18**** 20±9.6
a
 57±13 nm  

Pb 

Control 0 0 8.8±6.2 61±11 - 

NOEC 0.27 0.17**** 19±8.6 66±12 nm 

LOEC 0.81 0.51 34±10
a
 67±13 63 

nm=Not measured. 
NC=Nominal Concentration. 
MC=Measured Concentration. 
* Differences in levels (in %) between NC and MC, background levels from NBSW included. 
** From Ytreberg et al., (2010).      
*** Not measured but calculated value based on background levels in the control + NOEC NC. 
**** Not measured but calculated value from the percent loss in LOEC MC0.51mg/L compared to LOEC 
NC0.81mg/L. 

 

In Table 4, a specific element contributing to the ecotoxicity of the leachate is indicated with a HQ 

with black background. Taken together, the calculated HQacute1 values from Paper I suggest that five 

elements (K, Ca, Al and possibly Zn and Pb) were responsible for the ecotoxicity in the ash leachates. 

However, by taking dilution and background concentrations into account in refining HQacute1, to 

HQacute2 in Paper II, it became apparent that some of the elements´ hazard potential in Paper I were 

over-estimated in the fly ash leachates (Ash C and D). Calculating HQs using the (sub)chronic data 
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obtained in Paper II on individual elements, resulted in HQ(sub)chronic > 1 for Al, Ca and K. In Ash Bc, E 

and F, the toxicity of Al was under-estimated as compared to the two calculated acute HQs. This 

strengthens the results from Paper I, since these results also indicate that Al, Ca and K can explain 

the observed ecotoxicity for six of the eight ash leachates investigated.  

 

Table 4. Hazard Quotients (HQs) based on acute or (sub)chronic data in N. spinipes exposed to ash leachates A-G 

(see Tables 2 and 3). HQs with a black background indicate that a specific element has contributed to the 

ecotoxicity of a leachate.  

 
Ash A  Ash Bc  Ash Bb 

 
(LC50 = ˃100%, NOEC = 8% leachate) (LC50 = 38%, NOEC = 8% leachate) (LC50 = 40%, NOEC = <1.3% leachate) 

 
HQ HQ HQ 

 
acute1 acute2 (sub)chronic  acute1 acute2 (sub)chronic  acute1 acute2 (sub)chronic  

Zn 0.004 0.004 0.003 0.002 0.003 0.03 0.003 0.004 0.03 
Cu 0.2 0.2 0.5 0.002 0.002 0.06 0.01 0.003 0.06 
K 0.1 0.1 0.7 3.1 1.3 1.6 3.2 1.4 0.8 
Ca 0.8 0.8 0.5 2.8 1.2 0.9 2.8 1.2 0.5 
Al 1.0 1.0 14 0.1 0.03 1.2 0.1 0.03 0.2 
Pb 0.002 0.002 0.003 0.001 0.0003 0.002 0.001 0.00009 0.001 

 
Ash C  Ash D  Ash E  

 
(LC50 = 22%, NOEC = 1.3% leachate) (LC50 = 16%, NOEC = 0.5% leachate) (LC50 = 78%, NOEC = 20% leachate) 

 
HQ HQ HQ 

 
acute1 acute2 (sub)chronic  acute1 acute2 (sub)chronic  acute1 acute2 (sub)chronic  

Zn 2.5 0.56 0.3 0.9 0.2 0.07 0.009 0.008 0.04 
Cu 0.3 0.07 0.2 ˂0.001 ˂0.002 0.06 0.01 0.005 0.09 
K 8.1 1.9 1.1 2.9 0.6 0.7 1.2 1.0 1.5 
Ca 7.5 1.8 0.6 9.1 1.6 0.5 0.8 0.6 0.7 
Al 0.001 0.0007 0.1 0.001 0.0006 0.1 0.1 0.06 2.8 
Pb 3.7 0.8 0.6 7.5 1.2 0.4 0.08 0.06 0.2 

 
Ash F  Ash G     

 
(LC50 = 21%, NOEC = 8% leachate) (LC50 = ˃100%, NOEC = >50% leachate) 

     
 

HQ HQ 
   

 
acute1 acute2 (sub)chronic  acute1 acute2 (sub)chronic  

   
Zn ˂0.001 ˂0.003 0.03 0.03 0.03 0.03   

  Cu ˂0.001 ˂0.001 0.06 0.01 0.01 0.2   
  K 6.0 1.4 2.5 0.03 0.03 0.4   
  Ca 0.2 0.2 0.4 1.1 1.1 1.3   
  Al 0.1 0.02 1.2 0.003 0.003 0.3   
  Pb ˂0.0001 ˂0.003 0.001 0.0001 0.0001 0.001   
  

4.1.4 Discussion 

Overall, if considering both hazardous and non-hazardous elements in the leachates, the observed 

toxic responses were relatively consistent with the results from the chemical analyses. Although the 

leaching methods compared in Paper I generated similar results, the conclusion is that the batch 

leaching test might be more suitable when preparing leachate for ecotoxicity testing from materials 

containing exclusively inorganic elements since it is cheaper, easier and faster than the ER-H 

method. Furthermore, both Papers I and II show that classification of ash materials with regard to 

ecotoxic properties (H-14) should be focused on effects observed in (sub)chronic/chronic tests. The 
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reason for this is that these tests are more sensitive than acute tests and hence give rise to a more 

conservative (cautious) estimate. No single test or test organism proved most sensitive to all ash 

leachates in Paper I, although the (sub)chronic test with N. spinipes was the most sensitive in five of 

the leachates. Therefore, to cover different sensitive species and exposure regimes, 

characterizations of ash leachates should be based on a battery of test organisms representing a 

wide range of biological variation and different routes of exposure. The findings from Paper II 

confirm that the hazardous potential of leachates generated from ash materials from Paper I, to a 

large extent is associated with elements not classified as hazardous in chemical legislation. For six of 

the eight leachates, the observed ecotoxicity can be explained by Al, K and Ca. At the same time, Cu, 

Pb and Zn were not identified as responsible for any of the observed effects of the leachates 

investigated in Paper II based on (sub)chronic data. This means that elements normally not classified 

as ecotoxic (K, Ca and Al) in chemical legislation (the CLP Regulation) could explain the observed 

toxicity in the tested ash leachates, while the elements classified as hazardous (e.g. Zn, Pb and Cu) 

were found at levels below their individual effect concentration.  

4.2 Evaluation of leachates from ash materials with conditions relevant for 

hazard classification (Paper III) and for the environment (Paper IV) 
In Paper III, a leaching method for hazard classification, compatible with the requirements in the 

chemical legislation, was evaluated on a bottom ash. Paper IV, on the other hand, evaluated 

leaching conditions relevant to the environment by studying leaching behaviour and ecotoxicity of 

priority elements in an aged bottom ash. Also, the causative ecotoxic elements were evaluated to 

better predict the ecotoxicological properties of the leachates from the ash materials and to 

facilitate the comparison between chemical analysis and ecotoxicity testing (Papers III and IV). 

4.2.1 Material and Method 

The primary aim of Paper III was to classify a MSIWI bottom ash with a leaching method compatible 

with the CLP Regulation. MSIWI bottom ash materials contain mostly complex mixtures of metal 

compounds and other inorganic elements (Donatello et al., 2010; Williams, 2005). For complex 

metal-containing materials, guidance on the application of the CLP criteria (ECHA, 2012) refers to 

the OECD Guidance on transformation/dissolution of metals and metal compounds in aqueous 

media (OECD, 2001a) for testing. In contrast to EN 14735, which deviates significantly from the 

requirements stated in the CLP Regulation, the OECD guidance proposes that particle size should be 

the same as for the product on the market or, if unknown, < 1 mm. Moreover, three different L/S 

ratios (10 000, 100 000 and 1 000 000) should be used, and the leaching should be conducted at a 

pH ensuring a maximum leaching potential, yet within the environmentally relevant range (pH 5.5-

8.5). To do this classification, the effects of the leaching conditions, both from traditionally used EN 

14735 and the OECD document, were evaluated. The leaching conditions that were tested and 

compared were; pH (inherent 10 and 7), L/S ratio (10 and 1000) and particle size (< 4 mm, < 1 mm 

and < 0.125 mm). Also, leachate composition was determined by chemical analysis and the leachate 

was tested in ecotoxicity tests with N. spinipes. As a relevant model ash material, an aged (3-6 
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months) MSIWI ash from a Swedish incineration plant (Uppsala) was selected, and extracted water 

leachates were prepared, either with the batch method described in EN 14735 or a modified pH 

static method (based on CEN/TS 14997).  

 

As in Papers I and II, causative ecotoxic elements in the ash leachates in Paper III and IV were 

evaluated. In Paper III a ratio called the Toxicity Index (TI) was used to evaluate the effects of the 

different leaching conditions. This ratio was calculated on the same basis as HQacute1 from Paper I, 

but using both acute and (sub)chronic effect concentrations (LC50 or NOEC for N. spinipes). Thus, to 

calculate a TI-value in a specific leachate, the measured concentration of an element in 100% 

leachate was divided by its corresponding LC50/NOEC-value. TI-values were calculated for the six 

elements investigated in Paper II, i.e. Ca, K, Zn, Cu, Al and Pb. A TI-value above one indicates that a 

specific element could have contributed to the observed toxicity since that element is present in the 

leachate in levels exceeding its individual ecotoxicity level. To validate the calculated TI-values, two 

of the generated leachates were also tested with acute and (sub)chronic ecotoxicity tests with N. 

spinipes. Since ash leachates are a mixture of different elements, Toxic Units (TU) were used to 

express the toxicity of the mixture as a portion of its threshold effect concentration (Sprague, 1970). 

The TU-values (TU; the inverse of the LC50/NOEC-value) were calculated and compared with 

respective TI-values. A similar TU- and TI-value can support to identifying which individual elements 

were potentially responsible for the effects in the ecotoxicity test. Finally, both the solid ash 

material and generated leachates were analyzed for determination of concentrations of inorganic 

components as well as other relevant parameters (e.g. pH, DOC, SO4). 

 

In Paper IV, the selected MSIWI bottom ash was leached at the lowest possible L/S-ratio, to reflect 

the highest risk, and still generate a leachant volume sufficient for ecotoxicity testing. This resulted 

in using a sequential batch leaching approach with L/S ratio from 1 to 3, which has previously also 

been recommended as a relevant L/S-ratio for risk assessment of recycling of mineral materials in 

geotechnical constructions (Susset and Grathwohl, 2011). The range of L/S-ratios was tested to 

observe changes in leaching behaviour for specific elements in the leachates and to compare these 

changes to the toxic effects observed in ecotoxicity tests. A 5-year old MSIWI from an incineration 

plant in Linköping, Sweden, was selected as a relevant study material. The ash material´s chemical 

characterisation showed an element composition and content of potentially toxic metals at levels 

that can be considered representative for modern Swedish MISWI bottom ash. Also, the ash 

contained low amounts of organic compounds and was aged and thereby carbonated, which led to 

leachates with pH-values within an acceptable range for ecotoxicity testing (around 8). To identify 

toxic elements which may cause risks to the aquatic environment, generated leachates (leached as 

mentioned above) were i) tested at 0.5%, 1.5%, 4.5%, 13.5% and 40.5% with the (sub)chronic 

ecotoxicity test with N. spinipes, ii) chemically analysed for concentrations of dissolved metals, and 

iii) analysed with the technique of diffusive gradients in thin films (DGT-filters) to obtain labile 

fractions of selected elements. The DGT-technique has the potential of helping understand the 

bioavailability of elements, which is crucial for interpreting the results from ecotoxicity testing. 
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Finally, to determine causative ecotoxic elements in the ash leachates, the same ratio as calculated 

in Paper II using NOEC-values for N. spinipes (HQ(sub)chronic) was used (called HQ in Paper IV). Thus, 

this HQ-ratio was the ratio of the measured concentration of a specific element in 40.5% ash 

leachate (the highest tested concentration) and the (sub)chronic NOEC-value in N. spinipes for the 

same element, which means that both dilution and background concentrations were considered for 

each element. A HQ-value above one indicates that a specific element could have contributed to the 

observed toxicity since that element is present in the leachate in levels exceeding its individual 

ecotoxicity level. 

4.2.2 Results  

All three factors (L/S, pH and particle size) evaluated in Paper III significantly influenced the toxic 

potential of the ash leachates and hence hazard classification of ash. Calculated TIs were 

significantly higher at (1) lowest particle size (<0.125 mm) as compared to particles < 1 mm and < 4 

mm, (2) inherent (~10) pH of the ash material as compared to pH 7, and (3) L/S 10 as compared to 

L/S 1000. The results from the ecotoxicity tests in Paper III showed that only the batch leached ash 

(L/S 10, inherent pH and particle size < 4) gave a negative response (increased developmental time, 

NOEC=1.3%, TU=77). In addition, the calculated TIs for the individual elements in Paper III show that 

Al was the only element that could have caused the observed toxic effect. The ecotoxicity of the 

studied ash material in Paper IV was in general low and decreased with increased leaching (i.e. 

increased dilution). Only the leachate generated at L/S 1 caused significant effects manifested as a 

decreased LDR at the highest tested concentration (40.5%). Calculated HQ-values in Paper IV 

indicate that there were four elements, Ca, Al, Cu and K, that could be responsible for this effect.  

4.2.3 Discussion 

The evaluation of leachates from bottom ash materials in Paper III and IV demonstrates useful 

results on leaching conditions that are relevant for hazard classification and for risk evaluations. 

Considering that classification of ecotoxic properties should be done within a pH range of 5.5-8.5 if 

the waste legislation should harmonize with the rules in the chemical regulation, the findings in 

Paper III show the feasibility of using a modified version of the pH static test CEN/TS 14997 for the 

purpose of hazard classification of ash. The results from Paper III furthermore show that 

harmonization of waste and chemicals legislation will likely involve changes related to choice of 

methods for both leaching and ecotoxicity tests to be used for the H-14 classification as compared 

to previously suggested methods for waste classification. Therefore, the choice of leaching 

conditions is a crucial task to consider in defining H-14 classification of waste in Europe. Since 

leaching of MSIWI bottom ash has been done, as far as it was possible, in accordance with the 

requirements in the OECD guideline (T/D protocol, OECD 2001a), at L/S 1000 and particle size ˂0.125 

with acceptable reproducibility and results (Paper III), this test and these leaching conditions can be 

recommended for the H-14 classification.  

 

The findings from Paper IV, on the other hand, demonstrate environmentally relevant leaching 

conditions for ash materials. Similar to the results from Papers I and II, the findings from Paper IV 
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indicate that K is dominating the toxicity in the leachates. This was shown by the correspondence 

between calculated HQs and the observed toxicity over the full L/S range for K. The effects caused 

by K in Paper IV are not lethal (Paper II) but rather related to difficulties to acclimatize to rapidly 

changing conditions. However, environmental risks of K to N. spinipes are negligible since these high 

levels of K (twice the normal seawater level in the Baltic Sea) would not occur in the environment. 

Although Cu was measured in total concentrations close to where a toxic response is expected 

(compared to individual NOEC-value) in Paper IV, even at L/S 3, the DGT-analysis showed that less 

than 50% of the total amount was present in a labile fraction, indicating that Cu is complexed by 

organic ligands, which reduce its toxic forms. Additionally, Al was present at concentrations where 

toxicity could be expected in Paper IV, but the use of DGT technique revealed that the labile fraction 

of this element were so low that the contribution to the overall toxicity could be considered 

negligible. Since the results from the DGT-analysis gave a broader understanding of the elements´ 

availability, this method can be recommended also to support assessment of environmental 

transformation and hazard classifications. The usage of DGTs could also have been a useful tool in 

Paper III, to e.g. indicate to what extent the relatively high levels of Al were in a toxic form or not.  

5. Overall discussion 
Several of the findings from this Thesis have illustrated important aspects related to leaching 

behavior and ecotoxicological properties of ash materials and thereby provide an important 

contribution to the ongoing harmonization of chemical and waste legislation. A main conclusion is 

the importance of using actual ecotoxicity testing when investigating ash materials in hazard 

identification and risk evaluations to avoid the risk of over-estimating the hazard potential. Over-

estimating the hazard potential may lead to excessive costs to society due to incorrect handling and 

hampered utilization (Vaajasaari, 2005). Furthermore, ash materials that are incorrectly classified as 

hazardous are at high risk of being landfilled, which is a waste treatment option that should be 

avoided according to the waste legislation (European Commission, 2008a). This conclusion is also 

supported by other studies on MSIWI bottom ash materials, showing that natural resources and 

energy would be saved if they were used in geotechnical constructions (Chandler et al., 1997; Toller 

et al., 2009).  

The hazard potential of the ash materials in Paper I was over-estimated when the approach of 

comparing elements in the solid ash with their literature ecotoxicity data was used. Notably, this is 

the approach that the working group within EU (TAC, mentioned above) is proposing for the H-14 

classification of wastes (European Commission, 2012). Since all solid ash materials in Paper I-IV were 

chemically analysed, this data can be used to classify the materials using the proposed computing 

model. By doing this, results show that eight of the nine ash materials studied in this Thesis are 

classified as hazardous (unpublished data). Even though the different ash materials were tested with 

different leaching and ecotoxicity methods, comparing the computing model with the ecotoxicity 

testing performed in this Thesis, indicate an overall inconsistency between the chemical analysis of 
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the solid ash and the levels of elements in the leachate that were exposed to the test organisms. A 

conclusion from this is that the hazard potential is over-estimated when using the computing model 

and thereby more ash materials pose a risk of becoming classified as hazardous, compared to using 

ecotoxicity tests.  

An explanation for the over-estimated hazard potential is that many of the elements measured 

using chemical analyses on the solid ash are not leached out, or only partly leached out (Papers I, III 

and IV). Moreover, the leached elements will only be available to a limited extent to the test 

organisms (Paper IV). Even though the approach of comparing analytically determined elements in 

leachates with literature ecotoxicity data corroborated better with the ecotoxicity test results 

(Paper I), the potential mixture effect of elements interacting in the leachate is not considered. This 

was also shown when combining elements in leachate with literature ecotoxicity data in Paper I, 

since the toxic response was relatively consistent with the chemical analysis but did not match 

completely with the results of the ecotoxicity testing. These results from Paper I are also in 

coherence with the results from Paper III, where the toxicity was over-estimated for one of the 

leaching conditions tested (particle size) using the same approach. Another important fact related to 

the choice of approach is that the bioavailability of the elements in the leachate is crucial for the 

hazard-potential (Paper IV) and is only assessed when testing the leachate in ecotoxicity tests. This 

was shown in Paper IV, where the traditionally hazardous elements (e.g Cu, Pb and Zn) were found 

in low DGT-labile fractions, indicating that they were largely non-available for the test organism. 

Instead, all four Papers show that elements not classified as hazardous in the chemical legislation 

(especially K, but also Ca and Al) have a significant influence on the overall toxicity of the complex 

ash materials. Interestingly, these elements are normally not considered or measured in evaluations 

of ash leachates, but can occur in high concentrations. Furthermore, these elements can be 

important to consider since studies have shown that both K, Ca and Al can be toxic to aquatic 

organisms (e.g. Alexopoulos et al., 2003; Douglas and Horne, 1997; Exley et al., 1996; Fisher et al., 

1991; Imlay, 1973; Khangarot and Das, 2009; Poleo et al., 1994; Romano and Zeng, 2007, 2009; 

Wildridge et al., 1998). For example, Ca and K are essential elements that are required for 

maintaining an adequate intracellular ion balance and also for other physiological processes in 

aquatic animals (Douglas and Horne, 1997; Romano and Zeng, 2009). Consequently, these elements 

have the potential to influence the toxicity in the ecotoxicity tests. 

This Thesis has also shown that the leaching method, leaching conditions (e.g. pH, particle size, L/S), 

ecotoxicity tests and endpoints have a significant influence on the identified toxic potential of ash 

materials and are hence important to consider in the development of the H-14 classification 

strategy. However, it is difficult to meet the principles for testing in the CLP Regulation, since ash 

materials often have a complex, unknown or varying mix of chemical elements with different 

properties. Some modifications can therefore be needed compared to the tests required for 

substances and mixtures. Furthermore, there are many aspects that have to be considered and 

evaluated (e.g. testing medium, leachant, chemical analyses, quality controls, safety factors) before 

a full testing scheme can be proposed for the H-14 classification. Therefore, the recommendations 
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for the H-14 classification below are based on the results from this Thesis and are limited to leaching 

conditions, leaching method and ecotoxicity tests.  

For the leaching of ash materials, several aspects have been evaluated in this Thesis (Papers I, III 

and IV). Paper I compares the traditionally used batch method (Moser and Römbke, 2009; CEN 

17435) with the ER-H method (Gamst et al., 2007); the latter was specifically developed for leaching 

of non-volatile organic compounds. The conclusion from this comparison is that both methods seem 

to generate leachates with similar toxicity. However, a batch leaching test might be more suitable 

when preparing leachates from materials containing exclusively inorganic elements, because it is 

cheaper, easier and faster than the ER-H method. For the recommendations on leaching for the H-

14 classification, Paper III provides new important knowledge on both leaching and leaching 

conditions that are compatible with the requirements in the CLP Regulation (unlike the batch and 

ER-H method). The results from Paper III demonstrate the usefulness of a modified pH static 

leaching method (based on CEN/TS 14997). This method was chosen to adapt to the guideline 

recommended in the CLP for transformation/dissolution (T/D protocol) of metals and metal 

compounds in aqueous media (OECD 2001a) and is a suitable method since ash materials mainly 

consist of metal compounds and other inorganic elements (Donatello et al., 2010). Furthermore, the 

general recommendation for testing according to the CLP Regulation is that it should be performed 

under conditions that ensure maximized toxic response. This means that the leaching test and the 

conditions should provide a “worst case” leachate that at the same time can be tested on the test 

organisms (OECD 2000; 2001b). The variation of the ambient leaching conditions is therefore 

limited. Since leaching of MSIWI bottom ash has been done, as far as it was possible, in accordance 

with the requirements in the OECD guideline (T/D protocol, OECD 2001a), at L/S 1000 and particle 

size ˂0.125 with acceptable reproducibility and results (Paper III), this test and these leaching 

conditions can be recommended for the H-14 classification.  

It is well-known that pH is a highly important factor for controlling both release of hazardous metals 

from ash (e.g. van der Sloot et al., 1997; Dijkstra et al., 2006, 2008; Quina et al., 2009) and metal 

toxicity to aquatic organisms (e.g. Franklin et al., 2000; De Schamphelaere and Janssen, 2002; 

Heijerick et al., 2002). For many elements, pH is the most important aspect for the leaching, 

determining leachability and bioavailability. During leaching and ecotoxicity testing, the pH that 

gives the greatest solubility (and the greatest toxic effect) should be chosen but within the pH range 

that the test organism can tolerate (OECD, 2000), or in the range of 5.5-8.5 according to the T/D 

protocol. Within the pH range 5.5-8.5, most elements in ash materials will either show a solubility 

minimum or a continuously increasing or decreasing solubility (Karlfeldt Fedje, 2010; OECD, 2000). 

Hence, by conducting leaching at pH 5.5 and 8.5, in most cases, the maximum solubility will be 

generated. However, pH 6 may be a suitable lower level since this is the lowest pH most standard 

test organisms can handle (e.g. OECD, 1984a; 1984b; 1992; 1998a; 1998b). Therefore, to use test 

conditions compatible with the CLP and create a “worst case” leachate, pH 6 and 8.5 are 

recommended for the pH static test; this will generate two leachates for subsequent ecotoxicity 

testing. 
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Since no single test or test organism was the most sensitive to all ash leachates in Paper I, for the H-

14 classification, it is recommended to use a battery of test organisms representing a wide range of 

biological variation and different routes of exposure (ECHA, 2012). This also has support in the CLP 

regulation, which recommends a battery of aquatic tests that are scientifically sound and validated 

according to international procedures and criteria (OECD, 2001b). A further recommendation from 

this Thesis is to include (sub)chronic/chronic tests in the test battery as evidenced by the higher 

sensitivity of the (sub)chronic tests compared to the acute tests (Paper I). This is also in line with the 

CLP, since chronic/(sub)chronic tests do not need to be combined with degradation/transformation 

and bioaccumulation data (unlike acute tests), which is essential for this classification. In addition, 

solid ash has often a complex composition with poorly soluble constituents, which means that 

degradation/transformation and bioaccumulation data are difficult to obtain. The ecotoxicity test 

battery including (sub)chronic tests presented in Paper I is compatible with the requirements in the 

CLP Regulation and can therefore be recommended for the H-14 classification. Also, in order to 

better understand what caused the effects in the ecotoxicity tests in the hazard classification and to 

facilitate for a possible risk evaluation and utilization of ash materials, it is further recommended 

that the ecotoxicity testing should be combined with chemical analysis. By doing this, elements that 

are in concentrations high enough to cause ecotoxicity can be acknowledged. Depending on 

whether these elements are classified as hazardous or not in the chemical legislation, the judgment 

of handling and utilizing of the ash could be easier to decide.  

Finally, according to the approach with the computing model, elements like K would not be 

considered since only elements classified as ecotoxic in the CLP Regulation will be included in this 

calculation. This is positive in the sense that it may be highly questionable for elements not classified 

as ecotoxic according to the chemical legislation to render an ash being classified as hazardous. 

Using the ecotoxicity testing approach, on the other hand, elements not classified as ecotoxic could 

potentially be responsible for the ash being classified as hazardous. This is problematic since 

elements not classified as ecotoxic would not necessarily mean an increased risk to the environment 

if utilizing the ash. In addition, an ash classified as hazardous has limited possibilities of being 

utilized which could lead to landfilling. Regardless of this, the use of the computing model may still 

not be adequate for the H-14 classification of ash since elements classified as ecotoxic (e.g. Cu and 

Pb) may have very limited leaching capacity and bioavailability and therefore low risk to the 

environment. A further drawback with the computing model is that it has limited ability to generate 

knowledge about the ecotoxic potential of the ash. Consequently, the results from this Thesis show 

that both of these approaches have limitations, but that the ecotoxicity testing approach takes more 

aspects into consideration and has the ability to better identify and describe the inherent hazard 

potential of the ash. Clearly, the knowledge of the ash inherent potential, leaching capacity and 

ecotoxicity is beneficial in the process of utilization. However, regardless of which approach will be 

used in the future, it is desirable to have a wider perspective on the problems with reuse of ash 

materials, to increase the possibility of utilization by reducing their content of hazardous elements. 

The problems linked to ash management and classifications are handled at the end of the chain of 
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materials lifecycle. However, one of the biggest gateways for hazardous elements is import of 

consumer products/articles from countries outside the EU, which, when it turns into waste and gets 

incinerated, will create more hazardous ash material. Therefore, more focus should also be placed in 

the beginning of the chain, at the REACH legislation and on the influx of hazardous elements via 

consumer articles.  

6. Conclusions 
The main conclusions from this Thesis are: 

 The approach with ecotoxicity testing takes more aspects into consideration and has the ability 

to better identify and describe the inherent hazard potential of the ash than the computing 

model using analysed elements in the solid ash.  

 Elements not classified as hazardous in the chemical legislation (especially K) have a significant 

influence on the overall toxicity of the complex ash materials and will be considered if using 

ecotoxicity tests of ash leachates, but not if using the proposed computing model. 

 Leachates for ecotoxicity testing should be prepared using the modified pH static test (based on 

CEN/TS 14997) at the following conditions; L/S 1000, particle size ˂0.125, pH 6 and 8.5. This 

makes the classification less conservative but more consistent with chemical legislation and thus 

in coherence with the WFD.  

 The generated leachates should be tested with a battery of test organisms representing a wide 

range of biological variation and different routes of exposure. This is in line with the 

recommendations from the CLP Regulation, since the recommendation is not a specific test, but 

a battery of aquatic tests that are scientifically sound and validated according to international 

procedures and criteria. 

7. Future perspectives 
To increase the utilization of ash materials, improve the overall management and protect the 

environment, an adequate and science-based H-14 classification is important. For a full testing 

scheme to be proposed, details around e.g. the sampling, handling, leaching and ecotoxicity testing 

need to be evaluated further. It would therefore be interesting and important to evaluate the pH 

static leaching test from Paper III further using both chemical analysis and ecotoxicity testing with 

different ash materials. Finally, it would be interesting to classify the ash materials from that 

evaluation with the computing model, both to compare the results with the ecotoxicity testing, but 

also to see which elements are responsible for the different classifications.  
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