


Preface 

The International Conference on Waste Management and Technoology (ICWMT) 

has been held 10 times since 2005, with the aim to promote the knowledge and 

experience exchanges among the international stakeholders, and to enhance the 

technology cooperation among the countries, which is organized jointly by Tsinghua 

University, Solid Waste and Chemicals Management Center, Ministry of Environmental 

Protection of China, United Nations Environment Programme, Stockholm Convention 

Regional Centre for Capacity-building and the Transfer of Technology in Asia and the 

Pacific. 

The Eleventh International Conference on Waste Management and Technolgy 

(ICWMT 11) is held on October 21-24, 2016 in Beijing, China. The theme of ICWMT 

11 is “Green Low-carbon Circular Development”. Many experts and scholars give 

excellent speeches about the development trends on waste management and technology. 

The main topics of the conference include “global partnership on waste management，

circular economy & sustainable development，electronic waste policy and management, 

biomass waste disposal and energy recovery, treatment and reuse of waste from social 

source, etc. 

Outstanding papers from domestic and abroad research institutes and universities 

are received by the ICWMT 11, representing the latest research trend and innovative 

ideas of current solid waste treatment filed, and leading the development in this filed 

for the furture. 

Last but not the least, I would like to thank all the reviewers and the authors who 

devoted a substantial amount of work. 

 

 

Prof. Jinhui Li 

                                                       Professor/Executive Director 

Tsinghua University 

Basel Convention Regional Centre for Asia and the Pacific 



 

Proceedings of the Eleventh International Conference on Waste Management and 

Technology 

 

Editorial Board 

 

 

Editor in Chief 

Jiming Hao   Tieyong Zuo 

 

Executive Editor in Chief 

Jinhui Li    

 

 

Members of Editorial Board    

Agamuthu Pariatamby FASc Ajoy Raychaudhuri Albert Leendert Nicolas Stevels 

Atsushi Terazono Baoshu Dong Chein-Chi Chang 

Daryl McCartney Edward T. Chen Fangming Jin 

Faqin Dong Fumikazu Yoshida Fushen Zhang 

Guangming Li Hao Quan Hongbin Cao 

Hongtao Wang Hualong Hu Hui Tian 

Jiajun Chen Jianhua Yan Jinhui Li 

Liyuan Chai Lieqiang Chen Martin Streicher-Porte 

Masao Tateba Michael T. Rock Ming Hung Wong 

Mingxin Chen Mohamed Eisa Paul H. Brunner 

Pierre Portas Pinjing He Qi Wang 

Qiang Liu Qingzhong Bai Qunhui Wang 

Randolph E. Kirchain Sadhan K. Ghosh Seung-Whee Rhee 

Shannon Davis Shaohai Long Shengen Zhang 

Shinichi Sakai Stefan Salhofer Suehuai Gau 

Takayuki Shimaoka Takeru Tsuchiya Tien-Chin Chang 

Timothy G. Townsend Wei Wang Xiaochun Peng 

Xiujin Li Yadong Li Yangsheng Liu 

Youcai Zhao Yuji Koresawa Zengqiang Zhang 

Zhanfeng Ma Zhenming Xu Zhishi Wang 

 

 

Managing Editor 

Xiong Shi    Tianjiao Zhang    Yuhang Ji 



Selected Proceedings of the Eleventh International Conference on Waste Management 

and Technology 

I 
 

Contents 

1-Biomass Treatment and Resources Energy Utilization..................1 

Accumulation Effects of Lipid in Single-phase Anaerobic Digestion for Food Waste.........2  

A Process for Biotreating the Mixed Kitchen and Green Waste...........................................11 

Bioelectricity Generation from Persimmon Fruit Waste by Using Single Chamber Microbial 

Fuel Cells Mixing With Soils................................................................................................20 

Catalytic Hydrolysis of Lignocellulosic Biomass to Furan–based Chemicals via Acidic 

Porous Materials....................................................................................................................29 

Ecological Risk Assessment of Heavy Metals Based on GISmapping Techniques in the 

Surface of a Mine Tailing Pond Locatedin Chenzhou, China...............................................38 

Handling E-Waste in Malaysia: Management, Policies and Strategies...................................43 

Hydrochar Derived Porous Carbon for Highly Efficient Adsorption of Azo Dye........................51 

Hydrothermal Conversion of Green Seaweed Enteromorpha Prolifera into Fermentable Sugars  

for Bioethanol and SCFAs Production.........................................................................................60 

Preparation and Activation of Biochar from Municipal Solid Waste......................................71 

Role of Biomass in Developing Local Economy and Energy Security for BoP in  

Asian Countries...........................................................................................................................79 

Utilization of Fly Ash to Enhance CO2 Capture Performance of Calcium Based Sorbents.........94 

Vermicomposting of sewage sludge and its application for heavy metal stabilization in  

sediment of Dongting lake..........................................................................................................102 

2- Circular Economy and Urban Minin Development....................113 

Study on Comprehensive Recovery of Valuable Materials from Waste Lead Acid Battery  

by Mineral Processing Method ..................................................................................................114 

Study on the Recover of Valuable Metals from Scrap Power Battery...................................120 

3-Construction and Demolition Waste Disposal and Utilization...126 

Drilling Mud Adsorption Behavior of Cr(VI) in Aqueous Solution......................................127 

4-Contaminated Site Remediation and Environmental Supervision 

..............................................................................................................130 



Selected Proceedings of the Eleventh International Conference on Waste Management 

and Technology 

II 
 

Ecological Risk Assessment of Heavy Metals Based on GISmapping Techniques in the  

Surface of a Mine Tailing Pond Located in Chenzhou, China..............................................131 

Hydrophobic Modification of Lime and Its Enhanced Solidification/Stabilization  

of Nitrobenzene.........................................................................................................................142 

5-Hazardous Waste Management and Safe Disposal......................149 

A Kinetics Study on the Volatilization Behavior of Heavy Metals (Pb, Zn) During  

Co-Processing in Industrial Plant...............................................................................................150 

Application of Triboelectric Separation to Remove Inorganics from Nonmetallic Fraction  

of Waste Printed Circuit Boards...............................................................................................164 

Application of Vitrification to Vitrify Arsenic Residue from Lead Smelting Plant..............171 

Distribution and Degradation of Dioxin in Fly Ash from Refuse Incineration Plant...........183 

Enhanced Photodegradation of Pentachlorophenol in a Single / Mixed Nonionic 

and Cationic Surfactants Containing System Using TiO2 as Catalyst...................................190 

Leaching Behavior of Scrap Cathode Ray Tube (CRT) Funnel Glass Under  

Alkaline conditions.....................................................................................................................205 

Polybrominated Diphenyl ethers (PBDEs) and Novel Brominated Flame Retardants  

(NBFRs) in Sorting Residue of Copper Clad Laminate.............................................................212 

Risk Assessment of WEEE over the Lifespan of EEE Using ISO 9001:2015 Standard......219 

6-Industrial Solid Waste Comprehensive Utilization......................226 

Leaching of Uranium from Tailings by Sulfuric Acid with Several Oxidants....................227 

Recovery of alumina from coal fly ash by CaCl2 calcination followed by H2SO4 

leaching.....................................................................................................................................237 

7-Solid Waste Management and Greenhouse Gas Reduction........247 

Assessment of Physical, Chemical and Microbiological Properties of the Municipal Solid 

Waste from a Landfill in Beijing, China.................................................................................248 

Co-processing of Blast Furnace Flue Dust in Cement Kiln..................................................259 

Critical Review of Decomposition Factors for Wood and Tree Branches Disposed in 

Municipal Solid Waste Landfills.............................................................................................266 

Management of Collection and Transportation of Solid Waste in Different Scales of  

Theme Parks..............................................................................................................................272 

Possible Rural Solid Waste Treatment in Shenyang...............................................................280 



Selected Proceedings of the Eleventh International Conference on Waste Management 

and Technology 

III 
 

8-Regional Chemicals Management and Emergency Response....288 

Chemical GLP System Construction and Development of China........................................289 

9-Solid Waste with High Value-A Management and Recycling.....298 

An Absorbing Resin from Waste Plastic Wraps.....................................................................299 

Sustainability of Metal Recovery from E-waste....................................................................306 

10-Technology Transfer.....................................................................314 

Application of Microbial Predation in Municipal Activated Sludge Dewaterability 

improvement..................................................................................................................... .......315 

11-Others.............................................................................................327 

Experiment Research on Effects of Dredging Suspended Solids on the Growth of 

Zooplankton..............................................................................................................................328 

Investigating Roles of Organic and Inorganic Soil Components in Sorption and Desorption  

of 2,4-dinitrotoluene and 1,3-dichlorobenzene.......................................................................335 

LCA of MSWI Bottom Ash Utilization with Advanced Treatment......................................352 

Odor Impact Assessment in the Vicinity of a Landfill: Fugitive Volatile Sulfide Compounds 

from the Working face..............................................................................................................364 

Preparation and Characterization of Low-cost Carbon Based Adsorbent and its Adsorption 

Properties on Phenol and Pyridine Removal..........................................................................371 

Quantifying the Potential Export Flows of Used Electronic Products in Macau: A Case  

Study of PCs..............................................................................................................................381 

12-Chinese Papers..............................................................................391 

A Brief Introduction on the Thermal Drying Technology of Municipal Sewage Sludge 

....................................................................................................................................................392 

Effects on Plant Growth of Land Application of Sewage Sludge.........................................397 

Environmental Imapct Evaluation of the Process of Metal Extaction from Cell-phone  

Circuit Boards Using Nitric Acid and Thiourea......................................................................405 

Landfill Treatment Scheme Selection for Old Household Refuse........................................412 

Research on Comprehensive Treatment of Waste Circuit Board Smelting Flue Gas.........417 



Selected Proceedings of the Eleventh International Conference on Waste Management 

and Technology 

IV 
 

Research Progress of Heat-treatment for Antibiotic Residue...............................................421 

Simply Review on the Extracting Method of Protein from Sludge......................................427 

Solidification/Stabilization of Arsenic-containing Wastes Using Copper Slag Based 

Chemically Bonded Phosphate Ceramics...............................................................................432 

Solidification/Stabilization of Calcium Arsenate Waste with Phosphorous Slag and Fly Ash 

Geopolymer Materials..............................................................................................................441 

Study on Absorption of Cr(Ⅵ) from Waste Water with Modified Banana Stem................447 

The Resaearch of Thermophilic Anaerobic Digestion Test of Hightemperature Thermal 

Hydrolysis.................................................................................................................................452 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



The11thInternational Conference on Waste Management and Technology 

Basel Convention Coordinating Centre for Asia and the Pacific 

School of Environment,  Tsinghua University, Beijing 100084, P.R.China 
Tel: +86-10-62794351   Fax: +86-10-62772048    E-mail:icwmt@tsinghua.edu.cn 

 

Acceptance Letter 

Subject: Acceptance of the Full Manuscript Submitted to the Eleventh International 

Conference on Waste Management and Technology 

 

Dear Ivan Deviatkin, Annika Sormunen, Riina Rantsi, Jouni Havukainen, Mika Horttanainen, 

Thank you for submitting the full manuscript to the 11th International Conference on Waste 

Management and Technology (ICWMT 11). I am pleased to inform you that, after peer 

review, the manuscript titled “LCA of MSWI Bottom Ash Utilization with Advanced 

Treatment” has been accepted by the ICWMT 11.  

The ICWMT 11 will be held in Beijing, China on October 21-24, 2016. The conference 

supplies an important international platform for specialists and officials to discuss scientific 

problems, exchange experiences, and look for innovative solutions. Participants from 

governments, research institutions, universities, industries will attend this conference. 

Please don’t hesitate to contact Dr. Shi Xiong if you intend to make oral presentation or have 

any question about the meeting.  

Office Tel: 86-10-62794351, E-mail: icwmt@tsinghua.edu.cn  

I look forward to meeting you in Beijing, China. 

Yours sincerely,  

 

 

Conference Chair, the International Conference on Waste Management and Technology  

Professor, School of Environment, Tsinghua University 

Executive Director, Basel Convention Regional Center for Asia and the Pacific  

Tel: 86 10 62794143; Fax: 86 10 62772048 

E-mail: bccc@tsinghua.edu.cn  Website: http://www.bcrc.cn 

mailto:icwmt@tsinghua.edu.cn
mailto:bccc@tsinghua.edu.cn


English Proceedings of the Eleventh International Conference on Waste 

Management and Technology 

Peer-review under responsibility of Tsinghua University/ Basel Convention Regional Centre for Asia and the Pacific. 

The Eleventh International Conference on Waste Management and Technology (ICWMT) 

LCA of MSWI Bottom Ash Utilization with Advanced Treatment 

Ivan Deviatkina*, Annika Sormunenb, Riina Rantsiс,  

Jouni Havukainena, Mika Horttanainena 

aLappeenranta University of Technology, School of Energy Systems, Department of Sustainability Science, FI-53851, Lappeenranta, Finland 
bTampere University of Technology, FI-33101, Tampere, Finland 

cSuomen Erityisjäte Oy, FI-30420, Espoo, Finland 

Abstract 

In the study, the environmental impact from the recycling of the four mineral fractions obtained during the advanced treatment of 

municipal solid waste incineration bottom ash by the advanced dry recovery technology was assessed by the means of life cycle 

assessment (LCA). The mineral fractions technically suitable for the process were recycled in the road construction and the 

production of garden stones according to the specifications obtained during the real life experiments. The toxic impact associated 

with the recycling activities was assessed by the inclusion of the leaching data from the bottom ash and its mineral fractions. The 

two alternative scenarios were compared to the landfilling of untreated bottom ash. The results indicated that the recycling of the 

mineral fractions in the road construction was beneficial for the environment. The non-toxic impact was reduced in all impact 

categories with the highest reduction of 19.2% for the freshwater eutrophication potential; the average reduction for the 

remaining non-toxic impact categories was 3-5%. On contrary, the use of the minerals for the production of garden stones 

resulted in induced environmental impact across all impact categories. Regardless the scenario studied, the mineral fraction 0-

2mm accounts for 58-94% of the total toxic impact caused by all four mineral fractions. Finally, the share of the collected 

leachate in the landfill was less significant than the presence of a wastewater treatment plant (WWTP) for the removal of heavy 

metals from the landfill leachate. The highest increase of the environmental impact reached 49% when a WWTP was introduced 

and only 6.7% when the leachate collection rate reduced to 80% from the ideal 99%.  

Keywords: bottom ash, waste management, life cycle assessment, Advanced Dry Recovery 

1. Introduction 

The rapid global population growth coupled with the intensive urbanization goes hand in hand with the -

increasing generation of municipal solid waste (MSW). Responsible management of MSW is required in order to 

reduce the negative impact on the environment. Thermal treatment of source-separated MSW is an advantageous 

management method, since it allows for a significant reduction of waste mass along with the efficient energy 

recovery achieved in modern municipal solid waste incineration (MSWI) plants, thus, allowing for the substitution 

of fossil-based energy1. Moreover, waste incineration is recognized as the key element of a sustainable waste 

management strategy2. 

Further reduction of environmental impact could be achieved through the sustainable recycling of solid residues 

left after the treatment. Special attention is drawn to bottom ash (BA), which is the largest solid waste stream in a 

MSWI plant equipped with a grate boiler. Several methods to recycle MSWI BA have been identified previously3. 

                                                           
* Corresponding author. Tel.: +358-41-70999-88 

E-mail address: ivan.deviatkin@lut.fi 
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The most common methods include the use of BA in road construction4–7, for cement or concrete production8–10 and 

for the landfill construction 4,11. Moreover, limited research is available on the use of the BA in the agricultural 

sector12. While recycling the BA, the production of natural aggregates or products manufactured from virgin 

materials is avoided and the negative impact on the environment reduced. 

Despite the anticipated reduction of the environmental impact caused by the BA recycling activities, this is not 

necessarily the case since BA contains significant amounts of toxic substances 13–17, which might eventually leach 

into the environment while being recycled. To holistically assess the environmental impact from the multifaceted 

systems, like the waste management systems, the life cycle assessment has been widely recognized by academia and 

successfully applied by the industry for several decades18,19. Multiple assessments have been performed to study the 

impact from the recycling of BA of different origin by various utilization methods using the approach of LCA4,7,20–

27. Moreover, an LCA of advanced utilization of BA incorporating the recycling of ferrous and non-ferrous fractions 

obtained during the ash treatment was performed28.  

However, the use of untreated BA studied in the current paper was impossible since the leaching values of certain 

heavy metals exceeded the limit values for the use of waste in road construction presented in the Finnish 

Government Decree concerning the recovery of certain wastes in earth construction 591/2006 29. Moreover, the field 

tests with the BA under the study were performed (results are under preparation) and the results showed technical 

applicability of the mineral fractions for road construction and the production of concrete-based products, namely 

garden stones. However, not all size fractions of the minerals can be utilized raising the need to treat the bottom ash 

and further fractionate the mineral fraction depending on its size. 

In the present study, the environmental impact of the BA treatment by a novel technology, called advanced dry 

recovery, in a mobile treatment plant and further management of the four mineral fractions with different grain sizes 

was assessed. The applicability of the mineral fractions for the road construction and the production of the garden 

stones was technically studied. The primary data for the treatment process, as well as the recycling possibilities were 

gathered in the study. The leaching of the toxic substances from the BA and the four mineral fractions obtained was 

determined to study the toxic impact related to the recycling activities. The alternatives studied were compared to 

the landfilling of the untreated BA, as the least preferred management option. 

2. Materials and methods 

The LCA methodology was applied in the study since this is the most common method applied in the field of 

waste management18,19,30. The ISO 14040/44 standards31,32, along with the ILCD Handbook guidelines33, were 

primarily followed for the methodological choices regarding the LCA. 

2.1. Goal and scope definition 

The goal of the study was to assess the environmental impact of the MSWI BA treatment in a mobile treatment 

plant and consequent management of the mineral fractions obtained in the road construction and the production of 

garden stones, and to compare the impact of BA recycling with the BA landfilling, the least desired management 

option in waste management. The primary function of the study was to manage the MSWI BA by legally accepted 

and technologically suitable methods. The secondary functions of the study were determined by the alternative 

recycling methods included in the study: the construction of roads and the production of garden stones as specified 

in the present study. The functional unit was 1 000 kg of the BA managed, 0.22 m of roads built, and 0.35 m3 of 

garden stones produced. The system boundaries of the product system were expanded to account for the production 

of materials substituted or affected by the recycling activities. 

2.2. Bottom ash characterization 

The BA studied originated from a MSWI plant equipped with a grate boiler. The plant is located in Mustasaari, 

Finland and treats approximately 180 000 t  waste (mainly source-separated MSW, but also agricultural and 

industrial waste) from 50 municipalities with over 400 000 residents. The average annual amount of bottom ash 

generated is 30 000 t. The detailed information about the BA composition is presented by Sormunen & Rantsi 17. 
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For the study, the leaching data for each mineral fraction were determined by a column test according to CEN/TS 

14405 34 and it available in the article by Sormunen & Rantsi17. The leaching data for the untreated BA were 

obtained with the two-stage batch leaching test as presented in the standard EN 12457-3 35. The leaching of the toxic 

substances from untreated BA over the range of liquid to solid (L/S) ratios from zero to ten was interpolated based 

on the release curves of the toxic substances from the mineral fractions of the same BA. 

2.3. Scenarios description 

In the study, two alternative scenarios for the recycling of the mineral fractions were included, as well as the 

baseline scenario – landfilling of untreated BA. 

2.3.1. Road construction (S1-RC) 

In the road construction scenario (S1-RC), the mineral fractions were used for the road construction. The mineral 

fractions were suitable since the leaching of heavy metals decreased and was within the limit values set by the 

government. A specific blend of the four mineral fractions (composition is given in the LCI chapter of the study) to 

be utilized was transported to the utilization site by trucks. The minerals were used in the sub-base layer of a 

pedestrian road. The remaining mass of the mineral fractions was landfilled. Alternatively, gravel was used for the 

road construction when the mineral fractions were landfilled or utilized in the garden stones production. Leaching 

from the minerals or gravel was included in the scenario. No other layers of the road, as well as the road 

construction process, were affected by the utilization of the minerals, so the impact from these activities was 

excluded. 

2.3.2. Garden stone production (S2-GSP) 

In the Garden stone production scenario (S2-GSP), the mineral fraction 2-5 mm was used in the production of the 

garden stones. The remaining mineral fractions were not technically suitable for this purpose and, thus, were 

landfilled. Alternatively, sand was used for the garden stones production. Moreover, the recipe for the garden stones 

production was affected by the minerals utilization: more cement was required when the mineral fraction was 

utilized as stated in the life cycle inventory (LCI) chapter. The consumption of energy or other raw materials was 

not affected by the minerals utilization, and thus was not included in the study. After the lifetime of the garden 

stones of 20 years, the stones were assumed to be crushed and used in the road construction. Leaching from the end-

of-life of the garden stones, i.e. utilization in road construction, was included, whereas the leaching from the use 

phase was omitted due to lack of data. Moreover, Allegrini36 found that the impact from the end-of-life of concrete 

with the short lifetime would be dominant compared to its use phase. 

2.3.3. Landfilling (S0-LF) 

The landfilling scenario (S0-LF) included in the study reflects the situation when no application for either the 

untreated BA, or some of the mineral fractions was available. The bottom ash was transported to the landfill site and 

was disposed using specific machinery. The impact from the daily operational activities was included in the study, 

whereas that of the capital goods was not. According to a recent research paper37, the majority of the impact from 

the landfilling originates from the operational activities, namely, spreading of a daily cover, spreading and 

compacting of waste, and generation of electricity for leachate pumps. The only impact category where the impact 

from capital goods dominated was the abiotic resources depletion potential and was associated with the acquisition 

of steel. 

Regarding the leachate modelling, two potential situations were modelled in the study to deal with uncertainty. 

The first scenario considered 99% leachate collection rate and absence of specific leachate treatment from heavy 

metals. The second scenario was partly modelled according to Birgisdóttir4 and considered the leachate collection 

rate of 80% and a specific WWTP for the removal of heavy metals and salt from the landfill leachate. 
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Fig. 1. The product system and the system’s boundaries of the present study 

2.4. System boundaries 

The system boundaries of the product system studied are presented in Figure 1. The solid connectors between the 

blocks are used for the S0-LF, the connectors with the short dashes for S1-RC, the connectors with the long dashes 

for S2-GSP. The figure shows that the study begins with the generation of the BA and ends with the incorporation of 

the BA into a final product within the selected temporal scope of 100 years. Due to the comparative nature of the 

study, only the unit processes affected by the management of the BA or the mineral fractions were included in the 

study. The impact from the capital goods was omitted in the study due to the lack of consistent data throughout the 

product system. Finally, the impact from the recycling of ferrous and non-ferrous fractions was not included in the 

study due to the lack of reliable and consistent data, while it is known to have significant impact on the results 28.  

2.5. Life cycle inventory 

During the life cycle inventory (LCI) phase of the LCA study, all unit processes included in the system’s 

boundary are compiled by gathering the information about elementary flows. In the study, all LCI data were 

compiled based on the affiliation of each unit process to either a background or a foreground system as shown in 

Figure 1. 

2.5.1. Background system 

 

Table 1 lists the background system unit processes of the study, along with their names, functions served in the 

model, transportation distances and payload capacities, if applicable. 

2.5.2. Foreground system 

 

The unit processes directly related to the management of the BA or the four mineral fractions are characterized 

under the foreground system. 
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Table 1. Unit processes from the background system. 

Location in 

the model 

Name Function served Transportation 

distance, km 

Payload 

capacity full, t 

Reference 

S0-LF GLOa: Truck BA transportation 50 18.4 38 

FIb: Electricity grid mix Electricity supply N/A N/A 38 

S1-RC GLOa: Truck Mineral fraction transportation 

Gravel transportation 

5 

50 

18.4 

24.7 

38 

EU-27c: Gravel 2/32 Gravel supply N/A N/A 38 

S2-GSP GLOa: Truck Mineral fraction transportation 

Sand transportation 

Cement transportation 

Crushed stone transportation 

200 

10 

100 

100 

18.4 

24.7 

9.3 

9.3 

38 

EU-27c: Sand 0/2 Sand supply N/A N/A 38 

RERa: Portland cement (CEM 

I) ELCD/CEMBUREAU 

Cement supply N/A N/A 38 

Crushing d Crushing of garden stones N/A N/A 39,40 

All EU-27c: Diesel mix at refinery On-land vehicles fuelling N/A N/A 38 
a – the data set of the unit process is representative globally; 
b – the data set of the unit process is representative in Finland; 
c – the data set of the unit process is representative in EU-27 member countries; 
d – the diesel consumption was taken from 39, while emissions from 40 as for “Other drivable machines, diesel”. 

2.5.2.1. Landfilling 

In general, the landfill was modelled following the approach of Birgosdottir4. The landfill had four time periods. 

The length of the periods was determined for the Finnish conditions and was partly similar to Birgosdottir4: I period 

– 5 years, II period – 2 years, III period – 30 years, IV period – 63 years. The height of the landfill body was set to 

10 m. The default scenario had the leachate collection rate of 99% as considered realistic since modern landfills 

operate with double liners. Also, the mineral layer is usually built in 2-3 layers to prevent any cracks in the system. 

Finally, possible holes in the geosynthetic layer will also be local, since good contact with the mineral layer prevents 

horizontal spreading of leachate. Another parameter applied in the default scenario was the absence of a WWTP for 

specific heavy metals removal. However, the possible removal of heavy metals and salts was assessed in the 

sensitivity analysis of the study since the mineral sealing layer and geosynthetic layer can remove polar compounds 

from leachate passing through. Parameters related to the calculation of the L/S ratio, such as infiltration and 

precipitation, are presented at the end of the chapter. 

Regarding the operational impact, 0.55 l diesel and 0.085 kWh electricity per ton of waste disposed and 

compacted were consumed37. The emissions from the machinery were retrieved from LIPASTO40, a collection of 

data for emissions from the machinery used in Finland. The type of machinery used from the database was a roller. 

2.5.2.2. Mobile treatment plant 

The BA was treated with a Dutch technology called advanced dry recovery (ADR). During the treatment, the BA 

with the dry matter content (DMC) of 84% and the density of 1 700 kg/m3 was first sieved to remove particles with 

the size exceeding 50mm. Next, the remaining BA passed through a system of dry screens, magnets, sifters, an eddy 

current separator, and the ADR41. More detailed information about the ADR technology is available from de Vries 

& Rem42. 

 The outcomes of the process are the four mineral fractions: 0-2mm – 35% , 2-5mm – 13%, 5-12mm – 15%, 12-

50mm – 14%, and the ferrous and nonferrous fractions, which accounted for the remaining 23% of the input mass 17. 

The installation was run on diesel. Moreover, the machinery required to load and unload the materials also 

consumed diesel, which has been accounted for in the study. The emissions from the diesel combustion by the 

machinery were retrieved from LIPASTO40 for an “Excavator, rubber tires”, a “Wheel loader” for the drivable 

machines, and a “Generator sets, diesel” and “Other movable machines, diesel” for the movable equipment. 

2.5.2.3. Construction of a road 

In the study, a specific blend of the four mineral fractions (35% of 0-2mm, 25% of 2-5mm, 25% of 5-12mm, and 

15% of 12-50mm) was used to build a sub-base layer of a pedestrian road. The ratio used in the study was 
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experimentally determined and found to be the most appropriate for that purpose 41. The width of the layer was 3 m, 

and the height of the layer 0.7 m. When the road was built with the minerals, around 480 kg of gravel was avoided. 

The substitution was based on a 1:1 ratio by the volume of the materials. 

2.5.2.4. Production of garden stones 

In the study, only the mineral fraction 2-5mm was used for the garden stone production process. The use of the 

minerals affected the consumption of sand and cement. 1 300 kg of sand and 300 kg of cement were required to 

produce one cubic meter of the conventional garden stones, while only 500 kg of sand and 320 kg of cement were 

required to produce the same volume of garden stones with the minerals. The substitution was based on a 1:1 ratio 

by the mass of the materials. 

The lifetime of the garden stones was assumed to be 20 years, after which the stones were crushed. The crusher 

consumed 0.5 l diesel both for the loading and the crushing itself39. Finally, the crushed stones were used in the road 

construction process, similar the one described in sub-chapter 2.5.2.3. 

2.5.3. Leaching data 

To estimate the release of the toxic substances and salts as a results of leaching, the approach of Kosson43 was 

used and the L/S ratio was calculated as follows: 

 

       (1) 

 

where P – annual precipitation, mm·year-1 (see Table 2); 

I – infiltration rate, % (see Table 2); 

  T – time horizon, years (see Table 2); 

  ρ – density of a material, kg·m-3 (see Table 2); 

  h – height of a material layer, m (see Table 2). 

 

Primary leaching data for the mineral fractions were used in the study and were determined by the column 

percolation test CEN/TS 14405 34 and the results presented in Sormunen & Rantsi17. Primary leaching data for the 

raw bottom ash and concrete products manufactured analogically to the garden stones were used in the study and 

were determined by the two-stage batch test EN 12457-3 35. The leaching data from gravel and sand were retrieved 

from Laine-Ylijoki44. The following elements were included to study the toxic impact caused by the BA, the mineral 

fractions and the garden stones: As, Ba, Cd, Cr, Cu, Hg, Mo, Ni, Pb, Sb, Se, Zn, Co, V, chloride, fluoride, sulphate, 

and dissolved organic carbon. All elements were assumed to leach into the ground in the road construction process 

and into the ground from uncollected leachate and into freshwater from collected leachate in the landfilling scenario. 

Further behavior into the environment was considered in the impact assessment method used in the study. The 

leaching values below the limit of quantification were accounted for as halves of the limits of quantification. 

Table 2. Parameters used to calculate the L/S ratio in the study. 

Location in 

the model 

P, 

mm/year 

I,  

% 

T, 

years 

ρ, 

kg/m3 

h, 

m 

S0-LF 515 80% – I period 5 1 700 10 

515 40% – II period 2 1 700 10 

515 30% – III period 30 1 700 10 

515 30% – IV period 63 1 700 10 

S1-RC 354 a 7% 100 1 720 0.7 

S2-GSP 354 a 7% 80 1 900 0.7 

a – the precipitation is given for the period when ambient air temperature 

is above zero, thus accounting for the clearing of roads in winter. 
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kg
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ratio
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2.6. Life cycle impact assessment 

In the study, the most developed characterization models were used as recommended for the European context45. 

The list of the recommended impact categories named as “Impacts ILCD/PEF recommendation v1.09” in the GaBi 

software was further narrowed by excluding the “Resource depletion, water” , “Ionizing radiation, humans”, and 

“Ionizing radiation, ecosystems” impact categories because of inconsistency with the goal of the study. Moreover, 

the impact on “Respiratory inorganics” was left outside of the study due to lack of consistent data. The following 

impact categories were included: acidification potential (AP), climate change, or global warming potential, 100 

years (GWP), ecotoxicity potential (EP), freshwater eutrophication potential (FEP), marine eutrophication potential 

(MEP), terrestrial eutrophication potential (TEP), carcinogenic human toxicity potential (HTPc), non-carcinogenic 

human toxicity potential (HTPnon-c), ozone layer depletion potential (ODP), photochemical ozone formation 

potential (POFP), and resource depletion potential for mineral, fossil, and renewable materials (RDP). 

3. Results and discussion 

3.1. Overall environmental impact 

The results for the two alternative scenarios are presented in Figure 2. The results are presented as relative 

changes caused by the recycling activities in S1-RC and S2-GSP in relation to the impact caused by the baseline 

scenario – S0-LF – for a number of impact categories. The impact categories were divided into a group of non-toxic 

(top graph) and a group of toxic (bottom graph) impact categories. The results were also grouped into several 

categories. The “Landfill operation” presents the results associated with the actual disposal of the BA or the mineral 

fractions not suitable for the recycling. “Landfill leaching”, “Road leaching”, and “Garden stone leaching” present 

information related to the leaching of the chemical substances into the environment from the BA, the minerals, or 

the substituted products depending on the scenario. The categories related to transportation include the impact from 

the transportation activities themselves, as well as from the diesel manufacturing. The impact from the treatment of 

the BA in the ADR facility is shown in the “Bottom ash treatment” category. Finally, the impact from the avoided or 

additional production of the materials affected by the recycling activities is shown in the “Affected product 

acquisition”. 

The results clearly indicated the superiority of the road construction process (S1-RC) utilizing 520 kg of the 

minerals over the garden stone production (S2-GSP) utilizing 130 kg of the minerals for both non-toxic and toxic 

impact categories. Regarding the non-toxic impact categories, the avoided impact in S1-RC ranged from 0% for the 

ODP to as high as 19.2% for the FEP. As per the remaining impact categories, the reduction achieved in S1-RC 

ranged 3-5%. On contrary, the additional impact in S2-GSP ranged 3-9%. Regarding the toxic impact categories, 

both scenarios performed worse than landfilling for ETP and HTPc with the additional impact of 4.9% and 29.4% 

for S1-RC and 48% and 82.7% for S2-GSP. A reduction of the HTPnon-c of 17.5% for S1-RC and 1.2% for S2-GSP 

was achieved, on the other hand. In the study by Allegrini 28, additional impact for the ETP and HTPc from the 

MSWI BA utilization in road or concrete production was stated, while the use of the BA in concrete was beneficial 

for HTPnon-c. 

In the study, the prime difference in the results between the two alternative scenarios was the impact associated 

with the transportation of the residues. Since the product system of the study was only limited to the processes 

affected by the recycling activities, the baseline impact of the product system was small, causing higher importance 

of the transportation activities. In S1-RC, the majority of the minerals was sent for the road construction with the 

transportation distance of only 5 km, whereas in S2-GSP, the transportation distance for the minerals to the 

production plant was set to 200 km and the distance for the remaining minerals to the landfill – 50 km. All these 

aspects affected the emissions from the transportation, as well as the diesel consumption. Another reason was the 

impact from the transportation and acquisition of avoided or affected materials. Avoided gravel was important for 

the overall positive impact in S1-RC. At the same time, in S2-GSP, sand was only partly replaced by the use of the 

minerals, whereas additional 20 kg of cement were required. Because the cement production had significantly higher 

impact on the environment compared to the acquisition of sand, the total impact from the affected materials 

acquisition was higher in S2-GSP.  
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Figure 2. The results of the LCA study over a range of toxic (top) and non-toxic (bottom) impact categories. 

Closer analysis of the toxic impact categories showed that several factors affected the differences in the total 

results. Similar for all toxic impact categories, the L/S ratio for the BA and the mineral fractions was different in the 

landfill due to the difference in the densities of the materials. The cumulative L/S in the landfill after 100 years was 

0.99 for the BA, and 2.47 for the minerals. This was the reason for the increased impact from the landfilling for the 

HTPc and ETP in S2-GSP. Moreover, the leaching of different substances strongly depends on the L/S ratio causing 

the controversial behavior between, e.g. the increased impact from the landfill on HTPc and decreased impact on 

HTPnon-c.  

Finally, the difference was associated with the properties of the different mineral fractions. The mineral fraction 

0-2mm was the most toxic fraction causing over than 90% of the overall toxic impact for ETP and HTPc and more 

than 50% of the HTPnon-c in the system. Therefore, the use of 51% of the mineral fraction 0-2mm in the road 

construction resulted in the superiority of S1-RC scenario compared to S2-GSP for the toxic impact categories. 

When the mineral fraction 0-2 mm was used in the S1-RC, the leaching was lower than in the landfill due to lower 

L/S ratio for the road construction (equals to 2) than for the landfilling. 
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Figure 3. Relative toxic impact of the four mineral fractions accounting for their shares in the total mass at L/S 2. 

The impact from the landfill was based on the assumption that the leachate collection rate was 99% and there was 

no specific WWTP plant for the removal of the heavy metals from leachate. In the sensitivity analysis, the leachate 

collection rate was lowered to 80% and the WWTP was included with the removal efficiencies as shown in the 

article by Gianfilippo26. The results of the sensitivity analysis are shown in Figure 4 as the total impact over the 

toxic impact categories; the non-toxic categories were not affected by the analysis. 

As can be seen, the WWTP had significant impact on the total toxic impact of the product system. The largest 

increase of the impact was for ETP in S1-RC by 49%, S2-GSP by 31%, and HTPc in S1-RC by 28%. The remaining 

impact categories did not change by more than 5% in both scenarios. At the same time, the impact of the collection 

rate only had moderate impact on the results with the highest change of around 7% in S1-RC for ETP. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Results of the sensitivity analysis. 

4. Conclusions 

The results of the study showed that the advance treatment of the MSWI BA in order to recycle the mineral 

fractions reduced the impact on the non-toxic impact categories when the minerals were used for the road 

construction. On the other hand, the use of the mineral fraction 2-5mm in the garden stone production resulted in 

increased impact compared to the reference scenario. The induced impact in S2-GSP primarily originated from the 

additional use of cement in the process and comparatively high (200km) transportation distance to the final 
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utilization place. In most cases, both scenarios resulted in additional impacts in the toxic impact categories. The 

impact was primarily due to the increased leaching of toxic elements resulting from higher L/S ratios. Moreover, the 

increase in the adverse impacts became more evident when the WWTP for leachate treatment was introduced in the 

landfill scenario, which significantly reduced the baseline impacts from the landfilling. 
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