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The ever-increasing world population has exerted unprecedented pressure on the world’s

natural ecosystems through both the production and consumption of various products.

Human behaviour is having a destructive impact on the environment, and waste generation

and disposal represents one of the key sources of this negative impact. To tackle the 

problem, a systematic transition towards a circular economy, which is largely built on the

possibilities of waste recycling, has been initiated. The continually increasing waste recycling 

rates can only be achieved by exploiting the advanced waste treatment technologies that are

available. However, the operation of such technologies often requires substantial amounts 

of energy or materials, thereby potentially eliminating the benefits of waste recycling.  

The primary goal of the research presented in this dissertation was to examine the 

contribution of the waste pretreatment (PT) activities on the overall environmental impact 

of waste recycling. An analysis of this nature has not previously been performed on a

systematic basis across a variety of waste types and environmental impact categories. The 

specific objectives of this research study were as follows: (i) to quantify the environmental

impact of waste PT activities, (ii) to identify  the factors that make the most significant

contribution to the impact of the PT activities, (iii) to compare the cumulative induced 

environmental impact caused by waste PT activities and the final recovery process versus 

the cumulative avoided impact caused by the conventional disposal of waste and product

substitution, and (iv) to identify the potential conditions in which break-even points can be

achieved. 

The goal and the objectives set for this research were achieved by conducting six life cycle 

assessment (LCA) studies in accordance with the ISO 14040 and ISO14044 international 

standards. The impact of the recycling or recovery of multiple waste types via a wide



number of recycling methods was assessed in terms of the global warming potential (GWP), 

abiotic depletion potential (ADP), and human toxicity potentials (HTP). 

The results of the research reveal that, in general, the need to pretreat waste does not 

increase the environmental impact of waste recycling activities when compared to the 

conventional disposal in the majority of scenarios and impact categories; however, a 

significant variation in the relative importance of the PT activities amongst the alternative 

studies and the impact categories was identified. The lowest relative importance of the PT 

of 0.44-0.52% was achieved for the carcinogenic HTPC in the scenario in which a mineral 

fraction from the treatment of the municipal solid waste incineration bottom ash (MSWI 

BA) was recycled via either a road construction or garden stone production process. On 

the contrary, the highest relative importance of the PT activities of 64% was recorded for 

the GWP in the scenario in which phosphorous was recovered from sewage sludge ash. 

The results of the GWP analysis revealed that the PT activities incorporating advanced 

waste treatment methods had a significant contribution of 29-64% to the overall impact of 

the entire waste management systems. On the contrary, the low contribution of PT activities 

of 0.3-3.7% to the overall GWP was recorded when conventional disposal processes that 

have a high impact on the GWP, such as landfilling of organic waste, were avoided. 

Furthermore, PT activities could have a low impact on GWP when waste recycling results 

in the substitution of materials that have substantial carbon footprints; e.g., burned lime or 

cement. In terms of the ADP, the significant importance of the PT, which ranged from 21-

36%, could be expected when the PT activities require a comparatively high amount of 

fuels, while also having a low impact on conventional disposal and product substitution. On 

the contrary, the PT activities may have a low contribution of 0.24-1.2%, when waste 

recycling results in the substitution of materials or fuels that have a high impact on the ADP; 

e.g., phosphorous or cement. Straightforward results were achieved for the carcinogenic 

HTPC, in which only a low (0.44-0.52%) and low-to-moderate (3.7-5.0%) share of the overall 

impact was associated with the PT activities since the toxicity was mainly related to the 

release of heavy metals during thermal residue recycling processes. On the contrary, a 

moderate (1.9-9.2%) and a significant (12-41%) share of the non-carcinogenic HTPNON-C was 

associated with the PT activities in situations in which the major contributors were the 

consumption of fuels required for transporting and incorporating the waste in the final 

recovery process. 

The factors that have the largest impact on the contribution of PT activities varied across 

the studies; however, the variation of the factors studied in the sensitivity analysis revealed 

that break-even points are seldom achieved. One break-even point was achieved for the 

GWP in the scenario in which nitrogen recovery was incorporated into the thermally drying 

of sewage sludge. In this case, the GWP increased from the avoided impact of 18% to the 



induced impact of 2.6%. Another break-even point was identified for the non-carcinogenic 

HTPNON-C in the scenario in which the mineral fraction obtained during the treatment of 

MSWI BA in the garden stone production process was recycled. In this scenario, the 

avoided HTPNON-C of 14% transformed into the additional impact of 17%. 

It is important to acknowledge an anticipated variation in the inventory data used in the 

study, which might alter the results achieved. Furthermore, some significant environmental 

areas of concern were not considered in the research due to limitations in the scope of the 

study and the inventory data available. Finally, the impact of the system boundaries on the 

relative importance of the PT should be studied in more depth to achieve comprehensive 

insights into the relationship between PT activities and environmental impact throughout 

the entire life cycle of a product. 

 

 

Keywords: Waste management, waste recycling, energy recovery, material recovery, 

contribution analysis, life cycle assessment, waste pretreatment, global warming potential, 

abiotic depletion potential, human toxicity potential.
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1. Introduction 

 The Role of Waste Management in Tackling 

Environmental Challenges 

The declining state of the world’s natural ecosystems has been witnessed and reported in a 

growing number of outstanding scientific articles. For example, a substantial body of 

research that focused on the anthropogenic impact on the environment was described in 

the Millennium Ecosystem Assessment Report (2005), which was initiated by the United 

Nations Secretary-General and was conducted by the largest research group to ever work 

in such an area. The report distinctly highlights the unprecedented destructive impact that 

mankind is having on the Earth’s ecosystems in our undying quest to meet constantly 

growing demands. In addition to politicians, the world business elite are placing an 

increased focus on the state of the environment in full recognition of the fact that 

continuous and secure provision of the ecosystem’s services is critical for future economic 

growth and human well-being (The World Bank Group 2017). To be more precise, the 

United Nations (2016) formulated a set of 17 global sustainable development goals, out of 

which, nearly half directly relate to the steps that need to be taken to conserve the 

environment. 

In the European Union (EU), the Commission recently adopted the 7
th

 Environment 

Action Programme (European Parliament 2013), which contains nine thematic priorities. 

Figure 1.1 presents an overview of how the “Resource-efficient European economy” 

thematic priority, which is predominantly concerned with the field of waste management, 

relates to the remaining eight properties. The “Resource-efficient European economy” 

thematic priority specifically focuses on waste management as a means of reducing the 

impact mankind has on the environment, since waste management can lead to reduced 

emissions and the avoided consumption of fossil fuel and resources. According to the 7
th

 

Environment Action Programme, four so-called “enablers”, namely “Improved 

implementation”, “Improved knowledge”, “Secured investments” and “Improved 

integration”, can enhance resource-efficiency in Europe. The “Resource-efficient European 

economy” key priority is also inevitably interlinked with the other two key objectives: 

“Healthy environment” and “Natural capital”, both of which are required to achieve the 

two ultimate goals of “Making sustainable cities” and “Addressing global challenges”. 
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Figure 1.1: Relation of waste management, which is incorporated in the ”Resource-efficient European 
economy” key priority, to the rest of the European thematic priorities set in the 7th Environment Action 
Program (European Parliament 2013). 

 Current and Anticipated Trends in Waste Management 

1.2.1 Global trends 

According to the most recent and complete description of global waste generation (Modak, 

Wilson, and Velis 2015), which was executed for the UN Environment Programme 

(UNEP), 7-10 Gt of so-called “urban” waste is generated annually. This urban waste 

primarily includes municipal, commercial, industrial, and construction and demolition 

(C&D) waste. However, waste from the agricultural, forestry, and mining industries, which 

would have otherwise accounted for a substantial share in the overall mass of waste 

generated, was excluded. Around half of the identified waste, 3.8 Gt, originates from the 

member-states of the Organisation for Economic Co-operation and Development 

(OECD). Therein, municipal solid waste (MSW) accounts for 24%; C&D waste, 36%; 

industrial waste, 21%; commercial waste, 11%; and other fractions, 8% (Figure 1.2). 

However, it is reasonable to expect an alternative composition of waste in developing 
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countries. Specifically, developing countries generate a higher share of industrial waste due 

to the large shift in the industrial activities that can be observed in these nations. They also 

generate a lower amount of MSW due to their lower GDP. 

 

  

Figure 1.2: Shares of different waste types based 
on the data from the member states of the OECD 
(Modak, Wilson, and Velis 2015). 

Figure 1.3: Contribution of different regions to the 
global MSW generation (Hoornweg and Bhada-Tata 
2012). 

Out of all the waste types that are generated by humans, the most complete and consistent 

data are available for MSW, which was discussed in the current section of the dissertation 

summary. The statistics on the global MSW generation and management collected by 

Hoornweg and Bhada-Tata (2012) for the World Bank cover the absolute majority of the 

global waste generated. According to these statistics, 1.3 Gt of MSW is generated worldwide 

on an annual basis, with the OECD member states accounting for 44% of this volume 

(Figure 1.3). Despite the fact that MSW generation has long been strongly correlated with 

the prosperity of a population, a slight indication of a possible decoupling has recently been 

observed (Modak, Wilson, and Velis 2015). 

Over the course of the past few decades, steps have been taken toward reducing the 

environmental impact of MSW across all income countries. Figure 1.4 highlights how 

uncontrolled disposal, which was widely practised throughout the world before the 1960s 

(Modak, Wilson, and Velis 2015), has gradually evolved into a more sustainable waste 

management system (at least in developed countries), through which more than half of the 

MSW generated is recycled, composted or incinerated. Nevertheless, the problems 

associated with MSW remain acute in low-income countries, where only 35% of the MSW 

generated is properly disposed of and landfilling remains a major disposal option. 
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Figure 1.4: Controlled collection rate of MSW in certain cities (Modak, Wilson, and Velis 2015) and the 
disposal methods applied according to the income level (Hoornweg and Bhada-Tata 2012). 

1.2.2 Trends in Europe 

The majority of European countries showcase high and still increasing MSW recycling rates 

(Figure 1.5). The average MSW recycling rate across the European Economic Area (EEA) 

increased from 24% in 2004 to 34% in 2014, whereas that across the EU-27 area increased 

from 31 to 44% within the same time period (European Environment Agency 2016). 

The improvements that have been observed in the rates at which MSW is recycled along 

with the other waste fractions has been, and is mainly, possible due to recycling-oriented 

legislation, which has clearly outlined recycling targets. The most recent legislation related 

to waste recycling includes the Circular Economy Package, which commenced with the 

introduction of a thematic strategy on the prevention and recycling of waste in 2005 

(European Commission 2005). The thematic strategy highlighted how nearly half of the 

MSW generated in the EU was still landfilled, whereas 18% was incinerated and 33% was 

recycled and composted; however, a large variation between countries existed. 
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Figure 1.5: MSW recycling rates in European countries in 2004 and 2014 (European Environment Agency 
2016). 

To react to the current situation, in which nearly half of the MSW generated is still 

landfilled, and to further boost waste recycling, a number of revised legislative proposals, 

including the Roadmap to a Resource Efficient Europe (European Commission 2011) and 

the EU Action Plan for the Circular Economy (European Commission 2015a), were 

formulated. Table 1.1 summarises the current recycling targets in comparison to the 

landfilling and recycling targets that could be introduced following the new legislation. The 

proposal for amendments to the Directive 1999/31/EC on the landfill of waste (European 

Commission 2015b) implies that there will be a further reduction in the amount of 

landfilled MSW to only 10% by 2030. The proposal for amendments to the Directive 

2008/98/EC on waste (European Commission 2015c) sets the EU-wide recycling target for 

MSW at the level of 60% by 2025 and 65% by 2030. Moreover, according to the proposal, 

70% of non-hazardous C&D waste should be recycled, prepared for re-use, or backfilled 

by 2020. The proposal for amendments to Directive 94/62/EC on packaging and packaging 

waste (European Commission 2015d) sets the EU-wide recycling target for all packaging 

waste to 65% by 2025 and 75% by 2030 and incorporates different recycling rates for 

specific types of packaging. 
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Table 1.1: Targets for landfilling and recycling of certain types of waste in the EU according to the 
currently valid legislation and the proposals for the future. 

Activity 

 Current Situation  Proposed for the Future 

 Target Deadline  Target Deadline 

Landfilling MSW  No specific target  MAX 10% 2030 

Recycling MSW  >50% for paper, metal, 
plastics, and glass 

2020  >60% for MSW 
>65% for MSW 

2025 

2030 

Recycling C&D waste  >70% for non-toxic waste 2020  not revised 

Recycling packaging waste  >60% 2008  >65% 
>75% 

2025 

2030 

Recycling materials contained 
in packaging waste: 

a) plastic 
b) wood 
c) ferrous metal 
d) aluminium 
e) glass 
f) paper and cardboard 

  
 
>22.5% 
>15% 
>50% 
>50% 
>60% 
>60% 

 
 

2008 
2008 
2008 
2008 
2008 
2008 

  
 
>55% / not stated 
>60% / >75% 
>75% / >85% 
>75% / >85% 
>75% / >85% 
>75% / >85% 

 
 
2025/2030 
2025/2030 
2025/2030 
2025/2030 
2025/2030 
2025/2030 

 

1.2.3 Trends in Finland 

Finland, as a member-state of the EU, explicitly defined its waste management goals in the 

National Waste Plan (Ministry of the Environment 2009), which was approved for the 

period 2008-2016 and is valid until the approval of the next plan. Targets are also outlined 

in the Government Decree on Waste 179/2012 (Ministry of the Environment 2012). 

According to some of the goals set for 2016 in the National Waste Plan, Finland has 

committed to the following: 

• to recycle 50% of MSW as material; 

• to recycle 30% of MSW as energy; 

• to decrease the amount of MSW landfilled to 20%; 

• to recycle 70% of C&D waste as material or energy; 

• to substitute 5% of the gravel and crushed stone used in 

earthworks with industrial waste; 

• to recover 100% of manure generated from business activities; 

• to recover 100% of municipal sewage sludge as energy or for 

soil conditioning. 

Figure 1.6 provides an overview of how the goals related to the MSW recycling and 

landfilling were primarily achieved during the validity period of the National Waste Plan. 

The share of landfilled MSW shrunk to just 11% in 2015 from 51% in 2008. At the same 

time, the share of MSW recovered as an energy source expanded from 17% in 2008 to 
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48% in 2015. Due to the significant expansion of the share of MSW incinerated, the share 

of MSW recovered as a material only slightly increased from 32% in 2008 to 41% in 2015. 

 

Figure 1.6: Comparison of the goals set for MSW management in Finland for 2016 with the values 
achieved in 2015 versus the situation in 2008, the year the National Waste Plan was approved.  

In 2017, a new National Waste Plan establishing a number of updated targets for waste 

management in Finland is to be approved by the government (Laaksonen 2016). The new 

waste plan will set the goals that should be achieved by 2030 for four specific waste types: 

(i) C&D waste, including waste from earth construction works; (ii) biodegradable waste and 

recycling of nutrients, including sludge management; (iii) waste electrical and electronic 

equipment (WEEE); and (iv) MSW. In addition to these goals, the plan will include the 

actions that will need to be taken to ensure the targets are achieved. 

 Motivation 

As previously described, the current waste recycling targets that are in place in the EU 

countries are intentionally set at a high level as a means of further promoting resource 

efficiency in Europe. Nevertheless, the targets that have been set, e.g., for MSW, have not 

always been achieved via the current operating waste management systems, which, in some 

countries, prioritise source separation of MSW, while in others mechanical-biological 

treatment. Furthermore, mechanical separation of unsorted MSW requires energy and 

auxiliary materials, which might be controversial to the resource efficiency approach 
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because it may consume more materials during the process of waste pretreatment than the 

reductions that are actually gained during recycling. To meet increasingly demanding 

recycling requirements, researchers have engaged in a deeper exploitation of the significant 

potential embodied in waste and the application of increasingly advanced technologies for 

waste treatment have emerged; for example, the recovery of the various fractions contained 

in MSW incineration bottom ash. However, many of these, in turn, require even higher 

inputs to the recovery process. Therefore, waste pretreatment might result in the creation 

of a lock-in situations in which more materials and energy are required to treat waste than 

those that are recovered as a result of such treatment processes. 

The overall environmental impact (EI) of the waste recycling or recovery system, similar to 

its economic counterpart, primarily consists of four components, as shown in Figure 1.7. 

Once waste has been generated, it can be either disposed of in a conventional way (Scenario 

S0), which often involves landfilling, or recycled (Scenario Si). When waste is recycled or 

recovered, the environmental impact of the conventional waste disposal (EICD) is avoided, 

thus the overall net impact on the environment is positive. Furthermore, the environmental 

impact associated with the production of ordinary products from virgin raw materials using 

fossil fuels (EIPS) could be avoided due to the utilisation of waste-derived products, which 

have an equivalent market value.  

 

Figure 1.7: Components and activities that affect the environmental impact (EI) of waste recycling during 
conventional waste disposal (EICD), waste pretreatment (EIPT), final waste recovery (EIFRP), and product 
substitution (EIPS). (S0) is the flow of waste (top) and an ordinary product (bottom) in a baseline scenario 
implying a conventional disposal system. (Si) is the flow of the same waste in an alternative scenario i 
implying waste recycling. 
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However, the solution by which the overall environmental sustainability of waste recycling 

can be achieved is not straightforward, as multiple factors can have a significant impact on 

the results. First, the avoided impact from conventional disposal, which is often landfilling, 

could be low due to the employment of numerous advanced systems in the landfills, such 

as the collection and utilisation of landfill gas or collection and treatment of leachate during 

both the active disposal and after-care periods. Second, the substitution anticipated might 

not actually occur in reality since the substitution mechanisms are not entirely driven by the 

technical applicability of the waste-derived products but, to a larger extent, are dependent 

on certain economic factors (Zink, Geyer, and Startz 2016). Finally, the higher 

environmental impact originating from the pretreatment of waste
1

 and its utilisation in a 

final recovery process
2

 might be expected due to the utilisation of the more advanced waste 

pretreatment processes that are required to achieve the high recycling targets set. Therefore, 

the expected reduction in the environmental impact caused by waste recycling might 

transition into environmental burdens as a result of the simultaneous increase in the impacts 

associated with waste pretreatment and the final recovery process (EIPT +EIFRP,i) and 

concurrent reduction of the impact attributed to conventional waste disposal and the 

avoided production (EICD +EIPS+EIFRP,0), as outlined in Equation 1.1. 

                                                 

 

 

1 The term “Pretreatment of waste” was used in this dissertation to define any process or a combination of 

processes that are required to enable waste utilisation in a final recovery process.   
2 The term “Final recovery process” is used in this dissertation similarly to the term “Final recycling process” 

included in the Proposal for a Directive of the European Parliament and of the Council amending Directive 

2008/98/EC on waste, in which the final recycling process “means the recycling process which begins when no 

further mechanical sorting operation is needed and waste materials enter a production process and are effectively 

reprocessed into products, materials or substances”  (European Commission 2015c). The term “recovery” is used in 

this dissertation instead of “recycling” in order to also account for the possibilities of energy recovery from waste. 

 

𝐸𝐼 = (𝐸𝐼𝑃𝑇 + 𝐸𝐼𝐹𝑅𝑃,𝑖) − (𝐸𝐼𝐶𝐷 + 𝐸𝐼𝑃𝑆 + 𝐸𝐼𝐹𝑅𝑃,0) (1.1) 

 

where EIPT 
 
EIFRP,i  
 
 
EIFRP,0 
 
 
EICD  
 
EIPS 

is the impact of a waste pretreatment process that 
enables the final recovery of waste; 
is the impact of a final waste recovery process 
through which waste is recycled in an alternative 
scenario Si; 
is the impact of a final waste recovery process 
through which an ordinary product is used in a 
baseline scenario So; 
is the impact of a conventional waste disposal 
method (often landfilling); 
is the impact of a product substitution caused by 
waste recycling. 
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 Objectives 

As discussed above, a clear trend through which legislative acts enforce increasingly higher 

waste recycling targets and promote the recovery of the valuable materials embodied in 

waste can be observed. However, the absolute source separation or a complete mechanical-

biological separation of MSW into separate valuable fractions is not feasible; as such, a 

mixed residual fraction is typically generated, which, in developed countries, is often 

incinerated before the minerals and metals that are contained in the ash are subsequently 

recovered. Industry, like municipalities, is strongly involved in the recycling activities 

because of the possibility of achieving significant economic and environmental benefits 

from waste recycling activities. However, this waste still requires pretreatment, ranging from 

simple transportation through the application of advanced processing techniques. When 

recycling an entire waste stream is not feasible, recovery of certain fractions or elements 

might take place. 

As outlined in Sub-section 1.3, waste recycling might actually lead to an induced 

environmental impact for a number of reasons. This dissertation aims to examine how 

waste pretreatment impacts the overall environmental sustainability of waste treatment. 

In light of the general objective to identify the influence that waste pretreatment has on the 

environmental sustainability of waste management, the following key objectives guided this 

study: 

 To employ contribution analysis to quantify the 

environmental impact of waste pretreatment (EIPT) as an 

integral part of the waste management system across 

several case studies applying the contribution analysis; 

 To perform a sensitivity analysis to identify the factors that 

make the most significant contribution to the 

environmental impact of waste pretreatment in the case 

studies in order to perform the sensitivity analysis; 

 To compare the cumulative induced impact from waste 

pretreatment and a final recovery process (EIPT +EIFRP) 
against the cumulative avoided impact from a 

conventional disposal method and product substitution 

(EILF +EIPS); 

 To perform break-even analysis to identify the point at 

which the environmental benefits transform into burdens; 

 To generalise the findings by aggregating and statistically 

analysing the results of each case study. 
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 Scope and Limit of the Current Research 

The findings of the dissertation are limited to the LCA studies that were included in the 

scope of the study. Figure 1.8 presents an overview of the types of waste included in the 

analysis and the general scope of each study performed. 

 

Figure 1.8: The types of waste included in this dissertation together with the general scope of the waste 
recycling systems studied in Publications I, IV, V, VI and in the LCA studies performed as a part of the 
present dissertation summary based on the findings of Publications II and III. 
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The recycling of the waste studied in the dissertation in its originating conditions was not 

possible due to the technical inapplicability of waste (e.g., the high moisture content of 

deinking sludge in Publication I), non-conformity with the legislative requirements (e.g., the 

high leaching content of heavy metals in ash in Publication VI), or economic inexpedience 

caused by long transportation distances (e.g., in the case of thermal residues recycling in 

Publication V). 

The actual waste recycling conditions, however, can significantly vary depending on a wide 

range of factors. First, waste, as such, is not a uniform material and its composition and 

properties vary greatly over time and location. Furthermore, local conditions and 

regulations for waste recycling might determine the degree of pretreatment required for 

specific waste, which might differ from the studies included in this dissertation. As per the 

product substitution, the materials potentially avoided through the use of waste-derived 

products might vary from country to country depending on local markets and demands. 

The assessment of the environmental impact was performed by means of a life cycle 

assessment (LCA) method. This approach allows for a systematic assessment of multiple 

systems and eliminates any potential shifts in the environmental impact from one life cycle 

stage or environmental media to another. While many impact categories exist, four were 

chosen for the purpose of this research: global warming potential (GWP), abiotic depletion 

potential (ADP), human toxicity potential, carcinogenic (HTPC), and human toxicity 

potential, non-carcinogenic (HTPNON-C), as described in Sub-section 3.4.3. It is important to 

note that the overall perception of a certain recycling method or the relative importance of 

waste pretreatment might change due to the potential inclusion of other impact categories, 

especially if certain impact categories are of particular importance for specific decision-

making processes. 

The results of this dissertation could be taken as a proxy for the assessment of the potential 

environmental impacts of the recycling practices employed to process wastes that are similar 

in composition and properties to those included in this dissertation and the potential 

substitution of similar ordinary products.  
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 Research Process 

The research related to the assessment of the environmental impact associated with waste 

recycling was initiated as part of a two-year long project called Exploiting Municipal and 

Industrial Residues (EMIR
3

), which was financed through the European Neighborhood and 

Partnership Instrument (ENPI). One of the working packages in the research project 

focused on the identification of sustainable recycling methods for a specific type of waste: 

deinking sludge, which was generated by a paper mill located in the city of Svetogorsk, 

Russia. 

Deinking sludge could not be utilised in either of the industrial processes studied in its 

originating conditions, despite having a high content of an organic fraction that originated 

from wood and inorganic materials that originated from paper fillers. In some processes, 

thermal drying of the sludge was required, while in others only sludge ash could be 

accepted, implying that there was subsequently the need for sludge incineration. The 

research process led to Publication I, in which the environmental impact of recycling 

deinking sludge via multiple methods was assessed using LCA; and Publication VII, where 

the economic counterpart of the recycling methods was studied by means of a cost-benefit 

analysis (CBA) method. 

Later, the research was partly devoted to the assessment of the feasibility of the process by 

which phosphorus (P) was recovered from sewage sludge ash and manure ash in Finland 

within the scope of project called Transition Towards Sustainable Nutrient Economy 

(NUTS
4

), which was financed by the Green Growth program of the Finnish Funding 

Agency for Innovations: Tekes. The need to recover P primarily arose because P was 

shortlisted as one of the critical elements for the EU. The need to recover P was also driven 

by the fact that direct application of sludge on land was not always possible, thereby resulting 

in an increasing amount of sludge being incinerated and leading to a loss of P from the 

natural cycle. The recovery method studied was an industrialised process named “ASH 

DEC”. During the project, life cycle inventory data for the recycling process were partly 

                                                 

 

 

3 EMIR: period November 1, 2012-October 31, 2014. Research partners: Lappeenranta University of Technology 

(lead partner), Saint Petersburg State University of Economics, and Saint Petersburg State Technical University of 

Plant Polymers. In cooperation with industrial partners. 
4 NUTS: Period January 2, 2012-December 31, 2015. Research partners: Lappeenranta University of Technology and 

Agrifood Research Center. 
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collected and are presented in Publication II. The data were used in the LCA study 

performed as part of the present dissertation summary. 

The remaining part of the research was performed within the Material Value Chains 

(ARVI
5

) program financed by Tekes. The research was simultaneously conducted in three 

areas: MSW, sewage sludge, and residues from thermal conversion of solid fuels. In the 

area of MSW, the environmental impact of the refuse-derived fuel (RDF) production from 

MSW and its consequent incineration in the context of Hangzhou, China, was assessed and 

presented in Publication IV. By producing RDF from MSW, higher energy efficiencies in 

waste incinerators could be achieved, thus indicating that waste may have a higher energy 

recovery potential. The focus of the sewage sludge research was on the recovery of nitrogen 

during thermal drying of the municipal sewage sludge and similar streams. The laboratory 

experiments and the results are explicitly described in Publication III, which served as a 

basis for the LCA study that was conducted as part of the present dissertation summary. 

Publications IX and X give more insights into the nitrogen recovery process from other 

wastes. The need to recover nitrogen arose from the fact that all nitrogen is converted into 

non-reactive molecular nitrogen during sludge incineration, thereby eliminating any 

possibility of nitrogen recovery after the combustion process. Furthermore, nitrogen is a 

vital nutrient that is widely used in agriculture. In the area of thermal residues, two studies 

were performed. In one study, an LCA of the optimal combination for the recovery of 

thermal residues generated in the South-East region of Finland was conducted, and the 

results were published in Publication V. Then, the results were complemented with a CBA 

analysis study that was described in Publication VIII. The thermal residues generated in 

the region were typically of an acceptable quality for a number of recycling possibilities, 

whereas the local demand was not sufficient, thus making recycling economically 

unfeasible. Therefore, transportation of residues represented the major part of the 

pretreatment stage. In a second study, an LCA of MSW incineration (MSWI) bottom ash 

(BA) treatment with an advanced treatment process followed by recycling the mineral 

fraction for use in a road construction or garden stone production process was conducted, 

as presented in Publication VI. The need to pre-treat bottom ash arose from the fact that 

an increased amount of MSWI BA, which requires proper disposal, is generated, whereas 

                                                 

 

 

5 ARVI: Period January 1, 2014-December 31, 2016. Consortium: 10 research organisations and 19 industrial 

companies. 
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 Structure of the Dissertation Summary 

The dissertation summary comprises six sections: 

Section 1. Introduction. Describes the topic of the dissertation in terms of 

the global challenge to achieve sustainability, along with the 

present situation in the field of waste recycling and anticipated 

trends globally, in Europe, and in Finland. This discussion 

motivated the formulation of the objectives of the dissertation. 

Section 2. State of the Art. Identifies and reviews the academic literature 

most relevant to the field of the environmental impact assessment 

of waste pretreatment, particularly, and waste recycling processes, 

in general. The section reviews the literature for each of the waste 

streams and recycling methods studied. 

Section 3. Life Cycle Assessment. Describes the general methodology of the 

LCA, an approach that was used in the research described in the 

dissertation to perform the environmental impact assessment. The 

section progresses to outline the key differences between the LCA 

studies performed in the field of waste management. The section 

also briefly describes each of the LCA studies performed in 

Publications I, IV, V and VI. Finally, Section 3 presents the LCA 

studies performed as a part of the dissertation summary based on 

the findings of Publications II and III; 

Section 4. Results. Highlights the key findings of the research performed 

within the dissertation in the context of the research objectives; 

Section 5. Discussion. Compares the findings of the current research with the 

previously published literature in the field; 

Section 6. Conclusions. Elaborates on the results of the study and outlines 

possibilities for further research in this field. 
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2. State of the Art 

Section 2 reviews the most recent scientific achievements in the fields relevant to the topic 

of the dissertation. The aim of the section is to present an overview of the research that has 

been conducted to date for each specific waste type and recycling method included in the 

scope of this dissertation. However, the state of the art section does not review the advances 

in the assessment of the impact caused by waste pretreatment in relation to the total impact 

due to the absence of such systematic studies.  

 Deinking Sludge: A Systematic Assessment of Recycling 

Methods 

Although a wide range of technically suitable and industrially viable methods of recycling 

deinking sludge is available (see Monte et al. (2009); Bird & Talberth (2008)), the 

identification of a practical and economical approach to recycling deinking sludge remains 

challenging due to its high moisture content and large variations in composition caused by 

the variation of the raw materials employed in the paper production process (Monte et al. 

2009). A limited number of studies have assessed the environmental impact of recycling 

deinking sludge, as highlighted by Faubert et al. (2016). Only two studies have been 

identified that have performed such an assessment, those by Likon and Saarela (2012) and 

Sebastião et al. (2016). 

Likon and Saarela (2012) studied the environmental impact of reprocessing the deinking 

sludge to produce an adsorbent that could subsequently be employed for oil spill sanitation. 

They compared the environmental impact of creating such an adsorbent from a deinking 

sludge to the use of a conventional material for the same purpose. The results indicated 

that recycling the deinking sludge to produce the absorbent had a superior positive impact 

on the environment; as such, substituting the resulting adsorbent for the conventional 

product was preferable to landfilling the sludge. However, the pretreatment process by 

which the absorbent was produced was not separated from the overall results of the study; 

as such, it is not possible to use Likon and Saarela’s study to assess the relative impact of 

pretreatment processes. 
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Sebastião et al. (2016) performed an attributional LCA
6

 study of the process by which 

bioethanol was produced from deinking sludge. The study did not account for the potential 

avoided impact of landfilling, which was the sludge management practice that was in place 

at baseline. Furthermore, the study did not consider a potential substitution for the 

bioethanol produced from the sludge. Instead, Sebastião et al. (2016) employed a 

contribution analysis to identify the hotspots within the recycling process, which were 

enzymatic hydrolysis and neutralisation of calcium carbonate with a sulphuric acid and 

accounted for up to 85% of the overall impacts. 

 Sewage Sludge and Manure Ash: Phosphorus Recovery 

The direct application of sewage sludge or manure on land for the purpose of fertilisation 

is not always possible due to the potential presence of pathogenic microorganisms and 

harmful substances or a limited local demand. If not directly utilised, sewage sludge and 

manure are often incinerated. This results in the generation of ash, which is rich in 

phosphorous. The technical aspects of the P recovery process from ash, which originated 

from incineration of various materials, such as sewage sludge, manure, or MSW, have been 

widely studied in recent years. A substantial body of research was performed by a German 

research group, which first analysed the technical aspects of the recovery process (Adam et 

al. 2009), second assessed the applicability of the recovered P-rich product as a fertiliser 

(Mattenberger et al. 2010; Herzel et al. 2016; Nanzer et al. 2014) and finally 

commercialised the process.
7

 Research on the same topic has also been conducted by other 

research groups in Denmark (Parés Viader et al. 2017), Poland (Gorazda et al. 2017), 

Sweden (Kalmykova, Palme, Karlfeldt Fedje, et al. 2015), China (R. Li et al. 2017) and 

Japan (Córdova Udaeta et al. 2017). Despite the significant efforts that have been invested 

in studying the technological applicability of different processes by which P can be 

recovered from ash, only a limited number of studies have assessed the environmental 

impacts of P recovery from sludge, namely those of Kalmykova, Palme, Yu, et al. (2015), 

Linderholm et al. (2012), Sørensen et al. (2015), and Nakakubo et al. (2012). 

                                                 

 

 

6 Attributional LCA is an LCA that assessed the impact associated with certain activities disregarding potential 

impact from substitution, which is assessed in a consequential LCA. The choice of a particular method affects the 

results. For more discussion on the topic, please refer to “Ekvall, T. et al., 2016. Attributional and consequential 

LCA in the ILCD handbook. The International Journal of Life Cycle Assessment, 21(3), pp.293-296” 
7 More information on the process is available at: http://www.outotec.com/en/About-us/Acquisitions/ASH-DEC/ 
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Kalmykova, Palme, Yu et al. (2015) compared the environmental impact of a conventional 

P fertiliser production process with an alternative method of recovering P from MSWI fly 

ash. The results indicated that P recovery from MSWI had the highest environmental 

impact of the scenarios studied. The high ADP resulted from consumption of chloric acid, 

while coal incineration significantly contributed to the GWP and the acidification potential. 

The only impact categories in which the alternative approaches to recovering P from 

MSWI ash had a lower impact than the conventional approaches were eutrophication and 

land-use changes. 

Linderholm et al. (2012) researched and systematically assessed the environmental impact 

of recovering P from sewage sludge incineration ash and subsequently compared the 

process with (i) the direct application of sewage sludge on land, (ii) production of a 

commercial fertiliser, and (iii) struvite precipitation. According to the results, the alternative 

P recovery process had the highest GWP and energy consumption out of all the options 

studied. However, the induced environmental impact primarily originated from the 

consumption of the support fuel during the sludge incineration process, which was higher 

than the avoided energy generation impact associated with sludge incineration. The results 

of the study indicated that the PT process made a low contribution to the overall GWP of 

the study. 

Recently, Sorensen et al. (2015) compared the environmental impact of a combined sludge 

drying, gasification, and P recovery process with the conventional use of sludge for 

agriculture, accounting for both the avoided energy production of the energy generated 

during the gasification process and the avoided production of a conventional P fertiliser. 

The results, unlike previous studies, indicated that the P recovery process had lower GWP 

and acidification potential in comparison to the conventional sludge management scenario, 

while photochemical ozone formation potential was slightly higher than that of the baseline 

scenario. In terms of the GWP, 20% of the induced impact was associated with the P 

recovery process, while the remaining 80% was related to the energy required to dry the 

sludge. On the other hand, most of the avoided GWP was associated with the energy 

substitution, while only a minor share was related to the avoided production of the 

conventional P fertiliser. When comparing the P extraction process alone with the avoided 

P fertiliser production, the alternative recovery process had an equivalent or a slightly 

avoided GWP, photochemical ozone formation potential, and acidification potential, 

although the release of biogenic carbon was significantly avoided. 

Finally, Nakakubo et al. (2012) compared multiple options for food waste and sewage 

sludge management, which were accompanied by the alternative P recovery processes. The 

options for the P recovery were: (i) a calcium hydroxyapatite method, (ii) a magnesium 
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ammonium phosphate method, (iii) an alkaline extraction method, and (iv) a partial-

reduction melting method. The results indicated that all the alternative management 

systems with P recovery from the liquid phase and ash had a lower environmental impact 

than the traditional incineration of food waste and treatment of sludge. Out of the P 

recovery methods studied, P recovery through the magnesium ammonium phosphate 

method and the alkaline extraction approach exhibited the best performance in terms of 

the amount of P recovered and the impact on GWP. However, interpreting the 

contribution analysis performed by Nakakubo et al. (2012) within the context of the current 

study is problematic, as segregating the impact associated with the P recovery process was 

challenging. 

 Sewage Sludge: Nitrogen Recovery During Thermal 

Drying 

While P can be recovered from sewage sludge ash, nitrogen is completely lost during 

thermal drying and incineration of the sludge (Linderholm, Tillman, and Mattsson 2012). 

To overcome such losses, N can be recovered from the flue gas generated during the 

process of thermally drying sewage sludge or any similar streams.
8

 Multiple studies have 

highlighted the technological feasibility of such a recovery process by observing N release 

during thermal drying of sewage sludge, digestate or biosolids (Silva-Leal, Torres-Lozada, 

and Cardoza 2013; Lu et al. 2013; Deng et al. 2009; Weng et al. 2011; Liu et al. 2015; 

Pantelopoulos, Magid, and Jensen 2016; O’Shaughnessy et al. 2008). 

However, assessment of the environmental impact of the processes by which N is recovered 

from the flue gases generated during sewage sludge thermal drying has not yet been studied 

in depth. The only study identified was that by Vazquez-Rowe et al. (2015), who studied 

the impact of digestate thermal drying and the consequent recycling of ammonia recovered 

from the flue gas of the digestate during thermal drying, along with the application of the 

dried digestate to land. In the study, air stripping of the liquid phase that originated from 

the digestate centrifuging was included. The results indicated that the overall environmental 

endpoint impact of the alternative digestate treatment system that consisted of digestate 

drying and ammonia stripping was 45% lower than the impact of the conventional spreading 

                                                 

 

 

8 Hereinafter, sewage sludge refers to an output stream of a municipal wastewater treatment plant, which was not 

stabilised by any biological, chemical, or physical processes. Similar streams include products of sewage sludge 

stabilisation, or sludge originating from other the municipal wastewater treatment plants.       
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of raw digestate on land; stripping of the liquid fraction made the largest contribution to the 

negative impact of the alternative system. The contribution analysis performed by Vazquez-

Rowe et al. (2015) showed that the pretreatment of the liquid fraction required to strip N 

accounted for 37% of the overall GWP. The high impact of the stripping process was 

caused by the energy required for the process. 

 MSW: RDF Production and Incineration With Energy 

Recovery 

Out of the large number of published scientific publications that have focused on the topic 

of MSW management and its environmental impacts, the incineration of waste has attracted 

the most attention (Laurent, Bakas, et al. 2014). Some studies have focused on the 

assessment of the environmental impact of refuse-derived fuel
9

 (RDF) production with 

consequent energy recovery (Feo and Malvano 2009; Ripa et al. 2017; Cherubini, Bargigli, 

and Ulgiati 2008; Cherubini, Bargigli, and Ulgiati 2009), while others have focused 

exclusively on the impact of the RDF production process (Grzesik and Malinowski 2016). 

Cherubini, Bargigli and Ulgiati (2008) analysed and compared four alternative MSW 

management strategies in the context of Rome, Italy: (i) landfilling without gas collection, 

(ii) landfilling with gas collection, (iii) MSW sorting and recovery of the fractions obtained, 

and (iv) direct incineration of MSW. The results indicated that the MSW sorting and 

consequent recovery of the fractions obtained outperformed the rest of the options, 

especially landfilling; however, the local impacts of the release of nitrogen oxide, particulate 

matter, heavy metals and other emissions became important. Furthermore, the authors did 

not perform a contribution analysis; as such, there was no assessment of the impact that 

RDF production had on the overall results. 

Feo and Malvano (2009) compared the environmental impact of MSW management in the 

Southern Italy context across the following scenarios: (i) RDF production from a residual 

fraction of source-separated waste and consequent energy recovery, and (ii) landfilling of 

the same residual source-separated fraction without RDF production and energy recovery. 

According to the results, the efficiency of waste separation reached the level of 80%, and 

                                                 

 

 

9 Refuse-derived fuel refers to any type of fuel that is derived from waste and fulfils the requirements of the clients. 

On the contrary, solid recovered fuel is a type of RDF, which fulfils the criteria of EN 15359 standard as outlined by 

the European Recovered Fuel Organization (https://www.erfo.info/about-srf). 
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RDF production from the residual fraction with consequent incineration was the best 

option in terms of the impact on non-renewable energy use, GWP, and acidification 

potential. No contribution analysis of the impact that RDF production had on the overall 

results was performed. 

Ripa et al. (2017) primarily focused on the environmental impact of the RDF production 

process and the phases that mostly contribute to this impact. The results indicated that the 

impact associated with the construction of the facility contributed not more than 5-6% to 

each impact category. Of the operations associated with the RDF production process, the 

cooling and de-dusting processes made the largest contributions to the overall 

environmental impact. When the substitution of the materials with the waste-derived 

products was accounted for, a significant improvement in the environmental situation was 

achieved over the majority of the impact categories. The contribution analysis performed 

by Ripa et al. (2017) showed that the mechanical-biological treatment (MBT) plant was 

responsible for 35 (±20)% of the overall additional impact on the environment. 

Grzesik and Malinowski (2016) exclusively assessed the environmental impact of the RDF 

production process during an attributional LCA study. According to the results, collection 

and transportation of the MSW to the RDF production facility accounted for 51% of the 

overall environmental impact,
10

 whereas the final waste shredding operation accounted for 

a quarter of the total impact. The reason for the high environmental impact was attributed 

to the consumption of diesel and electricity in the process. 

The majority of studies that have assessed the environmental impact of the RDF production 

process and compared this impact with waste landfilling have been performed in the context 

of the European Union, and the environmental impact of RDF production in developing 

countries has yet to be studied in depth. The composition of the waste produced in 

developing countries differs from that of developed countries; as such, if studies were to be 

conducted in this context, it is likely that the results will be very different to those of studies 

conducted on the RDF generated in developed nations. Taking China as an example of a 

rapidly developing and growing country with an existing challenging MSW management 

system, the majority of LCA studies have focused on co-incineration of MSW with coal 

(Chi et al. 2015; Dong et al. 2013; Dong et al. 2014; Yan Zhao et al. 2009; Zhao, Huppes, 

                                                 

 

 

10 In the study by Grzesik and Malinowski (2016), the procedure for achieving the overall impact from the results 

presented for multiple impact categories and normalised according to the EDIP impact assessment method was not 

stated.  
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and van der Voet 2011). However, the environmental impact of the RDF production 

process, a feasible option for significantly reducing the content of a low-calorific organic 

fraction for further efficient energy recovery has yet to be comprehensively studied in the 

Chinese context. 

An example of an LCA study on an MSW system in China, in which mechanical separation 

of MSW and consequent recovery of the fractions separated were included, can be found 

in the work of Zhao et al. (2009). A contribution analysis of an alternative scenario that 

incorporated mechanical separation of MSW revealed that transportation and mechanical 

separation of the waste each accounted for 3% of the overall GWP, while the majority of 

the environmental impact originated from landfilling the residual waste and RDF 

incineration. 

 Thermal Residues: Systematic Assessment of Recycling 

Methods 

Recycling thermal residues
11

 have been comprehensively studied, and the outcomes of this 

research have resulted in the industrial application of numerous processes. Methods of 

recycling the thermal residues from coal combustion were explicitly introduced by the 

American Coal Ash Association (2014), from biomass combustion by KEMA (2012), and 

from MSW incineration by Crillesen & Skaarup (2006). 

As per the assessment of the environmental impact, a substantial body of research has 

assessed various recycling options for different types of thermal residues. In the study by 

Birgisdóttir et al. (2007), MSWI BA was recycled in the road construction process using 

the same equipment and technologies as those typically employed during the process. 

Pretreatment of the BA only included transportation to the final recovery process. The 

results indicated that recycling BA had a slightly lower non-toxic impact than landfilling BA 

and, on the contrary, had a slightly induced toxic impact. Similarly, Olsson et al. (2006) 

reported reduced non-toxic and increased toxic environmental impacts when recycling 

MSWI BA in the road construction process in comparison to landfilling BA. The 

                                                 

 

 

11 Hereinafter, thermal residues refer to any type of residues, such as bottom ash, fly ash, or boiler slag that 

originate from the thermal conversion of solid fuels. 
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contribution analysis performed for the energy consumption of the scenarios showed that 

the transportation of MSWI BA accounted for around 35% of the total energy demand. 

Recycling coal bottom ash for use in the road construction process was studied by 

Carpenter et al. (2007), who reported that the alternative road construction process that 

incorporated coal ash had a lower non-toxic impact
12

 than the conventional road built using 

virgin materials. However, the carcinogenic human toxicity potential was 1.6 times higher 

in the alternative scenario. A contribution analysis performed by Carpenter et al. (2007), 

which assessed the relative impact of the transportation in the alternative scenario, revealed 

that the toxic impact of the sulphur dioxide emissions and carcinogenic toxic impact 

produced during the transportation process were insignificant, while the transportation 

accounted for 44% of the total energy and water consumption, carbon monoxide and 

dioxide emissions, as well as particulate matter emissions. An outstandingly high relative 

importance of the transportation was observed for the amount of nitrous oxides (81%) and 

non-carcinogenic toxic impact (96%). 

Mroueh et al. (2001b) studied recycling coal fly ash in the road construction process and 

reported that recycling fly ash in the road construction process without additional 

consumption of cement had a lower environmental impact than the conventional road 

construction process. Furthermore, the results of a contribution analysis showed that the 

relative energy consumption during the process by which fly ash was pre-treated, with the 

exception of transportation, was negligible; transportation, in turn, accounted for 30% of 

the total energy consumption. 

Methods of recycling coal fly ash for purposes other than road construction were studied 

by Margallo et al. (2014), who considered MSWI BA solidification prior to landfilling and 

its use as a substitute to clinker or gypsum in a cement production process. The results 

indicated that lower emissions, as well as a reduction in the consumption of energy, 

materials and water, could be achieved when recycling BA as a replacement to clinker. 

Substitution of BA for gypsum did not have a significant positive or negative impact on the 

environment. The authors did not perform a contribution analysis. 

Toller et al. (2009) devoted their research to evaluating the outcomes of recycling MSWI 

BA for use in the road construction process or landfill construction and of recycling wood 

fly ash for use in road construction or as a fertiliser in comparison to the conventional 

                                                 

 

 

12 The authors did not perform impact assessment and directly analysed life cycle inventory data. 
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process of ash landfilling. The most energy efficient option for wood fly ash was recycling 

ash for forest fertilisation. In such a case, nearly 50% of the total energy consumption was 

related to the transportation of the ash. In the case of MSWI BA, recycling for use in the 

road construction process was the most beneficial scenario, in which transportation 

accounted for about 60% of the total energy consumption. The activities related to ash 

pretreatment were not perceived to be important in the study. 

An analysis of the studies reveals that recycling methods have seldom been compared 

against each other on a regional scale that facilitates an environmentally sound decision as 

to which recycling method to employ for which types of thermal residues. Such an 

assessment is important, as recycling certain types of thermal residues, such as the residues 

from biomass combustion, is often technologically possible without any pretreatment, 

excluding transportation, which often hinders the economic feasibility of thermal residue 

recycling processes. Furthermore, local demand is an important factor when evaluating the 

benefit of recycling thermal residues. 

 MSWI Bottom Ash: Recovery of the Mineral Fraction 

MSW incineration is recognised as a key element of a sustainable waste management 

system (Brunner and Rechberger 2015) and an increasing number of waste-to-energy 

facilities have been constructed around the world in recent years. Waste incineration 

inevitably leads to the generation of thermal residues, in which BA accounts for the majority 

of the residues generated. Multiple methods of recycling BA, such as the use of BA in the 

road construction process (Birgisdóttir et al. 2007; Xie et al. 2016; Chowdhury, Apul, and 

Fry 2010; Mroueh, Eskola, and Laine-ylijoki 2001a); the cement production process (Lam, 

Barford, and McKay 2011; X.-G. Li et al. 2012; Pan et al. 2008), or the landfill construction 

process (Puma et al. 2013; Birgisdóttir et al. 2007), are currently known. However, leaching 

of the heavy metals and salts contained within the BA might exceed the national or regional 

legal requirements (Gori, Pifferi, and Sirini 2011; Rocca et al. 2012; Sormunen and Rantsi 

2015). 

One possible option by which the leaching content of heavy metals can be reduced is to 

fractionate BA into different sizes because the smallest BA fraction is known to accumulate 

most of the heavy metals contained (Sormunen and Rantsi 2015). To date, only limited 

research is available on the environmental impact of BA fractionation and further recycling 

of the various fractions obtained. Allegrini et al. (2015) comprehensively studied the 

environmental impact of BA treatment with consequent recycling of the mineral, ferrous, 

and non-ferrous fractions. The results indicated that the impact on GWP, ADP, and 

acidification potential was significantly reduced when BA was recycled; recycling of 



State of the Art 44 

aluminium and the ferrous fraction resulted in the largest reduction of the impacts. At the 

same time, the toxic impact was higher than that of the conventional scenario. In general, 

fractionation of BA did not account for more than 5% of the total GWP, ADP, and 

acidification potential. Similarly, transportation had only a slight impact on the overall 

results. 

 Other Studies Involving Contribution Analysis 

To identify other studies that have included contribution analysis and could potentially be 

useful when assessing the relative importance of the waste pretreatment on the 

environmental sustainability of waste management, the Scopus database was searched using 

the following search string: (TITLE-ABS-KEY("life cycle assessment") AND ALL 

("contribution analysis") AND TITLE-ABS-KEY (waste AND management)). A total of 16 

potentially relevant documents were identified, out of which only a limited number were 

relevant to the scope of the current research. These are described below. 

Biganzoli et al. (2015) performed an LCA of WEEE management in Italy. According to 

the contribution analysis performed by the authors, WEEE collection and transportation 

to the treatment plants did not generally have a significant impact on emissions, accounting 

for only 2-6% of the overall impact depending on the type of WEEE pre-treated. 

Furthermore, the energy consumption of the processes, which involved separating WEEE 

into individual fractions prior to further recycling, did not account for more than 5% of the 

overall impact across all 13 impact categories studied. The relatively low impact of the 

pretreatment of WEEE was primarily outshone by the significant emissions that were 

produced during the recycling processes and the effects of substituting product made of 

virgin materials. 

Cristobal et al. (2016) performed an LCA study of the food waste management system. The 

results indicated that anaerobic digestion and landfilling of food waste were the least 

preferable options for the management of food waste. This finding led to a further 

contribution analysis of the scenarios stated. In the scenario involving anaerobic digestion, 

collection of food waste usually contributed less than 5% to emissions. Transportation of 

waste was negligible with the highest impact on emissions being just 5%. In the scenario 

with landfilling, the collection and transportation of the materials had a more profound 

impact on emissions: collection typically accounted for not more than 10% with the highest 

impact of 50% for particulate matter emissions. Transportation of waste accounted for 5-

10% on average with particulate matter emissions having the largest impact at 20%. 
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Brancoli et al. (2017) performed an LCA study on the management of food waste generated 

by supermarkets. Among other scenarios, the study included a scenario in which food waste 

from supermarkets was transported to a pretreatment plant, where packaging was removed 

via a process that consisted of optical sorting, a drum sieve, magnetic sorting, and a 

mechanical filtering system. Another alternative scenario considered packaging removal in 

shops, thus reducing the energy consumption of the pretreatment activities but incurring 

additional emissions from the separate collection of packaging waste and further sorting in 

a mechanical sorting plant. In both scenarios, the avoided impact caused by the substitution 

of materials was larger than the emissions generated during the waste pretreatment process. 

The contribution analysis, however, did not allow for a comprehensive analysis of the 

relative impact the pretreatment had on the overall results. 
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3. Life Cycle Assessment 

A life cycle assessment (LCA) methodology was utilized to estimate the environmental 

impact caused by the waste management systems studied. This section of the dissertation 

summary is organised as follows: 

First, the place of the LCA methodology in relation to the other systems analysis methods 

and sustainable decision-making, in general, is presented; 

Second, the methodology that was employed to conduct the life cycle assessments in 

accordance with the ISO 14040 and ISO 14044 international standards is presented; 

Third, the paper progresses to describe the major differences between the methodological 

choices made in waste-related LCA studies and those of conventional LCA studies 

that are performed for a product/service; 

Fourth, the information that is specific to the LCA studies included in the current dissertation, 

the software used, and the impact categories that were chosen are described; 

Fifth, the discussion then progresses to briefly present the life cycle inventory (LCI) data for 

the LCA studies that have previously been performed and explicitly compiles the LCI 

data for the LCA studies, which were performed based on the findings of Publications 

II and III; 

Sixth, the methodology that was employed to conduct a contribution analysis on the results 

of the LCA studies is described. 

 Position of LCA in the Systems Analysis Framework 

Similar to any other system, a waste management system is a complex set of closely related 

components that interact with each other in some way. To analyse any waste management 

system and to determine its environmental impact, which society needs to respond to 

increasing pressure to foster sustainable development, a number of systems analysis tools 

have been developed, as indicated in Figure 3.1. Systems analysis tools are conventionally 

divided into systems engineering models and systems assessment tools (Wrisberg et al. 

2002). The assessment tools are only applied to assess the performance of the existing 

systems, which are usually designed with the support of the engineering models and based 

on the technical process data, environmental process data, and technical elements. The 

primary objective of employing these assessment tools is to improve the credibility of the 

existing systems. 
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The environmental impact of the multiple waste management systems studied in the 

present dissertation was assessed by means of the LCA methodology. LCA is an 

international and standardised method by which it is possible to assess the potential 

environmental impact of a product system throughout its life cycle (SFS-EN ISO 14040 

2006; SFS-EN ISO 14044 2006). In comparison to the alternative systems assessment tools 

that are available, LCA is the most widely employed tool to systematically research MSW 

management systems in the European Union (Pires, Martinho, and Chang 2011). 

Furthermore, the number of LCA studies conducted in the field of waste management and 

published in international journals has significantly increased from just a few articles 

annually up to 33 articles in 2009 (Laurent, Bakas, et al. 2014). 

 General LCA Methodology 

The key principles of the LCA are described in the ISO 14040 (SFS-EN ISO 14040 2006) 

and ISO 14044 standards (SFS-EN ISO 14044 2006). The standards outline four major 

steps that should be followed when conducting an LCA study:  

1. Goal and scope definition; 

2. Inventory analysis; 

3. Impact assessment; and 

4. Interpretation. 

The standards provide a description of each step, as well as further guidance on conducting 

LCA studies. More in-depth guidance on a generic LCA is available from an ILCD 

handbook named “General guide for life cycle assessment – detailed guidance” (EC-JRC 

2010). 

The first stage, goal and scope definition, identifies the key points of the LCA study to be 

performed. The goal definition states the intended application, the reasons for carrying out 

an LCA study, the intended audience, and a decision on a completion of a potential 

comparative assertion. The scope, in turn, defines the product system studied, function(s) 

of the product system(s), functional unit (FU), system boundaries, allocation procedures, 

impact categories to be included, data requirements, assumptions, limitations, input data 

quality requirements, type of critical review, and type and format of reporting. The defined 

criteria can later be adjusted accounting for the iterative nature of the method. (SFS-EN 

ISO 14040 2006) 
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The second stage of the LCA, inventory analysis, compiles and quantifies the inputs and 

outputs of the product system within its system boundaries. As an LCA study progresses, 

life cycle inventory (LCI) data can be further refined or cut-off rules can be applied. In 

other words, all the data relevant to the studied product system should be collected and 

included in the analysis. Depending on the approach followed in a particular study, whether 

cradle-to-grave or gate-to-gate, the data collected can either be in the form of elementary 

flows; i.e., the flows that come from/are released into the environment without further 

human transportation, or intermediate/product flows. (SFS-EN ISO 14040 2006) 

The third stage of the LCA, impact assessment, evaluates the significance of the potential 

impact on the environment caused by the product system(s) studied by assigning the 

elementary flows identified during the LCI phase to the impact categories chosen. Once all 

the elementary flows have been assigned to the corresponding impact categories, the 

impacts are characterised to obtain a life cycle impact assessment (LCIA) profile. 

Additionally, the LCIA results can be normalised and weighed. (SFS-EN ISO 14040 2006) 

The fourth and final stage of the LCA, interpretation, presents the results of the study 

consistently with the goal and scope defined. Furthermore, the interpretation stage requires 

the use of a completeness, sensitivity, consistency, or any other form of analysis to identify 

any significant issues in the LCA study. The interpretation stage can be presented in the 

form of conclusions and recommendations. (SFS-EN ISO 14044 2006) 

Apart from the standards, the methodology is actively developed and discussed in a 

scientific journal that is exclusively dedicated to LCA – The International Journal of Life 

Cycle Assessment.
13

 Furthermore, a European Platform on Life Cycle Assessment
14

 had 

been established to support the needs of business and governments in terms of the 

availability, inter-operability, and quality of life cycle data and studies. 

                                                 

 

 

13 http://www.springer.com/environment/journal/11367 
14 http://eplca.jrc.ec.europa.eu/ 
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 Methodological Choices in LCA Studies Related to Waste 

Management 

Despite using the same LCA standards for performing conventional and waste LCA 

studies,
15

 certain methodological differences exist. A comprehensive review of the LCA 

studies in the field of waste management and the methodological choices applied therein 

was performed in a two-part study by Laurent et al. (2014) and Laurent, Clavreul et al. 

(2014). The studies by Laurent et al. (2014) and Laurent, Clavreul et al. (2014) were 

followed during the comparison of the conventional and the waste LCA studies developed 

as part of this dissertation. This section reports only the most important and relevant 

differences between the methodological choices. 

3.3.1 Function and functional unit 

If a functional unit (FU) of a conventional LCA study can be whatever unit that 

quantitatively describes a product system, the FUs in the waste LCA studies can be widely 

divided into four categories: (i) unitary, (ii) generation-based, (iii) input-based, and (iv) 

output-based FUs (Laurent, Clavreul, et al. 2014). Unitary FU is the simplest unit as it only 

accounts for a specific amount of waste, e.g.,“[mass] of [type of waste]”. An input-based FU 

accounts for the amount of waste to be processed in a certain facility or recovered by a 

certain activity, e.g., “[mass] of [type of waste] processed by/in a [type of facility]”. If a waste 

LCA study is performed to compare several alternative waste management systems for 

processing the same amount of waste, a generation-based FU is perceived to be beneficial. 

An example of the FU could be expressed as “[mass] of [type of waste] generated in 

[location] during [year]”. Furthermore, in the waste LCA studies in which multiple waste 

treatment alternatives are studied, the FU could also include, in addition to the information 

related to the waste generation, information regarding the type and amount of product(s) 

that could be derived from the waste. If a waste LCA study is explicitly performed to 

account for a potential substitution of a marketable product with a product derived from 

waste, an output-based FU is beneficial. An example of the FU could be “[amount] of [type 

of materials] produced”. 

                                                 

 

 

15 The ISO 14040 standard was developed for the assessment of any products or services. Therefore, a distinction 

between the LCA studies in the field of waste management, hereinafter referred to as waste LCA studies, and any 

other LCA studies, hereinafter referred to as conventional LCA studies, was made. 
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3.3.2 System boundaries 

Following the same definition of the system boundaries given in the ISO 14040 standard 

(SFS-EN ISO 14040 2006) as a “set of criteria specifying which unit processes are part of a 

product system”, the system boundaries in waste LCA studies might differ from those in 

the conventional LCA studies (Figure 3.2). The cradle of a conventional LCA study is 

defined within a unit process, or a life cycle stage, during which raw materials and energy 

carriers are extracted from the environment to be further processed into a certain product. 

The grave of a conventional LCA study of a product, which undergoes the rest of the life 

cycle stages, is defined as a unit process or activity that converts the product into either a 

material, which is further recycled, or elementary flows, which enter the environment 

without further human transformation. 

 

 

Figure 3.2: System boundaries in a conventional LCA of a product/service versus that of a waste LCA. 

In contrast to the conventional LCA studies, the system boundaries in waste LCA studies 

do not generally include any of the life cycle stages of a product preceding waste generation. 
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This is known as the “zero burden” approach (Finnveden 1999). Therefore, a general 

approach that is employed in waste LCA studies is to start the boundaries of the product 

system from the point of waste generation provided the amount of waste remains 

unchanged in all the alternative systems studied. Such an approach is consistent with the 

LCA standards (SFS-EN ISO 14040 2006; SFS-EN ISO 14044 2006), as only the unit 

processes that are relevant to the study can be accounted for. Furthermore, the system 

boundaries in waste LCA studies often account for the reduction in the environmental 

impact due to avoided conventional waste disposal (landfilling is often chosen as a 

conventional disposal method, but not always), as well as for the avoided environmental 

impact from the production of a certain material, which could be substituted with waste or 

a product derived therefrom. 

3.3.3 Collection of LCI data 

For the same reason as that attributed to the need to limit the system boundaries, the 

number of unit processes included in the waste LCA studies should be limited as to only 

account for the processes that are affected by the recycling activities. If waste is recovered 

in a certain production process as an energy carrier and then used in the production process 

without having an effect on the quality of the final product, it is enough to account for the 

change in the energy carriers that were affected by the energy recovery of waste. 

 Description of the LCA Studies Performed 

3.4.1 Goal, functions and FUs 

The LCA studies that were implemented to assess the environmental impact of the varying 

waste management systems are introduced through the goals, functions, and FUs listed in 

Table 3.1. The ultimate goal of all of the studies was to assess the environmental impact of 

the waste recycling activities and to compare this with a conventional waste management 

system. Publications I, V and VI included several alternatives for waste recycling, which 

were also compared against each other. Therefore, the functional units in those 

publications were set to the amount of waste managed and the amount of products that 

would be produced when recycling the waste in order to maintain the quantitative 

correspondence of each scenario studied. The functions in Publications II and III, on the 

other hand, were output-based because the specific function of the waste recycling process 

was to provide a substitute for a particular product. Finally, in Publication IV, the functional 

unit was the amount of waste managed in the specific case study region without specifying 

the amount of products, since the aim was to compare different MSW treatment options. 
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Table 3.1: Goals, functions, and FUs of the LCA studies included. Note that Publications II and III were 
technical studies that only included LCI data for the LCA studies that were conducted as a part of the 

current dissertation summary. 

 Goal of the Study 
Function of the 

Product System(s) 

Functional Unit(s) of  

the Product System(s) 

Publication 
I 

To identify the most environmentally sound 
deinking sludge utilisation possibility for the case 
study paper mill. 

Material or energy 
recovery from 
deinking sludge 

The annual amount of deinking 
sludge generated (54,750 t), 438,000 
t of cement produced in Finland, 
1,860,000 t of cement produced in 
Russia, 70,000 t of stone wool, 
121,426 t of light-weight aggregate 
produced. 

Publication 
II 

To compare the environmental impact of 
phosphorus recovery from sludge ash with a 
conventional phosphorous fertiliser production 
process. 

Production of P-rich 
materials for 
fertilisation 
purposes 

1 t of P2O5 applied to soil for 
fertilisation, accounting for plant 
availability of P. 

Publication 
III 

To compare the environmental impact of 
nitrogen recovery during thermal drying of 
sewage sludge with a conventional nitrogen 
fertiliser production process. 

Production of N-rich 
materials for 
fertilisation 
purposes 

1 t of N applied to soil for 
fertilisation, accounting for plant 
availability of N. 

Publication 
IV 

To compare the environmental impact of RDF 
production from MSW with the present MSW 
management system incorporating MSW co-
incineration with coal and landfilling. 

MSW management The mass of MSW produced in 
Hangzhou, China, in 2013. 

Publication 
V 

To assess and compare the environmental 
impact of alternative methods of recycling 
thermal residues and to assess the 
environmental impact of possible variations in 
the transportation distances of thermal residues. 

Management of 
thermal residues 

The total amount of thermal residues 
in the case study area (93,600 t), 
17,600 ha of forest fertilised, 14.6 ha 
of landfills covered, 11 km of roads 
built, 3.8 km of roads stabilised. 

Publication 
VI 

To assess the environmental impact of the MSWI 
BA treatment in a mobile treatment plant and 
consequent management of the mineral 
fractions obtained in road construction or garden 
stone production.  

Management of the 
MSWI BA 

1000 kg of the BA managed,  
0.22 m of roads built, and 
0.35 m3 of garden stones produced. 

 

3.4.2 Scenarios included 

The LCA study in Publication I: Comparative life cycle assessment of deinking sludge 

utilisation alternatives included five scenarios. The baseline scenario, DS:S0-LF, implied 

landfilling of all deinking sludge. In an alternative scenario, DS:S1-CEMFI, deinking sludge 

was dried and further recycled in the cement production process in Finland to substitute 

limestone and petcoke. In an alternative scenario, DS:S2-LWA, 15% of deinking sludge 
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was dried and further recycled in the lightweight aggregate production process in Finland 

to substitute heavy fuel oil, whereas the rest was landfilled. In an alternative scenario, DS:S3-

CEMRU, deinking sludge was incinerated and further recycled in the cement production 

process in Russia to substitute limestone and clay. In an alternative scenario, DS:S4-SW, 

15% of the deinking sludge was incinerated and further recycled in the stone wool 

production process in Russia to substitute cement, whereas the rest was landfilled. The 

treatment of deinking sludge was required to enable recycling of the sludge via the recycling 

processes studied. 

The LCA study, which was performed based on the findings of Publication II: Potential of 

phosphorus recovery from sewage sludge and manure ash by thermochemical treatment, 

included two alternative scenarios. The baseline scenario, SS:S0-LF, implied landfilling 

sewage sludge ash of the amount that would have otherwise be sufficient to recover 1 t of 

P2O5. In an alternative scenario, SS:S1-PR, sewage sludge ash was used for P recovery 

thereby producing the P-rich product to be further recycled in agricultural fields as a 

substitute for a commercially manufactured P fertiliser. The thermochemical treatment of 

ash was required as direct ash application on land was not allowed due to its high content 

of heavy metals.  

The LCA study, which was performed based on the findings of Publication III: Nitrogen 

release from mechanically dewatered sewage sludge during thermal drying and potential for 

recovery, included two alternative scenarios. The baseline scenario, SS:S0-DI, implied 

thermal drying and incineration of sewage sludge without nitrogen recovery in the amount 

that would have otherwise been sufficient to recover 1 t of N. In an alternative scenario, 

SS:S1-NR, N was recovered from sewage sludge during the thermal drying process for use 

in agricultural fields as a substitute for a commercially manufactured N fertiliser. The 

treatment of flue gases was required to recover the nitrogen that would otherwise be lost 

during the sludge incineration process without further possibilities for its recycling. 

The LCA study in Publication IV: Environmental impact assessment of municipal solid 

waste management incorporating mechanical treatment of waste and incineration in 

Hangzhou, China, included two groups of alternative scenarios with several sub-scenarios 

in addition to the baseline scenario, MSW:S0-CS, which depicted the current MSW 

management situation, which included landfilling and co-incineration of MSW. In the first 

group of alternative scenarios, MSW:S1-RDF, MSW was partly utilised for RDF 

production and consequent incineration in the existing waste incineration plants as a 

replacement for the coal that is used in the current situation. The metals separated during 

the RDF production were recycled as substitutes for conventionally manufactured metals. 

The organic fraction separated was either landfilled, MSW:S1-RDFLF; dried in a biodrier, 
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MSW:S1-RDFBioD; anaerobically digested, MSW:S1-RDFAD; or used for ethanol production, 

MSW:S1-RDFEtOH. In the second group of alternative scenarios, MSW:S2-RDF, the same 

amount of RDF was produced for further incineration in the new incineration plants that 

offer higher energy efficiency. The options for the metals and the organic fraction separated 

remained the same as those applied in the first group of scenarios resulting in the MSW:S2-

RDFLF, MSW:S2-RDFBioD, MSW:S2-RDFAD, and MSW:S2-RDFEtOH scenarios. RDF 

production from MSW was required to enhance energy recovery from MSW by 

segregating highly calorific fractions in order to avoid consumption of coal, which is 

currently used as a support fuel. 

The LCA study in Publication V: Comparative life cycle assessment of thermal residue 

recycling on a regional scale: A case study of South-East Finland included four alternative 

and one baseline scenario for the management of thermal residues. The baseline scenario, 

TR:S0-LF, implied landfilling of all thermal residues identified in the case study region. In 

an alternative scenario, TR:S1-FF, 60% of the thermal residues was granulated and further 

recycled for forest fertilisation as a substitute for a commercial fertiliser and limestone. In 

an alternative scenario, TR:S2-LC, 38% of the thermal residues were recycled in the landfill 

construction process as a substitute for the conventionally utilised sand. In an alternative 

scenario, TR:S3-RC, 62% of the thermal residues were recycled in the road construction 

process as a substitute for some of the conventionally utilised crushed stone, gravel and 

sand. In an alternative scenario, TR:S4-RS, 62% of the thermal residues were recycled for 

the stabilisation of the soils used in the road construction process, thereby substituting 

conventionally utilised lime. In all the scenarios, the thermal residues that could not be 

recycled were landfilled. There was no need for advanced pretreatment of the residues to 

be recycled. However, the impact of the transportation distance was assessed thoroughly 

because ash recycling was often limited due to the lack of demand that resulted from the 

fact that the plants that generated thermal residue were located in close proximity to one 

another. 

The LCA study in Publication VI: Life cycle assessment of MSWI bottom ash treatment 

with an advanced treatment technology and consequent recycling of the mineral fraction 

obtained included three alternative scenarios. The baseline scenario, BA:S0-LF, involved 

landfilling the BA generated in a case study waste incineration plant. In an alternative 

scenario, BA:S1-RC, BA was treated and the mineral fraction generated was recycled as a 

substitute for the conventionally utilised gravel in the road construction process. In an 

alternative scenario, BA:S2-GSP, BA was treated and the mineral fraction generated was 

recycled in the garden stone production process as a substitute for the conventionally 

utilised sand. In both scenarios, the mineral fraction that could not be recycled was 

landfilled. The pretreatment of ash was required to separate the mineral and the metal-
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containing fractions for further recycling. In the present conditions, ash recycling was not 

possible due to the high leaching content of heavy metals. 

3.4.3 Impact categories chosen 

Table 3.2 presents the impact categories that were used in the LCA studies performed. A 

thorough comparison of the environmental impact between all LCA studies performed 

could only be implemented for the GWP, which simultaneously represents two areas of 

environmental concern: human health and natural environment. Human toxicity-related 

impact categories, HTPC and HTPNON-C, were only considered in Publications V and VI, 

where leaching data from ash was gathered to a good level. Finally, ADP was used for the 

comparison of the impact caused in Publications I, II, V, and VI, in which substitution of 

abiotic materials occurred. 

The LCIA for the selected impact categories was performed using the “Impacts ILCD/PER 

recommendation v1.09” impact assessment method, which includes different 

characterization models for each impact category. GWP was characterised using the 

“Climate change midpoint, excl. biogenic carbon (v1.09)” characterization model. 

According to the model, the emissions of carbon dioxide that originate from landfilling bio-

based materials, e.g., sewage sludge, paper, or wood, are not accounted for in the impact 

assessment, whereas emissions of carbon dioxide from the combustion of fossil fuels are 

allocated a characterization factor of one. Unlike carbon dioxide, there is no difference in 

the accounting of other emissions, e.g., methane or nitrous oxide, based on their origin, 

which is why they are always given a certain characterization factor. ADP was characterised 

using the “Resource depletion, mineral, fossils and renewables, midpoint (v1.09)” 

characterization model. According to this model, a wide range of minerals, e.g., clay, 

limestone, gypsum, inert rock, sand, gravel, or basalt, are considered to have no impact on 

the ADP, i.e., the characterization factors are zero. Furthermore, fossil fuels are usually less 

valued than different kinds of ores, which, in turn, are less valued than precious metals. For 

example, phosphorous has a characterization factor that is 180 times higher than that of 

natural gas, 190 times that of crude oil, and 300 times that of hard coal. Human toxicity 

potentials were characterised using the “Human toxicity midpoint, cancer effects (v1.09)” 

and “Human toxicity midpoint, non-cancer effects (v1.09)” characterization models. 
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Table 3.2: Impact categories included in the LCA studies performed. 

Area of 

protection 

 

HUMAN  

HEALTH 

NATURAL  

ENVIRONMENT 

NATURAL 

RESOURCES 

Impact 

category 
HTPc HTPnon-c GWP ODP POFP AP EP TETP EtP ADP 

Publication  
I 

  ● ●  ● ● ●  ● 

Publication 
II 

  ●       ● 

Publication 
III 

  ●        

Publication 
IV 

  ●   ● ●    

Publication 
V 

● ● ● ● ● ● ● 1)  ● ● 

Publication 
VI 

● ● ● ● ● ● ● 1)  ● ● 

GWP: global warming potential, ODP: ozone layer depletion potential, POFP: photochemical ozone 
formation potential, TETP: terrestric ecotoxicity potential, AP: acidification potential, EP: eutrophication 
potential, ADP: abiotic depletion potential, HTPc: carcinogenic human toxicity potential, HTPnon-c: non-
carcinogenic human toxicity potential, EtP: ecotoxicity potential. 

1) Eutrophication potential in Publications V and VI was presented in three different categories, namely 
freshwater eutrophication potential (FEP), marine eutrophication potential (MEP), and terrestrial 
eutrophication potential (TEP). 

3.4.4 Software used 

To model the LCA studies, GaBi ts,
16

 one of the most widely used software applications for 

the purposes of waste LCA studies (Laurent, Clavreul, et al. 2014) was used. All LCA 

                                                 

 

 

16 More information on the software could be retrieved from: http://www.gabi-

software.com/international/software/ 



3.5 LCI for the Studies Based on the Findings of Publications II and III 59 

studies were updated to the Service Pack 33, which contained an embedded Database 2017, 

Version 6.115
17

. The version of the software was 7.3.3.153 (Win64). 

 LCI for the Studies Based on the Findings of Publications 

II and III 

3.5.1 P recovery from sewage sludge ash 

In Publication II, the majority of the inventory data for the process of recovering P from 

ash was gathered. The data, along with the complementary data from other sources, were 

used to conduct an LCA study. The detailed system boundaries of the studied product 

system are shown in Figure 3.3. The study began with the ash generation process and 

included the impacts related to the avoided landfilling of ash, its use in the P recovery 

process, consequent application on fields, and production of avoided conventional 

fertiliser. 

Having set the FU to 1 t of P2O5 applied to soil while accounting for the plant availability of 

P in the different products compared, the amounts of a P-rich product and conventional 

fertiliser required were calculated based on their P2O5 contents – 7300 kg of a P-rich 

product with the P2O5 content of 15.5% (Publication II) and bioavailability of 88% 

compared to a commercial fertiliser (Nanzer et al. 2014), and 2200 kg of triple 

superphosphate (TSP) with the P2O5 content of 46% (PE International 2016) and a 

reference bioavailability of 100%. The thermochemical process requires 6600 kg of ash, 

260 kg of MgO, 307 kg of NaCl and 330 kg of NaHCO3 to fulfil the functional unit. The 

results of Publication II indicate that 1.1 kg P-rich product is obtained from 1 kg of ash and 

other added materials. 

 

 

                                                 

 

 

17 More information on the service pack and the database can be retrieved from:  

http://www.gabi-software.com/international/support/gabi-version-history/gabi-ts-version-history/ 
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Figure 3.3: Detailed system boundaries of the P recovery LCA study. Note that transportation of all the 
products and production of diesel for the transportation were included in the study but are not 
displayed in the figure. 

Due to the limited availability of the inventory data, the supply of sodium bicarbonate was 

not included in the study. In addition to the raw materials, the use of natural gas (1730 

kWh), and electricity (790 kWh) was considered. The electricity includes the electricity 

required for the operation of the flue gas treatment system. Emissions from the natural gas 

combustion during the thermochemical treatment process were estimated using the 

emissions factors of 56,100 kg TJ
-1

 for CO2, 1 kg TJ
-1

 for CH4, and 0.1 kg TJ
-1

 for N2O 

(Gómez et al. 2006). The background processes used in the study were retrieved from the 

GaBi Professional database (PE International 2016) and are listed in Table 3.3. In addition, 

the impact of the magnesium oxide production was modelled using the data retrieved from 

the Ecoinvent database. 

The system excluded the emissions caused by the application of the P-rich fertiliser and a 

conventional fertiliser in fields as the focus of the work was on comparing the environmental 

impact of the P recovery process with a conventional P-rich fertiliser production assuming 

that the content of heavy metals was reduced significantly to a level that was comparable to 

the content of the commercial fertiliser. 
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Table 3.3: Background unit processes used in the P recovery LCA study obtained from the Gabi 
professional database (PE International 2016). 

Name in the Database Function Served in the Study 

GLO: Truck, Euro 5, 
28 - 32t gross weight /  
22t payload capacity ts <u-so> 

Transportation of untreated ash to landfilling over a distance of 10 
km 
Transportation of untreated ash to the thermochemical treatment 
process over a distance of 50 km 

GLO: Truck, Euro 5,  
12-14t gross weight /  
9,3t payload capacity ts <u-so> 

Transportation of P-rich product for utilisation over a distance of 
100 km 
Transportation of commercial fertiliser to utilisation over a distance 
of 100 km 
Transportation of MgSO4 and NaCl to the thermochemical  
process over a distance of 100 km 

EU-28: Diesel mix at filling station ts Fuel supply to the trucks used 

EU-28: Glass/inert waste on landfill ts Landfilling of untreated ash or waste originating from 
thermochemical treatment process 

EU-27: Triple superphosphate  
(TSP, 46% P2O5) Fertilizers Europe 

Production of a commercial fertiliser: Triple superphosphate 

EU-28: Sodium chloride (rock salt) ts Production of sodium chloride 

FI: Natural gas mix ts Acquisition of natural gas to the consumer 

FI: Electricity grid mix ts Generation of electricity 

3.5.2 N recovery during thermal drying of sewage sludge 

In Publication III, an experimental study on the amount of nitrogen released during the 

process of thermally drying sewage sludge was performed. Based on the mass of N released 

and the mass of N identified in condensate and adsorbing water (Publication IX), an LCA 

was conducted. The inventory data were collected through a literature review as no 

industrially applied method of N recovery during thermal drying yet exists. 

Figure 3.4 illustrates a detailed system boundary of the N recovery LCA study. The key 

concept in the study was that sludge thermal drying and incineration could be performed 

in any scenario. This was designed to reflect the real-life situation in many European 

countries, where sludge incineration is a common disposal method. Therefore, sludge 

thermal drying and incineration were positioned outside the system boundary. Omission 

of the incineration process could potentially affect the impact of the nitrogen emissions, as 

ammonia content in the flue gases sent for incineration after the N recovery would 

approach zero. Furthermore, alkalinisation of condensate could potentially affect 

operations at a wastewater treatment plant, where condensate is sent for further treatment. 

Having set the FU to 1 t of N applied to soil for fertilisation, the amount of ammonium 

nitrate solution (52% N content) required was 1920 kg. As the same product would be 

applied to soil in both a conventional and alternative scenarios, no difference in N uptake 

between the plants was considered. The production of a conventional ammonium nitrate 
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was modelled using a unit process from the Gabi database, whereas the recovery of N 

during sewage sludge drying was modelled based on the primary data of the amount of N 

released and identified in condensate and absorbing media, and literature data regarding 

the consumption of energy and raw materials in the recovery process. 

 

 

Figure 3.4: Detailed system boundaries of the N recovery LCA study. Note that transportation of all the 
products and production of diesel for the transportation were included in the study but are not 
displayed on the figure. 

The amount of nitrogen to be removed from the gas flow generated during the thermal 

drying of sludge and stripping of condensate was calculated using Equation 3.1. 
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𝑚𝑁 = 𝑚𝑁𝐻4𝑁𝑂3
∙ 𝐶𝑁 ∙

𝑀𝑁

𝑀𝑁𝐻4𝑁𝑂3

= 1920 ∙ 52% ∙
14

80
= 175 𝑘𝑔 (3.1) 

 

where 𝑚𝑁𝐻4𝑁𝑂3
 

𝐶𝑁 
 

𝑀𝑁 
 

 
𝑀𝑁𝐻4𝑁𝑂3

 

is the mass of ammonium nitrate required, kg; 

is the concentration of ammonium nitrate in the final 

liquid product, %; 

is the molar mass of nitrogen (only one molecule of 

nitrogen is accounted for as the other one comes from 

nitric acid used in the absorption process, g mol
-1

; 

is the molar mass of ammonium nitrate, g mol
-1

.  
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To maintain ammonia stripping and acid washing processes, 43 (±41) MJ of electricity, 1 

kg of sodium hydroxide, and 4.5 kg of nitric acid per kg N removed are required (van 

Eekert et al. 2012). It was assumed that there would be no need for thermal energy as the 

recovery would occur close to a sludge incineration plant, which would supply the thermal 

energy required, and that the temperature of the condensate would be around 100°C. The 

background processes used in the study were retrieved from the GaBi Professional 

database (PE International 2016) and are listed in Table 3.4. 

Table 3.4: Background unit processes used in the N recovery study as obtained from the Gabi 
Professional Database (PE International 2016). 

Name in the Database Function Served in the Study 

GLO: Truck, Euro 5,  
12-14t gross weight /  
9,3t payload capacity ts <u-so> 

Transportation of commercial ammonium nitrate for utilisation over a 
distance of 100 km 
Transportation of recovered ammonium nitrate for utilisation over a 
distance of 100 km 
Transportation of NaOH and HNO3 to the recovery process over a distance 
of 100 km 

EU-28: Diesel mix at filling station ts Fuel supply to the trucks used 

DE: Ammonium nitrate  
(AN, solution) ts 

Production of a commercial fertiliser: Ammonium nitrate with 52% N 
content 

EU-28: Sodium hydroxide  
(caustic soda) mix (100%) ts 

Production of sodium hydroxide 

EU-27: Nitric acid (98% HNO3) 
Fertilizers Europe 

Production of nitric acid 

FI: Electricity grid mix ts Generation of electricity 

 

 Contribution Analysis 

According to the ISO 14044 (2006) international standard, the primary objective of 

performing a life cycle interpretation phase is to identify any significant issues within the 

LCA study. This, in turn, allows the researcher to draw more robust conclusions and 

develop recommendations. Contribution analysis is recommended as one of the tools by 

which significant issues in the LCA studies can be identified (SFS-EN ISO 14044 2006). 

Furthermore, several structuring approaches for the LCA results are recommended by the 

standard ISO 14044 (2006), while structuring based on the groups of processes is 

acknowledged as the most beneficial approach to drawing comparisons between multiple 

LCA studies (SFS-EN ISO 14044 2006). 

Contribution analysis, a well-known and widely practised approach to life cycle 

interpretation, is described in detail elsewhere (Heijungs and Kleijn 2001; Heijungs, Suh, 
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and Kleijn 2005; Clavreul, Guyonnet, and Christensen 2012). The main principle of the 

contribution analysis, which is also referred to as a dominance analysis or an analysis of key 

issues, is to decompose the results of the LCA study into several specific categories or 

constituents. 

In the dissertation summary, the results were grouped into the following categories: 

• Conventional disposal (CD): A category representing the avoided impact from a 

conventional disposal of waste; 

• Waste pretreatment (PT): A category representing the induced impact from 

waste pretreatment, which is required for waste to be recycled in an FRP; 

• Final recovery process (FRP): A category representing the change in the impact 

from a process in which waste is being recovered; e.g., a road construction 

process, or a production process for a certain product; 

• Product substitution (PS): A category representing the avoided impact from the 

production of a substituted material and its transportation to the FRP. 

Grouping the results into several major categories rather than presenting the results of each 

unit process separately allows the researcher to account for all the impact related to a 

specific activity. Furthermore, Heijungs and Kleijn (2001) noted that presenting results in 

groups allows the results to be presented in an unbiased fashion as the impacts from each 

unit process that relate to a certain activity are accounted for. 

Relative shares of each waste management category were used for the results interpretation 

presented in the dissertation summary. The relative shares were calculated using Equation 

3.2 by dividing the relative changes of the environmental impact (EI) of each waste 

management category (CD, PT, FRP and PS) in each scenario (Si) with the absolute change 

compared to the baseline scenario (S0). Finally, the relative changes were normalised so that 

the sum of the absolute relative changes was equal to 100%. Such modifications make it 

possible to neglect the impact that variation in FUs across the different LCA studies has on 

the relative importance of the PT activities. 

 

Statistical data analysis was performed using the descriptive statistics methods available in 

the IBM SPSS Statistics for Windows, Version 23.0 statistical software.

 
𝛥𝐸𝐼𝑛

𝑆𝑖 =
𝐸𝐼𝑛

𝑆𝑖 − 𝐸𝐼𝑛
𝑆0

∑ 𝐸𝐼𝑛
𝑆𝑖 − ∑ 𝐸𝐼𝑛

𝑆0
 (3.2) 
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4. Results 

This chapter will commence by introducing the overall results of the LCA studies that were 

performed as part of the current study. The results will then be discussed in the context of 

each of the environmental impact categories; namely, GWP, ADP, HTPC, and HTPNON-C 

with the focus on the relative importance of the PT activities required to enable utilisation 

of the waste into an FRP. Finally, the results of the sensitivity analysis that was performed 

on the case studies in which the PT category played a significant role in the overall results 

will be presented to identify potential break-even points.
18

 

 Overall Results 

Figure 4.1 illustrates the results of each scenario of each publication included in the analysis 

for the range of the impact categories studied. The results are presented as relative shares 

of each waste management category calculated using the approach explained in Sub-section 

3.6. The results in Figure 4.1 indicate that there was a high variation in the relative share of 

the PT category in terms of the total environmental impact across the scenarios and impact 

categories studied. The largest impact of PT on the overall GWP of 64% was observed in 

SS:S1-PR, where phosphorous was recovered from sewage sludge ash using a 

thermochemical treatment method with subsequent recycling of the P-rich product 

obtained as a substitute for the conventionally consumed fertiliser. On the contrary, the 

lowest observed impact of PT processing on the GWP was 2.4% in TR:S4-RS, where a part 

of thermal residues, which were only transported to the FRP, was utilised for soil 

stabilisation as a substitute for conventionally utilised lime. A lower variation was recorded 

for the ADP category with the largest share of PT (36%) in the DS:S2-LWA scenario, where 

a part of deinking sludge was dried prior to recovery operations. In HTPNON-C, the share of 

the PT in the overall results varied between 2% in Scenario TR:S4-RS and 41% in Scenario 

BA:S2-GSP, in which an advanced treatment method was used to separate and fractionate 

the mineral fractions. In terms of HTPC, the share of PT of 5% was the largest in Scenario 

TR:S2-LC, in which a part of the thermal residues was utilised in the landfill construction. 

                                                 

 

 

18 A break-even point reflects a situation in which the environmental impact of a scenario, 𝐸𝐼𝑆𝑖, becomes 

lower/higher than the environmental impact of the baseline scenario, 𝐸𝐼𝑆0 , in a certain impact category. 
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Figure 4.1: Results of the LCA studies performed for the GWP, ADP, HTPC, and HTPNON-C impact 
categories presented as relative shares of each waste management category, namely conventional 
disposal (CD), pretreatment (PT), final recovery process (FRP), and product substitution (PS). The sum of 
absolute values of each waste management category within each scenario totals 100%. 
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Further analysis of the results for each impact category was performed by examining the 

relative shares of each waste management category grouped in box plots as shown in Figure 

4.2 for the GWP, Figure 4.4 for the ADP, and Figure 4.6 for both HTPC and HTPNON-C. 

Based on the observations, all scenarios in each impact assessment group were divided into 

three groups according to the relative importance of PT processing within the overall 

results. These groups were further used to present the results and were as follows: 

1. Low impact of PT: Includes scenarios that are located below the 25
th

 

percentile of the box plots; 

2. Moderate impact of PT: Includes scenarios that are located within the 

interquartile range; 

3. Significant impact of PT: Includes the scenarios that are located outside 

the interquartile range or indicated as outliers.
19

 

 The Importance of PT within the GWP 

Figure 4.2 represents the box plots of the relative share of each waste management category 

in the GWP. The median values were -47% for CD, 14% for PT, 0.0% for FRP, and -24% 

for PS. The results for each category, with the exception of FRP, exhibited significant 

variation. 

4.2.1 Low impact of PT 

The group in which PT processing had the lowest impact on the GWP is represented by 

the DS: (S1-CEMFI, S2-LWA, S3-CEMRU, S4-SW) and TR:S4-RS scenarios. The relative 

share of PT ranged from 0.3-3.7%. The reasons for the low relative impact of PT on the 

overall results varied from one case to another. The lowest relative share of PT of 0.3% was 

recorded in the DS:S4-SW scenario, in which 15% of the deinking sludge was incinerated 

with consequent recycling of ash in a stone wool production process. Since sludge 

incineration was modelled as a mono-incineration process in an existing boiler, no extra 

fuel or energy was required for the incineration, which resulted in the GWP of PT of 7 kg 

CO2-eq/t of pre-treated deinking sludge. On the contrary, the avoided impact from the CD 

                                                 

 

 

19 In statistics, an outlier is a data point that is distant from other observations and is often excluded from the 

analysis. However, in the present dissertation, the outliers were treated equally with the rest of the data points since 

all the data originate from different studies and do not belong to the same data set. 
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category was -2400 kg CO2-eq/t of recycled deinking sludge, which resulted in the dominant 

position of the CD category, thus contributing 92% to the total impact of the scenario. 

 

DS:S4-SW -92 0.3 0.0 -8.1 

Low 

impact 

of PT 

DS:S3-CEM,RU -95 1.0 -4.1 -0.3 

TR:S4-RS -3.3 2.4 0.0 -94 

DS:S1-CEM,FI -84 3.5 -10 -2.0 

DS:S2-LWA -78 3.7 -17 -2.0 

TR:S3-RC -28 10 0.0 -62 

Moderate 

impact 

of PT 

MSW:S2-RDF,LF -41 11 29 -19 

MSW:S2-RDF,EtOH -51 13 -0.54 -36 

MSW:S2-RDF,AD -51 13 -1.8 -34 

MSW:S1-RDF,LF -49 15 35 -1.3 

TR:S1-FF -17 15 0.0 -68 

TR:S2-LC -45 15 0.0 -40 

MSW:S1-RDF,EtOH -60 17 -4.5 -18 

MSW:S1-RDF,AD -60 17 -6.3 -17 

BA:S1-RC -39 29 0.0 -32 
Significant 

impact of PT 
SS:S1-NR 0.0 41 0.0 -59 

BA:S2-GSP -21 55 0.0 24 

SS:S1-PR -6.4 64 0.0 -30 

Figure 4.2: Box plots of the relative shares of each waste management category in terms of GWP. The 
boundaries of each box correspond to the 25th and 75th percentiles, while whiskers represent lowest and 
highest values that are no greater than 1.5 times the interquartile range. The outliers marked with a 
circle represent mild outliers, while those marked with a square represent extreme outliers. 

SS:S1-PR 

BA:S2-GSP 

SS:S1-NR 
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In the DS:S1-CEMFI and DS:S3-CEMRU scenarios, in which all conventionally landfilled 

deinking sludge was recycled via the cement production processes, the importance of PT 

was outshone by the significant avoided impact from CD, which accounted for 84-95% of 

the total GWP. The largest single contributor to the impact of CD was the release of CH4 

in the landfill, which was not equipped with a landfill gas collection system, thus attributing 

-2400 kg CO2-eq/t of landfilled deinking sludge. Meanwhile, sludge drying with natural gas 

from its original moisture content of 47.7 to 10.0% accounted for 100 kg CO2-eq/t of pre-

treated deinking sludge. In this case, emissions of CO2 from the combustion of natural gas 

accounted for 80% of the GWP of PT. 

In the DS:S2-LWA scenario, in which 15% of the total deinking sludge amount was 

recycled as a substitute for heavy fuel oil and the rest was landfilled, the avoided impact 

from CD accounted for 78%, despite having the same avoided GWP from CD as in the 

rest of the scenarios presented in Publication I: -2400 kg CO2-eq/t of deinking sludge not 

landfilled. At the same time, the share of the avoided impact from the FRP category reached 

17% due to higher avoided impact from FRP, which accounted for -520 kg CO2-eq/t of 

recycled deinking sludge or -88 kg CO2-eq/GJ of replaced heavy fuel oil. The avoided 

impact from FRP was associated with the avoided emissions of fossil-based CO2 during the 

combustion of heavy fuel oil. 

In the TR:S4-RS scenario, in which 62% of the total mass of the thermal residues generated 

in the case study area, or 58,400 t, was recycled as a substitute for lime in a road stabilisation 

process, the largest relative share of the GWP was on account of the PS category, 94%. The 

PS category dominated the GWP in the scenario due to high emissions of CO2, which were 

avoided during the lime production process: -420 kg CO2-eq/t of recycled thermal residues 

or -1200 kg CO2-eq/t of replaced lime was avoided during product substitution. As per the 

impact of CD, only -14 kg CO2-eq/t of thermal residues not landfilled were avoided because 

landfilling of inorganic thermal residues does not generate any landfill gas, which is the 

major potential contributor to the GWP during landfilling operations. Finally, 

transportation of the thermal residues to recycling venues did not significantly contribute to 

the GWP. 

4.2.2 Moderate impact of PT 

The group in which the PT processes had a moderate impact on the GWP is represented 

by the MSW: (S1-RDFLF, S1-RDFEtOH, S1-RDFAD, S2-RDFLF, S2-RDFEtOH, S2-RDFAD) and TR: 

(S1-LF, S2-LC, S3-RC) scenarios. The relative share of PT ranged from 10-17%. The 

reasons for the moderate relative impact of PT on the overall results varied from one case 
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to another, as discussed below; however, as can clearly be seen from Figure 4.2, no waste 

management category stood out in the majority of the scenarios. 

In the scenarios presented in Publication IV, in which more complex waste management 

systems were studied, the reasons for the moderate relative impact of PT varied between 

the two groups of scenarios; i.e., S1 and S2. In the first group of scenarios, MSW: (S1-

RDFLF, S1-RDFEtOH, S1-RDFAD), in which all MWS was co-combusted with coal as well as a 

part of the landfilled MSW, was forwarded to an RDF plant with further energy recovery 

of the RDF in the existing waste incineration facilities, the share of the PT ranged from 15-

17%. At the same time, the share of the PT in the second group of scenarios MSW: (S2-

RDFLF, S2-RDFEtOH, S2-RDFAD), in which the RDF produced was to be incinerated in new 

incineration plants that achieved higher energy efficiencies, ranged from 11-13%. The 

different shares of PT between the groups, despite having the same absolute GWP of the 

RDF plant of 60 kg CO2-eq/t of pre-treated MSW, was due to the proportional increase in 

the share of the PS category in the second group of scenarios, which was caused by larger 

avoided impacts from electricity substitution.  

A further difference within each group of the scenarios in Publication IV originated from 

the alternative treatment of the organic fraction. In the MSW:S1-RDFLF and MSW:S2-

RDFLF scenarios, where the organic fraction was landfilled, the share of the FRP increased 

to 29-35%. Finally, only a minor difference was observed between the MSW: (S1-RDFEtOH, 

S2-RDFEtOH) and MSW: (S1-RDFAD, S2-RDFAD) scenarios due to the low difference in the 

impact of the alternative technologies used. Regarding the CD category, -220 kg CO2-eq/t 

of pre-treated MSW in the group of scenarios S1 and -230 kg CO2-eq/t of pre-treated MSW  

in the group of scenarios S2 was achieved. 

In the TR: (S1-LF, S2-LC, S3-RC) scenarios, in which thermal residues were partly recycled 

via a landfill construction, road construction, or road stabilisation process, the moderate 

importance of PT ranged from 10-15%. One of the reasons for this variation was the 

difference in the amount of the recycled thermal residues in each scenario: 38% in S2-LC, 

60% in S1-FF, and 62% in S3-RC. The avoided impact from CD was -12 kg CO2-eq/t 

thermal residues not landfilled in S2-LC and -15 kg CO2-eq/t thermal residues not landfilled 

in S1-FF and S3-RC. A higher relative share of CD in Scenario S2-LC, despite the lower 

amount of thermal residues recycled, was associated with the lower avoided impact from 

PS, which was -11 kg CO2-eq/t of recycled thermal residues or -7.6 kg CO2-eq/t of replaced 

sand. In the S1-FF scenario, the impact of PS was -56 kg CO2-eq/t of recycled thermal 

residues or -65 kg CO2-eq/t of replaced fertiliser and limestone. In the S3-RC scenario, the 

impact of PS was -32 kg CO2-eq/t of recycled thermal residues or -14 kg CO2-eq/t of 

replaced materials (sand, gravel and crushed stone). In terms of the impact of PT processes, 
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the lowest impact was observed in the S2-LC scenario, at 4.1 kg CO2-eq/t of pre-treated 

thermal residues, where PT activities were limited to transportation of the residues to the 

FRP. In the S3-RC scenario, the impact of PT was 5.4 kg CO2-eq/t of pre-treated thermal 

residues, where the residues were watered and transported to the FRP. The largest impact 

of PT was observed in the S1-FF scenario, which climbed to 12 kg CO2-eq/t of pre-treated 

thermal residues. Here, the PT processes included ash granulation, transportation and 

distribution in forests. 

4.2.3 Significant impact of PT 

The group in which PT processes had the most significant impact on the GWP is 

represented by scenarios SS:S1-PR, SS:S1-NR, and BA: (S1-RC, S2-GSP). The relative 

share of the impact of PT on the GWT ranged from 29-64%. There were different reasons 

for the variation in the relative impact of PT, yet certain trends were also evident.  

A single significant trend that was observed was the application of advanced treatment 

methods
20

 during the PT processing of waste in the four scenarios. Such PT methods 

allowed deeper exploitation of the valuable potential embodied in the waste. Particularly, 

the advanced treatment of bottom ash in the BA: (S1-RC, S2-GSP) scenarios facilitated the 

recycling of the bottom ash, which is already a waste of the MSW management system. In 

the SS:S1-PR scenario, the advanced treatment of the sewage sludge ash allowed for the 

harmful substances to be separated from the ash so that it could subsequently be recycled. 

In this case, sewage sludge ash is also a waste of another waste management system. Finally, 

in the SS:S1-NR scenario, nitrogen was recovered from the sewage sludge as an advanced 

method of nutrient recovery. Furthermore, the limitation of the system boundaries to the 

unit processes, which could be affected by the recovery operations, had a significant impact 

on the relative share of PT on the overall results. This will be discussed further in Sub-

section 5.2. 

In the BA: (S1-RC and S2-GSP) scenarios, the PT category included physical separation of 

the different mineral fractions from the bottom ash and their subsequent transportation to 

an FPR. The GWP of PT in the BA:S1-RC scenario was 3.4 kg CO2-eq/t of pre-treated 

bottom ash and accounted for 29% of the total GWP. In the BA:S2-GSP scenario, which 

differed from the previous scenario by the large distance the mineral fraction was 

                                                 

 

 

20 in the dissertation, an advanced method refers to any method, which has recently been developed for waste 

treatment and has been applied on a limited scale. 
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transported to the FRP (200 km), the GWP of PT reached 5.8 kg CO2-eq/t of pre-treated 

bottom ash with the consequent escalation of the relative share of PT to 55%.  

A significantly higher GWP of PT was observed in the SS:S1-PR and SS:S1-NR scenarios. 

In the SS:S1-PR scenario, in which a high-temperature process involving consumption of 

chemicals was required for the P recovery, the GWP of PT was 180 kg CO2-eq/t of pre-

treated sludge or 560 kg CO2-eq/t of replaced triple superphosphate, which was 64% of the 

total GWP of the scenario. In the SS:S1-NR scenario, in which an adsorption and a 

stripping process were required for the N recovery, the GWP of PT was 11 kg CO2-eq/t of 

pre-treated sludge or 760 kg CO2-eq/t of replaced ammonium nitrate, which was 41% of 

the total GWP of the scenario. 

The difference in the GWP of the PT category across the four scenarios in which the PT 

processes had a high impact on GWP was equalised with the difference in the impacts 

caused by the PS and CD categories. In the BA: (S1-RC and S2-GSP) scenarios, 

substitution of minerals, such as gravel and sand, did not lead to a significant avoided impact 

from PS. In the BA:S1-RC scenario, the GWP of PS was -3.8 kg CO2-eq/t of pre-treated 

bottom ash or -6.5 kg CO2-eq/t of replaced gravel. In the BA:S2-GSP scenario, unlike in 

the rest of the scenarios, the GWP of PS had an additional impact on the environment 

(Figure 4.1) of 2.6 kg CO2-eq/t of pre-treated bottom ash. That was due to the need to utilise 

more cement in an alternative production process, which contributed 790 kg CO2-eq/t 

cement. On the other hand, avoided sand only slightly reduced the GWP by -20 kg CO2-

eq/t of replaced sand. In the SS:S1-PR scenario, substitution of triple superphosphate 

resulted in avoided GWP of -90 kg CO2-eq/t of recycled sludge or -260 kg CO2-eq/t of 

replaced triple superphosphate. In the SS:S1-NR scenario, substitution of an ammonium 

nitrate solution led to an avoided GWP of -20 kg CO2-eq/t of pre-treated sewage sludge or 

-1100 kg CO2-eq/t of replaced ammonium nitrate. 

Regarding the overall impact of the scenarios on the GWP, the total impact of the SS:S1-

PR and BA:S2-GSP scenarios was positive, thus indicating that the recycling processes 

introduced an additional environmental burden. Therefore, a sensitivity analysis was 

performed to study the impact that potential variations in the life cycle inventory data would 

have on the results and to identify the conditions in which break-even points could be 

achieved.  

4.2.4 Sensitivity analysis 

Table 4.1 lists the processes that had the highest impact on the GWP, paying special 

attention to the parameters of the unit processes that belong to the PT category, the 

parameters studied and their values for each scenario.  
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Table 4.1: Processes that had the biggest impact on the GWP, parameters chosen for the sensitivity 
analysis and their values. The values were changed based either on a known variation of a parameter or 

assumed (shown with a % variation). 

Process Name 
Contribution 

to GWP 
Parameters Studied 

Values Used 

SA000                                SA100                                  SA2 SA3 SA4 

Publication II 

SS:S1-PR      

Thermochemical  
treatment of ash 

29% 
CO2 emissions, 

kg TJ-1 
56 

100 
54,300 

(a) 
54,300 54,300 54,300 

MgO production 22% Mass required, kg t-1 39 39 19 (b) 19 19 
Generation of electricity  
for the process 

17% 
Amount  

required, kWh t-1 
118 118 118 

59 
(b) 

59 

SS:S0-BS      

TSP production 73% Relative fertilising efficiency, % 88% 88% 88% 88% 
100% 

(c) 

Publication III 

SS:S1-NR      

HNO3 production 44% None 1) — — — — — 

Electricity generation 38% 
Amount  

required, MJ kg-1 
44 

84 
(d) 

84 84 — 

NaOH production 12% Mass required, kg kg-1 1 1 2 (d) 2 — 

Thermal energy 0% 
Amount  

required, MJ kg-1 
0 0 0 

105 
(d) 

— 

Publication VI 

BA:S1-RC      

Transportation of ash to 
landfill  

31% Distance, km                                          50 
100 
(e) 

100 100 — 

Advanced ash treatment 19% Diesel consumption 2) 100% 100% 
120% 

(f) 
120% — 

Gravel production 9.4% 
Substitution  

rate, % 
100% 100% 100% 

80% 
(g) 

— 

BA:S2-GSP      

Transportation of ash to 
landfill  

25% Distance, km 50 
25 
(e) 

25 25 — 

Advanced ash treatment 15% Diesel consumption  100% 100% 100% 
80% 
(f) 

— 

Cement production 17% 
Mass required, 

kg FU-1 
320 320 

300 
(h) 

300 — 

(a) a low emissions factor from Gómez et al. (2006) was used; 
(b) a high variation of 50% was assumed owing to the fact that the LCI data originated from a pilot-scale installation; 
(c) a complete 100% substitution of a conventional TSP fertiliser due to the better fertilising efficiency of a P-rich product was assumed; 
(d) the highest value of electricity, NaOH, and thermal energy requirements for the process from van Eekert et al. (2012) were used; 
(e) a certain variation in the transportation distance to the landfill was assumed; 
(f) a moderate variation in the diesel consumption was assumed owing to the fact that the LCI data originated from a commercial installation, but 
only from a single operational place; 
(g) an incomplete substitution of gravel was assumed; 
(h) a potential improvement in the garden stone production process eliminating the need for additional cement was assumed. 
 
1) Despite having a large impact on the results, the parameter was not studied since the amount of nitric acid required for the process was 
stoichiometrically calculated; 
2) Actual diesel consumption could not be shown as a single value due to a restriction in access to the data. 

 



Results 74 

The parameters were varied either based on a known variation of a parameter or assuming 

a reasonable variation with the aim of identifying the conditions in which break-even points 

could potentially be achieved. The scenarios studied were SS:S1-PR, SS:S1-NR, and BA: 

(S1-RC, S2-GSP). The results of the sensitivity analysis are presented in Figure 4.3. As 

Figure 4.3 indicates, the variation in the parameters chosen within the values set resulted in 

the identification of a break-even point for the SS:S1-NR scenario, in which the avoided 

environmental impact of 18% transformed into the induced impact with a value of 2.6%. 

Therein, the largest increase in the GWP from -18 to -2.6% occurred with the increase in 

the electricity consumption from 44 to 84 MJ kg
-1

 N recovered (SA1). Therefore, more 

precise data about the nitrogen recovery process would be required to achieve more robust 

results. 

 

 

Figure 4.3: Results of the sensitivity analysis performed for the scenarios in which PT had a significant 
impact on the GWP. 

In the SS:S1-PR scenario, the expected reduction in carbon dioxide emissions (SA1), 

halving of the consumption of magnesium oxide (SA2) and electricity (SA3), and assuming 

the P uptake by the plants was equivalent to the conventional fertiliser efficiency (SA4), 

reduced the total additional impact the PT of the scenario had on the GWP from 28 to 
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10%. Furthermore, the consumption of sodium bicarbonate was excluded from the study, 

which, in turn, would result in the scenario having an even higher GWP. Taking into 

account the developing stage of the process, further optimisation of the process might result 

in a reduction in the consumption of the materials and electricity required, thus potentially 

achieving lower GWP than the acquisition of the conventional fertilisers. Finally, the GWP 

was not the only impact category that was affected by the process; e.g., the ADP was 

significantly reduced by 99% due to P recycling as presented in Sub-section 4.3.  

In scenario BA:S2-RC, the increase in the transportation distance to the landfill (SA1), as 

well as a potential variation in the diesel consumption by the treatment installation (SA2) 

and incomplete substitution of gravel in the production process (SA3), resulted in an 

increase in the total GWP from -42 to -22%, yet without achieving a break-even point. 

In the BA:S2-GSP scenario, the reduction in the transportation distance to the landfill 

(SA1), the potential variation in the diesel consumption by the treatment installation (SA2), 

and the potential avoidance of increased cement consumption in the production process 

(SA3), resulted in a reduction in the total GWP from 59 to 10%. The most significant drop 

in the total GWP from 34 to 10% was achieved when no cement was consumed (SA3), 

which could be possible during potential process optimisation. Finally, a large reduction in 

the environmental impact could be achieved if more minerals were recycled. 

 The Importance of PT within the ADP 

Figure 4.4 represents the box plots of the relative share of each waste management category 

in the ADP. The median values were -9.2% for CD, 7.8% for PT, 0.0% for FRP, and -59% 

for PS. The results for each impact category, with the exception of FRP, which did not 

affect the ADP, exhibited a significant variation, with the largest variation being for PS. 

Comparing the results between the ADP and GWP categories indicates that the ADP was 

dominated by the PS category with its contribution of 59%, while CD contributed only 

9.2%, which is significantly lower than the 47% contribution in the GWP. This implies that 

the products being substituted in the ADP category should be studied in depth. 

4.3.1  Low impact of PT 

The group in which the PT activities had a low impact on the ADP is represented by the 

DS:S4-SW, SS:S1-PR, and TR:S1-FF scenarios. The relative share of PT ranged from 0.2-

1.2%. In the DS:S4-SW scenario, the avoided cement production resulted in a high 

reduction of ADP of -590 mg Sb-eq/t of recycled deinking sludge or -2600 mg Sb-eq/t of 

replaced cement, whereas the ADP of PT was only 0.22 mg Sb-eq/t of pre-treated sludge. 
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A similar reduction in the ADP from PS of -1400 mg Sb-eq/t of recycled thermal residues 

was achieved in TR:S1-FF, while the impact of PT activities was 17 mg Sb-eq/t of pre-treated 

thermal residues. However, an even higher reduction in ADP of -87,000 mg Sb-eq/t of 

recycled sewage sludge was achieved in the SS:S1-PR scenario, in which a high recycling 

rate of P was maintained, while the impact of PT was 210 mg Sb-eq/t of pre-treated sludge. 

 

SS:S1-PR 0.0 0.24 0.0 -99 
Low  

impact of PT 
DS:S4-SW -1.1 0.24 0.0 -99 

TR:S1-FF -1.5 1.2 0.0 -97 

TR:S4-RS -17 3.2 0.0 -79 

Moderate 
impact of PT 

TR:S3-RC -41 4.5 0.0 -55 

TR:S2-LC -91 7.9 0.0 1.6 

BA:S1-RC -32 20 0.0 -48 

BA:S2-GSP -9.2 20 0.0 71 

DS:S1-CEM,FI -2.2 21 0.0 -77 
Significant 

impact of PT 
DS:S3-CEM,RU -26 36 0.0 -38 

DS:S2-LWA -3.9 36 0.0 -60 

Figure 4.4: Box plots of the relative shares of each waste management category in the ADP. The 
boundaries of each box correspond to 25th and 75th percentiles, while whiskers represent lowest and 
highest values that are no greater than 1.5 times the interquartile range. Outliers marked with a circle 
represent mild outliers. 
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4.3.2 Moderate impact of PT 

The group in which the PT activities had a moderate impact on the ADP is represented by 

the TR: (S2-LC, S3-RC, S4-RS) and BA: (S1-RC, S2-GSP) scenarios. The relative share of 

PT ranged from 3.2-20%. Unlike the group in which PT processes had a low impact on 

ADP, in which the PS category dominated the overall impact, none of the waste 

management categories stood out in the scenarios in this category. 

The relative share of PT of 3.2-7.9% in the TR: (S2-LC, S3-RC, S4-RS) scenarios was higher 

than the share of 1.2% in the TR:S1-FF scenario, despite the fact that the ADP of PT ranged 

from 1.6-4.2 mg Sb-eq/t of pre-treated thermal residues in the TR: (S2-LC, S3-RC, S4-RS) 

scenarios in comparison to 17 mg Sb-eq/t of pre-treated thermal residues in the TR:S1-FF 

scenario. As outlined previously, the PS category had a high impact on the overall results. 

For that reason, the substitution of sand in the TR:S2-LC scenario (-0.3 mg Sb-eq/t), gravel 

and stone in the TR:S3-RC scenario (-30 mg Sb-eq/t), and lime in the TR:S3-RS scenario 

(-110 mg Sb-eq/t) did not result in as high a reduction in ADP as in the TR:S1-FF scenario 

(-1400 mg Sb-eq/t). 

In terms of the results of the BA: (S1-RC, S2-GSP) scenarios, in which the bottom ash was 

pre-treated with an advanced treatment method, the PT had only a moderate impact on 

the ADP at the level of 1.3-2.3 mg Sb-eq/t of pre-treated bottom ash. However, unlike the 

SS:S1-PR scenario, in which an important material, phosphorous, was recovered, 

substitution of gravel in the BA:S1-RC scenario resulted in the ADP reducing by -3.2 mg 

Sb-eq/t of pre-treated bottom ash or -5.6 mg Sb-eq/t of replaced gravel. In the BA:S2-GSP 

scenario, in which additional cement was required to replace a certain amount of sand, the 

ADP was 8 mg Sb-eq/t of pre-treated bottom ash. 

4.3.3 Significant impact of PT 

The group in which the PT activities had a significant impact on the ADP is represented 

by the DS: (S1-CEMFI, S2-LWA, and S3-CEMRU) scenarios. The relative share of PT ranged 

from 21-36%. Unlike the DS:S4-SW scenario, in which the PT processes had a relatively 

low impact, a more balanced situation was achieved in the rest of the scenarios outlined in 

Publication I. The share of PT compared to the share of PS increased due to the higher 

ADP of PT, which was 60 mg Sb-eq/t of pre-treated deinking sludge in the DS: (S1-CEMFI, 

S2-LWA) scenarios, in which the sludge was dried with natural gas, while the avoided ADP 

from PS was -210 and -100 mg Sb-eq/t of recycled sludge in the DS:S1-CEMFI and DS:S2-

LWA scenarios, respectively. In the DS:S3-CEMRU scenario, in which the deinking sludge 

ash was transported over a long distance of 350 km to a FRP, the ADP of PT was 8 mg Sb-

eq/t of pre-treated deinking sludge, whereas that of PS was only -9 mg Sb-eq/t of recycled 
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deinking sludge since limestone does not have any impact on the GWP. A higher reduction 

in the ADP in the DS: (S1-CEMFI, S2-LWA) scenarios was achieved as a result of the 

substitution of fuels in the production processes. Furthermore, the avoided impact from 

PS was higher than the additional impact caused by PT, thus resulting in the total reduced 

ADP. In all the scenarios outlined in Publication I, the avoided impact from CD was -9 mg 

Sb-eq/t of deinking sludge not landfilled. 

Similarly to the scenarios in which the PT processes had a significant impact on the overall 

GWP, a sensitivity analysis of the parameters that affect the results of the ADP in the 

scenarios in which a significant impact was observed was performed. Special attention was 

drawn to the factors that affected the avoided impact from the PS category since a complete 

substitution cannot necessarily be attained during waste recycling (Geyer et al. 2016).   

4.3.4 Sensitivity analysis 

Table 4.2 lists the processes that had the highest impact on the ADP, paying special 

attention to the parameters of the unit processes that belong to the PT category, together 

with the parameters studied and their respective values for each scenario. The parameters 

varied either based on a known variation of a parameter or assuming a reasonable variation 

with the aim of identifying the conditions of possible break-even points. The scenarios 

studied were DS: (S1-CEMFI, S2-LWA, and S3-CEMRU), in which deinking sludge was 

recycled either in a cement or a lightweight aggregates production process. Furthermore, 

the BA:S2-GSP scenario was added to the analysis as the total impact of the scenario on 

the ADP was negative, despite the moderately low impact of PT. The scenarios were 

modelled using the same parameters and values as those employed to calculate the GWP. 

The results of the sensitivity analysis are presented in Figure 4.5. As can be seen, the 

variation in the parameters chosen within the values set did not reveal any break-even points 

for the scenarios studied. The most notable reduction in the ADP, from 82 to 19%, was 

recorded for the BA:S2-GSP scenario, in which no additional cement was required in the 

process. The impact from PS changed to a positive one due to the avoided impact from 

replaced sand production. Still, the impact from the advanced treatment process exceeded 

the avoided impact from CD and PS, resulting in an overall induced ADP potential of 19%. 
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 Table 4.2: Processes affecting the ADP most, parameters chosen for the sensitivity analysis and their 
values. The values were changed based either on a known variation of a parameter or assumed  

(shown with a % variation). 

Process Name 
Contribution to 

ADP 
Parameters Studied 

Values Used 

SA0 SA1 SA2 

Publication I 

DS:S1-CEMFI    

Petcoke production 47% of BS 
Substitution rate 

 of petcoke on energy basis, % 
100% 

80% 
(a) 

80% 

Natural gas consumption 92% of PT Amount required, m3 2.33∙106 2.33∙106 
2.79∙106 

(b) 

DS:S2-LWA    

Heavy fuel oil production 78% of BS 
Substitution rate 
of heavy fuel oil  

on energy basis, % 
100% 

80% 
(a) 

80% 

Natural gas consumption 68% of PT Amount required, m3 350∙103 350∙103 
420∙103 

(b) 

DS:S3-CEMRU    

Electricity for limestone quarry and 
grinding 

92% 
Substitution rate  
of limestone, % 

100% 
80% 
(a) 

80% 

Diesel production for transportation of 
ash 

— Transportation distance, km 700 700 
770 
(c) 

Publication VI 

BA:S2-GSP    

Cement production 95% of BS Mass required, kg 320 
300 

(d) 
– 

(a) an incomplete substitution of petcoke, heavy fuel oil, and limestone was assumed; 
(b) a moderate variation in the natural gas consumption for the sludge drying process was assumed; 
(c) a low variation in the transportation distance was assumed due to the high precision of the value for the transportation 
distance; 
(d) a potential improvement of the garden stone production process eliminating the need for additional cement was assumed. 

 

In terms of the other scenarios described in Publication I, the variation in the parameters 

that had the highest impact on the ADP in both the PT and PS categories resulted in the 

largest reduction in the ADP in the DS:S2-LWA scenario by 65% from the initial 27 to 

9.5%. In the other scenarios, the reduction of the ADP was 22-39%. Therefore, the 

avoidance of the impact on the ADP could be expected under a wide range of the 

unfavourable conditions for both PT and PS. 
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Figure 4.5: Results of the sensitivity analysis performed for the scenarios in which PT had a significant 
impact on the ADP. 

 The Importance of PT within the HTP 

Figure 4.6 represents the box plots of the relative share of each waste management category 

in the HTPC and HTPNON-C impact categories. The median values for the HTPC were -34% 

for CD, 0.5% for PT, 52% for FRP, and -2.6% for PS. In terms of the impact on the HTPNON-

C, the median values were -33% for CD, 11% for PT, 5.4% for FRP, and -45% for PS. 

Generally, the impact of PT processes on the overall HTPC was negligible, with the CD and 

FRP categories dominating the impact. In terms of the HTPNON-C, the importance of PT on 

the overall results was more moderate. 

To facilitate the discussion, preliminary results will be introduced for the two impact 

categories studied. First, the results of the HTPC were strongly dependent on the 

management of ash in the scenarios studied, since 96% of the total toxic impact in the 

baseline scenario of Publication VI and 79% in Publication V originated from leaching of 

chromium (Cr) during ash landfilling. This was the prime reason why the PT activities had 

a low relative impact on the HTPC in all the scenarios studied. On the contrary, only 17% 
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of the baseline impact on the HTPNON-C in Publication VI and 6% in Publication V originated 

from the landfilling operations, with the majority being associated with the product 

substitution. 

4.4.1 Low impact of PT 

The group in which the PT activities had the lowest impact on the HTP is represented by 

scenarios TR: (S3-RC, S4-RS) and BA: (S1-RC, S2-GSP) for the HTPC. The relative share 

of PT ranged from 0.44-0.52%. In all scenarios, the main reason for the low relative 

importance of the PT was the high toxicity of the thermal residues and ash being managed. 

In the TR: (S3-RC and S4-RS) scenarios, in which the fly ash was recycled, the high avoided 

impact from CD of -4.9 μCTUh/t of fly ash not landfilled was achieved. Furthermore, there 

was a relatively high impact from the FRP category of 2.5 μCTUh/t of fly ash recycled in 

the TR:S3-RC scenario and 8.6 μCTUh/t of ash recycled in the TR:S4-RS scenario. 

Meanwhile, the impact of PT ranged from 0.04-0.07 μCTUh/t of pre-treated ash and was 

caused by the transportation activities and diesel production for the trucks. 

In the BA: (S1-RC and S2-GSP) scenarios, in which bottom ash was fractionated into 

several mineral fractions, CD had an additional impact of 0.9 μCTUh/t of pre-treated 

bottom ash in the BA:S1-RC scenario and 8.8 μCTUh/t of pre-treated bottom ash in the 

BA:S2-GSP scenario. The high HTPC in the BA:S2-GSP scenario was due to landfilling of 

the mineral fractions of a low particle size, which had the highest leaching out of all mineral 

fractions achieved, whereas they were partly utilised in the BA:S1-RC scenario. On the 

other hand, higher leaching resulted in higher HTPC from the FRP category of 4.3 μCTUh/t 

of pre-treated bottom ash in the BA:S1-RC scenario compared to 0.04 μCTUh/t of pre-

treated bottom ash in the BA:S2-GSP scenario. The main reason for the difference between 

the two scenarios was low leaching of heavy metals in the BA:S2-GSP scenario, in which 

heavy metals were immobilised in a cement matrix. The impact of PT was 0.02-0.04 

μCTUh/t of pre-treated bottom ash in the two scenarios. 
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BA:S1-RC 16  0.44  83  -0.49  

Lo
w

 

BA:S2-GSP 99  0.45  0.45  0.0  

TR:S3-RC -65  0.49  32  -2.5  

TR:S4-RS -35  0.52  61  -2.7  

TR:S4-RS  -5.6  1.9  6.6  -86 

M
o

d
e

ra
te

 

TR:S1-FF -33  3.7  57  -6.5  
TR:S2-LC -38  5.0  48  -9.7  
TR:S3-RC  -35  6.1  7.2  -51 
TR:S2-LC  -30  9.2  2.3  -58 

BA:S1-RC  -48  12  4.3  -36  
… 

TR:S1-FF  -22  19  20  -39 
BA:S2-GSP  -56  41  1.8  -1.6 

Figure 4.6: Box plots of the relative shares of each waste management category in the HTP. The 
boundaries of each box correspond to 25th and 75th percentiles, while whiskers represent lowest and 
highest values that are no greater than 1.5 times the interquartile range. Outliers marked with a circle 
represent mild outliers.  

4.4.1 Moderate impact of PT 

The group in which the PT had a moderate impact on the HTP is represented by scenarios 

TR: (S1-FF, S2-LC) for the HTPC and the TR: (S2-LC, S3-RC, S4-RS) scenarios for the 

HTPNON-C. The relative share of PT ranged from 1.9-9.2%. 

BA:S2-GSP 
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In terms of the impact the TR: (S1-FF, S2-LC) scenarios had on the HTPC, there were 

several reasons why the PT processes had a higher impact in comparison to the rest of the 

scenarios described in Publication V, in which PT processes had a relatively low impact on 

the final results. In the TR:S2-LC scenario, only bottom ash, which had lower leaching 

values compared to the fly ash, was recycled in the landfill construction process resulting in 

a low impact of CD of -0.22 μCTUh/t of bottom ash not landfilled and FRP of 0.28 

μCTUh/t of recycled ash. Under such conditions, the impact from PT of 0.03 μCTUh/t of 

pre-treated ash, which was nearly the same as that in the TR: (S3-RC and S4-RS) scenarios, 

had a higher impact on the final results. In the TR:S1-FF scenario, a combination of the 

bottom and fly ash was recycled, which resulted in a higher avoided impact of CD of -2.5 

μCTUh/t of ash not landfilled and FRP of 4.3 μCTUh/t of ash recycled. At the same time, 

the need for a more complex PT of the ash resulted in the highest impact from PT out of 

all scenarios outlined in Publication V at 0.3 μCTUh/t of pre-treated ash. 

In terms of the impact of the TR: (S2-LC, S3-RC, S4-RS) scenarios on the HTPNON-C, a 

higher share of the overall impact was occupied by the PS category. The largest impact of 

PS of 86% was recorded in the TR:S4-RS scenario, in which -32 μCTUh/t of recycled fly 

ash was avoided due to lime substitution. In the remaining scenarios, TR: (S2-LC and S3-

RC), the avoided PS impact ranged from –(1.8-3.1) μCTUh/t of recycled thermal residues, 

while having nearly the same impact on PT of 0.3-0.4 μCTUh/t of pre-treated thermal 

residues, thereby resulting in a higher relative share of PT of 6.1-9.2%. 

4.4.2 Significant impact of PT 

The group in which PT activities had the most significant impact on the HTP is represented 

by scenarios TR:S1-FF and BA: (S1-RC, S2-GSP) for the HTPNON-C impact category. As 

outlined previously, the non-carcinogenic toxic impact from ash did not play the most 

significant role, therefore, the impact of activities other than leaching of heavy metals from 

ash was of more interest. 

In the TR:S1-FF scenario, the highest share of PT compared to the rest of the scenarios 

from Publication V originated from the high absolute impact of PT of 1.3 μCTUh/t of pre-

treated thermal residues, which was caused by the need for ash granulation in addition to 

the transportation, which was the only pretreatment stage required in the rest of the 

scenarios outlined in Publication V. Meanwhile, the impact from CD was -1.5 μCTUh/t of 

thermal residues not landfilled, from FRP 1.3 μCTUh and from PS -2.6 μCTUh/t of 

recycled thermal residues. 
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In the BA: (S1-RC, S2-GSP) scenarios, the difference in the relative share of PT was 

primarily dependent on the amount of the mineral fraction recycled. In the BA:S1-RC 

scenario, a higher amount of the mineral fraction was recycled in comparison to the BA:S2-

GSP scenario, thus resulting in a higher avoided impact from CD of -0.90 μCTUh/t of 

bottom ash not landfilled and PS of -0.68 μCTUh/t of recycled bottom ash. In the BA:S2-

GSP scenario, the impact from the same categories was -0.52 μCTUh/t of bottom ash not 

landfilled for CD and -0.02 μCTUh/t of recycled bottom ash for PS. Meanwhile, the impact 

from PT was 0.22 μCTUh/t of pre-treated bottom ash in the BA:S1-RC scenario and 0.39 

μCTUh/t of pre-treated bottom ash in the BA:S2-GSP scenario. 

Similar to the other impact categories studied, the scenarios with the high relative share of 

PT were analysed in a sensitivity analysis to identify potential conditions under which break-

even points could be reached.  

4.4.3 Sensitivity analysis 

The results of the toxic impact categories varied significantly between HTPC and HTPNON-C. 

In all scenarios presented in Publications V and VI, with the exception of the TR:S3-RC 

scenario, the overall HTPC was higher than that of the baseline scenarios. However, the 

impact of the PT ranged from 0.44-5.0% indicating it had a low significance on the overall 

results. Furthermore, the majority of the carcinogenic impact originated from the presence 

of heavy metals in the thermal residues managed. Therefore, the sensitivity analysis was not 

performed for the HTPC due to lack of sensitive parameters to test. 

The sensitivity analysis was performed for the HTPNON-C impact category in the scenarios in 

which the PT had a significant impact on the results. The impact of the rest of the scenarios 

in which PT had a low or moderate impact was not studied, as the overall HTPNON-C was 

lower than that of the baseline scenarios. Thus, the scenarios studied were TR:S1-FF and 

BA: (S1-RC, S2-GSP). Table 4.3 lists the processes that had the highest impact on the 

HTPNON-C, with special attention being paid to the parameters from the unit processes that 

belong to the PT category, as well as the parameters studied and their values for each 

scenario. The parameters were varied either based on a known variation of a parameter or 

assuming a reasonable variation with the aim of identifying the conditions of possible break-

even points. The parameters studied in the scenarios presented in Publication VI were the 

same as those presented in the sensitivity analysis for the GWP, with the exception of the 

cement requirement; however, the variation in the parameters was intended to increase the 

overall impact on the HTPNON-C, which was better than that of the baseline scenario. 
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The results of the sensitivity analysis are presented in Figure 4.7. As the data indicate, the 

variation in the parameters chosen within the values set only resulted in the identification 

of a break-even point for the BA:S2-GSP scenario, where the avoided environmental 

impact of -14% transformed into induced impact of 17%. The results showed that the 

relative share of the PT, which was 41% in the baseline outcome of the BA:S2-GSP 

scenario, could increase to 56% under certain conditions, thus inducing an additional 

impact on the environment.  

Table 4.3: Processes affecting the HTPNON-C most, parameters chosen for the sensitivity analysis and their 
values. The values were changed based either on a known variation of a parameter or assumed  

(shown with a % variation). 

Process Name 
Contribution to 

HTPNON-C 
Parameters Studied 

Values Used 

SA0 SA1 SA2 SA3 

Publication V 

TR:S1-FF     

Diesel production  47% of BS 
Distance of fertiliser and limestone 

transportation, kg 
200 

100 
(a) 

100 – 

Kerosene production 64% of PT Kerosene consumption, kg h-1 232 232 
300 
(b) 

– 

Publication VI 

BA:S1-RC     

Transport of ash to 
landfill  

— Distance, km 50 
100 
(c) 

100 100 

Advanced ash 
treatment 

— Diesel consumption 100% 100% 
120% 

(d) 
120% 

Gravel production 11% of BS Substitution rate, % 100% 100% 100% 
80% 
(e) 

BA:S2-GSP     

Transport of ash to 
landfill  

— Distance, km 50 
100 
(c) 

100 00–00 

Advanced ash 
treatment 

— Diesel consumption 100% 100% 
120% 

(d) 
– 

(a) a high variation in the transportation distance was assumed owing to the fact that the actual place of forest fertilisation is 
uncertain; 
(b) a variation was modelled based on the variation in the inventory data used; 
(c) a certain variation in the transportation distance to the landfill was assumed; 
(d) a moderate variation in the diesel consumption was assumed owing to the fact that the LCI data originated from a commercial 
installation, but only from a single operational place; 
(e) an incomplete substitution of gravel was assumed. 
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Figure 4.7: Results of the sensitivity analysis performed for the scenarios in which PT had a significant 
impact on the HTPNON-C. 

In terms of the other two scenarios studied, namely TR:S1-FF and BA:S1-RC, the variation 

of the parameters mostly affected the PT category, as well as the other parameters that had 

a strong impact on the results, resulting in a lower avoided impact on the HTPNON-C. The 

impact of the TR:S1-FF scenario increased from the initial -22 to -10%, whereas the impact 

of the BA:S1-RC scenario increased less significantly from -68 to -59%. The results of the 

sensitivity analysis indicated that the share of the PT would remain moderate, whereas the 

overall impact on the HTPNON-C was avoided. 
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5. Discussion 

 Environmental Impact 

5.1.1 Publication I: Deinking sludge 

The low relative importance of PT in each scenario of Publication I was primarily related 

to the high avoided impact caused by the CD category, which was landfilling of deinking 

sludge in a landfill not equipped with a landfill gas collection system. The reduction of the 

impact from CD accounted for 2400 kg CO2-eq/t of deinking sludge. This was higher than 

the findings of Likon & Saarela (2012) of 2050 kg CO2-eq/t of deinking sludge. This 

variation in GWP, which was mainly caused by the release of the landfill gas, could possibly 

be attributed to variations in the climatic conditions and methodologies employed to 

estimate the landfill gas potential. In the study by Likon & Saarela (2012), the impact of the 

PT deinking sludge was quantified together with the impact from the FRP, which totalled 

380 kg CO2-eq/t of recycled deinking sludge, whereas the impact from PS was 1100 kg CO2-

eq/t of deinking sludge. As a comparison, the impact from PT, which included mono-

incineration and transportation of deinking sludge, was 7.5 kg CO2-eq/t of deinking sludge, 

from CD – 2400 kg CO2-eq/t of deinking sludge, and from PS – 220 kg CO2-eq/t of deinking 

sludge in the DS:S4-SW scenario. When drying was required for the pretreatment of 

deinking sludge, the impact from PT increased to 110 kg CO2-eq/t of deinking sludge.  

The cumulative avoided impact from PS and CD was 25 times higher than the induced 

impact from PT alone in the DS:S1-CEMFI scenario, while avoided impact on the GWP in 

the study by Likon & Saarela (2012) was 8 times higher than the additional impact from 

sludge PT. The hypothetical reduction of the avoided impact from CD in Publication I to 

2050 kg CO2-eq/t of deinking sludge would result in a lower improvement in the GWP of 

19 times. Another key reason for the higher reduction in the GWP achieved in Publication 

I was the lower impact attributed to the PT activities. However, the GWP resulting from 

the PT of 110 kg CO2-eq/t of deinking sludge was comparable to the impact of PT of 160 

kg CO2-eq/t of deinking sludge reported by Sebastião et al. (2016), who employed a more 

advanced process for treating sludge that included sludge hydrolysis and neutralisation, 

solid/liquid separation, and fermentation, among other processes. 

Therefore, the results of the study indicate that the relative share of the environmental 

impact caused by the pretreatment methods that were required for the recovery of the 

deinking sludge in certain processes was low for the GWP due to high avoided impact from 

CD, which was landfilling. Meanwhile, the relative impact of the PT was mainly significant 
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due to the natural gas consumed during the sludge pretreatment and substitution of 

materials, namely limestone and clay, which, however, has no significant impact on the 

ADP. 

5.1.2 Publication II: Phosphorous recovery 

The results of the study showed that the GWP of an alternative scenario, SS:S1-PR, which 

incorporated the advanced P recovery process from sewage sludge ash was 1.8 times higher

than that of the baseline scenario, SS:S0-LF, which incorporated ash landfilling and the 

production of triple superphosphate fertiliser. A similar conclusion was reached in the

study by Kalmykova et al. (2015), who studied the recovery of P from MSWI fly ash and

reported that the P recovery process produced 12 times higher GWP than the production

of a conventional fertiliser. A high variation between the results of the two studies could be 

attributed to the difference in the system boundaries defined in the LCA studies, as well as 

differences in the P recovery technologies studied. 

In terms of the ADP, the results of Publication II showed a significant reduction of 420

times was achieved when recovering P from sewage sludge ash. This was primarily due to

a high avoided impact from the production of a commercial fertiliser. On the other hand, 

Kalmykova et al. (2015) reached a contrary conclusion, observing an increase of the ADP

by 10 times in the alternative scenario that incorporated the P recovery process; the oil 

consumption required for the production of sulphuric acid made the largest contribution

to the overall ADP. Furthermore, Kalmykova et al. (2015) found higher toxic impacts 

associated with the P recovery from MSWI fly ash, which could be primarily attributed to 

the release of heavy metals from the fly ash during the land application of the P-rich product 

obtained. Nevertheless, the low or moderate relative importance of PT on the toxic impact 

categories, could be expected since most of such impact originates from the leaching of

heavy metals during the land application of the waste-derived products. Still, further analysis 

of the toxic impact associated with the P recovery process and the consequent application

of the P-rich product obtained therein is required. 

Finally, it should be noted that the relative importance of PT within the overall 

environmental impact of waste recycling could significantly alter if wider system boundaries 

are defined; e.g., by including the impacts attributed to the acquisition of fuels required for 

the incineration of sewage sludge, as was the case in the study by Linderholm et al. (2012).

Linderholm et al. (2012) demonstrated that the GWP of the alternative P recovery scenario 

was 1100 kg CO2-eq/t of treated sludge, which was considerably higher than the GWP of 

Scenario SS:S1-PR, which was 80 kg CO2-eq/t of sludge. More than 90% of the GWP in 

the study by Linderholm et al. (2012) was associated with the provision and combustion of 
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the support fuel required during the process of sludge incineration, as well as with the 

substitution of energy, which in combination outshone the impact of the P recovery process. 

Similarly, in the study by Sorensen et al. (2015), the share of the P extraction process within 

the overall impact was low, mainly due to the high impacts originating from the energy 

substitution from a gasification process used for the sludge treatment in the study. 

Therefore, the results of the study indicate that the relative share of the environmental 

impact caused by the pretreatment method that was required to separate phosphorous from 

the sewage sludge ash and produce a P-rich product was significant for the GWP. This was 

due to the consumption of significant amounts of natural gas and electricity and chemicals, 

such as magnesium oxide and sodium chloride, in the process, while having a low avoided 

impact from CD and PS. On the contrary, the impact of PT on the ADP was negligible 

due to dominating impact caused by the substitution of a conventional fertiliser; i.e., triple 

superphosphate. 

5.1.3 Publication III: Nitrogen recovery 

The results of the study on the advanced process of N recovery during thermal drying of 

sewage sludge showed a 30% improvement in the GWP compared to the baseline scenario 

of sewage sludge drying without N recovery and production of a commercial nitrogen 

fertiliser. In the study by Vazquez-Rowe et al. (2015), who compared the N recovery 

process from digestate employing similar recovery technologies, a 50% improvement in the 

GWP was achieved. The impact of treating 1 t of digestate and its spreading on fields was 

68 kg CO2-eq, which was higher than the PT impact in Publication III of 11 kg CO2-eq/t of 

pre-treated sludge. In the study by Vazquez-Rowe et al. (2015), 37% of the GWP originated 

from the production of sodium hydroxide, which was consumed at the rate of 22 L/t of 

digestate. However, a reduced demand for sodium hydroxide at the level of 1.3 L/t of 

sludge was considered in Publication III because of the high pH of the condensate 

generated during the process of thermal drying of sewage sludge. Such a high variation in 

the mass of chemicals required for the process might even result in an additional 

environmental impact, as demonstrated in the sensitivity analysis performed in the 

dissertation summary. Therefore, further investigation into the nitrogen recovery process 

is required to achieve a more robust understanding of on the relative share of PT on the 

environmental sustainability of the recovery process. 

The results showed that the PT activities had a significant impact on the results; however, 

there was an overall reduction in the GWP. Similarly to the P recovery, the consumption 

of chemicals, such as sodium hydroxide and nitric acid, the electricity required for the 

process, and the low impact of PS and CD, resulted in the high importance of the PT 
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activities. Furthermore, the avoided overall impact could transform into an environmental 

burden when the amount of chemical and energy required for the process was increased,

as highlighted within the sensitivity analysis. 

5.1.4 Publication IV: RDF production from MSW 

The RDF production from MSW and the consequent energy recovery had an overall 

positive impact on the GWP, reducing it by 4–22%. The PT accounted for a moderate 

share of the total impact with 60 kg CO2-eq/t of pre-treated MSW being emitted, which was 

similar to the findings of Ripa et al. (2017) who showed the GWP of the RDF production

of 50 kg CO2-eq/t of treated MSW. Regarding the relative share of PT studied by Zhao et 

al. (2009), which included the impact from the RDF production, a lower relative share of

4% was recorded, while the major impacts were associated with the energy recovery 

activities. Overall, PT activities had only a moderate impact on the PT in all the scenarios 

of Publication IV over the GWP. The moderate importance was a result of the balanced 

impact from the PT activities compared to PS and CD. 

5.1.5 Publication V: Recycling of thermal residues 

The results of Publication V showed that PT had either a low or a moderate impact on the 

overall GWP, ADP, HTPC, and HTPNON-C across most of the scenarios studied. Similarly, 

in the study by Di Gianfilippo et al. (2016), which focused on the recycling process of

MSWI BA and MSW gasification BA in the road construction process, a reduction of the 

GWP and the ADP was achieved. In the study by Di Gianfilippo et al. (2016), the GWP 

of PT was 3.5 kg CO2-eq/t of pre-treated ash, which was slightly lower than the GWP of PT 

achieved in the TR:S3-RC scenario, of 5.4 kg CO2-eq/t of pre-treated ash. As per the ADP,

no noticeable impact was associated with the PT activities in the study by Di Gianfilippo et 

al. (2016), whereas 2.5 mg Sb-eq/t of pre-treated ash was achieved in TR:S3-RC scenario,

yet the cumulative avoided impact from CD and PS was similar in both studies: 45 mg Sb-

eq/t of pre-treated ash in the study by Di Gianfilippo et al. (2016) versus 54 mg Sb-eq/t of

pre-treated ash in the TR:S3-RC scenario. In another scenario, TR:S4-RS, a significant 

reduction in the GWP of 420 kg CO2-eq/t of recycled ash was achieved due to lime

substitution, which was primarily related to the high emissions produced during the 

limestone sintering process, which could be as high as 500 kg CO2-eq/t of sintered limestone 

(Huntzinger and Eatmon 2009).  

In terms of the toxicity-related impact categories, an increase in the impact was achieved in 

the alternative scenario in the study by Di Gianfilippo et al. (2016) for the MSWI BA 

recycling, as opposed to the avoided impact achieved in the TR:S3-RC scenario. The 
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primary difference was related to the variation in the composition of the recycled ash and 

the parameters used to model the leaching of heavy metals. On the other hand, Di 

Gianfilippo et al. (2016) reported an avoided toxic impact during recycling of gasification 

BA, which was related to the lower leaching content of heavy metals. It is worth noting that, 

apart from the high uncertainty incorporated in the determination of the leaching contents 

in thermal residues, which was studied in Publication V, special attention should be paid to 

the uncertainty associated with the characterization models used for the impact assessment, 

since the toxic categories should be improved and used with caution (Hauschild et al. 2013). 

5.1.6 Publication VI: Recovery of the mineral fraction from 

BA 

In the scenarios of Publication VI, the importance of PT widely varied between the impact 

categories, from the low importance for the HTPC to the significant importance for the 

GWP and HTPNON-C. Allegrini et al. (2015) performed a similar study incorporating MSWA 

BA pretreatment while accounting for the recovery of mineral, ferrous and non-ferrous 

fractions. As a result of the inclusion of ferrous and non-ferrous scrap recycling, the relative 

share of PT was negligible in the study by Allegrini et al. (2015) and was, therefore, 

outshone by the significant savings originating from aluminium and ferrous scrap recovery 

at the level of 170 kg CO2-eq and 110 kg CO2-eq/t of pre-treated ash, while the GWP of 

PT was around 6 kg CO2-eq/t of pre-treated ash. For comparison, the GWP of PT in the 

scenarios of Publication VI ranged from 3.4-5.8 kg CO2-eq/t of pre-treated ash. Similarly to 

the GWP, the impact of PT on the ADP was outshone by the significant impact originating 

from the recycling of ferrous and non-ferrous scrap in the study by Allegrini et al. (2015).  

The additional impact on the GWP and the ADP observed in Scenario BA:S2-GSP was 

strongly related to the need for additional cement in the garden stone production process, 

where the mineral fraction obtained during ash pretreatment was utilised; however, the 

break-even point was not achieved during the sensitivity analysis, which accounted for the 

consumption of cement at a conventional level. Similarly, Allegrini et al. (2015) 

acknowledged the significant impact associated with the consumption of additional cement 

during the concrete production process incorporating the minerals obtained during the BA 

pretreatment process, which accounted for 13% of the total GWP of the alternative 

scenario, which included recycling of the mineral, aluminium, and ferrous fractions. In 

terms of the HTPC and HTPNON-C, an induced impact was recorded by Allegrini et al. (2015), 

which was primarily associated with the recycling of the ferrous scrap. 
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 Impact of the system boundaries 

As was previously discussed, the relative importance of the PT category was strongly 

affected by the system boundaries of the study. This will be discussed within the context of 

the example of the GWP for the scenarios in which the PT had a significant impact on the 

GWP, namely SS:S1-PR, SS:S1-NR, and BA: (S1-RC, S2-GSP). In all the scenarios, the 

system boundaries were strongly limited to only include the processes that were potentially 

affected by the recycling activities. In the SS:S2-NR scenario, only the impacts from the 

actual nitrogen recovery process and the avoided PS were considered. These correspond 

to System boundary 1 in Figure 5.1. However, accounting for the fact that sewage sludge 

could have been landfilled in the baseline scenario, SS:S0-DI, the avoided impact from the 

CD would account for a higher share, thereby decreasing the relative importance of PT, 

which corresponds to the System boundary 2 in Figure 5.1. The importance of PT would 

decrease even further if the primary waste management system was included; e.g., anaerobic 

digestion of sewage sludge, which corresponded to System boundary 4 in Figure 5.1. Under 

such conditions, the increased impact from the FRP, which would include incineration of 

biogas, would decrease the share of PT. A similar decrease in the relative importance of 

PT in Scenario SS:S1-PR could be expected. 

 

Figure 5.1: A range of possible system boundaries in the LCA studies. 
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A slightly different situation was observed in the scenarios presented in Publication VI: (S1-

RC and S2-GSP), in which the reduction in the impact of the PT category could first be 

associated with the additional impact of the recovery of other fractions contained in BA,

such as non-ferrous and ferrous scraps (corresponding to System boundary 3 in Figure 5.1). 

Finally, the smallest relative share of PT could be expected when conducting an 

attributional LCA study with the system boundaries set equivalently to System boundary 5

in Figure 5.1. In such a case, all the impacts originating from the entire life cycle of a product

would be included in the study, thus outshining the relative importance of the waste

pretreatment activities. 

Limitations of the Current Research 

Since each of the LCA studies was conducted based on the specific LCI data, the results of 

the study strongly rely on the data choices made. The break-even points were not achieved 

in most of the scenarios studied during the sensitivity analysis, which incorporated the 

variation of the parameters that had the most significant impact on the PT category. 

However, numerous alternative parameters might vary significantly and have a strong 

impact on the relative importance of the other waste management categories; i.e., 

conventional disposal, final recovery process, and product substitution. 

Another point of uncertainty lays in the use of different methodologies to calculate the 

inventory data. For example, in Publication I, the release of the landfill gas and the

operational impact of the landfill were calculated using a methodology that is valid in the

Russian Federation. On the other hand, the operational impact of the landfill in 

Publications V and VI was primarily modelled using the parameters from other studies that 

were performed in the context of Finland. The impact of the trucks was usually modelled 

using the database embedded in the software used, yet the emissions from the working

machinery were calculated using a Finnish emissions database Lipasto.
21

 

Finally, uncertainty could be attributed to the LCIA stage of the studies. Despite the fact 

that a strong consensus has been achieved on the assessment of the environmental impact

caused by greenhouse gases and the creation of robust characterization models, some

improvements are still required for the ADP impact category, while the toxicity-related 

impact categories should even be used with caution (Hauschild et al. 2013). Furthermore,

21 More information on the database could be found here: http://lipasto.vtt.fi/. 
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Furthermore, the average global values that are employed to model the fate of chemical 

substances in the environment are utilised in the characterization models, thereby 

disregarding the impact of local parameters, such as depth of groundwater, type of soil, or 

ambient temperature, when modelling the environmental impact. Also, the inclusion of a 

limited number of impact categories could bias the results since the impact on the rest of 

the impact categories available remains unknown. 
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6. Conclusions 

Quantification of the environmental impact of varying waste pretreatment methods along 

with the quantification of the overall impact of the waste management system revealed that 

the PT activities themselves, the type of waste being recycled, their conventional disposal 

methods and the type of product being substituted are of interest for the identification of a 

relative importance of the pretreatment activities on the environmental sustainability of 

waste management. However, a lack of a scientific method by which it is possible to 

compare several impact categories makes it impossible to generalise the results of this 

dissertation across the four impact categories studied, thus leading to separate conclusions 

for each impact category studied. 

The PT activities were of significant importance for the GWP in the waste management 

systems that incorporated advanced waste treatment methods, such as those of Scenario 

SS:S1-PR, which involved thermochemical P recovery from sludge ash (Publication III); 

SS:S1-NR, which involved N recovery from exhaust fumes during the process of thermal 

drying sewage sludge (Publication II); and BA: (S1-RC and S2-GSP), in which an advanced 

treatment method was used to segregate MSWI BA into several fractions (Publication VI). 

The impact that the PT activities had on the overall GWP ranged from 29-64%. 

Furthermore, the significance of the PT activities was further highlighted by the low impact 

of the avoided CD, which was landfilling of inorganic materials, and PS. 

On the contrary, the low impact of PT activities on the GWP of 0.3-3.7% can be expected 

when the conventional disposal processes that have a high impact on GWP are avoided. 

For example, landfilling of organic materials in a landfill without the landfill gas collection 

system has a significant impact on GWP, as studied in the scenarios presented in 

Publication I. Furthermore, it is reasonable to expect that PT processes will have a low 

impact on the GWP when waste recycling results in the substitution of materials that have 

substantial carbon footprints; e.g., burned lime as in the scenario TR:S4-RS (Publication 

V) or cement (Publication I). 

Otherwise, the moderate importance of the PT could be expected in situations in which 

the GWP of PT is balanced with the avoided GWP of CD and PS, as in the scenarios of 

Publication IV. The sensitivity analysis of the studies in which the PT activities had a 

significant impact on the GWP revealed that the break-even point was only achieved in 

Scenario SS:S1-NR, in which N was recovered during the process of thermally drying 

sewage sludge (Publication II). 
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The sensitivity analysis revealed that the change in the GWP from the avoided impact of -

18% to the induced impact of 2.6% could occur when doubling the electricity requirement 

for the process, variating the consumption of sodium hydroxide and taking the need for 

additional thermal energy into consideration. Finally, despite the fact that the PT processes 

had a significant impact on the GWP in the SS:S1-PR and BA:S2-GSP scenarios, the 

additional GWP of 28 and 59%, respectively did not transform into avoided GWP under 

the varying conditions studied in the sensitivity analysis. 

The PT activities were of significant importance for the ADP in the waste management 

systems in which the PT activities required comparatively high amount of fuels, while having 

a low impact on CD and PS, as was the case in Scenarios DS: (S1-CEMFI, S2-LWA, and 

S3-CEMRU) outlined in Publication I, in which the share of the PT within the overall results 

ranged from 21-36%. On the contrary, the low importance of the PT could be anticipated 

when waste recycling results in the substitution of materials or fuels that have a high impact 

on the ADP; e.g., phosphorous, as in Scenarios SS:S1-PS (Publication II) and TR:S1-FF 

(Publication V); or cement, as in Scenario DS:S4-SW (Publication I), in which the share of 

PT ranged from 0.24-1.2%. 

The sensitivity analysis performed for the ADP did not reveal any conditions for the 

achievement of the break-even points, thereby avoiding the impact on ADP. As outlined 

previously, cement has significant ADP, which was the reason why there was an additional 

ADP of 82% in Scenario BA:S2-GSP (Publication VI), in which additional cement was 

required when recycling the mineral fraction. 

Straightforward results were achieved for the carcinogenic HTPc, where only a low (0.44-

0.52%) and a low-to-moderate (3.7-5.0%) share of the overall impact was associated with 

the PT activities since the toxicity was mainly related to the release of heavy metals during 

the process of recycling the thermal residues. On the contrary, a moderate (1.9-9.2%) and 

significant (12-41%) share of the non-carcinogenic HTPNON-C was associated with the PT 

activities.  

Unlike the rest of the impact categories, the major drivers for the high relative share, in this 

case, were the consumption of fuels required for the transportation and incorporation of 

the waste in the FRP. The impact of all scenarios on the HTPNON-C was positive under the 

default life cycle inventory. However, the sensitivity analysis identified a break-even point 

in the BA:S2-GSP scenario that involved recycling the mineral fraction obtained during the 

treatment of MSWI BA in the garden stone production process (Publication VI). The 

avoided HTPNON-C of 14% transformed into an additional impact of 17% when larger 

transportation distances and the higher diesel consumption of the pretreatment installation 

were considered. 
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Despite the significant variation in the relative importance of the PT activities across the 

studies and even controversial results for a certain scenario within different impact 

categories, an improved environmental situation was achieved in the majority of the 

scenarios studied. Therefore, the application of specific waste treatment, including 

advanced methods, is not expected to hinder the environmental sustainability of varying 

waste management systems, yet the execution of LCAs is recommended in the waste 

management systems similar to those that had a significant impact of the PT activities in the 

present dissertation. 
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a b s t r a c t

The aim of this research was to quantify and compare the environmental impact of a number of different
deinking sludge utilization approaches. A comparative life cycle assessment of deinking sludge material
and energy recovery was performed for the baseline scenariodlandfill disposal, and four alternative
scenarios: two cement plants, a lightweight aggregate plant, and a stone wool plant. Sludge pretreatment
and transportation processes were included in the scenario analyses. The results of the life cycle
assessment showed that the use of dry deinking sludge in a cement plant in Finland, 45 km from the
point of supply of the deinking sludge, to substitute 46% of the petcoke and 2.7% of the limestone showed
the best performance. Therein, a global warming potential reduction of 13% and an eutrophication po-
tential reduction of 12% e the highest reduction out of all impact categories studied e were achieved. A
similar reduction in global warming potential of 12% was achieved when deinking sludge was inciner-
ated and the ash utilized in cement production in a Russian plant located 350 km from the paper mill.
However, abiotic depletion potential and acidification potential slightly increased by 2.6 and 1.5%,
respectively. A maximum reduction of 2.1% out of al impact categories was achieved when dry sludge was
used in a lightweight aggregate plant. That is considerably less compared to the reduction achieved at the
cement plants. The use of deinking sludge ash in a stone wool plant to substitute 25% of cement resulted
in a maximum reduction of 25% in the ozone layer depletion potential. Thus, the utilization of deinking
sludge in construction materials production while preventing its landfilling has beneficial effects on the
environment, in particular decreased greenhouse gas emissions.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

The concept of a circular economyda core idea of industrial
ecology describing the situation where material flows keep added
value for as long as possible, eliminating waste generation
(European Commission, 2014a)dis receiving increasing attention
inmodern society. The concept has been discussed at world leading
conferences organized by the World Economic Forum (2014) and
the European Commission (2014b) and advocated in such docu-
ments as the Communication of the European Commission (2014c)
or the Recommendation of the Council of the Organisation for
Economic Co-operation and Development on Resource Productiv-
ity (2008). Considerable success in this area has been achieved in

the pulp and paper industry where nearly 60% of recovered paper is
utilized to substitute virgin wood fiber on global scale, thereby
aiming at the reduction of the negative impact on the environment
(European Recovered Paper Council, 2014). However, the use of
recycled fiber cannot be fully justified if waste paper recycling
together with the management of the waste generated in the
recycling process have a greater impact on the environment than
the business-as-usual scenario.

Operations of paper mills manufacturing tissue paper from
recovered fibre lead to generation of considerable amounts of
deinking sludge, which must be properly managed to avoid the
negative effect on the environment. Tissue paper consumption is
increasing rapidly because of the growing world population and
raised hygiene standards, and deinking sludge is the largest waste
stream generated at RCF-based paper mills (Bird and Talberth,
2008). The generation of deinking sludge can be as high as 150 kg
dry solids/t paper manufactured (Dahl, 2008). The easiest and still a
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relatively common route for the final disposal of deinking sludge is
landfilling, which harms not only the environment due to the
release of landfill gas and leachate generation, but also the econ-
omy, by reason of the irreversible loss of the valuable materials
contained in the deinking sludge. Paper recycling, while providing
benefits and being a step on the way to a circular economy, might
thus also pose certain risks for the environment and economy.

Following the principles of the waste hierarchy described in
Directive 2008/98/EC on waste (The EU Parliament and the Council
of the EU, 2008), deinking sludge should be recycled; first as a
material, and when not possible, as an energy source. Complete
prevention of deinking sludge generation or its reuse in the pro-
duction of tissue paper is not possible since tissue paper must
contain no or few impurities. Deinking sludge utilization methods
have been introduced, for example, byMonte et al. (2009), Bird and
Talberth (2008), Marsidi et al. (2011), and (Kotanen et al., 2014). A
number of comprehensive studies, patents, and reports have been
published with a focus on the utilization of deinking sludge in the
production of cardboard (Alda and Jesús, 2008), cement (Frías et al.,
2008), mortar (Yan et al., 2011), bricks (Raut et al., 2011; Sutcu and
Akkurt, 2009), lightweight aggregates (Hu et al., 2012; Liaw et al.,
1998), ceramic tiles (Maschio et al., 2009), fiberboard (Geng et al.,
2007), particleboard (Taramian et al., 2007), cement-bound board
(Fernandez et al., 2000), composite materials (Girones et al., 2010),
compost (Gea et al., 2005), synthetic calcium carbonate (CalciTech,
2014), absorbent (�Cernec et al., 2014; Likon and Saarela, 2012),
stone wool (Cuypers and Leismann, 2013), and pozzolana (García
et al., 2008). Additionally, deinking sludge has been assessed for
energy recovery through combustion, direct digestion, pyrolysis
and gasification, in spite of its low heating value and high moisture

content (CANMET, 2005; Frederick et al., 1996; Lou et al., 2012;
Marsidi et al., 2011; Ouadi, 2012).

Despite the considerable body of research on deinking sludge
recycling, no universal criteria for the optimal selection of an
environmentally favorable recycling method have been developed,
whereas deinking sludge can often be utilized simultaneously in a
number of different ways. In addition to any environmental con-
siderations, economic systems analysis has indicated that the use of
deinking sludge as an alternative raw material and energy carrier
can be economically feasible (Deviatkin et al., 2014).

Rising demands for environmental information from the general
public and considerations of corporate responsibility on the part of
companies have led to a situation where environmental impacts
associated with planned activities or implemented policies must be
thoroughly assessed. Environmental impact assessment can be
implemented using several different methodologies, for example
environmental inputeoutput analysis, material flow accounting,
and material input per unit of service (Finnveden and Moberg,
2005). In Europe, life cycle assessment (LCA) has been the
preferred approach in solid waste management, and other analyt-
ical tools have seen only limited use (Pires et al., 2011). LCA is a
suitable tool for the quantification of the overall environmental
impact resulting from waste management, and as a way to reveal
and thus enable the avoidance of possible environmental burdens
associated with secondary materials use, which is a vital step to-
wards circular economy implementation (EC-JRC, 2010a).

So far, only one scientific article (Likon and Saarela, 2012) has
focused specifically on the environmental assessment of deinking
sludge utilization. The paper presents an LCA of the utilization of
deinking sludge in the production of absorbent for oil spills sani-
tation. In view of the limited amount of work done in this area, the
assessment of the environmental impact of alternative deinking
sludge utilization possibilities would provide a necessary and
valuable contribution to the debate on the mitigation of the envi-
ronmental burden of paper recycling.

The aim of our research was to quantify and compare the
environmental impact of implementation of different deinking
sludge utilization approaches. The utilizationmethods were chosen
based on the results of the literature review and subsequent anal-
ysis of markets located reasonably close to the case study paper mill
described in Section 2. The paper includes the descriptions of the
scenarios identified, unit processes included in each scenario, and
the data used in the study. The results of the study can be used for
the cradle-to-grave LCA of paper recycling including the environ-
mental impact associated with deinking sludge utilization. Thus,
the study allows to extend the system boundaries of the LCA studies
aimed at the comparison of paper production from virgin and
recycled fibre, such as Gemechu et al. (2013), to provide more ho-
listic and comprehensive data.

2. Materials and methods

LCA is a tool for strategic planning, as stated in ISO 14040/44
standards (SFS-EN ISO 14040, 2006; SFS-EN ISO 14044, 2006). The
ISO 14040 standard distinguishes between two different ap-
proaches to LCA: the one which describes a specific product system
(PS), and another which studies the environmental consequences
of possible changes between alternative PSs. Even though, the ap-
proaches are not named in either of the ISO standards, they are
widely known as an attributional LCA and a consequential one.
Following the definitions included in ISO 14040 standard, the study
seems to be a consequential LCA at a first approximation since it
includes the direct effects caused by the implementation of an
alternative deinking sludge management system. However, ac-
cording to (Ekvall and Weidema, 2004; Weidema et al., 2009), the

Abbreviations

Scenarions
S0-LFRU baseline scenario implying landfilling of deinking

sludge in Russia
S1-CEMFI scenario implying recycling of deinking sludge in a

cement plant in Finland;
S2-LWAFI scenario implying recycling of deinking sludge in a

lightweight aggregate plant in Finland
S3-CEMRU scenario implying recycling of deinking sludge in a

cement plant in Russia
S4-SWRU scenario implying recycling of deinking sludge in a

stone wool plant in Russia

Product systems
PS0-LFRU product system of a landfill
PS1-CEMFI product system of a cement plant in Finland
PS2-LWAFI product system of a lightweight aggregate plant

in Finland
PS3-CEMRU product system of a cement plant in Russia
PS4-SWRU product system of a stone wool plant in Russia
ADP abiotic depletion potential
AP acidification potential
EP eutrophication potential
GWP global warming potential
LCI life cycle inventory
LWA lightweight aggregate
ODP ozone layer depletion potential
PS product system
TETP terrestrial ecotoxicity potential
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system boundaries of a purely consequential LCA must be
expanded to include not only the direct impact, but also the sec-
ondary, or indirect, effects caused by a change in the demand on the
materials possibly substituted with the deinking sludge: how they
will be produced and consumed then? It might be assumed that the
production of materials substituted would be avoided, thus
extending the lifetime of pits, mines and oil deposits, but the pro-
duction of co-products, such as heavy fuel oil, cannot be avoided
and thus the material needs to be utilized. That should be consid-
ered in a consequential LCA. Purely attributional LCA, on another
hand, does not focus on the consequences of planned changes, but
rather on the description of a certain PS. Therefore, the study was
performed as a comparative LCA with system expansion following
ISO standards (SFS-EN ISO 14040, 2006; SFS-EN ISO 14044, 2006)
and additional guidelines (EC-JRC, 2010b; U.S. EPA, 2006) to clarify
the requirements of the ISO standards.

2.1. Goal and scope definition

The overall goal of the study was to identify the most environ-
mentally sound deinking sludge utilization possibility for the case
study papermill by comparing the environmental burdens of several
utilization methods and, therefore, to support the decision-making
process on a company level. Since the study was primarily focused
on recovery of deinking sludge, the unit processes preceding waste
generation were left outside the system boundaries because the
environmental impact from paper production would be equal in
each scenario studied. Such practice is allowed by ISO 14044 stan-
dard (SFS-EN ISO 14044, 2006) and supported by Finnveden (1999),
who elaborated on methodological aspects of LCA in waste man-
agement. Thus, the function of the study was material or energy
recovery of the deinking sludge, whereas the functional unit was
expressed as an annual amount of deinking sludge generated, which
equals to 54,750 t. The functional unit was further used as a refer-
ence flow while quantifying the impacts and outputs of the PSs.

2.2. Description of the case study paper mill and deinking sludge

In the study, deinking sludge generated at the “SCA Hygiene
Products Russia” paper mill was analyzed. The paper mill is located
in Svetogorsk, which is in the North-West region of the Russian
Federation, close to the Finnish-Russian state border. The papermill
manufactures tissue products utilizing recovered fiber from waste
paper supplied mainly by printing houses. The amount of deinking
sludge generated is approximately 54,750 t/a. Currently, most of
the sludge is sent to landfill while a small fraction is used for cat
litter production.

The deinking sludge was subjected to several analyses to
determine the moisture and ash content, heating value, and ash
composition. The major elements determined in the deinking
sludge ash, namely, calcium, silica, and alumina oxides, enter the
production chain via the fillers used in paper manufacturing. The
content of these elements favors deinking sludge utilization in the
production of construction materials. Organic matter is present in
the sludge in the form of short wood fibers lost during the pro-
duction process, which means that the sludge is suitable for use as
fuel or for organic material substitution.

2.3. Description of scenarios

Five scenarios, including a baseline scenario, were analysed in
the study (Fig. 1). The scenarios were selected based on the analysis
of the deinking sludge properties presented in Table 1 and the re-
view of literature on possible deinking sludge utilization methods
presented in the introduction section. Further, market analysis was

performed to identify the companies and production facilities that
could utilize deinking sludge in their production processes. The
search of the companies was performed using several Russian and
Finnish online databases including “Rosfirm (2014)”, “Navigator for
Business Network (2014)”, “Yellow Pages” (2014), the Directory of
companies of the Leningrad Region (2014), and Fonecta (2014).
The geographical area of the market analysis was limited such that
transportation costs would not exceed the cost of the current
deinking sludge management option and included South-East
Finland and the Leningrad Region in Russia. The baseline scenario
was the prevailing deinking sludge management option of landfill
disposal. In Scenarios 1e4, the deinking sludge is not sent to the
landfill but used in production processes, thus avoiding the envi-
ronmental impacts associated with deinking sludge landfilling.

2.3.1. Baseline scenario (S0-LFRU)
To date, most of the deinking sludge generated at the paper mill

under the study is transported to a landfill site by truck. The landfill
accepts waste for disposal from several business sectors and com-
panies. Deinking sludge equals 23.3% of the total waste amount
handled by the landfill site (RASEM, 2014). Landfilling of deinking
sludge that contains organic matter leads to landfill gas generation;
this gas is not collected at the landfill site assessed.

2.3.2. Cement production (S1-CEMFI)
In Scenario 1, deinking sludge substitutes limestone and petcoke

in a cement plant located in Finland. In the modelling, it was
assumed that the calcium oxide of the deinking sludge replaces a
part of the limestone and the energy content of the sludge replaces
a part of the petcoke energy. The substitution rate for limestone
was calculated based on the calcium oxide content of the sludge
and limestone so that the mass of calcium oxide in the system
would remain unchanged. The substituted mass of petcoke was
calculated by applying heating values. Substitution rate calculations
are presented in Supplementary information S1.1, and the rates
used in the study are given in Table 2.

The utilization of the deinking sludge in cement production
needs additional processes since raw deinking sludge is not suit-
able for cement production by the dry method used in the pro-
duction plant, and the sludge thus requires drying prior to the
utilization. Consequently, the environmental impact of the sludge
drying process and the subsequent transportation of the dry sludge
to the cement plant was included in the scope of the study.

2.3.3. Lightweight aggregates (S2-LWAFI)
In Scenario 2, deinking sludge is assumed to be used in the

production of light-weight aggregates (LWA) in a plant located in

Fig. 1. Scenarios included in the study.
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Finland. LWAs, which are also referred to as expanded clay aggre-
gates, are ceramic products with a uniform pore structure of fine
closed cells and a densely sintered external skin (European
Commission, 2007). The pore structure of the product is deter-
mined by the specificity of the production process, raw materials,
and fuels consumed.

In the scenario, dry deinking sludge utilization is modelled for
the substitution of heavy fuel oil. Since heavy fuel oil is used in the
plant for LWA expansion, heavy fuel oil was selected for the sub-
stitution on the basis of the volume of fumes generated during
heavy fuel oil and deinking sludge combustion. Corresponding
calculations are presented in Supplementary Information S1.2, and
the resource substitution rates used are presented in Table 2.
Emissions from the drying of the deinking sludge and subsequent
transportation to the plant are included in the scenario.

2.3.4. Cement production (S3-CEMRU)
In Scenario 3, deinking sludge is assumed to be supplied to a

cement plant located in Russia. In Scenario 3, the cement produc-
tion process is not able to utilize raw deinking sludge: the sludge
must be incinerated first. The environmental impact of deinking
sludge combustion and ash transportation is included in the anal-
ysis. Since only ash can be used, no fuel substitution in cement
production is possible. In Scenario 3, the deinking sludge ash can
substitute both limestone and clay at the substitution rates calcu-
lated in Supplementary Information S1.3. The rates used in the
study are presented in Table 2.

2.3.5. Stone wool production (S4-SWRU)
In Scenario 4, deinking sludge is assumed for use in a stonewool

manufacturing plant located in Russia. The major raw material
consumed during the production of stone wool is basalt. However,

in the scenario, deinking sludge is modelled for cement substitu-
tion because of the pozzolanic properties of deinking sludge ash.
Thus, the deinking sludge must be incinerated prior to the use in
the process. The substitution rate calculations are presented in
Supplementary Information S1.4, with the rates used in the study
presented in Table 2. The environmental impact from sludge
incineration and ash transportation to the stone wool plant is
included in the study.

2.4. Description of system boundaries

The LCA methodology applied to waste management adopts a
different perspective from a classical LCA study of a PS performed
from “cradle-to-grave” (Bj€orklund et al., 2011). From the deinking
sludge utilization point of view, the LCA study starts when the
sludge is generated, that is, the “gate” of the RCF-based paper mill
and continues until it is transformed into a final product of a pro-
duction process, that is, the “gate” of a sludge utilizing company.
Unit processes and LCA stages prior to sludge generation, for
example wood harvesting, paper production, its use and recycling,
which results in the deinking sludge generation, are not affected by
the study and, thus, are omitted. However, considering the issue
from the standpoint of the production processes in which the
deinking sludge can be utilized, the study starts with the extraction
of raw materials and fuels to be substituted with the deinking
sludge, that is, the “cradle”, and ends with the unit process, referred
to as a transition unit process, in which the deinking sludge is
transformed into a final product, that is, the “gate”. Unit processes
and LCA stages following the transition unit processes should not
be affected by the use of the deinking sludge and can be omitted
from the study. The PSs, as well as the system boundaries, are
shown in Fig. 2.

Several assumptions were made in the life cycle inventory (LCI)
of the study. First, no emissions to water bodies from the produc-
tion processes where deinking sludge can be utilized were included
in the assessment since the production processes studied are not
water intensive and the sludge utilization is not expected to affect
emissions to water. As regards leachate generated during deinking
sludge landfilling, most of the environmental impact is associated
with toxicity impact categories, which are however not included in
the study due to great inconsistency in the results from different
impact assessment methods (Martínez et al., 2015). Second, waste
generation by the product manufacturing systemswas not assessed
since deinking sludge utilization is not expected to change the
amounts of waste generated. Third, direct impact associated with
the extraction of the rawmaterials substituted is excluded from the
study due to the lack of sufficient inventory data and the low
environmental impact associated with their extraction as shown by

Table 1
Characteristics and composition of the deinking sludge and deinking sludge ash studied and data from literature for comparison.

Test results Literature data

Wet deinking sludge composition (%) Moisture content 47.7 50e60a

Ash content 22.4 20e30a

Ash composition on dry basis (%) CaO 60.5 56.3b

SiO2 20.1 23.9b

Al2O3 16.7 15.1b

Fe2O3 1.09 1.02b

MgO 1.00 1.90b

K2O 0.29 0.53b

SO3 n.d. 0.73b

Na2O 0.25 0.29b

Deinking sludge properties Density, [kg m�3] 589 e

HHV on dry basis, [MJ kg�1] 7.1 1.5e5.7a

a Data from (CANMET, 2005) where effective heating value is used.
b Data from (Frías et al., 2011).

Table 2
Expected rates of resources substitution with deinking sludge and amounts of
deinking sludge utilized.

Scenario Resource substituted Expected

S1-CEMFI Limestone 2.7%
Petcoke 46%

S2-LWAFI Heavy fuel oil 100%
S3-CEMRU Limestone 0.89%

Clay 1.9%
S4-SWRU Cement 25%
Amount of deinking sludge utilized, % of annual sludge amount
S1-CEMFI Deinking sludge 100%
S2-LWAFI Deinking sludge 15%
S3-CEMRU Deinking sludge 100%
S4-SWRU Deinking sludge 15%
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Feiz et al. (2015). Feiz et al. (2015) showed that the extraction of
limestone accounts for only 0.1% of the total GHG emissions of
clinker cradle-to-gate life cycle, while the most important source of
emissions during the extraction phase is electricity generation,
which is included in the study. Moreover, the primary emission
released during extraction is particulate matter, which does not
contribute to the impact categories considered in this work. Lastly,
the environmental impact caused by deinking sludge storage and
feeding to the PSs is omitted from the analysis since the impact is
expected to be similar in all scenarios.

The unit processes within the system boundaries belong either
to a background or foreground system. The background system
contains the unit processes that are not study-specific, whereas the
foreground system is represented by study-specific unit processes.
The differentiation between the systems affects the type of data
used in the study with mainly primary data being used in the
foreground unit processes and secondary data for the background

ones. Additionally, the system boundaries include transition unit
processes, which are the processes that enable deinking sludge
conversion into the product of a particular PS.

2.5. Life cycle inventory

LCI is an LCA phase for the quantification of inputs and outputs
of the systems being studied within its system boundaries and was
performed for each scenario of the study.

2.5.1. Background system
The background system unit processes included in this study

were taken from the GaBi professional database with extensions
2014, which includes high-quality LCI profiles based on primary
data (PE International, 2014). Moreover, GaBi is one of the leading
software tools for LCA studies (Herrmann and Moltesen, 2015).
Table 3 contains information about the unit processes used, their

Fig. 2. Product systems of chosen deinking sludge utilization alternatives and their system boundaries.
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location in the LCA model, and the function which the unit pro-
cesses serve.

Most of the processes presented in Table 3 were not modified,
with the exception of the processes used for transportation, that is,
truck, truck-trailer, and bulk commodity carrier. Driving distance
from the place of origin of the material to the place of the final
utilizationwas changed so that the modelling data corresponded to
the real world situation as closely as possible. Distances used in the
study are presented in Table 3.

2.5.2. Foreground system
The foreground system is a system of study-specific unit pro-

cesses directly related to the deinking sludge utilization. The fore-
ground unit processes belong to different PSs and deinking sludge
pretreatmentmethods like drying and incineration, as shown below.

2.5.2.1. PS0-LFRU. Information concerning the amounts and
composition of landfill gas at the landfill is confidential and not
disclosed to the public according to Russian legislation. Thus, to
quantitatively estimate the emissions caused by deinking sludge
landfilling, landfill gas generation was calculated using a method-
ology developed by the scientific industrial enterprise “Logus”
(Scientific Industrial Enterprise “Logus”, 2004). The methodology
was developed for the calculation of airborne emissions resulting
from the landfilling of municipal solid and industrial waste and
taking account of such factors as waste composition and ambient
air temperature that directly influence the amount and composi-
tion of landfill gas generated. The methodology is included in the
catalogue of methodologies used for calculation, standardization,
and monitoring of airborne emissions (Research Institute

“Atmosphera”, 2013) which means that it has an official status in
the current Russian legislation.

As well as the calculation of the emissions caused by biological
decomposition of the deinking sludge, emissions caused by trans-
port operations on the landfill were also calculated. Both calcula-
tions are presented in Supplementary Information S2.

2.5.2.2. PS1-CEMFI. Inventory data used in the modelling of Sce-
nario 1 was mainly retrieved from the cement plant data sources.
The LCI data regarding cement plant operations, raw materials,
fuels, and electricity consumptionwere taken from the most recent
environmental permit of the cement plant under the study
(Kaakkois-Suomen Ymp€arist€okeskus, 2006). Unfortunately, no
newer environmental permit including overall raw materials and
fuels consumption has been issued, while subsequent permits have
been related to small modifications to the plant and do not contain
information of use for this study. Information about the emissions
released by the plant was taken from the environmental profile
report of the plant (VTT, 2011). Energy basis allocation was applied
to assign specific amounts of emissions to each fuel type. Envi-
ronmental impact from limestone crushing performed by a lime-
stone quarrying company was evaluated using data from its
environmental permits (Aluehallintovirasto, 2010; Kaakkois-
Suomen Ymp€arist€okeskus, 2004a).

2.5.2.3. PS2-LWAFI. The LCI data was compiled from the environ-
mental permit of the company (Kaakkois-Suomen
Ymp€arist€okeskus, 2004b), the Vahti database of the Finnish Envi-
ronment Administration (Finnish Environment Administration,
2013), and company representatives.

Table 3
Unit processes of the background system and distances used for transportation modelling.

Name Location in the model Function served Distance, km Payload capacity, t

GLOa: Truck S0-LFRU Deinking sludge transportation 110 5.7
S1-CEMFI Limestone transportation

Dry deinking sludge transportation
4
90

12.4
5.7

S2-LWAFI Clay transportation
Dry deinking sludge transportation

26
270

11
5.7

S3-CEMRU Limestone transportation
Clay transportation
Deinking sludge ash transportation

60
28
700

12.4
11
5.7

S4-SWRU Cement transportation
Deinking sludge ash transportation

600
120

5.7
8.7

GLO: Bulk commodity carrier S1-CEMFI Petrol coke shipping 9150
GLO: Truck-trailer S2-LWAFI Heavy fuel oil transportation 170
GLO: Excavator S1-CEMFI Limestone loading

S2-LWAFI Clay loading
S3-CEMRU Limestone loading

Clay loading
EU-27b: Diesel mix at refinery All Trucks and excavators fuelling
FIc: Electricity grid mix S1-CEMFI

S2-LWAFI

Electricity supply

RUd: Electricity grid mix S1-CEMFI

S2-LWAFI

S3-CEMRU

S4-SWRU

Electricity supply

FI: Natural gas mix S1-CEMFI

S2-LWAFI

Natural gas supply

USe: Petrol coke at refinery S1-CEMFI Petrol coke supply
US: Heavy fuel oil at refinery (0.3wt.% S) S1-CEMFI Bulk commodity carrier fuelling
EU-27: Heavy fuel oil at refinery (1.0wt.% S) S2-LWAFI Heavy fuel oil supply
RERf: Portland cement (CEM I) S4-SWRU Portland cement supply

a The data set of the unit process is representative globally.
b The data set of the unit process is representative in EU-27 member countries.
c The data set of the unit process is representative in Finland.
d The data set of the unit process is representative in Russia.
e the data set of the unit process is representative in the USA.
f The data set of the unit process is representative in Europe.
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2.5.2.4. PS3-CEMRU. The inventory data were retrieved from mul-
tiple sources. Production capacity, share of raw materials
consumed, their composition, and data about electricity con-
sumption were provided by cement plant representatives. Data
about the total consumption of raw materials and electricity dis-
tribution were taken from the best available techniques (BAT)
reference document for the production of cement, lime, and mag-
nesium oxide (European Commission, 2013) and Alsop et al. (2003),
respectively. Emissions from limestone calcination were calculated
using the methodology developed by the U.S. EPA (1998).

2.5.2.5. PS4-SWRU. The LCI data for the scenario were compiled
from several sources. The only primary data used in the model is
the production capacity of the plant (Delovoi Peterburg, 2012). The
remaining information concerning raw materials, fuels, and elec-
tricity consumptionwas taken from an LCA report about stonewool
production prepared by Flury and Frischknecht (2012).

2.5.2.6. Drying. Emissions released during deinking sludge drying
were measured in the laboratory using a Gasmet™ DX4000 gas
analyzer for gas sampling and Calcmet™ software for spectrum
analysis. Emissions from fuel combustion needed for sludge drying
were calculated using the methodologies developed by the
Research Institute “Atmosphera” (2003, 1999). The LCI of deinking
sludge drying is presented in Supplementary Information S3.

2.5.2.7. Incineration. Emissions from deinking sludge mono-
incineration were calculated using the methodologies developed
by the Research Institute “Atmosphera” (2003, 1999). The LCI of
deinking sludge incineration is presented in Supplementary
Information S3.

2.6. Life cycle impact assessment

In the study, the following impact categories were used to assign
LCI results to specific environmental issues: Global Warming Po-
tential (GWP) excluding biogenic carbon for 100 years, Ozone layer
Depletion Potential (ODP), Terrestric EcoToxicity Potential (TETP),
Acidification Potential (AP), Eutrophication Potential (EP), and
Abiotic Depletion Potential (ADP). The impact categories belong to
the CML 2001 impact assessmentmethod, amethodwidely used by
LCA practitioners, and which presents robust results compared to
other impact assessment methods (Martínez et al., 2015). The
characterization factors of the method are fromNovember 2010. All
impact categories, except ADP, were included in the study since
they are assigned high impact factors in the CML 96 “Sustainable
Development”weighting model, a model that depicts the potential
of different impact categories to affect sustainable development.
The inclusion of ADP in the study was determined by the goal of the
study, which aims at the substitution of abiotic resources and, thus,
the potential reduction of ADP.

3. Results and discussion

3.1. Life cycle inventory analysis

The main inputs and outputs of each PS included in the LCA
study are summarized in Table 4. The table shows that only a part of
the total annual deinking sludge produced can be utilized in PS2-
LWAFI and PS4-SWRU. The excess deinking sludge was modelled
as being landfilled. In Scenario 2, all heavy fuel oil conventionally
consumed by the production process was substituted with deink-
ing sludge.

Table 4 shows that the amount of diesel consumed increased in
PS1-3, with the lowest increase, by 10%, in PS3-CEMRU, and the

highest, by 110%, in PS1-CEMFI. The increase was due to the sources
of conventionally consumed rawmaterials and fuels transported by
truck being located closer to the production processes than the case
study paper mill, as well as the need to transport more deinking
sludge than the ordinarily consumed resources, mainly as a result of
the lower energy and calcium content of the sludge. In PS4-SWRU,
however, deinking sludge ash substituted cement, which was
modelled as being transported from the closest Russian cement
plant. This plant is more remote than the case study paper mill,
which led to a reduction in diesel consumption by 18%.

Changes of nitrogen oxide and dioxide emissions were caused
by different processes. The amount of diesel consumed by truck
transport influenced the nitrogenmonoxide emissions directly. The
LCI results analysis demonstrated that approximately 97% of the
relative change of NO emissions in PS1-CEMFI was caused by
deinking sludge transportation alone. Nitrogen dioxide emissions
were mainly released during deinking sludge pretreatment pro-
cesses and transportation. Sludge drying and transportation
resulted in 74% and 27% of the relative change of NO2 emissions in
PS1-CEMFI. The sum is over 100% since there were reductions of
NO2 due to for example reduced transportation of limestone and
reduced petcoke production. Similar tendencies were noticed in
the other PSs.

Changes in the NOx and SO2 emissions had different causes. In
PS1 and 2, most of the reduction in the relative changes of NOx

emissions (82% and 90%) and SO2 emissions (98% and 106%) was
due to the reduced emissions from the avoided fuel combustion
and production. At the same time, increased electricity consump-
tion caused an increase in the NOx emissions (110% and 137%
relative change) and SO2 emissions (88% and 115% relative change)
in PS3 and 4.

3.2. Life cycle impact assessment

3.2.1. Baseline scenario
When considering the entire system of the study shown in

Fig. 2, the unit processes included in the baseline scenario, mainly
the landfill body, often had a low proportional impact on the
environment, as shown in Fig. 3. The results indicate that the
baseline scenario had the greatest impact on GWP, accounting for
11.6% of the total GWP of the five PSs included in the study. The
impact was primarily associated with the release of methane
generated at the landfill. Likon and Saarela (2012) assessed the
carbon footprints of absorbent production from papermill deinking
sludge and calculated that 2.1 kg CO2-eq/1 kg of wet sludge is
emitted during uncontrolled sludge landfilling. In our research, the
calculated results indicated that 2.4 kg CO2-eq/1 kg of deinking
sludge landfilled was released.

The emissions of nitrogen oxides and ammonia generated under
microbial activity contributed to AP and EP by 2.4% and 5.5%,
respectively. Nearly 7% of TETP of the entire system associated with
the baseline scenario was mainly related to methanal formalde-
hyde release.

3.2.2. Utilization scenarios
Changes in the environmental impact caused by the imple-

mentation of Scenarios 1e4 are presented in Fig. 4, while the ab-
solute values are presented in Table 5. Each graph contains
information about a single scenario. The changes in the environ-
mental impact are defined as the difference between the impact of
the baseline scenario and a PS of a certain scenario before and after
deinking sludgewas supplied to the PS divided by the initial impact
of the baseline scenario and the same PS.

The changes in the impact were divided into four categories to
enable clearer interpretation of the results. One of the categories
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was “Sludge preparation”, which included the unit processes
needed to dry or incinerate deinking sludge depending on the re-
quirements of a production process. The impact under the “Product
system” category was associated with the avoided emissions from
the production process due to the substitution of certain materials
with deinking sludge. Another categoryd“-
Transportation”drepresented the relative impact of the processes
related to the transportation of all raw materials, fuels, and
deinking sludge, as well as the production of fuel for the vehicles.
The last categoryd“Avoided landfilling”drepresented the impact
of a baseline scenario that would not occur due to the deinking
sludge utilization in a production process. The impact of the
baseline scenario was included in the study since the study is a
comparative LCA and presents the results as consequences of the
particular changes in the systems being studied. The relative impact
caused by either of the categories mentioned above, as well as the
net impact, is shown in the tables below the graphs in Fig. 4. It
should be noted that the changes presented in Fig. 4 for each of the
scenarios cannot be compared as absolute values since the systems
being compared are not identical. The comparison of different
scenarios is handled in Section 3.2.4.

Fig. 4 clearly indicates that Scenarios 1 and 2 have positive ef-
fects on the environment, whereas Scenarios 3 and 4 affect the
environment both positively and negatively depending on the
impact category. Changes in the environmental impact are pri-
marily associated with the avoided landfilling emissions, changes

Table 4
Selected inputs and outputs of five deinking sludge utilization product systems for one year.

Inputs Amount Unit Relative change, % Outputs Amount Unit Relative change, %

Before After Before After

Baseline product system
Deinking sludge 5.48Eþ07 0.00Eþ00 kg �100% CO2 8.55Eþ05 0.00Eþ00 kg �100%
Diesel 2.53Eþ05 0.00Eþ00 kg �100% CH4 5.31Eþ06 0.00Eþ00 kg �100%
Crude oil 1.13Eþ07 0.00Eþ00 MJ �100% NO 5.28Eþ03 0.00Eþ00 kg �100%

NO2 1.14Eþ04 0.00Eþ00 kg �100%
NOx 5.14Eþ02 0.00Eþ00 kg �100%
SO2 1.44Eþ03 0.00Eþ00 kg �100%

Product system 1: cement production, Finland
Deinking sludge 0.00Eþ00 5.48Eþ07 kg 100% Clinker 3.82Eþ08 3.82Eþ08 kg 0%
Diesel 1.05Eþ05 2.21Eþ05 kg 110% CO2 2.33Eþ08 2.19Eþ08 kg �6%
Electricity 5.18Eþ07 5.17Eþ07 MWh �0.13% CH4 9.63Eþ04 7.35Eþ04 kg �24%
Natural gas 1.32Eþ08 2.10Eþ08 MJ 60% NO 3.97Eþ02 3.23Eþ03 kg 714%
Crude oil 4.36Eþ08 2.47Eþ08 MJ �43% NO2 4.87Eþ01 8.41Eþ02 kg 1628%
Petcoke 1.40Eþ07 7.56Eþ06 kg �46% NOx 1.89Eþ05 1.44Eþ05 kg �24%
Limestone 5.48Eþ08 5.34Eþ08 kg �2.7% SO2 9.79Eþ04 7.32Eþ04 kg �25%
Product system 2: lightweight aggregates production; Finland
Deinking sludge 0.00Eþ00 8.41Eþ06 kg 100% LWA 1.05Eþ05 1.05Eþ05 kg 0%
Diesel 1.80Eþ05 2.30Eþ05 kg 28% CO2 7.81Eþ06 3.99Eþ06 kg �49%
Electricity 7.29Eþ06 7.29Eþ06 MWh 0% CH4 9.14Eþ03 7.11Eþ03 kg �22%
Natural gas 1.71Eþ07 2.82Eþ07 MJ 65% NO 1.09Eþ03 2.33Eþ03 kg 114%
Crude oil 5.64Eþ07 1.19Eþ07 MJ �79% NO2 8.43Eþ01 2.46Eþ02 kg 192%
Clay 2.03Eþ08 2.03Eþ08 kg 0% NOx 1.80Eþ04 9.49Eþ03 kg �47%
Heavy fuel oil 1.14Eþ06 0.00Eþ00 kg �100% SO2 1.66Eþ04 7.07Eþ03 kg �57%
Product system 3: cement production; Russia
Deinking sludge 0.00Eþ00 5.48Eþ07 kg 100% Clinker 1.49Eþ09 1.49Eþ09 kg 0%
Diesel 3.23Eþ06 3.56Eþ06 kg 10% CO2 7.48Eþ08 7.46Eþ08 kg �0.2%
Electricity 1.01Eþ08 1.06Eþ08 MWh 5.5% CH4 1.40Eþ05 1.51Eþ05 kg 8.0%
Natural gas 6.78Eþ08 7.16Eþ08 MJ 5.6% NO 7.31Eþ04 8.13Eþ04 kg 11%
Crude oil 1.75Eþ08 1.92Eþ08 MJ 9.3% NO2 5.60Eþ03 1.00Eþ04 kg 79%
Clay 2.08Eþ08 2.04Eþ08 kg �1.9% NOx 1.95Eþ05 2.05Eþ05 kg 5.5%
Limestone 1.76Eþ09 1.74Eþ09 kg �0.89% SO2 2.72Eþ05 2.88Eþ05 kg 5.9%
Product system 4: stone wool production; Russia
Deinking sludge 0.00Eþ00 8.10Eþ06 kg 100% Stone wool 7.00Eþ07 7.00Eþ07 kg 0%
Diesel 1.37Eþ05 1.12Eþ05 kg �18% CO2 1.91Eþ07 2.12Eþ07 kg 11%
Electricity 2.08Eþ07 2.72Eþ07 MWh 31% CH4 3.11Eþ04 3.85Eþ04 kg 24%
Hard coal 2.55Eþ07 3.34Eþ07 MJ 31% NO 3.25Eþ03 2.74Eþ03 kg �16%
Crude oil 1.26Eþ07 1.34Eþ07 MJ 7.0% NO2 2.53Eþ02 7.74Eþ02 kg 206%
Limestone 9.57Eþ06 7.19Eþ06 kg �25% NOx 5.20Eþ04 6.07Eþ04 kg 17%
Cement 7.28Eþ06 5.46Eþ06 kg �25% SO2 6.07Eþ04 7.48Eþ04 kg 23%

Fig. 3. Share of environmental impact caused by the baseline scenario, i.e. deinking
sludge landfilling, compared to the reference level of emissions, i.e. total emissions
from five scenarios included in the study.
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in the PSs, and the unit processes employed for sludge pretreat-
ment. Transportation and production of fuel for vehicles do not
contribute to the changes significantly.

Considering S1-CEMFI, the greatest reduction, by 40%, was ach-
ieved for GWP, mainly because of the avoided landfill emissions. The
significant reduction in EP, by 32%, as well as ADP and AP, by 18% and
29%, respectively, was related to the decreased consumption of
petcoke. The reduced impact onTETP, by 33%,was due to the avoided
emissions from the baseline scenario. ODP showed the least reduc-
tion out of all the impact categories studied, by 11%. The reduction is
a result of the substitution of petcoke in the production process.

Valderrama et al. (2013) studied the utilization of dried or lime
stabilized sewage sludge in a cement production process to sub-
stitute 10% of petcoke or 2.8% of limestone. Their results indicated
that GWP can be reduced by 1% for fuel and 0.3% for raw material
substitution, whereas in our study, a 3.8% reduction of GWP was
achieved when petcoke and limestone were simultaneously

substituted. The greater reduction of GWP in our study occurred
because of the larger amount of petcoke substituted in our study
than in the study of Valderrama et al. (2013).

Similar to S1-CEMFI, the environmental impact of S2-LWAFI was
reduced in all impact categories. The greatest reduction, by 35%was
reached for ADP and AP, while EP was reduced by 20%. In all three
categories, the reductionwas due to a decrease in the impact of the
PS, mainly as a result of the substitution of heavy fuel oil. The least
notable reduction in the scenario was for ODP. It can be noticed
from Fig. 4 that the avoided impact from deinking sludge landfilling
does not contribute to the overall change as much as in S1-CEMFI.
This is because in S2-LWAFI not all the deinking sludge is supplied
to the production process but some is still landfilled, which affects
the environment negatively. The environmental impact associated
with the deinking sludge pretreatment in S2-LWAFI was less than
the avoided impact from heavy fuel oil substitution. This finding
does not apply to the other scenarios.

Fig. 4. Changes in environmental impact caused by implementation of the four scenarios in the study.

Table 5
Absolute values of changes caused by implementation of the four scenarios.

Impact category Unit S1-CEMFI S2-LWAFI S3-CEMRU S4-SWRU

Before After Difference Before After Difference Before After Difference Before After Difference

ADP kg Sb-Eq. 3.41Eþ05 2.78Eþ05 �18% 4.88Eþ04 3.17Eþ04 �35% 5.16Eþ05 5.42Eþ05 5.0% 1.11Eþ05 1.34Eþ05 21%
AP kg SO2-Eq. 2.35Eþ05 1.66Eþ05 �29% 5.07Eþ04 3.30Eþ04 �35% 5.11Eþ05 5.24Eþ05 2.6% 1.24Eþ05 1.42Eþ05 15%
EP kg PO4

--Eq. 3.11Eþ04 2.11Eþ04 �32% 7.24Eþ03 5.77Eþ03 �20% 4.65Eþ04 4.58Eþ04 �1.5% 1.22Eþ04 1.27Eþ04 3.4%
GWP kg CO2-Eq. 3.69Eþ08 2.21Eþ08 �40% 1.42Eþ08 1.18Eþ08 �17% 8.85Eþ08 7.50Eþ08 �15% 1.54Eþ08 1.36Eþ08 �11%
ODP kg R11-Eq. 3.27E�03 2.91E�03 �11% 4.02E�04 3.75E�04 �6.6% 1.16E�03 1.22E�03 4.9% 3.20E�01 2.40E�01 �25%
TETP kg DCB-Eq. 4.11Eþ04 2.74Eþ04 �33% 2.41Eþ04 2.20Eþ04 �8.8% 1.77Eþ05 1.74Eþ05 �1.7% 4.28Eþ04 4.28Eþ04 �0.1%
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In S3-CEMRU, the environmental impact on ADP, AP, and ODP
due to deinking sludge incineration and changes in the trans-
portation exceeded the avoided the impact from deinking sludge
landfilling together with the reduced impact due to the substitution
of limestone and clay in the production process. Fig. 3 clearly in-
dicates that the impact from the PS changes is nearly zero for each
impact category. This result is caused by the low substitution rate of
the raw materials with deinking sludge and because of the insig-
nificant environmental impact caused by raw materials extraction,
preparation, and utilization in the production process. Neverthe-
less, deinking sludge utilization in the Russian cement plant had a
positive impact on EP, TETP and, most notably, on GWP. The 15%
reduction in GWP was possible due to the avoided methane
emissions from the landfill.

In S4-SWRU, the impact on ADP, AP, and EP associated with
deinking sludge incineration and transportation changes was
higher than that from the PS changes and the avoided emissions
from the baseline scenario. In the scenario, only 15% of deinking
sludge was utilized while the rest was landfilled. ADP increased by
21%, AP by 15%, and EP by 3.4%. On the other hand, GWP was
reduced by 11%, and ODP by 25%. The decrease in GWP was mainly
due to the avoided landfilling emissions. The reduction in ODP
occurred due to the reduced cement consumption and the avoid-
ance of emissions of halon, which is emitted during cement pro-
duction and included in the GaBi database.

3.2.3. Sensitivity analysis
Sensitivity analysis was performed to estimate the importance

of raw materials and fuel substitution rates on the research

findings. The variation of raw materials and fuel substitution rates
by 20% described the possible variation of deinking sludge prop-
erties, such as heating value and content of calcium oxides and
other elements enabling deinking sludge utilization. The values for
sensitivity analysis used in the study are presented in Table SI1.3 of
Supplementary Information 1. Fig. 5 presents information onwhich
resources have the greatest effect on the environment and which
impact categories are more sensitive to substitution rate variation.

In Scenario 1, the change in the limestone substitution rate did
not lead to a significant variation in the environmental impact re-
sults, with the greatest change being less than 0.2%, for GWP. A
change in the petcoke substitution rate resulted in greater varia-
tion, namely, approximately 6% for ADP, AP, and EP. This finding
mirrors that of Valderrama et al. (2013), who presented that fuel
substitution results in greater environmental impact reduction
than raw material substitution.

Substitution rate variation in Scenario 2 had little effect on most
of the impact categories. The greatest change was in GWP, by 2.7%.
The use of an alternative methodology for the substitution rate
calculation based on the energy consumption resulted in GWP
change of 5.1%. Scenario 3 showed least dependence on the sub-
stitution rate and the variation did not exceed 0.12% when the
substitution rates of both limestone and clay were varied. Scenario
4 showed the greatest dependence of ODP on the substitution rate,
5%.

3.2.4. Comparison between scenarios
As was stated earlier, the systems assessed in the study are not

directly comparable due to the different substitution rates and

Fig. 5. Sensitivity analysis of substitution rates.
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amounts of materials substituted. Thus, to enable comparison, the
life cycle impact assessment results were normalized to the total
impact caused by all systems studied. The comparative results of
environmental impact changes are presented in Fig. 6.

The most notable reduction in the environmental impact occurs
when deinking sludge is utilized as described in S1-CEMFI. GWP
and AP were reduced by 12%e13%, which is the greatest impact
reduction of the impact categories studied. Scenario 3 similarly
allowed a significant reduction in GWP, by 12%, whereas the other
scenarios only resulted in a slight decrease in GWP, by not more
than 2.1%. In S3-CEMRU, there was a slight negative impact of 2.6%
and 1.5% on ADP and AP, respectively, whereas EP and TETP were
reduced by 0.9% and 1.3%.

S2-LWAFI led to an overall reduction in the environmental
impact, although the degree of the reduction was much smaller
than in S1-CEMFI, due to only partial utilization of the deinking
sludge in the production process. The variation for all impact cat-
egories, with the exception of ODP, was between 0.9% and 2.1%. ODP
changed by 0.01% due to the significant contribution of S4-SWRU to
the overall ODP reduction in the system.

The implementation of S4-SWRU led to the greatest reduction in
ODP, by 25%, clearly surpassing the reduction in ODP of the other
scenarios which was in the order of 0.01e0.11%. The sensitivity
analysis indicates that the reduction is highly dependent on the
substitution rate used and the high value in Scenario 4 is primarily
due to reduced cement production and consequent reduction in
halon emissions. The effect on the rest impact categories varies
from a 1.5% reduction in GWP to an increase in ADP, AP, and EP by
2.3%, 2.1%, and 0.5%, respectively.

4. Conclusions

This study conducted an LCA of five possible deinking sludge
management approaches, four of which involved sludge utilization
in the construction materials production, and onedlandfill dis-
posaldrepresented the current practice. The results of the study
showed that the use of deinking sludge in a cement production
plant as described in S1-CEMFI to substitute a part of petcoke and
limestone resulted in the greatest reduction in the environmental
impact in all the impact categories studied. GWP and EP were
reduced by 13% and 12%. S2-LWAFI also gave an overall reduction of
environmental impact, though to a lesser extent than S1-CEMFI. The
environmental impact reduced from 0.9% to 2.1% for all impact
categories. S3-CEMRU led to a significant reduction in GWP by 12%,
although ADP increased by 2.6%, the greatest increase in all the

categories studied. S4-SWRU resulted in a large reduction in ODP, by
25%, which was due to the avoidance of cement production and
related emissions of halon.

The study showed that the substitution of fuels led to a greater
reduction in the environmental impact than the substitution of raw
materials like limestone and clay. On the basis of the results, it can
be concluded that the utilization of deinking sludge rather than its
landfilling results in improved environmental quality supporting
waste paper recycling as a part of a circular economy and cleaner
production. The results could be used by decision-makers to
improve overall environmental profile of the tissue production
from recovered paper, as well as to help to identify the most
environmentally-oriented deinking sludge utilization possibility.
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a b s t r a c t

All life forms require phosphorus (P), which has no substitute in food production. The risk of phosphorus
loss from soil and limited P rock reserves has led to the development of recycling P from industrial resi-
dues. This study investigates the potential of phosphorus recovery from sewage sludge and manure ash
by thermochemical treatment (ASH DEC) in Finland. An ASH DEC plant could receive 46–76 kt/a of sew-
age sludge ash to produce 51–85 kt/a of a P-rich product with a P2O5 content of 13–18%, while 320–
750 kt/a of manure ash could be supplied to produce 350–830 kt/a of a P-rich product with a P content
of 4–5%. The P2O5 potential in the total P-rich product from the ASH DEC process using sewage sludge and
manure ash is estimated to be 25–47 kt/a, which is significantly more than the P fertilizer demand in
Finland’s agricultural industries. The energy efficiency of integrated incineration and the ASH DEC pro-
cess is more dependent on the total solid content and the subsequent need for mechanical dewatering
and thermal drying than on the energy required by the ASH DEC process. According to the results of this
study, the treated sewage sludge and manure ash using the ASH DEC process represent significant poten-
tial phosphorus sources for P fertilizer production.

� 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Phosphorus (P) is an essential element for all living organisms
and has no replacement in food production (Adam et al., 2012;
Kahiluoto et al., 2014). Geological surveys currently estimate that
7 billion tons of phosphate rocks in the form of P2O5 could be eco-
nomically mined in known reserves. Additionally, 80–90% of the
phosphate produced is used for fertilizers (U.S. Geological Survey,
2010). Unfortunately, phosphate rock is a finite resource that takes
approximately 10–15 million years to form and could be depleted
within one century (Gilber, 2009). Therefore, recycling and con-
serving P from P-rich residues, such as sewage sludge and manure
ash, are critical.

The potential and necessity for phosphate release and recovery
from ash are being explored because phosphate rock prices have
risen, and the direct application of incinerated ash in agriculture
has been hindered due to high heavy metal contents (Anttila
et al., 2008; Petzet and Cornel, 2013).

Agricultural land use in Finland covers only 8% of the total land
area, but phosphorus losses from agricultural processes have
reached approximately 60% (Vuorenmaa et al., 2002). Reducing
the use of P and efficiently using P are essential for farmers com-
peting in the agricultural market. Phosphorus recovery from resi-
dues has received little attention in Finland to date. Sewage
sludge and manure ash could be used as fertilizers when heavy
metal concentrations are reduced to acceptable limits (Anttila
et al., 2008; Kuligowski et al., 2010).

The most popular utilization method for manure is spreading it
on arable land (Pöyry Environment, 2007), but dry manures could
also be incinerated (Lundgren and Pettersson, 2009; Tyni et al.,
2010). The ash produced by incinerating manure could then be
used as a fertilizer for maintaining P levels in soil (Kuligowski
et al., 2010).

Sewage sludge is also rich in nutrients (i.e., nitrogen and phos-
phorus) but contaminated with heavy metals, poorly biodegrad-
able trace organic compounds, and potentially pathogenic
organisms. According to Svanström et al. (2004), treatment meth-
ods include land applications or spreading, landfilling, anaerobic
digestion and incineration. In most European countries, landfilling
of sludge has been banned in compliance with the EU Landfill
Directive (99/31/EC); thus, incineration has become a common

http://dx.doi.org/10.1016/j.wasman.2016.01.020
0956-053X/� 2016 Elsevier Ltd. All rights reserved.
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treatment method, leading to a potential sink for phosphorus. In
Finland, nearly all sewage sludge is utilized in landscaping, and less
than 3% is used as fertilizer in agriculture during 2005–2007. The
aim of the national waste management plan is that 100% of sludge
will be used either as a soil amendment or as an energy carrier by
2016 (Ministry of the Environment, 2012).

Phosphorus can be recovered from ash by leaching with acidic
(Pettersson et al., 2008a, 2008b) or alkaline solutions or sequen-
tially with acidic and alkaline solutions (Petzet et al., in press).
Another phosphorus recovery method is to remove heavy metals
from ashes using a thermochemical process to produce a P-
fertilizer raw material or a finished fertilizer (Adam et al., 2007,
2009; Fraissler et al., 2009; Mattenberger et al., 2008; Vogel and
Adam, 2011). Adam et al. (2009) showed that ash from the mono
incineration of sewage sludge had a high phosphorus content
(15–25% P2O5). In addition, Vogel et al. (2010) reported that ther-
mochemically treated sewage sludge ash is a suitable raw material
for the production of P fertilizers or multi-nutrient fertilizers, such
as PK or NPK fertilizers. According to Adam et al. (2012), ash from
the co-incineration of sewage sludge is mostly not suitable for
phosphorus recovery, but manure ash could be used as a supple-
mentary feedstock in ASH DEC plants (Havukainen et al., 2012).

Thermochemical treatment for removing heavy metals has been
used in many studies. Vogel et al. (2010) used HCl to remove heavy
metals from sewage sludge during thermochemical treatment. The
bioavailability of P was increased by adding MgCO3. Using a gas-
eous chlorine donor has the advantage of not needing to be mixed
with ash before treatment. Fraissler et al. (2009) used CaCl2 as a Cl
donor and found that Cd and Pb were easily volatile, while Cu and
Zn were semi-volatile and Cr and Ni were not very volatile. They
also concluded that the material bed temperature of 900 �C might
be too low and that using 1000 �C leads to better removal results.
Mattenberger et al. (2008) used KCl and MgCl2 as additives and
found that the additive selection, the amount of additive and the
treatment temperature were key factors in removing heavy metals.
The result of Adam et al. (2009) showed that Hg can be removed by
thermochemical treatment to meet the limits of fertilizer ordi-
nances of European countries, but they concluded that in most
cases, these limits were not met.

The ASH DEC process is a thermochemical treatment method
that produces renewable phosphate, removes heavy metals and
increases the bioavailability of nutrients contained in ash (ASH
DEC, 2009). Similar technologies include the Leachphos and
Mephrec processes. These three technologies were compared in
the P-REX project funded by the European Commission (P-REX,
2009). ASH DEC utilizes thermal treatment in a rotary kiln, while
Leachphos utilizes a sequential process including leaching and
solid/liquid separation, and Mephrec includes briquetting followed
by treatment in a Mephrec reactor. According to the P-REX project
results, tMephrec and Leachphos consume electricity equal to
1.2 kW h/kg P recovered and 2.4 kW h/kg P recovered, respectively.
The ASH DEC process consumes electricity equal to 1–1.2 kW h/kg
P recovered and natural gas equal to 4.4–6.5 kW h/kg P recovered.
The recovery rate of phosphorus was 98% for ASH DEC, which was
higher than the 70% achieved using Leachphos; no data were avail-
able for the Mephrec process. The solubility of PNAC (P-solubility
in neutral ammonium citrate) was higher for the Leachphos pro-
duct (95%) compared to the ASH DEC product (81%).

Several studies of the thermochemical process have empha-
sized aspects of process engineering and heavy metal removal effi-
ciency (Mattenberger et al., 2008; Vogel and Adam, 2011; Petzet
and Cornel, 2013), but only a few have considered the regional
and global potential of phosphorus recovery from ash. Thus, by
combining data on P recovery efficiencies and recovery potential,
P recovery from alternative sources can be wholly described. The
objective of this study is to estimate the potential of phosphorus

recovery from sewage sludge and manure ash by thermochemical
treatment in Finland utilizing selected ASH DEC technology.

2. Materials and methods

2.1. Biomass potential and properties

The potential of sewage sludge and manure for incineration and
ASH DEC treatment from all 16 central regions for economic devel-
opment, transport and the environment (ELY) in Finland was
investigated. The sources of sewage sludge investigated included
municipal wastewater treatment plants that process domestic
waste waters as well as industrial effluent. Data on the amounts
of sewage sludge were taken from waste management center
statistics and previous studies (Table 1).

Preliminary analysis showed a limited mass flow of sewage
sludge; the volume was not sufficient for an ASH DEC treatment
plant. Therefore, manure was included as an additional feedstock;
first, dry manure was considered because it does not need any
dewatering, followed by liquid manures. Sources of dry manure
included cows, pigs, poultries, and others, which included 43%
horse manure, 24% sheep and goat manures and 33% fur animal
manure (e.g., female fur animals from regions with more than 5
fur farms) (Profur, 2012; MMM-RMO C4; Viljavuuspalvelu, 2010).
Sources of liquid manure included cows and pigs.

The amounts of manure were calculated using information
about the quantity of animals, manure type and grazing periods.
Additional information was reported by Havukainen et al. (2012).
Information about sewage sludge mass and the calculated manure
masses are presented in Table 1.

Information about the biomass properties was collected primar-
ily from the literature. The total solid (TS) content of the sewage
sludge in a given ELY center region was collected from the same
source as the mass information in Table 1. The TS content of the
sewage sludge varied from 13% to 26% with an average of 20%.
Other biomass properties were obtained from the literature, and
when available, min and max values were used in the calculations
to reflect the variation of biomass properties. The LHV on a dry
basis and other used values are presented in Table 2. In the
calculations, the moisture content was taken into account, and
as-received LHV was used.

2.2. Dewatering, thermal drying, incineration and the ASH DEC process

This study was conducted to estimate the efficiency of phospho-
rus recovery from sewage sludge and manure ash using a thermo-
chemical method. In addition, the product yields and energy
balance were estimated. In this article, the ASH DEC process was
selected as the thermochemical treatment method due to available
technical data. Similar to biomass properties, calculations used min
and max values. The ASH DEC process with the treatment steps for
sewage sludge and manure including incineration is presented in
Fig. 1.

A portion of the biomass was dewatered and thermally dried
before incineration. The collected sewage sludge and dry manure
were assumed to be thermally dried before incineration. The pig
and cow liquid manures were assumed to be dewatered with
decanting centrifugation (Møller et al., 2002) before thermal dry-
ing. The net heat consumptions of the thermal drying processes
were 240 kW h=tH2O for the steam dryer (min value) and
669 kW h=tH2O for the disc dryer (max value). Technologies for
sewage sludge or manure mono-incineration included multiple
heart furnaces, fluidized bed incinerators (Anttila et al., 2008;
Lapa et al., 2007), melting furnaces, rotary kilns and cyclone fur-
naces (Werther and Ogada, 1999). The sewage sludge and manure
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were assumed to be incinerated in a fluidized bed boiler with a
combined heat and electricity (CHP) production (Horttanainen
et al., 2010). The used min and max values for dewatering, thermal
drying, and incineration are presented in Table 3.

The remaining bottom and fly ash after incineration were
assumed to be directed to the ASH DEC process. Information about
the ASH DEC process was provided by Ludwig Hermann, who is one
of the developers of the process. The ASHDEC process includesmix-
ing of the ash and alkaline or chlorine donors and subsequent treat-
ment in a rotary kiln for 20 min at 900–1050 �C, during which
heavy metals evaporate and a P-rich product is obtained. The
amount of P-rich product was 1.1 t/t ash. Toxic substances are
retained in the air pollution control system in the form of mixed
metal oxides. The air pollution control system is largely the same
as that in sludge incineration. The system includes an electrostatic
filter precipitator and a wet scrubber if integrated with a sludge
incinerator or a dry baghouse filter if the ASH DEC system is a stan-
dalone plant. In a typical setup, the process requires 46 kg/tash NaCl,
39 kg/tash MgO and 49 kg/tash NaHCO3 as additives. The ASH DEC
process consumes 118 kW h/tash of electricity and 520 kW h/tash
of fuel (i.e., natural gas or biomass). If the ASH DEC process is inte-
grated with incineration, the fuel energy requirement reduces to
260 kW h/t ash. In Germany, an industrial manufacturing plant
using the ASH DEC process starts with a treatment capacity of
16 kt/a of sewage sludge ash. This plant is located in South Germany
near a private sludge incinerator and a biogas plant. Additionally,
this process was tested at a pilot plant in Leoben, Austria; this plant
treated up to 7 tons of ash per day (ASH DEC, 2009).

3. Results

3.1. Potential of sewage sludge for incineration and the ASH DEC
process

In Finland, the annual amount of sewage sludge was approxi-
mately 800 kt/a (Table 1), which equaled 160 kt TS/a. The total

amount of sewage sludge ash produced by incineration was esti-
mated to be 46–76 kt/a. The total potential of the P-rich product
from the ASH DEC process using sewage sludge ash was 51–
85 kt/a (Table 4), and the total phosphorus (P2O5) mass potential
was 9.1–11 kt/a or 13–18% P2O5 in the P-rich product. The results
for the Uusimaa region showed the highest P-rich product poten-
tial of 9.8–16 kt/a, while Finland Proper, Lapland, Pirkanmaa
showedmoderate potential levels (4.4–8.1 kt/a), and Kainuu, North
Karelia and Southern Savonia showed the lowest potential levels
(0.93–1.8 kt/a).

3.2. Potential of manure for incineration and ASH DEC

The potential mass of manure was estimated to be 13 million
tons per year, containing 1800–2800 kt TS/a (Table 5). The total
amount of manure ash was 320–750 kt/a, and the total potential
of P-rich product from the ASH DEC process using manure ash
was 350–830 kt/a. The phosphorus mass as P2O5 in the total P-
rich product was estimated to be 16–36 kt/a, which indicated a
P2O5 content of 4–5%. The highest P-rich product potentials from
manure ash were in Ostrobothnia, Southern Ostrobothnia and Fin-
land Proper (43–120 kt/a), while the Åland Islands showed the
lowest amounts (5–11 kt/a).

3.3. Potential of P-recovery from sewage sludge and manure ashes via
thermochemical treatment

The total amount of ashes from incinerating 800 kt/a of sewage
sludge and 7300 kt/a of manure was estimated to be 370–830 kt/a.
The total P-rich product from the ASH DEC process using both sew-
age sludge and manure ash varied from 400 kt/a to 920 kt/a, of
which 9–13% was from sewage sludge. The total phosphorus mass
potential as P2O5 was found to be 25–47 kt/a. The sewage sludge
comprised only 10% of the total mass potential for incineration,
but the share of P2O5 originating from the sewage sludge from
the total P2O5 potential was 23–36% due to the higher ash and

Table 1
Obtained sewage sludge and calculated manure masses from ELY center regions in Finland.

Region Sewage sludge
(t/a)

Cow dry manure
(t/a)

Cow liquid manure
(t/a)

Pig dry manure
(t/a)

Pig liquid manure
(t/a)

Poultry manure
(t/a)

Other dry manure
(t/a)

Åland Islands 38000a 120000 85000 0 0 550 14000
Southern

Ostrobothnia
37000c 470000 310000 130000 310000 77000 75000

Southern Savonia 16000d 230000 160000 2500 6100 7300 21000
Häme 43000c 290000 210000 45000 110000 5300 30000
South Karelia 43 000b,g 260000 190000 17000 42000 2800 25000
Kainuu 19000e 190000 140000 0 0 460 5500
Central Finland 34000f 300000 210000 6300 15000 2300 26000
Lapland 73000h 480000 360000 0 0 210 18000
Pirkanmaa 69000i 320000 220000 49000 120000 28000 32000
Ostrobothnia 33000c 520000 320000 120000 290000 24000 150000
North Karelia 15000j 500000 360000 2800 6800 1400 16000
Northern

Ostrobothnia
73000e 700000 500000 22000 55000 620 45000

Northern Savonia 57000j 780000 570000 15000 37000 950 24000
Satakunta 64000d 190000 130000 86000 210000 73000 18000
Uusimaa 120000i 160000 120000 16000 39000 580 39000
Finland Proper 68000i 140000 92000 200000 490000 150000 35000

Total 800000 5600000 4000000 710000 1700000 370000 580000

a Avfallsstatistik (2010).
b EKJH (2010).
c Rytkönen (2012).
d Kahiluoto and Kuisma (2010).
e Turunen et al. (2008).
f Yli-Kauppila et al. (2009).
g Rasi et al. (2012).
h Lapin ELY (2011).
i Länsi-Suomen Ympäristökeskus (2009).
j Pohjois-Karjalan Ympäristökeskus (2009).
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Table 2
Material properties of the studied feedstock.

Min Max References

LHVdry (MJ/kg)
Sheep manure 14.9 14.9 Phyllis 2 (2012) and Miller and Miller (2007)
Cattle solid manure 10.5 16.9 Phyllis 2 (2012), Miller and Miller (2007) and Choi et al. (2014)
Cattle liquid manure 10.5 16.9 Phyllis 2 (2012) and Sweeten et al. (2003)
Poultry manure 12.1 13.9 Quiroga et al. (2010), Miller and Miller (2007) and Zhu and Lee (2005)
Horse manure 18.4 19.1 Lundgren and Pettersson (2009) and Edström et al. (2011)
Pig solid manure 12.8 15.2 Thygesen and Johnsen (2012)
Pig liquid manure 12.8 15.2 Phyllis 2 (2012), Prapaspongsa et al. (2010) and Choi et al. (2014)
Fur animal 13.0 15.2 Assumed same as pig manure
Sewage sludge 15.3 20.7 Horttanainen et al. (2010), Anttila et al. (2008), Dogru et al. (2002) and Murakami et al. (2009)

TS (%)
Sheep manure 18.0 34.9 Viljavuuspalvelu (2010) and Kumar and Bharti (2012)
Cattle solid manure 19.0 25.0 Rasi et al. (2012), Luostarinen et al. (2011) and Thygesen and Johnsen (2012)
Cattle liquid manure 5.5 11.0 Viljavuuspalvelu (2010)
Poultry manure 38.0 50.1 Rasi et al. (2012), Viljavuuspalvelu (2010) and Zhu and Lee (2005)
Horse manure 32.0 32.9 Rasi et al. (2012) and Viljavuuspalvelu (2010)
Pig solid manure 25.0 54.9 Viljavuuspalvelu (2010) and Thygesen and Johnsen (2012)
Pig liquid manure 3.5 8.0 Prapaspongsa et al. (2010) and Viljavuuspalvelu (2010)
Fur animal 38.5 38.5 Viljavuuspalvelu (2010)
Sewage sludge 13.0 26.0 References in Table 1

ASH content (% TS)
Sheep manure 15.0 20.0 Kumar and Bharti (2012) and Miller and Miller (2007)
Cattle solid manure 15.0 22.0 Kumar and Bharti (2012) and Rasi et al. (2012)
Cattle liquid manure 15.0 32.0 Kumar and Bharti (2012), Rasi et al. (2012) and Thygesen and Johnsen (2012)
Poultry manure 29.0 29.0 Rasi et al. (2012), Miller and Miller (2007) and Zhu and Lee (2005)
Horse manure 40.0 40.0 Rasi et al. (2012)
Pig solid manure 20.0 20.0 Rasi et al. (2012) and Thygesen and Johnsen (2012)
Pig liquid manure 15.0 27.0 Rasi et al. (2012) and Prapaspongsa et al. (2010)
Fur animal 50.0 50.0 Thygesen and Johnsen (2012)
Sewage sludge 29.0 48.0 Ritari (2014) and Lehtinen and Urho (2014)

Phosphate content (kg/tTS as P2O5)
Sheep manure 14.0 18.0 Viljavuuspalvelu (2010)
Cattle solid manure 14.0 18.0 Viljavuuspalvelu (2010) and Rasi et al. (2012)
Cattle liquid manure 21.0 26.0 Ørtenblad (2004)
Poultry manure 37.0 69.0 Viljavuuspalvelu (2010)
Horse manure 18.0 37.0 Viljavuuspalvelu (2010)
Pig solid manure 27.0 37.0 Viljavuuspalvelu (2010)
Pig liquid manure 35.0 52.0 Rasi et al. (2012)
Fur animal 95.0 164.0 Viljavuuspalvelu (2010)
Sewage sludge 57.0 66.0 Rasi et al. (2012) and Lehto (2005)
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Fig. 1. Biomass pretreatment, incineration and P recovery by ASH DEC process (ASH DEC, 2009).
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phosphorus contents of sewage sludge compared to manure. The
total P2O5 potentials from the regions in Finland are shown in
Fig. 2, where Finland Proper, Ostrobothnia and Southern
Osthrobothnia showed the highest potential levels of 2.2–6.2 kt/
a, while Kainuu showed the lowest level (0.5–0.8 kt/a). Other
regions showed intermediate levels of P2O5 (0.6–3.6 kt/a).

3.4. Energy balance of the P recovery process

Incineration could be used to treat waste to reduce its volume
and hazardous characteristics by destroying potentially harmful
substances. In addition, incineration is a suitable process for energy
recovery from waste. Important aspects of incineration include the
energy yield and energy consumption of the drying process. The
total sewage sludge fuel energy from all regions was found to be
650–910 GW h/a (Table 6). The total net yields of electricity and
heat from incineration after the heat requirement of thermal dry-
ing were 39–130 GW h/a and 250–320 GW h/a, respectively. To
treat the ash, the ASH DEC process required 5.4–9 GW h/a of elec-
tricity and 12–40 GW h/a of fuel energy. The highest net electricity
and heat potentials were found in the Uusimaa region with 7.4–
25 GW h/a of electricity and 70–72 GW h/a of heat.

Using part of the dried sludge as a fuel in the ASH DEC process
would reduce the amount of fuel required by the process. This
could be possible if the ASH DEC process was integrated into an
incineration plant. Additionally, hot ash could possibly be directed
into the ASH DEC process, which would reduce the fuel energy

demand of the ASH DEC process by 50%. In this case, the fuel
energy for incineration would be 640–890 GW h/a, and the net
electricity and heat energies would be 33–120 GW h/a and 240–
315 GW h/a, respectively, after subtracting the heat demand of
thermal drying and the electricity demand of the ASH DEC process
(see Table 7).

Liquid manure was assumed to be incinerated after dewatering
and thermal drying. Dry manure was assumed to be thermally
dried before incineration. The electricity required for dewatering
and the heat required for thermal drying of liquids were subtracted
from the produced electricity and heat energy obtained from CHP.
The total electricity required for dewatering liquid pig and cow
manures was assumed to be 25–34 GW h/a, and the net heat
needed for thermal drying was assumed to be 1400–3900 GW h/a.
A significant share of the produced heat from incinerating manure
was found to be required for thermal drying (39–49%). The highest
net heat potential from incineration was found in Southern
Ostrobothnia and Ostrobothnia (260–500 GW h/a), while the
highest net electricity potential was found in Ostrobothnia and
Northern Savonia (26–140 GW h/a).

4. Discussion

Because phosphorus sources are becoming scarce, the removal
of phosphorus from ash is appealing. Sewage sludge and manure
could be incinerated, and the resulting ash could then be used to
recover P-rich products using the ASH DEC process. However, the
mono-incineration of manure could be economically difficult to
implement because the incineration of manure is considered to
be waste incineration in Finland. Obtaining a permit for waste
incineration is difficult, and small-scale waste incineration is
expensive. Therefore, the co-incineration of sewage sludge and
manure could result in increasing the available feedstock within
a given region and making incineration with the ASH DEC process
a viable option. Havukainen et al. (2012) reported that manure
could become an additional feedstock in regions with a high den-
sity of animal husbandry where the land area might not be suffi-
cient for manure spreading.

The total ash potential levels from incinerating sewage sludge
and manure were estimated to be 46–76 kt/a and 320–750 kt/a,
respectively. P-rich products frommanure ash typically have lower
P2O5 contents (4–5%) compared to those from sewage sludge ash
(13–18%) but have a larger P-rich product potential (350–830 kt/a)

Table 3
Min and max values used for dewatering, drying, and incineration calculations
(Horttanainen et al., 2010; Myllymaa et al., 2008; Møller et al., 2002).

Min Max Unit

Dewatering
TS separation efficiency to solid fraction 33 62 %
P separation efficiency to solid fraction 60 66 %
Electricity consumption 4.3 6.0 kW h/t
TS 18 28 %

Thermal drying
Heat consumption 240 669 kW h=tH2O

TS 80 95 %

Incineration CHP efficiency
Electricity 6 15 %
Heat 72 74 %

Table 4
Potential of P-rich products and P2O5 amounts using sewage sludge ash in the ASH DEC process.

Region Thermal drying Incineration ASH DEC Phosphorus
Dry sludge (t/a) Ash (t/a) P-rich product (t/a) P2O5 (t/a)

Low High Low High Low High Low High

Åland Islands 7200 8500 2000 3300 2200 3600 390 450
Southern Ostrobothnia 7000 8300 1900 3200 2200 3600 380 440
Southern Savonia 3600 4300 990 1600 1100 1800 190 230
Häme 9900 12000 2700 4500 3000 5000 540 630
South Karelia 8700 10000 2400 3900 2700 4400 470 550
Kainuu 3000 3600 840 1400 930 1500 170 190
Central Finland 7100 8400 1900 3200 2200 3600 380 450
Lapland 15000 18000 4200 7000 4700 7800 840 970
Pirkanmaa 16000 19000 4400 7200 4900 8100 870 1000
Ostrobothnia 5000 5900 1400 2300 1500 2500 270 310
North Karelia 3200 3700 870 1400 970 1600 170 200
Northern Ostrobothnia 12000 14000 3200 5400 3600 6000 640 740
Northern Savonia 12000 14000 3300 5400 3700 6100 650 750
Satakunta 12000 14000 3200 5300 3500 5900 630 730
Uusimaa 32000 38000 8800 15000 9800 16000 1700 2000
Finland Proper 14000 17000 4000 6600 4400 7300 780 910

Total 170000 200000 46000 76000 51000 85000 9100 11000
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Table 5
Potential of P-rich products and P2O5 amounts from utilizing manure ash in ASH DEC process.

Region Manure Manure TS Incineration ASH DEC Phosphorus (P2O5)
(kt/a) (kt/a) Ash (kt/a) P-rich product (kt/

a)
(t/a) (t/a)

Low High Low High Low High Low High

Åland Islands 220 30 44 4 10 5 11 190 370
Southern Ostrobothnia 1400 200 320 39 96 43 110 2000 5000
Southern Savonia 420 61 86 10 20 11 22 480 970
Häme 690 93 140 16 38 18 42 800 1800
South Karelia 540 74 110 12 27 14 30 600 1300
Kainuu 340 46 66 6 14 7 16 300 560
Central Finland 560 79 110 12 26 14 29 600 1200
Lapland 860 120 170 16 36 17 40 720 1400
Pirkanmaa 780 110 170 20 45 22 49 990 2200
Ostrobothnia 1400 200 340 39 110 43 120 1900 5400
North Karelia 890 120 170 17 38 19 42 800 1500
Northern Ostrobothnia 1300 180 270 27 63 30 70 1300 2700
Northern Savonia 1400 190 280 28 63 31 70 1300 2600
Satakunta 710 100 170 22 51 25 56 1100 2800
Uusimaa 380 55 79 10 21 12 23 540 1100
Finland Proper 1100 160 280 39 93 43 100 2000 5300

Total 13000 1800 2800 320 750 350 830 16000 36000
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Fig. 2. Amount of P2O5 that could be recovered from each region in Finland using the ASH DEC process.

Table 6
Fuel energy for sewage sludge incineration and produced net heat and electricity after thermal drying and ASH DEC energy requirement.

Region Incineration (including drying) ASH DEC energy need

Fuel energy Net heat Net electricity Electricity Fuel energy

Low
(MW h/a)

High
(MW h/a)

Low
(MW h/a)

High
(MW h/a)

Low
(MW h/a)

High
(MW h/a)

Low
(MW h/a)

High
(MW h/a)

Low
(MW h/a)

High
(MW h/a)

Åland Islands 28000 39000 7900 13000 1700 5600 230 390 1000 1700
Southern

Ostrobothnia
27000 38000 8100 13000 1600 5500 230 380 1000 1700

Southern Savonia 14000 19000 6100 7200 830 2800 120 190 510 850
Häme 39000 54000 18000 20000 2300 7800 320 540 1400 2400
South Karelia 34000 47000 12000 16000 2000 6800 280 470 1200 2100
Kainuu 12000 17000 1700 4900 710 2400 99 160 440 720
Central Finland 27000 38000 10000 14000 1600 5600 230 380 1000 1700
Lapland 60000 83000 23000 30000 3600 12000 500 830 2200 3600
Pirkanmaa 62000 86000 28000 32000 3700 13000 520 860 2300 3800
Ostrobothnia 19000 27000 1400 7400 1200 3900 160 270 710 1200
North Karelia 12000 17000 4800 6100 730 2500 100 170 450 750
Northern

Ostrobothnia
46000 64000 6 500 19000 2700 9300 380 630 1700 2800

Northern Savonia 46000 65000 18000 23000 2800 9400 390 640 1700 2800
Satakunta 45000 63000 11000 20000 2700 9100 380 620 1700 2700
Uusimaa 120000 170000 70000 72000 7400 25000 1000 1700 4600 7600
Finland Proper 56000 78000 22000 28000 3300 11000 470 770 2100 3400

Total 650000 910000 250000 320000 39000 130000 5400 9000 24000 40000
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compared to those from sewage sludge (51–85 kt/a). In Finland,
Uusimaa has an ash potential of 9–15 kt/a, but other regions have
potentials of only 0.9–7 kt/a. Thus, to obtain sufficient ash mass for
an ASH DEC plant in Finland, sewage sludge ash would need to be
transported from several regions to the ASH DEC plant or ash from
manure incineration would need to be used with sewage sludge
ash.

The P fertilizer potentials from sewage sludge and manure ash
were found to be substantial at the national level in Finland. The
P fertilizer demand in Finland was 26 kt in 2012 (Tike, 2013),
and the potential of P2O5 in P-rich products was found to be 9–
11 kt/a from sewage sludge alone and 25–47 kt/a from both sew-
age sludge and manure. The P2O5 content of P-rich products from
sewage sludge ash was approximately 13–18%, which was compa-
rable to conventional P fertilizers, such as single-superphosphate
(SSP, 18% P2O5), and multi-nutrient fertilizers, such as PK and
NPK fertilizers (5–12% P2O5, Adam et al., 2009). SSP sold by the
Yara fertilizer company is currently called a ‘‘phosphorus nutrient”
that contains 9% phosphorus and costs 580 €/t (Yara, 2012; Ylä-
Uotila, 2012). Additionally, recycled P-rich products have been
marketed as a high-quality PK 12–20 fertilizer with potassium
and as NPK 20-8-8 fertilizer, both of which have been fully licensed
fertilizers since March 2006 in Austria and since 2008 in Germany.
Furthermore, both products were sold at prices comparable to
commercial fertilizers (ASH DEC, 2009). Hence, treated sewage
sludge and manure ash show promising potentials as P-rich
resources for fertilizer production. The heavy metal concentration
in the ASH DEC product was examined in the P-REX project (P-
REX, 2015) and was mainly below the limits set for fertilizer prod-
ucts from sewage sludge in Finland (Table 8) (Ministry of
Agriculture and Forestry, 2011). The limits of Cu and Zn are
exceeded, but exceptions may be made according to legislation if
there is a lack of copper or zinc in the soil. The composition of sew-
age sludge varies depending on the source and the concentrations
of heavy metals, which will affect the treatment and concentra-
tions in the product.

One of the primary consumers of energy during the P recovery
process is the thermal drying of waste before incineration when
utilizing wet feedstocks. Using efficient heat exchangers and dry-
ing processes, the net heat consumption of thermal drying can be
reduced. The efficiency of incineration ([net heat + net electric]/

fuel energy) of sewage sludge and manure is typically 78–85%
without considering dewatering and drying energy use; when con-
sidering dewatering and drying, the efficiency drops to 44% when
using max values in the calculations and 56% when using min val-
ues in the calculations. For manure, similar calculations result in
efficiencies of 49% and 50%, respectively. Manure dewatering
requires 3–8% of the produced electricity, and drying requires
39–49% of the produced heat from incineration. In the case of sew-
age sludge, drying requires 31–63% of the produced heat. The ASH
DEC plant energy requirement is similar in utilizing both manure
and sewage sludge with an electricity demand of 14% in relation
to the produced electricity when using min values and 7% when
using max values. The fuel demand of the ASH DEC plant is approx-
imately 4% in relation to the fuel energy of sewage sludge or man-
ure directed to incineration. The fuel consumption of the ASH DEC
plant itself can be reduced when it is integrated into an incinera-
tion plant because hot ash requires less energy to be heated.

The logistic aspects are important in building a system of incin-
eration and ash treatment by an ASH DEC plant. The incineration of
sewage sludge, as well as manure, requires a large enough mass for
securing feasible operation. In Finland, this could mean that trans-
port of masses to the incineration plant would be needed. There-
fore, it might be feasible to add thermal drying before
transporting the masses, in addition to dewatering. However, there
are limits as to how long the transport distances can be, and one
critical factor affecting economically feasible transport distance is

Table 7
Fuel energy for manure incineration and produced net heat and electricity after thermal drying and ASD DEC energy requirement.

Region Incineration (including dewatering and drying) ASH DEC energy need

Fuel energy Net heat Net electricity Electricity Fuel energy

Low
(GW h/a)

High
(GW h/a)

Low
(GW h/a)

High
(GW h/a)

Low
(GW h/a)

High
(GW h/a)

Low
(GW h/a)

High
(GW h/a)

Low
(GW h/a)

High
(GW h/a)

Åland Islands 78 190 30 63 4.3 24 0.50 1.1 2.2 5.0
Southern

Ostrobothnia
550 1200 260 480 30 130 4.6 11 20 50

Southern Savonia 160 360 69 120 9.2 45 1.2 2.4 5.1 10
Häme 250 550 110 200 14 62 1.9 4.5 8.4 20
South Karelia 200 440 85 150 11 52 1.4 3.2 6.3 14
Kainuu 110 280 44 91 6.3 35 0.75 1.7 3.3 7
Central Finland 210 470 87 160 12 58 1.5 3.1 6.4 14
Lapland 290 700 110 230 16 90 1.8 4.2 8.1 19
Pirkanmaa 300 650 140 240 17 75 2.3 5.3 10 23
Ostrobothnia 570 1200 260 500 32 130 4.6 13 20 57
North Karelia 300 730 120 240 17 92 2.0 4.5 8.9 20
Northern

Ostrobothnia
460 1100 180 370 25 130 3.1 7.5 14 33

Northern Savonia 490 1200 190 380 26 140 3.3 7.4 14 33
Satakunta 300 600 150 260 16 65 2.6 6 12 26
Uusimaa 160 320 75 110 9 36 1.2 2.5 5.4 11
Finland Proper 490 950 260 450 27 93 4.6 11 20 48

Total 4900 11000 2200 4100 270 1300 37 88 170 390

Table 8
Heavy metal concentration in the ASH DEC product (P-REX, 2015) and limits in
Finland for heavy metals in fertilizer products (Ministry of Agriculture and Forestry,
2011).

ASH DEC product Limit

mg/kg mg/kg
As 3.6 25
Cd 0.3 1.5
Cr 127 300
Cu 601 600a

Hg 0.3 1
Ni 56.4 100
Pb 60.1 100
Zn 1710 1500a

a The limits of Cu and Zn can be exceeded if there is lack of Cu and Zn in the soil.
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the end product prize. In case there is a possibility to build several
incineration plants in a region, the ASH DEC plant could be located
close to the largest incineration plant minimizing transportation of
the ashes. Incorporation of an ASH DEC plant into an incineration
plant reduces costs for peripheral and ancillary equipment because
the same infrastructure can be used. The co-incineration of sewage
sludge and manure could allow sufficient mass flow for economi-
cally viable facilities compared to the combustion of a single waste
fraction.

The manure utilization in Finland to date involves mainly
spreading it to arable land and thereby benefiting from the nutri-
ents included in manure. However, there is an increasing demand
for expanding energy production from manures by increasing the
amount of biogas production. The digestate including the nutrients
can then be directed to arable land. In places where the field appli-
cation of digestate is not suitable, the digestate could be dewatered
and dried by using heat coming from a biogas plant. Additionally,
incineration of dry manures, such as horse manure, is facilitated
in Finland in an attempt to increase the amount of energy produc-
tion from manures.

The ASH DEC process and similar processes are more suitable
for treating the sewage sludge ash because they might include
heavy metals. These processes were initially developed to remove
heavy metals from ashes and increase the usability of nutrients for
plants. This study was made to investigate the material flows for
the system including incineration and phosphorus recovery from
ashes. One problem with utilizing manure in this way is the low
obtainable gate fee for incineration because the manure spreading
on arable land is a relatively cheap utilization method. The calcu-
lations on the manure ash potential for an ASH DEC plant can be
seen as quite hypothetical. The ASH DEC and similar technologies
are more clearly suited for regions where the sewage sludge
amounts are larger and where there is a clear risk of heavy metal
contamination.

5. Conclusions

The risk of phosphorus loss from soil and limited phosphate
rock reserves are the primary reasons for developing more efficient
P recycling from sewage sludge and manure ash. The results of this
study show that the treatment of sewage sludge and manure ash
by thermochemical treatment represents a relevant phosphorus
source that is a suitable secondary raw material for P fertilizer pro-
duction. The potential of sewage sludge ash for an ASH DEC plant
was found to be 46–76 kt/a in Finland, which could be used to pro-
duce 51–85 kt/a of P-rich product with a P2O5 content of 13–18%.
In addition, manure ash potential was found to be 320–750 kt/a,
from which 350–830 kt/a of P-rich product with a P2O5 content
of 4–5% could be produced. The phosphorus potential as P2O5 in
the total P-rich product from ASH DEC process using sewage sludge
and manure ash was estimated to be 25–47 kt/a, which, if pro-
duced, would surpass the demand for phosphorus in agriculture
in Finland. In general, the co-incineration of both sewage sludge
and manure could result in an economically viable process to pro-
duce the amount of ash required for an ASH DEC plant. The energy
efficiency of the incineration and the ASH DEC process was found
to be significantly more depending on the TS content and thus
on mechanical dewatering and thermal drying than on the energy
required by the ASH DEC process. Because the material can be con-
sidered as relatively reliable, and the chosen calculation methodol-
ogy has been shown to be valid, the ASH DEC process could be an
effective way to recover phosphorus from incinerated ash. The
technology can be more feasible in regions where the sewage
sludge amounts are larger than in Finland and where there is a risk
for heavy metal contamination. It should be kept in mind that ASH

DEC is just one example of a thermochemical treatment process
which can be used to increase phosphorous recovery from ashes.
It is clear that phosphorus recovery is an important topic in Europe,
which is heavily dependent on phosphorus import. This has a lack
of control over phosphorus emissions from diffuse sources; there-
fore, aspects are considered in both the Roadmap for Resource Effi-
ciency in Europe and the European Commission communication on
sustainable phosphorous use.
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a b s t r a c t

The increasing demand for food has led to heightened demands for fertilizers containing nitrogen, a vital
nutrient for efficient crop yields. In the study, a potential for nitrogen recovery during thermal drying of
sewage sludge was examined. The mechanically dewatered sewage sludge from a municipal wastewater
treatment plant was batch dried under controlled temperature regimes without pH adjustment. The
drying temperatures were set to 100 �C, 130 �C, and 160 �C. Fourier transformed infrared (FTIR) spec-
troscopy analysis was applied to continuously measure the ammonia concentration in the exhaust fumes
generated during the batch drying tests. The results indicated that the mass of ammonia released during
the drying process ranged between 4700 and 6850 mg/kg total solids (TS), which corresponded to 78
e99% of the 6220 mg/kg TS ionized ammonia nitrogen (NH4

þeN) content determined in the sewage
sludge prior to the drying process. No clear relationship between the drying temperature and the amount
of ammonia released was identified. Still, out of the total nitrogen contained in the sewage sludge
(53,000 mg/kg TS), 81% was present as organic nitrogen, which is bound in cell structure and, therefore,
could not be released.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Increased food consumption driven by the global population
growth has resulted in an unprecedented utilization of nitrogen
and phosphorous. Considerably increased human-induced fluxes of
nitrogen and phosphorous have led to the transgression of the
planetary boundaries through disruptions of their natural cycles
(Rockstr€om et al., 2009; Steffen et al., 2015). In the meantime,
population growth coupled with expanding urbanization has
generated ever-increasing amounts of municipal sewage sludge, a
substantial sink of biogenic nitrogen and phosphorous (Gr€onman
et al., 2016). As such, efficient recycling of the organic nutrients
embodied in sewage sludge could help to mitigate the negative
environmental impact caused by the unrestricted consumption of
inorganic fertilizers.

The nitrogen that is present in sewage systems primarily origi-
nates from urea, which quickly hydrolyzes into ammonia nitrogen,
the largest nitrogen species in the wastewater that enters a
wastewater treatment plant (WWTP). The ammonia nitrogen in

wastewater is concurrently present in both forms: un-ionized, NH3,
and ionized, NHþ

4 The equilibrium between the two forms of
ammonia in a liquid solution is pH and temperature (T) dependent
and can be calculated following the study by K€orner et al. (2001).

The behavior of nitrogen throughout the WWTP, along with the
nitrogen species present in different media, is illustrated in Fig. 1.
During the wastewater treatment process, a two-stage nitrifica-
tion-denitrification process is applied to convert ammonia nitrogen
into molecular nitrogen, N2, which represents the biggest share of
nitrogen within the WWTP (Cao, 2011; Wett and Alex, 2003).
However, most nitrogen is released into the atmosphere and,
therefore, is lost from the system during the operation of the
WWTP. However, a part of the nitrogen is present in sewage sludge
and can potentially be recovered to avoid an excessive load of man-
made nutrients on the environment.

Nutrient recovery has often been a key factor in sewage sludge
treatment and utilization; e.g., by direct utilization on land,
composting, or anaerobic digestion with consequent utilization of
digestate on land (Fytili and Zabaniotou, 2008). Such methods
enable the efficient use of nutrients, including nitrogen, for
fertilization and soil enhancement. Nevertheless, sludge utiliza-
tion by the methods described can be constrained by several
factors including potential environmental damage due to the high* Corresponding author.
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content of heavy metals, lack of social acceptance of sludge use on
land, and economic barriers, such as high transportation costs.
Under such circumstances, sludge incineration is typically
employed.

During incineration, the nitrogen that is present within the
sludge transitions into exhaust fumes, which are then released into
the environment, which eliminates any further possibilities of ni-
trogen recovery. While no nitrogen is present in ash, the ash does,
however, contain another vital nutrient, phosphorus, which has
been successfully recovered in previous research; e.g., in a pilot
plant (Havukainen et al., 2016). Therefore, nitrogen recovery should
be implemented prior to sludge incineration, which is oftentimes
preceded with the thermal drying required to reduce the moisture
content of sludge (Bennamoun et al., 2013).

As recently described by Bennamoun et al. (2013) and Tunçal
and Uslu (2014), sewage sludge drying can be implemented via
various methods, which can be grouped into convective drying,
conductive drying, and solar drying approaches. The convective
driers, such as belt driers, flash driers, fluidized bed driers, and
rotary driers, often utilize hot air or steam within the drying pro-
cess. The conductive driers, represented by disc driers or paddle
driers, conventionally utilize hot oil or saturated steam within the
drying process, and no direct contact between the heating media
and dried sludge occurs. The uses of waste oil as described, for
example, by Peregrina et al. (2008) and Wu et al. (2012), or su-
perheated steam as presented, for example, by Mujumdar (2014),
are considered to represent innovative methods of sewage sludge
drying. Finally, solar driers are structurally prototyped from
greenhouses. Overall, convective driers are perceived to be ad-
vantageous because such driers can potentially be integrated into a
sludge incineration plant (Li et al., 2014) or a cement plant (Stasta
et al., 2006), thereby increasing the energy efficiency of the incin-
eration plant through the consumption of low-grade steam for the
drying process.

In spite of the wide application of thermal drying for sewage
sludge treatment, the potential of nitrogen recovery during the
process was not addressed properly. Meanwhile, only limited
research has been published that describes the detection of
ammonia in the exhaust fumes generated during the thermal
drying process; as such, there is a lack of understanding of the total
amount of ammonia released. Lu et al. (2013) studied the release of
ammonia (among other constituents of exhaust fumes) during the
sewage sludge drying process. Deng et al. (2009) examined the
emissions of volatile compounds, including ammonia, during the
thermal drying of sewage sludge and determined that the rate of
ammonia released increases with the raising drying temperature.
However, both research groups were concerned with ammonia
from the perspective of a source of air pollution omitting the
determination of the total amount of ammonia released and its
potential for further recovery.

The objective of the present study was to quantitatively study
the release of ammonia during thermal batch drying of sewage
sludge while also examining the relationship between the mass of
ammonia released during the drying process and the temperature
of the process. The results of the present study could be used to
assess the recovery potential of nitrogen and may serve as a basis
for designing the recovery process, which could be facilitated by
acid absorption or adsorption on activated carbon or biochar.

2. Materials and methods

2.1. Sewage sludge sample

Sewage sludge for the study was obtained from Toikansuo
WWTP, which is located in Lappeenranta, a Finnish town that has a
population of 72,000 inhabitants. The WWTP treats municipal
wastewater from the City of Lappeenranta, municipalities of Lemi
and Taipalsaari, as well as industrial wastewater, which accounts
for approximately 10% of the total volume of wastewater treated.
The average treatment capacity of the WWTP is 16,000 m3/day
corresponding to nearly 6,000,000 m3 annually (Lappeenrannan
Energia Oy, 2014; Ritari, 2014).

The WWTP includes preliminary sedimentation, filtration of
coarse rejects, and chemical-biological treatment employed with a
nitrification-denitrification process for nitrogen removal (P€oyry
Finland Oy, 2013). Excess secondary sludge is dewatered in a
centrifuge. In 2013, 7700 t of sewage sludge was generated with an
average total solids (TS) content of 24% (Ritari, 2014). Samples for
the studywere collected from the discharge end of the centrifuge in
plastic buckets with tightly closing caps. The samples were stored
in a refrigerator until tested. The dry matter content of the sewage
sludge studied was determined before the tests. The dry matter
content was 20.3 ± 0.5% and the ash content 4.12 ± 0.14% (SFS 3008,
1990).

2.2. Experimental setup

The equipment used for the sludge drying tests is shown in
Fig. 2. The samples of sewage sludge were placed into a metallic
vessel (a) that was kept closed during the tests; the vessel had an
inlet (b) and an outlet (c) pipe. The vessel was then placed inside an
electric oven (d). The drying temperature was continuously recor-
ded using a thermocouple (e) placed inside the metallic vessel. Hot
air for the drying process was supplied through the inlet pipe from
inside the electric oven. The outlet pipe was connected to the gas
preparation unit (f), which was connected to a gas analyzer (g). The
gas preparation unit aspirated exhaust fumes from the vessel at a
constant suction rate of 2.5 L/min of hot air.

The sewage sludge samples were dried in the electric oven at
three different temperatures to ascertain if there was a relationship
between the drying temperature and the amount of ammonia
released to a gas phase. The temperatures chosen were 100 �C,
130 �C, and 160 �C because the temperatures were considered to be
representative of the industrially applied temperatures employed
during sewage sludge drying. It was anticipated that a further in-
crease of the drying temperature would facilitate a greater release
of volatile compounds, thus decreasing the heating value of sewage
sludge (Vesilind and Ramney, 1996). Despite the well-known effect
that pH has on ammonia release, no addition of alkaline materials
was considered in the study so as to imitate an ordinary sludge
drying process without significant technological alterations. The
drying tests were run in duplicate for each temperature, and the
weight of the samples was set to 50 g.

After passing through the gas analyzer, all exhaust fumes pro-
gressed through a pipe in which water vapor and a part of volatile

Fig. 1. Nitrogen species in wastewater introduced into treatment, within the treatment
process, and in discharge water and sewage sludge leaving the WWTP.
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substances present in the exhaust fumes condensed under atmo-
spheric conditions. Provided that the flow rate of the exhaust fumes
was 0.045 L/s and the inner diameter of the pipe was 19.1 mm, the
superficial velocity of the fumes was 0.039 m/s. With the length of
the pipe being 3 m, the residence time of the exhaust fumes was
about 1.3 min. The condensate was collected in plastic bottles, and
the concentrations of ionized ammonia and total nitrogen were
measured.

2.3. Nitrogen determination tests

Sewage sludge and the products of the drying process related to
the nitrogen release were subjected to several laboratory tests in
order to determine the nitrogen content in various forms, as

described in Table 1. In addition, the total solids content and the ash
content of the sewage sludge were determined in accordance with
the SFS 3008 (1990).

2.3.1. FTIR
A Fourier transformed infrared spectroscopy analysis was used

to determine the content of ammonia in the exhaust fumes. The
FTIR is considered a reliable method for ammonia measurement
showing a high correlation of ammonia determination results with
an NH3-sensor and a QC-in situ laser system (Eklin et al., 2016). A
Gasmet™ DX4000 (Gasmet Technologies Oy, 2015a) was used for
the gas sampling and a Calcmet™ (Gasmet Technologies Oy, 2015b)
for the spectrum analysis. Prior to each test, the gas analyzer was
calibrated with zero gas, molecular nitrogen. During the analysis,

Fig. 2. Equipment used for sludge thermal drying and continuous measurement of ammonia in exhaust fumes.

Table 1
Methods used to determine the content of nitrogen in different media.

Nitrogen species Sewage sludge Exhaust fumes Condensate

Total nitrogen (Ntot) Modified Kjeldahl test n.d. Nitrogen (total) cell test
Soluble nitrogen (Nsol) Nitrogen (total) cell test n.a. n.d.
Ionized ammonia (NHþ

4 ) Ion chromatography n.a. Ion chromatography

Un-ionized ammonia (NH3) n.d. FTIR n.d.

n.a. e not applicable since a particular nitrogen species is not present in a particular medium.
n.d. e not determined since the determination of a particular nitrogen species was not required or the species was determined by another method.
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the gas flow that was subject to the analysis passed through a
sample cell located between an interferometer and a detector, thus
adsorbing the light emitted. As a result, an adsorption spectrum
was generated, wherefrom the concentration of each gas was
calculated. Linearity deviation of the method was <2% of the
measuring range, which was 100 ppm.

The exhaust fumes generated during the drying process were
heated to 180 �C using a heated sample line to avoid condensation
of the fumes before reaching the gas analyzer. The concentrations
of ammonia and water vapor in the exhaust fumes were continu-
ously measured and recorded using the FTIR gas analyzer at a rate
of once per minute as an average of that time period. The ammonia
measurement started when the vessel containing the sludge was
placed into the oven and terminated when ammonia release lev-
eled out and the moisture content of the exhaust fumes was less
than 2% v/v. The total mass of ammonia released was calculated as
follows:

mNH3
¼

Xn

i¼1
CNH3;i$rNH3

$Q$Dt
�
mgNH3

�
sample

�
; (1)

where CNH3 ;i is the concentration of ammonia inwet exhaust fumes
at minutes i to n, ppm; n is number of measurements; rNH3

is the
density of ammonia at standard temperature and pressure,
0.769 kg/m3; Q is the flow rate of the gas analyzer at standard
temperature and pressure, 0,0000447 m3/s; and Dt is time period,
60 s.

2.3.2. Modified Kjeldahl test
The total nitrogen in the sewage sludge was directly measured

using the modified Kjeldahl method following SFS 5505 (1988). In
short, the method includes decomposition of all nitrogen species
with sulfuric acid and its further determination by back titration.
The uncertainty of the method is ±20% of the measured value. The
nitrogen species determined by the method include un-ionized
ammonia, ionized ammonia, nitrates, nitrites, and organically
bound nitrogen. The modified Kjeldahl test is considered to be
superior to the conventional Kjeldahl method since it also identifies
nitrates and nitrites, thus representing all possible nitrogen species.

2.3.3. Nitrogen (total) cell test (NCT)
Soluble nitrogen in sewage sludge and the total nitrogen in

condensate generated during the process of thermal drying of
sewage sludge were determined according to Merck KGaA (2013),
which is an analogue of SFS-EN ISO 11905-1 (1998) for the digestion
procedure, and DIN 38405-9 (2011) for the nitrate determination.
The method incorporates transformation of organic and inorganic
nitrogen into nitrate according to Koroleff's method, which involves
treatment with an oxidizing agent in a thermoreactor, reactionwith
a benzoic acid yielding a red compound, and consequent photo-
metric nitrogen determination. The standard deviation of the
method is ±0.14 ml/L of nitrogen. To determine soluble nitrogen, a
water extraction test described in chapter 2.3.4 was applied.

2.3.4. Water extraction test
A water extraction test was used to extract the nitrogen con-

tained in the sewage sludge and convert it into a liquid phase to

determine the soluble nitrogen and ionized nitrogen contents. The
samples were prepared according to the BS EN 13652 (2001). In
brief, the sludge was blended with water at a 1:5 volumetric ratio
followed by intensive mixing on a rotating table. Next, the samples
were centrifuged using a Sorrvall RC 28S centrifuge for 15 min and
filtered using an S&S 597 filter paper.

2.3.5. Ion chromatography (IC)
The concentrations of ionized ammonia in sewage sludge and

condensate were determined according to the SFS-EN ISO 14911
(2000) using a Thermo Fisher ICS-1100 system. The ion exchange
column used for the analysis was IonPac CG12A
(4 � 50 mm) þ CS12A (4 � 250 mm), and the eluent was a 22 mN
solution of sulfuric acid. The sewage sludge was subjected to a
water extraction test beforehand.

3. Results and discussion

3.1. Wet sewage sludge

Table 2 presents the results of nitrogen determination in the
sewage sludge by the modified Kjeldahl test, the nitrogen (total)
cell test, and ion chromatography. The sewage sludge samples were
labeled with Arabic letters, whereas the samples from the drying
process, introduced later, were numbered numerically. The differ-
entiation was important because the analyses of the sewage sludge
and that of the drying products were performed in parallel, pro-
voking possible variation between the samples since sewage sludge
is not constant in its nature.

As can be seen from the results, the total nitrogen content in the
sludge was 53,000 mg/kg TS, equivalent to 5.3%. Rigby et al. (2016)
reported that the average total nitrogen content in raw sewage
sludge was approximately 4%, with values that ranged between 2
and 6%. Most of the total nitrogen (81%) is present as organic ni-
trogen, since the soluble nitrogen content, which was determined
after the dilution of sewage sludge with water, was 9980 mg/kg TS.
Rigby et al. (2016) reported that the organic nitrogen content in
sewage sludge could be as high as 96.8% of the total nitrogen. Since
organic nitrogen is organically combined in proteins, chitins, amino
sugars and nucleic acids (Pierzynski et al., 2005), it cannot be sol-
ubilized and, therefore, is not applicable for nitrogen recovery
during thermal drying because the only nitrogen species released
therefrom is ammonia (O'Shaughnessy et al., 2008; Rigby et al.,
2016; Smith and Durham, 2002). However, Rigby et al. (2016),
Silva-Leal et al. (2013), and Tarras�on et al. (2008) found that
organic nitrogen partly mineralizes during thermal drying, thus
becoming more available for plant intake. Limited research (Ren
et al., 2006) has indicated that organic nitrogen can be partly
released during the hydrothermal treatment, where organic ni-
trogenwas first transformed into a liquid phase, and then vaporized
as ammonia. However, hydrolysis of organic nitrogen is not
possible during thermal drying due to limited water content.

In terms of potential nitrogen recovery, the ammonia nitrogen
represented by the soluble nitrogen determined in the sludge is the
nitrogen species of particular interest because it is released during
the thermal drying process (O'Shaughnessy et al., 2008; Rigby et al.,

Table 2
Content of total, soluble, and ionized ammonia nitrogen in sewage sludge.

Test method Nitrogen species Sample A, mg/kg TS Sample B, mg/kg TS Average, mg/kg TS RSD, %

Kjeldahl Total N 51,000 55,000 53,000 3.8%
NCT Soluble N 9626 10,340 9980 3.6%
IC NH4

þeN 5780 6665 6220 7.1%
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2016; Smith and Durham, 2002). In the current study, the content
of soluble nitrogen in the sludge was 9980 mg/kg TS. The soluble
nitrogen contained primarily ionized ammonia, which corre-
sponded to 61% of the soluble nitrogen content. The content of the
ionized ammonia was similar to the values reported by Rigby et al.
(2016), between 624 and 8000 mg/kg TS with a mean value of
3500 mg/kg TS. Moreover, Deng et al. (2009), who studied the
release of ammonia during sewage sludge drying, indicated the
content of ionized ammonia in sewage sludge of 5.46 g/kg TS, just
slightly less than in the sewage sludge studied in the present paper.
Since the ammonia nitrogen is concurrently present in the forms of
ionized and un-ionized ammonia, the remaining soluble nitrogen is
primarily unionized ammonia. Still, traces of nitrates resulting from
insufficient denitrification process might be present in soluble ni-
trogen, as per the findings of Rigby et al. (2016), who reported the
content of nitrates in sewage sludge at a level of 2.8 mg/kg TS.

3.2. Exhaust fumes

The ammonia concentration in exhaust fumes generated
during thermal drying of sewage sludge was continuously
measured using the FTIR gas analyzer. Fig. 3 depicts the ammonia
concentration and water vapor content in exhaust fumes as a
function of the drying time for the three different temperatures
studied. High similarities in the results of the parallel tests and
the same trends were observed. Generally, the peak ammonia
concentration always occurred after the peak water content,
regardless of the drying temperature. In other words, the release
rate of ammonia was highest when most of the moisture had
already evaporated from the sludge. Deng et al. (2009) also
showed that the release of ammonia was still significant when
most of the moisture already evaporated. However, in the case of
Deng et al. (2009) the release of ammonia had slightly different
behavior with a distinctive rising, stable, and a decreasing rate of
ammonia release, whereas only rising and decreasing rates were
noticed in the present study.

On the contrary, the drying temperature has an effect on the
maximum concentration of ammonia in exhaust fumes, as well as
the time required to vaporize most of ammonia. At 100 �C, the
ammonia concentration gradually increased for approximately four
hours followed by a sharp decrease in the concentration from the
peak of about 200 ppm to nearly 50 ppm. At 130 �C and 160 �C, the
peak concentration of ammonia in the exhaust fumes was

approximately 300e350 ppm. The peak concentrations were
reached in 2.5 h at 130 �C and 2 h at 160 �C. In addition, the time
required to vaporize most of the ammonia from the sewage sludge
halved while increasing the drying temperature from 100 �C to
160 �C.

Table 3 presents the total mass of ammonia released during the
drying tests. The mass of ammonia released varied from 4900 mg/
kg TS to 6200 mg/kg TS depending on the drying temperature.
Nevertheless, despite the wide range of the drying temperatures,
no clear relationship between the temperature and the amount of
ammonia released during drying was observed.

The results clearly indicated that the amount of ammonia in
exhaust fumes was nearly as high as the amount of ionized
ammonia in sewage sludge and ranged from 79% to 99% depending
on the drying temperature. Therefore, the amount of nitrogen
equivalent to the ionized ammonia nitrogen content could be
evaporated during the drying process only by changing the drying
temperature. Still, the amount of the release does not imply the
mechanism of release and a part of the nitrogen evaporated could
originate from organic nitrogen. However, the mass of ammonia
released corresponded to just 49e62% of the soluble nitrogen
determined in sludge, which is potentially suitable for ammonia
recovery. To enhance the release of ammonia, the sewage sludge
could be mixed with lime to shift the unionized/ionized ammonia
nitrogen equilibrium towards a higher amount of the unionized
form, which can further be released.

3.3. Condensate

The exhaust fumes generated during the drying process were
passed through a pipe where the fumes condensed under the

Fig. 3. Ammonia concentration and water vapor content in the exhaust fumes produced during the thermal drying of sewage sludge at 100 �C (a), 130 �C (b), and 160 �C (c).

Table 3
Nitrogen content in exhaust fumes.

Test method Nitrogen species Sample 100 �C 130 �C 160 �C

FTIR NH3eN

Sample 1, mg/kg TS 5579 5062 5827
Sample 2, mg/kg TS 6853 4701 6262
Average, mg/kg TS 6200 4900 6000
RSD, % 10% 3.7% 3.6%

NH3 � N
.
NHþ

4 � N
99% 79% 96%

NH3 � N=Soluble N
62% 49% 60%

NH3 � N=Total N
12% 9% 11%
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atmospheric conditions. Table 4 introduces the results of the ni-
trogen content analysis in the condensate. The amount of total
ammonia nitrogen ranged between 3400 and 3800 mg/kg TS
depending on the temperature of the drying process. Because
condensate contains only nitrogen species released during thermal
drying (O'Shaughnessy et al., 2008; Rigby et al., 2016; Smith and
Durham, 2002), it cannot contain nitrites, nitrates, or organic ni-
trogen. Therefore, the total nitrogen determined in the condensate
contains only ammonia nitrogen in the forms of ionized and un-
ionized ammonia. In the current study, the share of ionized

ammonia in relation to the total ammonia nitrogen content varied
between 84 and 87%. The remaining nitrogen was present as
unionized ammonia, which cannot be detected via ion chroma-
tography. Regarding the relative amount of nitrogen determined in
exhaust fumes and recovered in condensate, Lu et al. (2013) re-
ported that 87.1% of the nitrogen contained in flue gas was
condensed, whereas in the present study, the recovery rate in
condensate ranged 55e78% depending on the drying temperature
applied.

3.4. Nitrogen in different flows

The results obtained during the analyses performed in the study
were combined and are presented in Fig. 4. The amount of nitrogen
determined using the modified Kjeldahl test, 53,000 mg/kg TS, was
set as a reference amount, i.e. 100%, because the amount represents
all the nitrogen present in the sewage sludge. The content of each
nitrogen species is shown both as an absolute value and as a value
relative to the total nitrogen content, which is represented by the
gray horizontal bar.

The results indicated that 9e12% of total nitrogen turned into
unionized ammonia nitrogen, which was released in the gas phase
during thermal drying. The mass of nitrogen potentially suitable for

Table 4
Total and ionized ammonia nitrogen contents in condensate.

Test method Nitrogen species Sample 100 �C 130 �C 160 �C

NCT Total N

Sample 1, mg/kg TS 2249 4347 3998
Sample 2, mg/kg TS 4608 3261 3068
Average, mg/kg TS 3400 3800 3500
RSD, % 35% 14% 13%

IC NH4
þeN

Sample 1, mg/kg TS 1954 3731 3435
Sample 2, mg/kg TS 3950 2749 2628
Average, mg/kg TS 2950 3200 3000
RSD, % 34% 15% 13%

NHþ
4 � N

.
Total N

87% 84% 86%

Fig. 4. Mass balance of nitrogen for the thermal drying of sewage sludge.
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recovery could reach 19%, which is equivalent to the soluble ni-
trogen content in the sludge, if pH adjustment was performed
along with the temperature increase.

The atmospheric condensing process tested in the study was
found to represent a partly effective method of ammonia recovery.
Out of all ammonia released, 55e77%, which corresponded to 6e7%
of the total nitrogen, was found in condensate, whereas the
remaining ammonia was released into the atmosphere. A higher
recovery efficiency could be achieved through the application of
absorption (Hadlocon et al., 2014; Van der Heyden et al., 2015) or
adsorption (Guo et al., 2005, 2009). Moreover, more efficient
cooling of exhaust gasses and pH adjustment of condensate to-
wards an acidic state should prevent the reverse release of union-
ized ammonia to a gas phase.

The largest share of total nitrogen present in sewage sludge was
organic nitrogen, which was not released and remained in solids
after the thermal drying process. Therefore, the total nitrogen
content in dried sludge is expected to only reduce by the mass of
the nitrogen released into the air. However, due to high uncertainty
of the modified Kjeldahl test, 20% of the measured value, and
relatively low amount of nitrogen released during the thermal
drying, 12% of the total nitrogen, the measurement of total nitrogen
in dried sludge was impractical. Despite the fact that the method
for soluble nitrogen determination is more accurate than that of
total nitrogen, it was not performed in the study, because the sol-
uble nitrogen determined in the dried sludge would also include
the nitrogen mineralized during the drying process, and not only
ammonia nitrogen initially determined in the sludge, since a part of
organic nitrogen mineralizes under increased temperature (Rigby
et al., 2016, 2009; Smith and Durham, 2002).

3.5. Nitrogen recovery potential

Ammonia recovery can be combined with the thermal drying of
mechanically dewatered sewage sludge. In the EU-28 region,
approximately 24% of sewage sludge is incinerated, which amounts
to approximately 2,300,000 tonnes of dry solids containing
approximately 60,000 t of nitrogen (Eurostat, 2014). According to
Havukainen et al. (2016), the amount of sewage sludge generated
annually in Finland is approximately 159,000 tons on a dry basis.
Provided that the share of nitrogen that could potentially be
recovered from sewage sludge ranges from0.49 to 0.62% of the TS of
sewage sludge, as determined in the study, the amount of nitrogen
that could be recovered in Finland ranges from 760 to 990 t/a.

Fig. 5 introduces a flow diagram for the process by which
ammonia can be recovered from the exhaust fumes generated
during sewage sludge thermal drying. The sludge drying process
could be integrated with an existing waste or sewage sludge
incineration plant to enable the efficient utilization of waste heat
for the drying process. First, sewage sludge is supplied from a
storage silo (1) to a thermal drier (2), where waste heat from an
incineration plant (3) is utilized. Second, exhaust fumes are cooled
down, and ammonia is captured in an absorption column (4) using
either water or acids.

Depending on the absorbing media, ammonium sulfate
(ðNH4Þ2SO4), ammonium nitrate (NH4NO3), or ammonia water
could be generated. Ammonium nitrate or sulfate could be used for
fertilization, whereas ammonia water is also suitable for the
reduction of nitrogen oxides in the combustion processes. If the
concentration of ammonia water is low for a specific application,
technologies for ammonia recovery from aqueous solutions, e.g. as
reviewed by van Eekert et al. (2012), could be applied to generate
more condensed solutions.

Still, the recovery of nitrogen during the sewage sludge drying
process is not yet common. A study by van Eekert et al. (2012),

which focused on nitrogen recovery at wastewater treatment
plants, considered nitrogen recovery from liquid streams alone,
omitting the possibility of recovering nitrogen from mechanically
dewatered sewage sludge. Condensate from the sludge drying
process was mentioned in the report; however, no data about ni-
trogen content and its possible recovery was presented. Moreover,
Maurer et al. (2001) considered the use of sewage sludge on land as
the only alternative to recover the nitrogen contained in the sludge.

4. Conclusions

The present research on the potential of nitrogen release during
thermal drying of sewage sludge showed that 4900e6200 mg/kg
TS, equivalent to 78e99% of the ionized ammonia nitrogen con-
tained in sewage sludge, was released into a gas phase in the form
of ammonia. No clear relationship between the increased drying
temperature and the amount of ammonia released was identified.
Provided that the soluble nitrogen determined in sewage sludge
was represented with both ionized and un-ionized ammonia, the
amount of nitrogen that could potentially be released and recov-
ered might reach 9980 mg/kg TS. However, in addition to the
temperature increase, pH adjustment would also be required to
reach the maximum value. Between 3400 and 3800 mg/kg TS of
nitrogen, equivalent to 55e78% of the nitrogen in exhaust fumes,
was identified in condensate generated under atmospheric condi-
tions. Still, the largest share of the total nitrogen contained in the
sewage sludge (81%) was organic nitrogen, which is not suitable for
ammonia recovery during the thermal drying process.

Once the amount of nitrogen potentially suitable for recovery
during thermal drying has been identified, future research should
focus on the actual recovery process, which could be implemented
as an adsorption or absorption process. By doing so, different types
of fertilizers could be manufactured depending on the sorption

Fig. 5. Nitrogen recovery during thermal drying of sewage sludge integrated into a
waste incineration plant.
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media applied and the demand on a particular fertilizer. Finally, the
economy of the recovery process should be studied, as well as the
environmental impact associated with the potential nitrogen re-
covery from sewage sludge during thermal drying.
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a b s t r a c t

Municipal solid waste (MSW) management is becoming increasingly popular around the world as a
means of accommodating the increasing amounts of waste that the growing global population generates.
China currently produces more MSW than any other country. As such, this area of the world is facing
challenges on an unprecedented scale. MSW management in China is highly dependent on landfilling,
and the development of sanitary landfills is currently a top priority for the Chinese government.
Hangzhou is one of the most developed cities in China. In fact, in 2013, the amount of incinerated MSW
in Hangzhou represented 56% of total MSW. MSW incineration is primarily performed via a process of co-
incineration with coal because MSW has a low heating value.

This paper employs a environmental impact assessment by LCA program to determine whether refuse-
derived fuel (RDF) production and incineration can have a more positive impact on the environment than
the co-incineration of MSW with coal in Hangzhou, China. According to the results, RDF production and
incineration could improve Hangzhou's MSW management global warming potential from �33% to 0%,
the acidification potential from �90% to 34%, and the eutrophication potential from �1200%e350% in
comparison to the co-incineration of MSW with coal. The treatment of organic reject material from RDF
production has a significant effect on the results; as such, it should be utilized in energy production
rather than landfilled.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Municipal solid waste (MSW) management is an important
issue for the urbanizing world, especially in developing countries,
where economic development and expansion have significantly
increased the generation of MSW. The vast amount of MSW
generated in growing cities around the world requires sustainable
management. The majority of waste is currently disposed of in
landfills from where it emits landfill gas (LFG) that contains
methane, a substance that makes a significant contribution to
global warming. Waste and waste water together account for 3% of
the global greenhouse gas (GHG) emissions, with landfill gas
methane being the largest source (IPCC, 2014).

The amount of MSW in China has increased rapidly in recent
years, and China is now the world's largest producer of MSW. In
2004, China generated 155 million tons (120 kg per capita) of MSW
(National Bureau of Statistic of China (2005)) and by 2013 this
figure had reached 172 million tons (126 kg per capita) (National
Bureau of Statistic of China (2014)). These statistics do not
include the waste collected by pickers, which is estimated to
represent 8e10% of the total MSW generated (Chen et al., 2010).

The MSW that is generated in China is predominantly treated
via landfilling and incineration. For example, in 2010, 79% of MSW
was landfilled, 19% was incinerated, and 2% was composted (Dong
et al., 2014a). Between 2002 and 2010, the proportion of incinera-
tion steadily increased from 3.7% to 19%. Modern landfill sites in
China employ LFG collection equipment and modern leachate
treatment systems to satisfy national pollution standard re-
quirements. To be considered environmentally sound, cities in
China should have safe disposal rates, which include landfilling,
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incineration, and composting, of between 85% and 90% (Chen et al.,
2010).

In 2010, the share of mixed MSW disposed of in landfills in
Hangzhou, which is one of the most developed areas in China, was
51%, while the rest was sent to incineration (Chi et al., 2014). The
first MSW landfill (Tianziling Solid Waste Landfill) was constructed
in Hangzhou in 1991, and it utilizes cement curtain technology to
prevent leachate from polluting groundwater (Zhang et al., 2010).

Life cycle assessment (LCA) is used to deduce the impacts that
different activities, including waste management systems, have on
the environment with the intention of comparing how different
configurations of the given systems vary (Cleary, 2009; Coventry
et al., 2016; Ekvall et al., 2007; Fern�andez-Nava et al., 2014;
Finnveden, 1999; Laurent et al., 2014; Turner et al., 2016; W. Zhao
et al., 2009a).

Many researchers have conducted LCAs of waste management
systems. Dong et al. (2013) examined the effect that source sepa-
ration had on MSW management in Hangzhou and found that 23%
of GHG emissions could be reduced in comparison to the base
scenario. Chi et al. (2014) calculated that it was possible to achieve a
30% reduction in GHG in Hangzhou through improving source
separation. More recently, Dong et al. (2014b) compared the
disposal of MSW into landfills with and without LFG recovery and
incineration and concluded that incineration is the most viable
option for waste management in Hangzhou. Zhao et al. (2009b)
used a LCA approach to estimate emissions from Hangzhou's
MSW management system and found that landfills made the
biggest contribution to the emissions that cause global warming,
while incineration contributed the most to acidification. Zhao et al.
(2011) examined MSW management in Tianjin using LCA and life
cycle costing (LCC) and concluded that the operation of current and
new landfills in combination with LFG recovery would represent a
promising approach to waste management in Tianjin.

To date, the LCA studies that have assessed Chinese MSW
management systems have focused on the incineration of mixed
MSW with coal and improving source separation or improving
landfill disposal practices. These studies have ignored the potential
of refuse-derived fuel (RDF) production through the mechanical
treatment and utilization of RDF in waste incineration. The pro-
duction of RDF from mixed MSW could potentially be used to
improve the fuel qualities of mixed MSW, thus removing the need
to use coal as an auxiliary fuel inwaste incineration plants in China.
This mechanical treatment could also enable the recovery of recy-
clable waste from the MSW. In addition to RDF, there is also a sig-
nificant organic reject fraction coming from mechanical treatment
that requires treatment. To that end, the current study had two

main objectives. The first of these objectives was to assess the
change in the environmental impacts that transitioning frommixed
MSW co-combustion with coal to the mechanical treatment of
mixed MSW in combination with the incineration of RDF would
have. The second objective was to determine the most environ-
mentally sound method by which the organic reject from the me-
chanical treatment of mixed MSW could be processed.

2. Materials and methods

A environmental impact assessment was conducted in accor-
dance with ISO standards 14040 and 14044 using life cycle
assessment (LCA) tool GaBi 6 (ISO 14040, 2006; ISO 14044, 2006).
The four major phases in the environmental impact assessment
include goal and scope definition, inventory analysis, impact
assessment, and the interpretation of results. Environmental
impact assessment is a relative approach that requires a functional
unit that defines what is being studied. All subsequent analyses are
related to the selected functional unit. In the current study, the
functional unit was the mass of MSW produced in the case study
region in 2013. The waste management system includes processes
that have multiple purposes; for example, the incineration plant
produces energy, utilizes waste, and recovers materials. To avoid
allocation between outputs, as is advised in Standard 14044, a
system expansion was used to account for the substitution of en-
ergy and virgin material productions. An assumption of zero
burden condition was used in the study, meaning that the waste
enters the system boundary without any burden related to the
production and use of materials. This facilitates a comparison of the
treatment options that are available for a given amount of waste but
is not suitable for an analysis in situations in which the quantity of
waste changes; for example, as a result of waste minimization ef-
forts (Finnveden, 1999; Hagberg et al., 2009; Laurent et al., 2014).

2.1. Goal and scope definition

The objective of the study is to investigate the change in envi-
ronmental impacts that transitioning from MSW co-combustion
with goal to mechanical treatment of MSW and RDF incineration
would have in a Chinese city and to identify the most environ-
mentally sound method of treating the organic rejects of RDF
production. Hangzhouwas selected as the case city for this research
because the amount of MSW produced in Hangzhou has increased
rapidly over the course of the last decade at an average annual
growth rate of 10%, as presented in Fig. 1. The MSW management
system in Hangzhou is based on landfilling and incineration. The

Fig. 1. The MSW mass generated and treated in Hangzhou between 2003 and 2013 (Dong et al., 2013; Hangzhou Municipal Solid Waste Disposal center, 2014).
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share of waste incinerated has rapidly increased in the past ten
years, reaching 44% in 2013. At the same time, the share of waste
landfilled decreased to 58% in 2013. The MSWmanagement system
includes two landfills, four incineration plants, and a biogas plant
for food waste treatment. The first phase of the MSW landfill at the
Hangzhou Tianziling Solid Waste Landfill site was built in 1991 and
closed in 2006. The second phase of the Tianziling landfill is ex-
pected to reach its full capacity in 5e6 years due to the significant
increase in the amount of MSW generated and an insufficient
growth in the city's incineration capacity (Hangzhou Municipal
Solid Waste Disposal center, 2014).

Hangzhou MSW management includes a four-bin collection
system for waste, which was established in Hangzhou in 2010
(Dong et al., 2013). Once collected, the waste is transported directly
to the treatment site without the use of transfer stations. The four-
bin source separation system enables hazardous waste, food waste,
recyclables, and other waste to be collected separately. In addition,
unofficial agents collect waste from households and bins before
selling this waste to recyclers.

As is the case with the majority of MSW in China in general,
Hangzhou's MSW contains a large percentage of food waste, and
this varied from 47% to 64% between 2005 and 2011. The second
largest waste fraction was plastic waste (14%e27%). Together with
paper, the third largest component of waste, these three waste
types represent between 70% and 90% of the total MSW mass. The
composition of waste documented in the study is presented in
Fig. 2.

A environmental impact assessment of the MSW management
system in Hangzhou was conducted using three scenarios: a pre-
sent conditions case scenario and two scenarios involving RDF
production fromMSW. The present condition scenario (Scenario 0)
represented the state of the MSW management system in 2013.

Scenario 1 represented RDF production and incineration at three
waste incineration plants (Qiaosi, Yuhang, and Xiaoshan) replacing
MSWand coal co-incineration, while the Lvneng incineration plant,
where no coal is used, would continue MSW co-incineration. The
fuel energy of RDF in Scenarios 1 and 2 was assumed to be the same
as the total fuel energy of coal andMSW in Scenario 0. In Scenario 2,
the same RDF mass (same fuel energy) as that applied in Scenario 1
was assumed to be directed to several new waste incineration
plants (hypothetically replacing the old plants in Qiaosi, Yuhang,
and Xiaoshan) with higher electric efficiency plants. Table 1 sum-
marizes the MSWmass directed to incineration, RDF production, or
landfilling in the scenarios studied.

Four treatment possibilities for the organic reject from RDF
production were considered in Scenarios 1 and 2: disposal to
landfill (1), biodrying (2), anaerobic digestion (3), or ethanol pro-
duction (4). It was assumed that the organic fraction of waste was
disposed of to the Tianziling landfill site. It was also assumed that
the biodried organic reject was incinerated in the same plant as
that in which the RDF was produced. The incineration of the
organic reject after biodrying reduced the mass of the RDF
compared to the scenarios without the incineration of the organic
reject because the total fuel energy that went to incineration was
assumed to remain the same in all Scenarios 0, 1 and 2. It was
assumed that the digestate from anaerobic digestion of the organic
fraction was directed to pile composting and then used as landfill
cover material.

The system boundary of the study (Fig. 3) included the transport
of MSW to the incineration plants and landfills, the unit operations
at the treatment sites, and the unit operations required to produce
the energy need for transportation and unit operations. The direct
emissions from the operations and the indirect emissions produced
during the process of procuring fuels and electricity were both
accounted for. The present anaerobic digestion of source-separated
food waste at the Tianziling landfill site was excluded from the
environmental impact assessment because the only data obtained
from this plant were themass flow of foodwaste to the plant (200 t/
d) and the share of reject from that food waste stream (one-third is
rejected). The emissions that were avoided by displacing the
average electricity production in China with the electricity pro-
duced from the MSW incineration and as a result of the gas turbine
utilizing LFG from the Tianziling landfill were also accounted for.
There is no district heat demand in Hangzhou; therefore, only
electricity was recovered.

2.2. Inventory analysis

Inventory analysis is one of the most resource-intensive pro-
cesses involved in an environmental impact assessment. In the
current study, the inventory data were collected using a process-

Fig. 2. Average mixed MSW composition in Hangzhou (Chi et al., 2014; Hangzhou
Municipal Solid Waste Disposal center, 2014; Zhang et al., 2010).

Table 1
The MSWmass directed to incineration, RDF production, and landfill disposal in the scenarios studied, including method for organic reject treatment (Landfill ¼ LF, anaerobic
digestion ¼ AD, ethanol production ¼ EtOH and biodrying).

Scenario 0 1.1 & 1.3 & 1.4 1.2 2.1 &2.3 & 2.4 2.2

Org. Reject treatment e LF, AD or EtOH Biodrying LF, AD or EtOH Biodrying

Lvneng kt/a 204 204 204 204 204
Qiaosi kt/a 411 490 394 0 0
Yuhang kt/a 256 343 276 0 0
Xiaoshan kt/a 416 604 487 0 0
New plants kt/a 0 0 0 1494 1201

Landfill Liugongduan kt/a 366 13 293 0 248
Landfill Tianziling kt/a 1432 1432 1432 1388 1432

Total kt/a 3086 3086 3086 3086 3086
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LCA technique that included collecting data from the inputs and
outputs of the unit processes.

2.2.1. Landfilling
In 2013, 56% of the mixed MSW in Hangzhou was disposed of in

the Liugongduan and Tianziling landfills. The landfill disposal was
calculated according to the information gathered during previous
studies (Chi et al., 2014; Dong et al., 2014a, 2014b; Nielsen et al.,
2008) and the information received during site visits to the
Tianziling landfills, as summarized in Table 2. LFG was only
collected at the Tianziling landfill site, and the gas collected was
directed to a gas engine. Diesel was consumed by the bulldozer
used at the landfill, and the emissions of this bulldozer are sum-
marized in Supplementary material SI2.

2.2.2. The incineration of MSW
MSW incineration in Hangzhou is primarily based on fluidized

bed technology because three of the four incineration plants utilize
fluidized bed technology (Qiaosi, Yuhang, and Xiaoshan), with only

Lvneng using grate technology. Data on the incineration plants
were collected by visiting the incineration plants and through
surveys with the plant operators. The three fluidized bed boiler
incineration plants utilized coal as an auxiliary fuel. It was assumed
that the coal was transported from a coal mine that was located
600 km away from Hangzhou. The operations data of the four
plants are summarized in Table 3, and these data were used to
calculate Scenario 0. More information about the waste incinera-
tion plants is presented in Supplementary material SI3. The lower
heating value of MSW as received (LHVar) in Hangzhou was low,
varying between 4 and 5 MJ/kg. In all of the incineration plants, a
small share of metal (0.07% of the utilized MSW mass) was recov-
ered in a pretreatment phase and then recycled. It was assumed
that the composition of this metal was 50% steel and 50% aluminum
(Dong et al., 2014a). The metal recycling emission credits are pre-
sented in Supplementary material SI3. It was assumed that the coal
came from the Huaibei coal mine, which is approximately 600 km
from Hangzhou.

The calculation accounted for the flue gas emissions and the
treatment of solid residues. The average fossil carbon content of
MSW was calculated to be 12.5% of the mixed MSW mass. This
calculation is presented in Supplementary material SI3. The other
emissions were obtained from the plant operators and are sum-
marized in Table 4. The bottom ash was assumed to be made into
bricks by adding cement to 30% of the bottom ash mass and sold
directly from the plant. The transportation of any sold bricks was
not included in the calculations. The fly ashwas solidified by adding
water 5% and cement 3% to the fly ash mass. The solidified fly ash
was then transported to the landfill. It was assumed that the
cement was transported from a nearby cement mill in Hangzhou.
The distances the mixed MSW, fly ash, and cement were trans-
ported are summarized in Supplementary information SI1.

2.2.3. Refuse derived fuel production and incineration
In Scenarios 1 and 2, the MSW was assumed to be directed to a

mechanical treatment center located near the incineration plants
for the production of RDF. The modeled mechanical treatment line
included shredding, screening for organic fraction separation,
magnetic separation of ferrous metals, eddy current separation of
non-ferrous metals, and air separation for heavy fraction separa-
tion. The recovery rates (shares removed from the material stream

Fig. 3. Hangzhou MSW management Scenario 0 (solid line) and Scenarios 1 and 2 (dotted line).

Table 2
Parameters for calculating MSW disposal into landfill.

Parameter Value Unit

Diesel use 0.00014 kg diesel/kg MSW
LFG 0.120 m3/kg MSW
LFG CH4 content 50 %
LFG CH4 oxidation 10 %

LFG collection
Liugongduan 0 %
Tianziling 25 %

LFG combustion in gas engine
Electric efficiency 39 %
CH4 emission 0.000323 kg CH4/MJ
N2O emission 0.0000005 kg N2O/MJ

Leachate treatment
Leachate 0.2 kg/kg MSW
Electricity use 0.0015 MJ/kg MSW
CH4 emission 0.00006 kg/kg MSW

Leachate pollutants after treatment
NH3 0.00081 kg/kg leachate
P tot 0.000012 kg/kg leachate
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going to RDF) of the machinery used were calculated according to
the approach employed by Nasrullah et al. (2015), who previously
studied the production of RDF from MSW. The process is summa-
rized in Supplementary material SI4. The energy consumption of
the RDF production line was assumed to be 70 kWh/t MSW
(Nasrullah et al., 2015). According to the calculation, 68% of the
MSW ended up as RDF, and approximately 30% was removed as
organic reject. The LHVar of the RDF was calculated by assuming
that the RDF contained 86% of the energy content of the MSW
(Nasrullah et al., 2015). The outputs of the mechanical treatment
line for the scenarios in which the organic reject was not inciner-
ated (i.e., Scenarios 1.1, 1.3, 1.4, 2.1, 2.3, and 2.4) are summarized in
Table 5.

2.2.4. Organic reject treatment
Four methods of treating the organic reject that was generated

during the RDF production were considered: landfilling, biodrying,
anaerobic digestion, and ethanol production. The first method
involved directing the organic reject to Tianziling landfill, where
the LFG generation was estimated to be 0.12 m3/kg (Dong et al.,
2014a).

The second treatment method involved biodrying, which was
assumed to occur close to the incineration and RDF plants. The
biodrying process was assumed to be an aerobic process through
which the moisture content was reduced, thereby improving the
combusting properties of wet organic reject (Zhang et al., 2009) and
making it suitable for co-incineration with the produced RDF. The
life cycle inventory (LCI) data for the biodrying process and its
associated inputs and outputs are summarized in Supplementary
material SI5.1.

Because the fuel energy directed to incinerationwas assumed to
be same in the plants and the incineration of the dried organic
reject reduces the need for RDF, the mass of RDF and organic reject
was calculated so that the fuel energy of a given plant remained the
same in all scenarios. The outputs of the mechanical treatment and
subsequent biodrying of organic reject are summarized in Table 6.
The LHVar of the RDF that was produced were the same in Scenarios
1 and 2.

The third method was wet mesophilic anaerobic digestion. The
biogas was directed to a gas turbine for the purposes of generating
electricity and heat. The electricity that was produced was directed
to the electricity grid, and part of the produced heat was directed
for heating the reactor. It was assumed that any residual heat that
was generated was wasted because there is no district heat grid in
Hangzhou. The generated digestate was assumed to be dewatered
by a centrifuge and treated by pile composting. It was also assumed
that the rejected water was directed to dilute the incoming feed-
stock in order to reduce the need for fresh water. The LCI data of the
anaerobic digestion and pile composting processes are summarized
in Supplementary material SI5.2. It was assumed that the compost
was used as a landfill cover at the Tianziling landfill site.

The fourth method was ethanol production. This method was
considered because the biowaste contains sugars that can be fer-
mented into ethanol. The ethanol productionwas assumed to occur

Table 3
Operations data for the four existing incineration plant in Hangzhou.

Operation data Lvneng Qiaosi Yuhang Xiaoshan

MSW Mass kt/a 204 411 256 416
LHVar MJ/kg 3.9 4.2 4.2 4.6

Coal Mass kt/a 0 2 8 23
Share % of MSW 0 0.57 3.2 5.5
LHVar MJ/kg 0 21 21 21

Fuel energy MSW GWh/a 220 480 299 531
Coal GWh/a 0 14 46 134
Share % of total 0 3 13 20
Total GWh/a 220 494 345 666

Electricity efficiency % 24 20 16 19
Own use % of produced 19 29 25 21

Ash of MWS 20 16 18 22
Bottom ash of ash 85 63 55 55
Fly ash of ash 15 38 45 45

Table 4
Flue gas emissions of existing incineration plants in Hangzhou.

Lvneng Qiaosi Yuhang Xiaoshan

Dust (kg/a) 7000 27 000 18 000 39 000
SO2 (kg/a) 26 000 27 000 17 000 38 000
HCl (kg/a) 6800 4400 9600
NO2 (kg/a) 110 000 150 000 94 000 200 000
CO (kg/a) 62 000 40 000 85 000
Hg (kg/a) 7 4 9
Cd (kg/a) 3 2 4
Pb (kg/a) 3 2 4
Dioxin (mg/a) 740 480 1000

Table 5
Mechanical treatment outputs in Scenarios 1.1, 1.3, 1.4, 2.1, 2.3, and 2.4.

Unit Qiaosi Yuhang Xiaoshan New plants

RDF kt/a 335 235 413 1022
RDF LHVar MJ/kg 5.3 5.3 5.8 5.3
Fuel energy GWh/a 494 345 666 1505
Organic reject kt/a 149 105 184 456
Metal kt/a 3 2 4 10
Non-magnetic metal kt/a 1 0 1 2
Heavy reject kt/a 1 1 2 5

Table 6
Mechanical treatment outputs in Scenarios 1.2 and 2.2.

Unit Qiaosi Yuhang Xiaoshan New plants

RDF kt/a 270 189 333 822
RDF LHVar MJ/kg 5.3 5.3 5.8 5.3
Dried org. reject kt/a 58 41 72 177
Dried org. reject LHVar MJ/kg 6.0 6.0 6.5 6.0
Fuel energy GWh/a 494 345 666 1505
Metal kt/a 3 2 3 8
Non-magnetic metal kt/a 0 0 1 1
Heavy reject kt/a 1 1 1 4
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close to the RDF plant. The LCI data of the ethanol production
process are summarized in Supplementary material SI5.3. The
production of ethanol requires alpha-amylase enzymes and

glucoamylase enzymes, and the emissions from the enzyme pro-
duction were calculated according to approach recommended by
Nielsen et al. (2007). The stillage was assumed to be directed to dry
anaerobic digestion, and the digestate was further directed to
dewatering and pile composting, similar to the digestate from the
anaerobic digestion of organic reject. The LCI data related to the dry
anaerobic digestion are summarized in Supplementary material
SI5.3. It was assumed that the compost was used as a landfill
cover at the Tianziling landfill site.

2.2.5. Uncertainty analysis
The parameters of the mixedMSWmanagement system studied

were expected to vary. Therefore, an uncertainty analysis was
performed to assess how different parameters affected the results
of the present environmental impact assessment study. The range
of values for the parameters used in the analysis was selected from

Table 7
The parameters applied in the sensitivity analysis.

Parameter Scenario Values applied

Low High Default

LFG collection rate All scenarios 15 35 25 %
LFG yield All scenarios 0.1 0.14 0.12 m3/kg MSW
Electric efficiency Scenario 0, 1 15 24 19 %
Electric efficiency Scenario 2 26 32 29 %
LHV MSW Scenario 0 3.5 5.0 4.3 MJ/kg
LHV RDF Scenario 1.1e0.4 4.6 6.4 5.5 MJ/kg
LHV RDF Scenario 2.1e2.4 4.4 6.2 5.3 MJ/kg
LHV dried org. reject Scenario 1.2 5.4 7.0 6.2 MJ/kg
LHV dried org. reject Scenario 2.2 5.2 6.8 6.0 MJ/kg

Fig. 4. Annual global warming potential (ktCO2,eq./a) of Hangzhou MSW management.

Fig. 5. Annual acidification potential (tSO2,eq./a) of Hangzhou MSW management.
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the references used to obtain the default values for these parame-
ters. These default values were then used to calculate the minimum
and maximum values of the net impact assessment results for all
scenarios. The highest uncertainty in the data was related to the
LHV of waste. In the uncertainty analysis, the LHV of MSW was
changed within a reasonable range of values appropriate for MSW
in China, which, in turn, changed the LHV of RDF and the dried
organic reject. Another significant factor was the electric efficiency,
which also varied. LandfillingmixedMSWwas anticipated to have a
significant impact on the results; as such, the LFG yield in the
Tianziling and Liugongduan landfills were changed, as was the rate
at which LFG was collected in the Tianziling landfill. The parame-
ters used in the analysis are summarized in Table 7.

2.3. Impact assessment

In the impact assessment phase, the potential environmental
impacts were evaluated using the inventory analysis data. In this
phase, the inventory data is associated with impact categories and
indicators (ISO 14040, 2006; ISO 14044, 2006). In the current study,
the environmental impact categories included global warming
potential (GWP), acidification potential (AP), and eutrophication
potential (EP). The impact assessment was conducted until the
characterization phase, and there was no normalization or
weighting of the results. The impact assessment was performed
using GaBi 6.0 software and the CML2010 April 2013 life cycle
impact assessment methodology (Thinkstep, 2015).

3. Results and discussion

The results of the life cycle assessment of the study scenarios are
presented as total values of GWP (Fig. 4), AP (Fig. 5), and EP (Fig. 6).
The figures also include the results of the uncertainty calculation,
which are represented by the error bars. The order of scenarios
remained unchanged during the uncertainty analysis. According to
the uncertainty calculation, the highest uncertainty was related to
the EP values with the changes related to the default value being, on
average, between �322% and 198%. The change in GWP results was
between �31% and 29%, and the change with the AP results
between �81% and 46%. The results highlighted that the annual

GWP was lower in the alternative MSW management systems
represented by Scenarios 1 and 2 than it was in the reference
scenario. The GWP was reduced by between 0 and 33%, with the
best scenarios being 2.3 and 2.4, where the MSW was directed to
RDF production and the resulting RDF was incinerated in new
plants that had a higher electric efficiency, with the resulting
organic reject directed to energy recovery by anaerobic digestion
(Scenario 2.3) or ethanol production (Scenario 2.4). In all of the
scenarios, the net GWP was positive, which was mainly due to the
high emissions from landfilling and the lack of emission reductions
from displacing fossil heat production because there was no heat
recovery from waste incineration.

In all scenarios, the landfill emissions caused the highest share
of GWP, representing 48e67% of the total GWP. Incineration, the
second most polluting activity, accounted for 29e37% of the total
GWP. The organic treatment emissions in Scenarios 1.1 and 2.1 were
7e23 times higher than those in other scenarios due to the LFG
emissions from directing organic reject into landfill, being 15% and
16% of the emissions in Scenarios 1.1 and 2.1 respectively. The
emissions avoided from electricity displacement (el disp.) gener-
ated from waste incineration compared to the emissions from
waste incinerationwere 36e41% in old plants and 62%e73% in new
plants, where the electric efficiency was higher.

Electricity use and avoided electricity production are playing a
greater role in emissions that cause acidification than it does in

Fig. 6. Annual eutrophication potential (tPO4,eq./a) of Hangzhou MSW management.

Table 8
Calculated net emission factors of utilizing MSW, RDF, and organic reject in Hang-
zhou in relation to the processed waste mass.

GWP Acidification Eutrophication

kgCO2,eq./t gSO2,eq./t gPO4,eq./t

Landfill 710 �280 36
Incineration
MSW 360 �860 �72
RDF (old plants) 400 �1300 �120
RDF (new plants) 230 �2400 �250
RDF þ dried reject (old plants) 340 �1300 �130
RDF þ dried reject (new plants) 140 �2400 �250
RDF plant 74 500 63
Org reject landfill 690 �280 40
Org reject AD �190 �1700 �190
Org reject EtOH �180 �1100 �120
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emissions that cause GWP. In the current study, the net AP was
negative in all scenarios due to the high emissions reductions
caused by displacing the average electricity production with the
electricity produced from waste. The emissions from the incinera-
tion caused themain emissions in Scenario 0 (86%); however, in the
remaining scenarios, the electricity used to produce RDF caused the
highest emissions (46%e57%), followed by incineration (34e39%).
Scenarios 1.1 and 1.2 had a higher net AP than the reference sce-
nario because of the emissions from electricity use for RDF pro-
duction. In Scenarios 1.3 and 1.4, the organic reject treatment
produced additional electricity, which resulted in a higher emission
displacement than that observed in Scenarios 1.1 and 1.2. The
scenario that involved a new incineration plant that combined RDF
incineration and anaerobic digestion of organic reject proved to be
the best option in terms of the net AP.

The emissions causing eutrophication are similar to the GWP
caused primarily by the emissions that resulted from the disposal of
MSW into landfills. In Scenario 0, they are more important and are
responsible for 56% of all emissions, while in other scenarios, they
are slightly less significant and cause 35%e45% of all emissions. The
use of electricity in RDF plants is also a significant source of emis-
sions and is responsible for 25%e35% of the total emissions. The net
EP is negative in most of the scenarios due to the emissions that are
avoided as a result of electricity displacement. Scenarios 1.1 and 1.2
have higher net emissions than the reference Scenario 0 because of
the increased emissions caused by the RDF plant's electricity use,
while the avoided emissions were not increased as much. The net
emissions from Scenarios 1.3 and 1.4 were lower than those in
Scenario 0 because of the increased emission reductions caused by
electricity production from the organic reject.

The calculated net emission factors of different treatment pos-
sibilities are summarized in Table 8. Landfilling waste results in
higher net GWP potential than incineration due to the methane
emissions contained in LFG and the emissions that are avoided
from electricity produced by MSW or RDF incineration. The
importance of utilizing organic reject from RDF production in en-
ergy recovery rather than landfilling is highlighted. As an example,
the net GWP from landfilling organic reject can be as high as 690
kgCO2,eq/t, whereas energy production from organic reject would
result in negative net GWP.

The focus of previous LCA studies on MSW management in the
literature has been primarily on GWP, and less attention has been
given to AP and EP. A short review of the existing literature that
describes incineration and landfilling, which are the two main
treatment methods assessed in this study, is presented in Table 9.
The net GWP of incineration of MSW and RDF from this study is at

the higher end in comparison to that presented in the literature.
This is most likely the result of the lack of heat recovery from
incineration in Hangzhou. Similarly, the net GWP of landfilling
waste is greater than the average in the literature, which can be
primarily attributed to the relatively low LFG collection rate in the
Tianziling landfill and the lack of LFG collection in the Liugongduan
landfill.

4. Conclusions

The life cycle assessment study presented in this paper
demonstrated that the environmental situation in Hangzhou could
be improved by changing the MSW management system that is
currently employed in the area. The highest improvement potential
arises from producing RDF that is of a higher quality than the
original MSW for energy recovery. However, the benefits gained
may be easily diminished if the organic reject from RDF production
is landfilled. To prevent this, the organic reject fromRDF production
should, instead, be used in energy recovery; e.g., by anaerobic
digestion. In addition, the environmental situation in Hangzhou
could be improved even further if the waste incineration plants
combined heat and power production to produce heat for industry.
Still, the main problem in Hangzhou is linked to inefficient source
separation, especially in relation to food waste, which deteriorates
the quality of any MSW that is directed to incineration. Reducing
the share of food waste would mean that the heating value of MSW
would be higher, more electricity from the incineration could be
produced, the auxiliary coal inwaste incineration could be reduced,
less reject from the RDF would be produced, and RDF production
energy demand would be lower. In conclusion, technologically
advanced systems could partly improve the environmental situa-
tion, while officials from Hangzhou's MSW management should
treat educating the general public about the benefits of source
separation as a top priority.
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Table 9
Net emission factors of MSW and RDF management LCA studies.

GWP Acidification Eutrophication Reference

kgCO2,eq./t gSO2,eq,/t gPO4,eq./t

Landfill

MSW �69e162 e e (Manfredi et al., 2009)
MSW 490 �440 e (Arena et al., 2003)
OFMSW 843 104 e (Evangelisti et al., 2014)
MSW 234 e e (Hupponen et al., 2015)
MSW 595e1311 127e374 86 (Cherubini et al., 2009)

Incineration

MSW �844e�126 e e (Astrup et al., 2009)
MSW 390 e e (Arena et al., 2015)
MSW 46 �4600 e (Arena et al., 2003)
RDF 95 �3660 e (Arena et al., 2003)
RDF co-combustion �1512e563 e e (Astrup et al., 2009)
MSW �92e140 e e (Hupponen et al., 2015)
MSW 273 2370 354 (Chaya and Gheewala, 2007)
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a b s t r a c t

The aim of the study was to quantify the environmental impact of four alternative recycling methods of
thermal residues generated within the case study area chosen. Overall, 90 combinations of 13 scenarios
were included in the study and a sensitivity analysis was performed. The recycling methods that were
assessed included forest fertilization and neutralization, landfill construction, road construction, and
road stabilization. Other scenarios focused on the regional optimization, distribution of heavy metals
under L/S ratio 10 L kg�1, and uncertainty related to the determination of heavy metals at levels that were
lower than the analytical limits of quantification. The alternative scenarios were studied using a
comparative life cycle assessment method with the system expansion. The results indicated the extent to
which each recycling method was superior to landfilling within non-toxic impact categories, with the
average reduction in the environmental impact being 10e30% when the residues were utilized for forest
fertilization, road construction, and stabilization, and by 3e12% when the residues were utilized for
landfill construction. The majority of the impact resulted from avoiding the need to landfill the residues
since this could be achieved even at a zero substitution rate in the majority of the cases. In terms of the
toxic impact categories, the use of the residues for road construction purposes had a more positive
impact on the environment that the alternative uses, resulting in a reduced ecotoxicity potential and
carcinogenic human toxicity potentials of 30% and 40% respectively, and an increase in non-carcinogenic
human toxicity potential of only 4%. Most of the toxic impact was the result of Ba, V, Sb, Co, Cr, and Zn
leaching. In addition, the study concluded that a lack of the leaching data below the limits of quantifi-
cation was significant for the overall toxic results of the study.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

The world energy consumption is continually growing as the
population of the globe increases and industrial production rises
(Enerdata, 2014). Despite the ever-growing attention that is paid to
the development of renewable energy sources, fossil fuels remain
the biggest sources of the world's energy, accounting for approxi-
mately 82% of the total energy supply in 2012 (International Energy
Agengy, 2014). Furthermore, solid fuels in the form of hard coal,
biomass, andwaste account for approximately 40% of this supply. In
Finland, 22% of the electricity is generated by combusting hard coal,
wood fuels, and peat (Official Statistics of Finland, 2012).

Combustion of solid fuels inevitably leads to the generation of
thermal residues, such as fly ash, bottom ash, or boiler slag. The
composition, properties, and amounts of thermal residues gener-
ated primarily depend on the type of fuel consumed, the mode of
combustion, and the combustion process parameters. In Finland,
approximately 1.6 Mt of ash was generated in 2006 (Korpijarvi and
Mroueh, 2010), of which approximately 60% originated from coal
combustion and the rest from peat and wood combustion.
Approximately 60e80% of coal ash and 40e60% of the peat and
mixed ash was recycled in different years (Korpijarvi and Mroueh,
2010).

The methods and implications of recycling thermal residues
have been comprehensively studied in recent years. A significant
amount of studies have assessed recycling of coal thermal residues
(Ahmaruzzaman, 2010; American Coal Ash Association, 2014; Yao
et al., 2015), which resulted in high recycling rates of coal com-
bustion residues (ECOBA, 2010). Coal fly ash, a major waste stream
produced by coal power plants, has primarily been used as a raw
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material for cement production, a concrete additive, a filler for
engineered structures, and for land reclamation and restoration.
Thermal residues from biomass combustion can also be used for a
number of purposes including forest fertilization, road construc-
tion, and soil stabilization (James et al., 2012; KEMA, 2012; Pels and
Sarab�er, 2011). In more recent times, recycling the thermal residues
produced from waste incineration has been intensively researched
(Donatello and Cheeseman, 2013; Hartmann et al., 2015; Hassan,
2005; Smol et al., 2015) because waste incineration has been
recognized as a key element of sustainable waste management and
is being widely applied in developed countries (Brunner and
Rechberger, 2015). The most common recycling pathways are
landfill construction, road construction, and mine backfilling
(Crillesen and Skaarup, 2006; KEMA, 2012).

Increased landfill taxes in developed countries, the increasing
global scarcity of fossil resources, and heightened societal aware-
ness have resulted in the call for thermal residues to be recycled at a
higher rate. However, despite the anticipated economic and social
benefits associated with recycling, an environmental assessment of
recycling methods should be performed because recycling, at its
core, should aim to reduction of negative environmental impacts.
Olsson et al. (2006), Birgisd�ottir et al. (2007), and Carpenter et al.
(2007) conducted life cycle assessments (LCA) to compare the
environmental impact of recycling a certain thermal residue by a
single method. Mroueh et al. (2001) and Schwab et al. (2014)
assessed the process by which multiple secondary materials,
including thermal residues, were recycled using a certain recycling
method. Fruergaard et al. (2010) andMargallo et al. (2014) assessed
the environmental impact of the various municipal solid waste
incineration bottom ash recycling methods. Toller et al. (2009)
performed a systematic LCA study of various methods by which
wood ash and MSWI bottom ash were recycled.

In terms of the methods applied in these studies, Birgisd�ottir
et al. (2007) and Fruergaard et al. (2010) applied an LCA method-
ology involving a life cycle impact assessment for a number of
impact categories. Carpenter et al. (2007) and Schwab et al. (2014)
focused primarily on the toxic impacts of thermal residue recycling
using the LCA approach. Olsson et al. (2006), Mroueh et al. (2001),
Margallo et al. (2014), and Toller et al. (2009) directly applied life
cycle inventory data to interpret the results of their respective
studies, omitting the impact assessment phase.

The present study, unlike previously published articles that
conducted attributive assessments of the methods by which
different thermal residues were recycled, aimed to produce a sys-
tematic assessment of a number of alternative methods of recycling
thermal residues generated in a case study region through the
application of an LCA methodology that facilitated a comparative
assessment. A systematic assessment in the regional context was
favorable because both the range of potential recycling methods
and properties of thermal residues generated vary from region to
region with no universal agreement on the best solution for an
environmentally benign thermal residue recycling method.

In the present study, four alternative to landfilling recycling
scenarios of the thermal residues generated in eight plants were
studied. During the life cycle impact assessment phase, as many
impact categories were included as to cover all major areas of
environmental concern related to the study, neglecting impact
categories which were not consistent with the goal and scope of the
study.

Both the unit processes that had the most significant environ-
mental impact and the elementary flows that made the biggest
contribution to certain impact categories were revealed. The use of
recommended LCIA methods facilitated reliable comparisons of the
results of the current study with those of other research studies

that were performed in accordance with ISO 14040/44 standards
(SFS-EN ISO 14040, 2006; SFS-EN ISO 14044, 2006). The outcome of
the study alone will facilitate more environmentally oriented de-
cision making. However, combining it with the results of economic
and social analyses will promote sustainable development on a
regional level.

2. Materials and methods

As an environmental assessment tool, LCA has gained unprec-
edented popularity in waste management studies over the course
of the last two decades. However, the majority of researchers have
focused on municipal solid waste and other waste fractions from
households, not industrial waste (Laurent et al., 2014a; Pires et al.,
2011). The current study involved a comparative LCA of the
methods used to recycle thermal residues in accordance with the
internationally accepted LCA standards ISO 14040/44 (SFS-EN ISO
14040, 2006; SFS-EN ISO 14044, 2006). In addition, the ILCD
Handbook guidelines (EC-JRC, 2010b) were employed to clarify the
requirements of the ISO standards. The research findings of Laurent
et al. (2014b), who reviewed a large number of waste-related LCA
studies, were also taken into consideration when dealing with the
methodological aspects of LCA.

2.1. Goal and scope definition

The goal of the current study was to assess and compare the
environmental impact of alternative methods of recycling thermal
residues and then to assess the environmental impact of possible
variations in the transportation distances of thermal residues as
part of regional optimization. The study was multifunctional. The
prime function of the system was the management of the thermal
residues generated in the case study area. The remaining functions
were determined by the alternative recycling methods included in
the study: fertilization and neutralization of forest soil, landfill
construction, road construction, and road stabilization. The sce-
narios were developed to maintain the qualitative correspondence
of the products of each function with and without thermal residue
recycling. The functional unit was set to the total amount of thermal
residues generated in the case study area, 93,600 t, the fertilization
of 17,600 ha of forest, covering 14.6 ha of landfill, the construction
of 11 km of roads, and stabilization of 3.8 km of roads, as described
in the study. The system boundary of the product system was
expanded to avoid allocation for the multiple functions served by
the system.

2.2. Description of the case study area

The study was implemented in the context of South-East
Finland, which consists of two regions: South Karelia and Kymen-
laakso. Together, these regions incorporate 16 municipalities. There
were 210,000 inhabitants in the case study area in 2013, accounting
for nearly 4% of the population of Finland. The case study area oc-
cupies approximately 12,500 km2, which is the equivalent of 4% of
the Finnish territory.

Thermal residues generated during the thermal treatment of
solid fuels mainly come from power plants, municipal solid waste
incineration plants, and pulp and paper industry factories. As can
be observed in Fig. 1, the number of potential units generating
thermal residues in the case study area is somewhat average
compared to that of central Finland.

Information about possible thermal residue generating units
was obtained from the official statistics of the corresponding in-
dustries. Data about combined heat and power and district heating
plants were included in the register of power plants published by
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the Finnish Energy Authority (Energiavirasto, 2014), as well as in
the report prepared by the Finnish Energy Industries
(Energiateollisuus, 2014). For the pulp and paper industry, only
companies that were members of the Finnish Forest Industries
(2014) were included in the study. The thermal residue gener-
ating units identified within the case study area and the types of
residues generated therein are presented in Table 1. The average
annual amount of fly ash generated in the area was 58,400 t, while
bottom ash and boiler slag totaled 35,100 t.

2.3. Description of scenarios

Overall, 90 combinations of 13 scenarios were modeled in the
study: Four scenarios for the alternative recycling of thermal resi-
dues and one for landfilling the residues, three scenarios for the
systematic assessment of the regional parameters, two scenarios
for the analysis of the different distribution of leaching data, and
three scenarios for studying the uncertainty related to the leaching
values measured at the levels below the analytical limits of quan-
tification (LOQ). The combinations originating from the scenarios
studied are presented in Fig. 2. The sensitivity analysis was per-
formed on the physical properties of the thermal residues that
make them suitable for recycling under each scenario, on the
substitution rates of the materials being displaced when recycling
the residues, and on the parameters that influence the leaching of
heavy metals in the landfill.

The possibility of utilizing thermal residues within the recycling
methods assessed was determined by their composition, legal re-
quirements, and the general practices in evidence in the case study
area. Thermal residues that were deemed to be unsuitable for a

certain application were modeled as being landfilled. The amounts
of thermal residues recycled and landfilled in each scenario
together with the justification as to why the scenario was selected
are presented in Supplementary Information SI1.

2.3.1. Forest fertilization (S1-FF)
Fly and bottom ash were assumed to be granulated and then

transported to a site for fertilization. Ash granules were loaded
using a front-end loader into either a forest forwarder or a heli-
copter. This subsequently distributed the granules over the areas of
the forest that were to be fertilized and neutralized. Alternatively,
forest fertilizer was produced from fossil resources (rock phosphate
and potassium chloride), and limestone flour was applied for soil
neutralization when ash was recycled for other purposes. It was
assumed that commercial fertilizer and limestone utilized the same
delivery and distribution equipment as that used for thermal resi-
dues and that there was no leaching of heavy metals from artificial
fertilizer because its composition could be controlled during the
production period.

2.3.2. Landfill construction (S2-LC)
It was assumed that bottom ash and boiler slag were used as a

drainage material in a covering layer of landfills. Transported resi-
dues were placed in landfills between two layers of geofabric. The
production and transportation of geofabric were included in the
study and the use of this material was assumed to have no envi-
ronmental impact. Alternatively, the covering layer was engineered
from sand, which was quarried and transported to the landfill. No
geofabric was required when sand was used for landfill
construction.

Fig. 1. Location of combined heat and power (CHP) and district heating plants (DHP) (a) (Energiateollisuus, 2014), and forest industry production plants (b) (Finnish Forest
Industries, 2013) in Finland. A black line encircles the case study area.

Table 1
Thermal residue generating units included in the study and types of residues generated therein.

Unit Region Type of Residue Type of Fuel

Hovinsaari CHP Kymenlaakso Fly ash Peat, wood, bark
Hy€otyvoimala CHP Kymenlaakso Boiler slag Municipal solid waste
Karhula heating plant Kymenlaakso Fly ash, bottom ash Wood
Kaukaan Voima South Karelia Fly ash, bottom ash Peat, wood, bark
Kymin Voima Kymenlaakso Fly ash, bottom ash Peat, wood, bark
Mets€a Simpele mill South Karelia Fly ash, bottom ash Peat, wood
Stora Enso Anjalankoski mills Kymenlaakso Fly ash, bottom ash Bark, sewage sludge, packaging
Stora Enso Imatra mills South Karelia Fly ash, bottom ash Bark, sewage sludge
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2.3.3. Road construction (S3-RC)
It was assumed that fly ash was used for road construction. Ash

was wetted and transported to a construction site where it was
recycled to construct a sub-base layer of a road. Alternatively, gravel
was used for the layer construction. Gravel was excavated and
transported to the construction site. In addition to the sub-base
layer, the materials required to build a base course and a protec-
tion layer were included in the study because ash recycling changes
the thickness of these layers.

2.3.4. Road stabilization (S4-RS)
It was assumed that dry fly ash was used for road stabilization.

Transported ash was mixed with weak soil using an excavator
retrofitted with a mixing device. Alternatively, fine lime was used
for the stabilization process. Lime production and transportation to
the stabilization site was included in the system boundary. No
leaching from lime was considered.

2.3.5. Landfilling (S0-LF)
The landfilling scenario reflects the situation in which thermal

residues would be landfilled. Fly ash was wetted to prevent dust
generation during its transportation and the process of landfilling.
The remaining residues were transported to the landfill site
without any additional processing. The landfill was engineered
using the so-called sandwich method, which involves disposing of
the thermal residues in layers together with crushed stone. The
landfill closure and leachate treatment were included in the study.

2.3.6. Regional optimization scenarios
Apart from the four recycling scenarios, three regional optimi-

zation scenarios were assessed. The assessment of the regional

optimization is important when systematically assessing the
recycling possibilities on a regional scale due to the high uncer-
tainty related to the transportation distances from the place at
which the thermal residues were generated to the final recycling
sites. Moreover, it was assumed that the recycling methods
included in the study utilized thermal residues once in a particular
place, meaning that the transportation distance to the recycling
place would vary.

The first regional optimization scenario was local (SL), in
which thermal residues were pretreated locally at their genera-
tion places before being transported 20 km to a final recycling
place. The second scenario was regional (SR), in which the resi-
dues were transported to regional centers for possible pretreat-
ment and storage before being transported 50 km to a final
recycling place. The location of the regional centers was chosen
such that it was equally remote from each thermal residue
generating unit within each region, taking into account the
amount of residues generated therein. Thus, the centers
would be located in Joutseno for the South-Karelia region
and Myyllykoski for the Kymenlaakso region. The third
scenario was the case study area scenario (SA), in which the
residues were transported to the center of the case study
area before being conveyed 100 km to the final recycling
place. The location, Taavetti, was chosen in a similar way to the
way in which the regional centers were selected. The map of
the locations is presented in Supplementary Information SI2.
Thus, the regional optimization scenarios differed according to
the distance the thermal residues were transported. It was
assumed that the distance to the landfills at which the thermal
residues were disposed of was constant in all optimization
scenarios.

Fig. 2. Alternative scenarios included in the study in addition to the parameters for uncertainty and sensitivity analyses.
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2.4. Description of system boundaries

The boundaries of the original and the expanded systems are
presented in Fig. 3. As can be observed in this figure, the study
was initiated at the time and place at which the thermal residues
were generated and was accomplished when they were incor-
porated into a final product or when landfilled. Electricity gen-
eration, diesel, and thermal energy production unit processes
were also included in the system boundaries but are displayed
separately in Fig. 3 because the unit processes were generally
used in all scenarios. Because the study was comparative and
only focused on the assessment of differences in the environ-
mental impact caused by any thermal residue recycling possi-
bility, only unit processes that were affected by the operations
required for residue recycling were included in the study. The

impact associated with the construction of capital goods was
omitted due to the lack of consistent data that was available.
Moreover, it was assumed that the machinery employed to
recycle thermal residue was the same as that utilized without
residue recycling, which means it had no or a negligible effect on
the overall results of the study.

2.5. Life cycle inventory

The life cycle inventory (LCI) phase was intended to quantify all
unit processes included in the system boundaries by compiling
elementary flowsdthe flows that cross the ecosphere-
technosphere border. The LCI data were collected based on
whether a certain unit process belonged to a foreground or back-
ground system, as denoted in Fig. 3.

Fig. 3. System boundaries and functional unit of the study.
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2.5.1. Foreground system
The unit processes directly related to the management of ther-

mal residues are classified within the foreground system domain.

2.5.1.1. Forest fertilization. To enable productive forest growth on
drained peatlands, forests should be fertilized at the rate of
40e50 kg P ha�1 and 80e100 kg K ha�1 (Huotari, 2012). The
average content of P in ash generated in Finland is 1.50%, while the
K content is 3.89% (Evira, 2010). Furthermore, ash applications
result in soil neutralization (Kuokkanen et al., 2009; Nurmesniemi
et al., 2008). The application of 2 t ha�1 dolomitic limestone (26%
Ca) is sufficient to enable a long-lasting liming effect (Saarsalmi
et al., 2011). The content of nutrients and calcium is different in
fly and bottom ashes (Karltun, 2015) and the method by which it
was accounted in the study is presented in Supplementary
Information SI1.1. Having determined the quantities of ash as well
as its nutrients and calcium contents, and the need for nutrients in
the forest, it was calculated that 17,600 ha of forest could be
fertilized and neutralized with ash.

The amount of commercial fertilizer required was calculated so
that the same amount of P would be applied to the forest as when
utilizing ash. Thus, qualitative correspondence was maintained.
Phosphorus was chosen because the use of potassium as a refer-
ence substance results in a lack of P applied to the forest. The
commercial forest fertilizer Rauta-PK, which is manufactured from
fossil resources, contains 8% P (Yara Suomi Oy, 2015). The fertil-
izing effect of commercial fertilizers lasts for 20 years, whereas the
effect of ash lasts for 45 years (V€a€at€ainen et al., 2011). Thus, it was
calculated that 24,800 t of commercial fertilizer and 23,400 t of
limestone would be required to fertilize and neutralize the same
forest area at the same rate as when ash was applied. The calcu-
lations related to the unit process are presented in Supplementary
Information SI1.1.

2.5.1.2. Landfill construction. The use of bottom ash and boiler slag
in the construction of landfills was modeled in accordance with the
method proposed by Magnusson (2005) and Toller et al. (2009).
The thickness of the drainage layer was set to 0.2 m (Toller et al.,
2009), and it was constructed using an excavator. Geofabric was
placed manually, and this process had no environmental impact. It
was calculated that 14.6 ha of landfills could be covered using
bottom ash and boiler slag, replacing 50,300 t of sand. The calcu-
lations related to the unit processes are presented in
Supplementary Information SI1.2.

2.5.1.3. Road construction. The scenario was implemented in
accordance with the work of Eskola et al. (1999), Laine-Ylijoki et al.
(2000), and Mroueh et al. (2001). In the present study, fly ash was
used to form a sub-base road layer that was 12 m wide and 0.35 m
thick. It was calculated that 11 km of such roads could be built using
fly ash, replacing 31,400 t of sand, 76,000 t of gravel and 27,800 t of
crushed stone. The dimensions of the road and the calculations
related to the unit process can be observed in Supplementary
Information SI1.3.

2.5.1.4. Road stabilization. The use of fly ash for soil stabilization
before road construction has been described by Eskola et al. (1999),
Laine-Ylijoki et al. (2000), and Mroueh et al. (2001). In the present
study, the road width was 12 m, and the height was 1.5 m. The
depth of stabilizationwas 5m. The amount of ash to be used for soil
stabilization was calculated according to the method proposed by
Supancic and Obernberger (2011). The amount of fly ash required to
stabilize 1m3 of soil was set at 183 t. In such circumstances, 3.87 km
of roads could be built on the area stabilized with ash. The amount

of burned lime required to stabilize the same areawas 19,900 t. The
calculations of the unit process are presented in Supplementary
Information SI1.4.

2.5.1.5. Landfilling. The landfill was engineered according to the
approach described by Mroueh et al. (2000). The height of the
material landfilled was 10 m. The ratio of crushed stone to disposed
thermal residues was assumed to be 1:2 by mass (Eskola et al.,
1999). The landfill closure and leachate treatment were modeled
in accordancewith thework of Magnusson (2005). The calculations
related to the unit process are presented in Supplementary
Information SI1.5.

2.5.2. Background system
The LCI data for the unit processes associated with the back-

ground system were retrieved from multiple sources. The unit
processes that were retrieved from the GaBi professional database
with extensions 2014 (PE International, 2014) and subsequently
used in the study are listed in Table SI3.1 of Supplementary
Information SI3 together with their location in the model and
the function each process served. All unit processes, with the
exception of the processes associated with transporting the ma-
terials, i.e., trucks and container ships, were used as they were
presented in the database without any modifications. In terms of
the transportation unit processes, driving distances were changed
to reflect the real-world situation as precisely as possible. Ac-
cording to the GaBi modeling principles for trucks (Fraunhofer IBP,
2012), the payload of a truck was halved, and the transportation
distance doubled in the model to account for full forward and
empty return runs.

The rest of the unit processes from the background system are
listed in Table SI3.2 of Supplementary Information SI3. The LCI data
for the unit processes were collected from existing literature. The
inventory data of each unit process are presented in Table SI3.3 of
Supplementary Information SI3.

2.5.3. Leaching data
The leaching data of the thermal residues applied in the study

were directly obtained from the companies identified within the
case study area. The leaching data used in the study were
determined according to the European Standard EN 12457-3
(2002). As every company in Finland that generates thermal
residues must perform this leaching test to conform with
the legislative requirements set on the leaching of toxic sub-
stances during landfilling or recycling, the use of such
data was beneficial for the current regional study, which incor-
porated multiple sources of thermal residues. Furthermore,
Allegrini et al. (2015), who studied the importance of the
leaching data selection for the LCA studies, claimed appropri-
ateness of the leaching data obtained with the European Stan-
dard EN 12457-3 (2002) for the LCA studies. The aggregated
leaching values of the thermal residues landfilled or recycled in
alternative scenarios are presented in Table SI4.1 of the
Supplementary Information.

As noted by Allegrini et al. (2015), the leaching data from the
column percolation test CEN/TS 14405 (2004) should be primarily
used, if available. However, companies seldom perform the column
test. Therefore, two uncertainty scenarios related to the distribu-
tion of leaching data under the L/S ratio of 10 L kg�1 were proposed
in the study.

The first uncertainty scenario implied a conservative assump-
tion of the linear distribution of the leaching data between L/S
0 and 10 L kg�1. The mass of a leached substance, i, from a thermal
residue, m, at a certain L/S ratio, n, was calculated as follows:

I. Deviatkin et al. / Journal of Cleaner Production 149 (2017) 275e289280



ML=Sn
i; m ¼ Mm$if

�
L=Sn � 10;ML=S10

i;m ;ML=S10
i;m $

L=Sn
10

�
; ½mg� (1)

where Mm e mass of a thermal residue m, kg; L/Sn e calculated L/S

ratio;ML=S10
i;m e leaching value of an element, i, in a material,m, at an

L/S 10 L kg�1, mg kg�1.
The second scenario implied a non-linear distribution of the

leaching values, since the leaching of heavy metals is oftentimes
more intensive at low L/S ratios (Di Gianfilippo et al., 2016b). The
equations describing the distribution of the leaching values were
plotted using the values obtained during the column percolation
test of MSWI bottom ash generated in Finland. Detailed informa-
tion about the non-linear interpolation is available in Supporting
Information SI4.1. The cumulative leaching values at the L/S steps
of 0.1, 0.2, 0.5, 1, 2, 5, and 10 L kg�1 were used to calculate the mass
of a leached substance, i, from a thermal residue, m, at a certain L/S
ratio, n, as follows:

where Mm e mass of a thermal residue m, kg; L/Sn e calculated L/S
ratio; L/S(n�1) e L/S ratio at a step preceding the calculated L/S ratio;
L/S(nþ1) e L/S ratio at a step succeeding the calculated L/S ratio;

ML=S10
i;m e leaching value of an element, i, in a material, m, at an L/S

10 L kg�1, mg kg�1; ML=Sðn�1Þ
i;m e leaching value of an element, i, in a

material, m, at an L/S(n�1), mg kg�1; ML=Sðnþ1Þ
i;m e leaching value of an

element, i, in a material, m, at an L/S(nþ1), mg kg�1.
As can be seen from Eqs. (1) and (2), no extrapolation for L/

S > 10 L kg�1 was assessed in the study due to lack of the leaching
data for L/S > 10 L kg�1.

The leaching behavior of sand, gravel, and crushed stone, which
were substituted with the thermal residues, was modeled using a
linear distribution method that was limited to the leaching values
determined in accordance with the European Standard EN 12457-3
(2002) and described by Laine-Ylijoki et al. (2000).

In addition to the alternative distribution methods of the
leaching values, the uncertainty related to the values detected at
the levels below the LOQs was examined. In the first scenario, the
values below the LOQs were considered completely absent in
leachate (<LOQ ¼ 0$LOQ). In the second scenario, the values below
the LOQ were considered present at a 50% probability level
(<LOQ ¼ 0.5$LOQ). In the third scenario, the values below the LOQ
were considered completely present at the LOQ level
(<LOQ ¼ 1$LOQ).

The L/S ratio in the study was calculated as presented by
Allegrini et al. (2015) based on the method proposed by Kosson
et al. (1996):

L=S ¼ P$I$T
r$h

;
h
L kg�1

i
(3)

where P e annual precipitation, mm year�1; I e infiltration rate, %;
Te time horizon, set to 100 years; re density of material, kgm�3; h
e height of a material layer, m.

The annual precipitation in S3-RC and S4-RS, when snow is

cleaned during winter, was calculated using the approach
described by Vestin et al. (2012):

P ¼ Pw � 0:05$Pw � Nr;
h
mm year�1

i
(4)

where Pw e precipitation during the period of a year when ambient
air temperature is above zero, mm year�1; 0.05·Pw e amount of
runoff water, mmyear�1; Pre interception caused by the number of
rain days, mm year�1.

The annual precipitation was used as such in the remaining
scenarios. Initial data for the L/S ratio calculations and themasses of
leached substances are presented in Supplementary Information
SI4.

2.6. Life cycle impact assessment

Life cycle impact assessment (LCIA) is an integral part of an
overall LCA study. The LCIA is generally performed for a number of
impact categories characterized by certain methods. On the one

hand, the impact categories should be consistent with the goal and
scope of the study, while, on the other, they should cover all major
areas of environmental concern (EC-JRC, 2011; SFS-EN ISO 14044,
2006). According to Hauschild et al. (2013), who analyzed and
compared multiple characterization models with one another,
more than 150 different characterization models have been
developed. The authors identified the most advanced models and
compiled a list of recommended LCIA methods to be used by LCA
practitioners. The work is explicitly described in the reports pub-
lished by the Joint Research Center of the European Union (EC-JRC,
2011, 2010a, 2010c).

Despite the existing list of recommended impact categories
and characterization models and their availability in GaBi soft-
ware under the group entitled “Impacts ILCD/PEF recommenda-
tion”, the number of impact categories was further refined such
that it was consistent with the goals and scope of the study while
also reflecting the completeness of the LCI data. The impact
categories highlighted in italics in Fig. 4 were included in the
LCIA phase of the study. Human toxicity and ecotoxicity
(Rosenbaum et al., 2008) were included because recycling ther-
mal residues potentially results in the leaching of heavy metals
into the environment. The inclusion of the “Resource depletion,
mineral, fossil and renewables” impact category (Guinee et al.,
2002) was determined by substituting conventionally
consumed raw materials with thermal residues. The remaining
impact categories, such as climate change (Forster et al., 2007),
ozone depletion (Montzka and Fraser, 1999), photochemical
ozone formation (van Zelm et al., 2008), acidification and
terrestrial eutrophication (Posch et al., 2008; Sepp€al€a et al.,
2006), and aquatic eutrophication (Struijs et al., 2009), which
was divided into freshwater and marine eutrophication, were
included in the study to cover as many areas of environmental
concern as possible. “Ionizing radiation, humans”, “Ionizing ra-
diation, ecosystems”, and “Resource depletion, water” categories
were excluded because they were deemed to be inconsistent
with the goal and scope of the study, whereas “Respiratory

ML=Sn
i; m ¼ Mm$if

0
@L=Sn � 10;ML=S10

i;m ;M
L=Sðn�1Þ
i;m þ
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inorganics” and “Land use” were excluded due to a lack of LCI
data of sufficient quality.

2.7. Sensitivity analysis

2.7.1. Physical properties
First, the physical properties of the thermal residues that make

them suitable for recycling and an appropriate substitution for or-
dinary consumed materials were assessed. It is anticipated that the
physical properties of thermal residues would change according to
variations in the fuels consumed during the incineration process.
The variation in the physical properties studied is presented in
Table 2, while the justification for the certain choices is available in
Supplementary Information SI5.

Fig. 4. Impact categories, their relation to the main areas of protection, and methods recommended for LCIA within the European context. Adapted from (Hauschild et al., 2013). The
impact categories highlighted in italic were included in the study.

Table 2
Values used in the sensitivity analysis. The expected values were applied throughout the study. The best-case values reflect the best functionality of the system studied, while
the worst-case values reflect the worst.

Expected case Best-case Worst-case

Default value Value Relative change, % Value Relative change, %

Scenario 1: Forest Fertilization
K content, % 3.89 4.00 þ2.8% 3.78 �2.8%
P content, % 1.50 1.51 þ0.92% 1.49 �0.92%
Ca content, % 16.1 16.3 þ0.95% 15.9 �0.95%
Fertilizing effect, year 45 50 þ11% 40 �11%
Scenario 2: Landfill construction
Density of thermal residues, kg m�3 1200 1000 �16.7% 1400 þ16.7%
Scenario 3: Road construction
Density of compacted thermal residues, kg m�3 1400 1260 �10% 1540 þ10%
Scenario 4: Road stabilization
Amount of thermal residues for stabilization, kg m�3 soil 183 180 �1.6% 191 þ4.2%
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2.7.2. Substitution rates
Second, the impact of the substitution rates on the results of the

study was assessed since the ideal one-to-one substitution rate
(also known as the displacement rate) based on the identical
physical properties of the materials being recycled and replaced
cannot be necessarily achieved, thereby biasing the overall results
in favor of recycling (Geyer et al., 2016). Moreover, the substitution
is primarily governed through the market-based mechanisms (Zink
et al., 2016), yet initially possible due to the appropriate physical
properties of the waste being recycled. The latest development in
the estimation of the actual substitution rates includes the work of
Zink et al. (2016), who developed a novel methodology for quan-
tifying the substitution rate within the market-based framework.
However, the use of the proposed methodology has been found to
be challenging in studies that focuse on complex regional systems
including several alternative recycling markets.

To account for the potentially incomplete substitution, the
break-even substitution rates (SRB.E.) were applied in the present
study according to the method described by Zink et al. (2014). The
break-even substitution rate is the minimum substitution rate at
which the environmental impact of thermal residues recycling in
any scenario, Sn, in any given impact category become lower than
the environmental impact of the baseline scenario, S0, in the same
impact category. The substitution rate was introduced into the
model as follows:

Mm
Sn ¼ SRB:E:$max

SR¼1

�
Mm

Sn
�
; (5)

whereMm
Sn emass of a material,m, being substituted with thermal

residues in a recycling scenario, Sn, kg; max
SR¼1

ðMm
SnÞ e maximum

mass of a material,m, potentially substituted with thermal residues
in a recycling scenario, Sn, kg.

2.7.3. WWTP and leachate collection
Finally, the analyses of the parameters that affect the toxic

impact of the landfill were addressed due to the high uncertainty
related to the modeling assumptions. According to the local con-
ditions, no specific wastewater treatment to remove heavy metals
and salts is available at thermal residue landfills. Moreover, the
near-ideal leachate collection rate of 99% was deemed to be real-
istic. On the contrary, a widely used approach in LCA studies that
was initially presented by Birgisd�ottir et al. (2007) considers the
possibility of treating the landfill leachate in a specific wastewater
treatment plant, while collecting 80% of the leachate generated
during the first three phases of the landfill operation. Therefore,
these two cases were included in the study.

3. Results and discussion

3.1. Overall environmental performance

The results of the comparative life cycle assessment of the
possibilities of recycling thermal residues in the case study area are
presented in Fig. 5. The total values (represented by the black bars)
are the relative percentage changes between the environmental
impact of a certain recycling scenario and landfilling thermal resi-
dues (S0-LF), with the environmental impact of landfilling the
thermal residues set as the reference value. The reference values
were obtained for the following conditions: A local scenario, linear
distribution of heavy metals, presence of heavy metals at a 50%
probability level when they were detected at the levels lower than
LOQs, one-to-one substitution rate, default physical properties,
absence of a specific WWTP for leachate treatment during land-
filling, and 99% leachate collection rate. The negative values

correspond to a reduced or avoided impact, whereas the positive
values express an increased or induced impact. The absolute values
of the LCIA are presented in Supplementary Information SI6.

An improved environmental situation, i.e., reduced impact, over
all non-toxic impact categories could be anticipated in each sce-
nario. In general, the reduction of the environmental impact within
those impact categories ranged 10e30% in S1-FF, S3-RC, and S4-RS.
For S2-LC, the reduction ranged 3e12%, which was generally lower
than that of the alternative scenarios. The reduction in the GWP in a
study by Di Gianfilippo et al. (2016a), who modeled the use of
bottom ash generated during refuse-derived fuel combustion in the
road construction process similarly to Birgisd�ottir et al. (2007), was
5.6 kg CO2-Eq. t�1 ash, whereas in the present study a higher
reduction of 16 kg CO2-Eq. t�1 ash was achieved. This variation can
be attributed to variations in the principles employed to model the
road construction processes. Di Gianfilippo et al. (2016a) only
accounted for a possible substitution of gravel on a 1:1 mass basis.
The present study alsomodeled complete substitution of gravel and
partial substitution of crushed stone and sand on a volume basis
accounting for the substitution of 1.48 kg of minerals per 1 t of
thermal residues, as per the approach adopted by Eskola et al.
(1999). When only gravel is accounted for, the reduction in the
environmental impact is reduced to 7.5 kg CO2-Eq. t�1 ash, which is
similar to the results of Di Gianfilippo et al. (2016a). A similar sit-
uation was observed with the GWP of the landfill, which was 14 kg
CO2-Eq. t�1 ash in the present study compared to 7.4 kg CO2-Eq. t�1

ash in the study by Di Gianfilippo et al. (2016a). The higher emis-
sions could be attributed to the consumption of crushed stone,
which was used as an intermediate layer in the landfill. When no
crushed stone is used, the GWP of the landfill will decrease to 4.7 kg
CO2-Eq. t�1 ash. Yet, the difference in the GWP of the landfill sce-
nario is insignificant compared to the overall emissions from the
system, at 360 kg CO2-Eq. t�1 ash. Therefore, the largest reduction
of GWP observed in the current study, 74%, was achieved when
utilizing thermal residues for road stabilization. Herein, 72% of the
reduction originated from avoided lime production, which emits
significant amounts of carbon dioxide during limestone
sinteringdas much as 500 kg per 1 t of limestone sintered
(Huntzinger and Eatmon, 2009). A comparison of the road con-
struction process with the results of other researchers, such as
Olsson et al. (2006), Mroueh et al. (2001), and Birgisd�ottir et al.
(2007), who focused on the use of ash in the road construction
process, was challenging due to different system boundaries and
impact assessment methods applied.

Another substantial reduction of 93% occurred for the resource
depletion potential (RDP) when fertilizing and neutralizing forest
with thermal residues, thus reducing the consumption of the
commercial fertilizer and limestone produced from fossil resources.
Extraction of phosphorus dominated the overall RDP in the study
since extraction of 1 kg of phosphorus has nearly 200 times higher
RDP than natural gas or crude oil extraction according to the LCIA
method employed in the study. Moreover, limestone, sand, natural
aggregates, and other minerals had no impact on RDP. Therefore,
the vast majority of this reduction could be attributed to the change
in the forest fertilizing process rather than to avoided landfilling.
However, the amount of phosphorus and potassium substituted in
the study was several times lower than that observed in a study by
Toller et al. (2009): 4.6 kg vs.15 kg for P and 15 kg vs. 70 kg for K.

With respect to the toxic impact categories, which negatively
affect the environment, S4-RS resulted in the largest induced
impact on HTPc and HTPnon-c, by 52 and 41%, respectively, whereas
S1-FF induced 24 and 22% of impact on the same impact categories.
The induced impact of 1.45$10�6 CTUh and 7.95$10�6 CTUh for HTPc
and HTPnon-c in the present study was similar to the findings of Di
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Gianfilippo et al. (2016a). Given that the L/S ratio, a parameter that
has the most significant impact on leaching, was considerably
different e 2.9 L kg�1 in the present study compared to 16 L kg�1 in
that of Gianfilippo et al.dthe leaching of elements affecting HTPc
and HTPnon-c observed was higher in the thermal residues being
recycled in the present study. With regard to ETP, the impact in S1-
FF, S2-LC, and S4-RS increased by 4e20%, whereas the ETP in S3-RC
reduced by 31%.

3.2. Critical unit processes

The total values in Fig. 5 were segregated into several groups to
identify the activities and unit processes that contributed the most
to the overall results as a means of identifying the hot spots within
the recycling scenarios. As can be observed in Fig. 5, the reduction
in the negative environmental impact was due to the avoided
production and transportation of substituted products represented

Fig. 5. Life cycle impact assessment results for each recycling scenario.
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by the “Substituted product acquisition” and “Substituted product
transportation” groups. The reduction in the environmental impact
associated with these two groups mentioned ranged 72e82% for
S1-FF, 31e70% for S2-LC, 67e70% for S3-RC, and 58e80% for S4-RS
for the majority of the impact categories, when considered as a
share of the total avoided impact. The rest of the avoided impact
was related to the “Avoided landfilling” and “Final place” groups.

In contrast to the non-toxic impact categories, the “Final place”
group, which included the unit processes related to thermal residue
incorporation into the final product and other unit processes
required to utilize the residue, together with the “Avoided land-
filling” category, dominated the toxicity-related impact categories.
Avoided landfilling resulted in more than 80% of the overall
reduction in the environmental impact in all scenarios for ETP and
HTPc. In terms of HTPnon-c, avoided landfilling dominated the
reduction in the environmental impact in S1-FF and S3-RC, whereas
the reduction of 75% was mainly achieved due to avoided lime
production in S4-RS. The “Final place” group, in contrast, increased
environmental impacts, contributing to the total induced impact by
more than 90%. Furthermore, the induced impact was higher than
the avoided impact from landfilling in all scenarios except S3-RC.

As the results reveal, the impact caused by the “Thermal residue
pretreatment” group was negligible for the overall results of the
study, with the highest impact of less than 1% being observed on AP
in S1-FF. Diesel production for transportation and the trans-
portation of thermal residues itself combined to the “Thermal
residue transport” group also did not have a significant impact on
the overall environmental situation. Transportation of thermal
residues over a distance of 20 km did not result in more than 2% of
the total induced impact, on average.

3.3. Regional optimization

The environmental impact of the anticipated change in the
transportation distance of thermal residues to their final utilization
places assumed in the study is shown in Fig. 5 next to bars that
represent the total environmental impact. The results are presented
in the same way as for the total impact, but only incorporate the
change in distance assessed in the study. Moreover, the changes in

the environmental impact in SR and SA compared to SL were
normalized to the change in the payload-distance to reveal the
most affected impact categories. The results of the normalization
are presented in Fig. 6 for SA (top) and SR (bottom).

The results indicated that there was a varying dependence be-
tween the studied impact categories and variations in the trans-
portation distance, yet the transportation was relatively important
in most of the non-toxic impact categories. The importance of the
transportation variable identified in this study differed from other
waste management studies that have found transportation to be
relatively unimportant, e.g., Hupponen et al. (2015). This may be
related to the large change in the payload-distance, which
increased 1e3 times in the SR scenario and 4e8 times in the SA
scenario. The overall impact was still positive for the majority of the
impact categories in the regional (SR) and the case study area (SA)
scenarios with the exception of FEP and MEP. The increase in the
environmental impact in every impact category, with the exception
of FEP and MEP, did not exceed 2% in the SR scenario and 5% in the
SA scenario per 100% increase in the payload-distance.

FEP andMEP indicated the highest response to the change in the
payload-distance in the system. In the case of SR, MEP resulted in
the highest increase in the normalized environmental impact by
4e6% when the payload-distance doubled. In the case of SA, MEP
increased by 10e20% when the payload-distance doubled. The in-
crease of FEP was associated with an increase in phosphate emis-
sions during the diesel production process, whereas MEP increased
due to elevated emissions of nitrogen monoxide during the trans-
portation stage.

3.4. Leaching data

The uncertainty related to the data on the leaching levels of the
thermal residues used in the study was assessed by modeling
alternative leaching distribution models (linear and non-linear
distribution). Moreover, the uncertainty related to the lack of data
that was below the analytical limits of quantification for certain
chemical elements was modeled in the study. Finally, as a part of
the sensitivity analysis, the impact of the parameters that impact
leaching from thermal residues in the landfill and, consequently,

Fig. 6. Normalized changes in the environmental impact caused by the changes in the payload-distance of the thermal residues for the case study area scenario (top) and the
regional scenario (bottom).
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the toxicity-related impact categories was studied. The results of
the uncertainty and sensitivity analyses are presented in Fig. 7.

As can be observed in the results presented in Fig. 7, the impact
the two alternative distribution models had on the leaching values
was not of significance to the overall results. Therefore, linear dis-
tribution of leaching values between L/S ratios 0 and 10 L kg�1

could be applied in the studies with a wide range of thermal resi-
dues without undermining the robustness of the results. Moreover,
the inclusion of a WWTP or application of a lower leachate
collection rate did not change the overall results of the study,
although it did have a modest relative impact. On the other hand,
great care should be taken to the values determined at the levels
lower than the LOQs since a large variation in ETP of 10e15% for S2-
LC and S4-RS, and in HTPnon-c of nearly 20% for S4-RS was observed
due to variation in the leaching values below LOQs.

Another important factor that affects leaching is the pH value of
the liquid that comes into contact with thermal residues when
landfilled or recycled (Di Gianfilippo et al., 2016b). Sivula et al.
(2012) monitored the pH of the gasification bottom ash generated
and landfilled in Finland over the course of three years and
observed that the pH ranged between 9.2 and 12.4 units. At the
same time, Di Gianfilippo et al. (2016a) reported that the variation
in pH of between 8.8 and 12.3 had no influence on the overall
toxicity results of the LCA study. Therefore, is expected that the pH
value will not have a detrimental effect on leaching from thermal
residues during landfilling. However, increased leaching and,
consequently, higher toxic impacts might be expected when ther-
mal residues are used to fertilize forest soil, which is typically acidic
in Finland (Saarsalmi and M€alk€onen, 2001).

3.5. Critical toxic pollutants in thermal residues

Due to the potential leaching of toxic substances during thermal
residue recycling, toxicity-related impact categories were further
analyzed to identify the pollutants that contribute the most to each
impact category. The contribution each heavy metal and inorganic
pollutant made to the toxic potentials of the unit processes repre-
senting the final recycling or disposal of thermal residues is shown

in Fig. 8. Only substances that contributed to the results are pre-
sented in the figure; however, the entire list of elements included in
the characterization models is presented in Supplementary
Information SI 7.

As can be observed in Fig. 8, there were significant variations in
the extent to which each of the different elements impacted the
environment. Barium, vanadium, antimony, copper, and zinc were
the prevailing heavymetals within the ETP, and these accounted for
70e90% of the overall impact depending on the scenario. Copper
and vanadium were dominant in S2-LC, in which bottom ash and
boiler slag were recycled. At the same time, the use of fly ash in S3-
RC and S4-RS and a mixture of fly and bottom ash in S1-FF resulted
in high leaching of Ba and Zn. Unlike ETP, HTPc and HTPnon-c were
dominated by only one heavy metal. Cr accounted for 98e99% of
the overall carcinogenic impact, whereas Zn was prevalent in the
non-carcinogenic impact, accounting for 90e98% of the overall
HTPnon-c.

3.6. Sensitivity analysis

Sensitivity analyses were performed to assess the dependency
of the study results according to several factors. The first factor was
variation in the properties of thermal residues that make them
suitable for recycling and the impact of the amount of substituted
materials. Variations in the properties of thermal residues can be
easily caused by multiple factors, including the most prom-
inentdchanges in fuel composition. The substitute rate itself was
also studied as the ideal 1:1 substitution might not necessarily
occur.

3.6.1. Properties of thermal residues
The variation in environmental impact caused by potential

changes in the properties of thermal residues is depicted in Fig. 5 in
the form of error bars. The results of the sensitivity analysis indi-
cated that any variation in the properties studied did not signifi-
cantly affect the results, with an average change of 2% over all
impact categories except HTPc, where the impact varied by 5e6% in
S3-RC. Therefore, the ranking of the recycling methods was not

Fig. 7. Results of the uncertainty and sensitivity analysis affecting leaching from thermal residues.
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affected by the properties of thermal residues over the majority of
impact categories.

3.6.2. Substitution rates
During the study, the substitution rates were changed from one

to zero to determined the breakeven points for each recycling
alternative and each impact category. The results are presented on
the right side of Fig. 5 in the column “SRB.E.”. A SRB.E. “>0” indicates
that the avoided environmental impact can even be achieved when
no substitution occurs, yet the reduction of the impact will be
significantly lower. As can be seen, in the majority of cases, lack of
actual substitution did not cause an additional environmental
impact in the system. This can be mainly attributed to avoided
landfilling; however, it may also be due to the fact that no energy
intensive processes are required to recycle thermal residues. An
SRB.E. marked with “n.a.” depicts a situation in which the avoided
environmental impact cannot be achieved even if no substitution
occurs. Such situations only occur in the toxic impact categories,
which are not strongly affected by the acquisition and substitution
of the materials.

4. Conclusions

The results of the study indicate that all of the potential methods
of recycling thermal residues identified in the case study areamight
have a lower environmental impact on non-toxic impact categories
than landfilling. On average, the reduction in environmental impact
ranged from 10 to 30% when thermal residues were recycled for
forest fertilization, road construction, and road stabilization and
3e12% when the residues were used for landfill construction.

On the contrary, large variations in the results in terms of the
toxicity-related impact categories were observed. Overall, the use
of thermal residues in road construction performed better than
other scenarios within all categories, resulting in a reduced impact
on ETP and HTPc by 30% and 40% respectively, and an increase in
HTPnon-c of just 4%. On the other hand, the use of thermal residues
for forest fertilization and road stabilization had the largest induced
impact: HTPc and HTPnon-c increased by 22e24% during forest
fertilization and by 40e52% during road stabilization. The varia-
tions in behavior were mainly the result of variations in the

recycling conditions, which strongly affected the leaching of heavy
metals, but also because different thermal residues were recycled
in different scenarios. The content of Ba, V, Sb, Co, and Zn in thermal
residues contributed to 70e90% of the total ETP, while Cr domi-
nated the HTPc and Zn was responsible for most of the HTPnon-c
impact.

High uncertainty of the transportation distance, which is
inherent to the systematic assessments on a regional scale, was
perceived to be moderately important for the study in most of the
non-toxic impact categories. It was observed that marine and
freshwater eutrophication potentials had the highest response to
an increase in the payload-distance and, as such, special attention
should be paid to the transportation distance when eutrophication
is of high importance.

The study of the leaching properties revealed that there was a
low dependence of the results on the type of the leaching data
distribution over the range of L/S ratios of 0.1e10 L kg�1. On the
contrary, the lack of data below the analytical limits of quantifica-
tion for some of the elements had a detrimental effect on the re-
sults, resulting in variations as high as 20% of the total impact in the
cases of HTPnon-c in S4-RS.

The potential variation in the physical properties of thermal
residues that make them suitable for recycling did not have a sig-
nificant impact on the results. On average, the change in the
environmental impact did not exceed 2% when the worst-or best-
case situations were modeled. Moreover, the results were primarily
robust to the substitution rate of the materials avoided. In most of
the non-toxic cases, reduced environmental impact can be ex-
pected, even at zero substitution rate, due to avoided landfilling
and the low energy and material consumption required to perform
the recycling processes. On the other hand, avoided impact cannot
be achieved for the majority of the toxic impact categories, even at
the ideal 1:1 substitution rate.

Having determined the environmental impact for a wide range
of impact categories, future research could focus on efficient and
scientifically approved aggregation of the results into a single value
to allow the alternative recycling methods to be ranked. Moreover,
economic analyses of the alternative recycling methods studied
could be performed to assess the sustainability of the recycling
methods on a deeper level.

Fig. 8. Contribution of heavy metals and leaching of inorganic pollutants from thermal residues to the toxicity-related impact categories.
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SUMMARY: In the study, the environmental impact caused by the recycling of the four mineral 
fractions obtained during the advanced treatment of municipal solid waste incineration (MSWI) 
bottom ash (BA) 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 either in the road construction process or in the production of garden stones according 
to the specifications obtained during the real life experiments. The toxic impacts associated with 
the recycling activities were assessed by the inclusion of the leaching data from the bottom ash 
and the 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 across 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 0-2 mm accounted for 58-94% of the total toxic impact caused by all four mineral 
fractions. 

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 the 
modern municipal solid waste incineration (MSWI) plants, thus, allowing for the substitution of 
fossil-based energy (Damgaard et al., 2010). Moreover, waste incineration is recognized as the 
key element of a sustainable waste management strategy (Brunner and Rechberger, 2015). 

Further reduction of the environmental impact could be achieved through sustainable 
recycling of solid residues left after the treatment. Special attention is drawn to bottom ash (BA), 
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which is the largest solid waste stream in MSWI plants equipped with a grate boiler. Several 
methods to recycle MSWI BA have been identified previously (Crillesen and Skaarup, 2006). 
The most common methods include the use of BA in the road construction (Birgisdóttir et al., 
2007; Chowdhury et al., 2010; Mroueh et al., 2001; Xie et al., 2016), for the cement or concrete 
production (Lam et al., 2011; Li et al., 2012; Pan et al., 2008) and for the landfill construction 
(Birgisdóttir et al., 2007; Puma et al., 2013). Moreover, limited research is available on the use 
of the BA in the agricultural sector (A. Sormunen et al., 2016). While recycling the BA, the 
production of natural aggregates or other products manufactured from virgin materials can be 
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 (Gori et al., 2011; Lidelöw and Lagerkvist, 2007; Rocca et al., 2012; Sivula et al., 
2012; Sormunen and Rantsi, 2015) which might eventually leach into the environment when BA 
is recycled. To holistically assess the environmental impact of the multifaceted systems, like the 
waste management ones, life cycle assessment (LCA) has been widely recognized by 
academia and successfully applied by the industry for several decades (Laurent et al., 2014a; 
Pires et al., 2011). Multiple assessments have been performed to study the impact of the 
recycling of BA of different origin by various utilization methods using the approach of LCA 
(Birgisdóttir et al., 2007; Carpenter et al., 2007; Deviatkin et al., 2016; Di Gianfilippo et al., 2016; 
Fruergaard et al., 2010; Margallo et al., 2014; Mroueh et al., 2001; Olsson et al., 2006; Schwab 
et al., 2014; Toller et al., 2009). Moreover, an LCA study of advanced treatment of BA 
incorporating recycling of ferrous and non-ferrous fractions obtained during the ash treatment 
was performed by Allegrini et al. (2015b).  

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 the 
road construction listed in the Finnish Government Decree concerning the recovery of certain 
wastes in earth construction 591/2006 (Ministry of the Environment, 2006). Moreover, the field 
tests with the BA under the study were performed (results are under preparation) and the results 
showed the technical applicability of the mineral fractions for the road construction and the 
production of concrete-based products, namely garden stones. However, not all size fractions of 
the minerals could be utilized raising the need to treat the bottom ash and further fractionate the 
mineral fraction by 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 employed in the study for being the most common method 
applied for the environmental assessment of waste management systems (Laurent et al., 
2014a, 2014b; Pires et al., 2011). The ISO 14040/44 standards (SFS-EN ISO 14040, 2006; 
SFS-EN ISO 14044, 2006), along with the ILCD Handbook guidelines (EC-JRC, 2010), were 
primarily followed for the methodological choices regarding the LCA. 
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2.1 Goal and scope definition 

The goal of the study was to assess the environmental impact of the MSWI BA treatment in 
the mobile treatment plant and consequent management of the mineral fractions obtained in the 
road construction and the production of garden stones, as well as to compare the impact of BA 
recycling with its landfilling – the least desired management option. 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 as to account for the production of materials substituted or affected during the 
recycling activities. 

2.2 Bottom ash characterization 

The BA studied originated from an 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 BA generated is 30 000 t. The detailed 
information about the BA composition is presented in the study by Sormunen and Rantsi (2015). 

For the present study, the leaching data for each mineral fraction were determined by a 
column test according to CEN/TS 14405 (2004) method and are available in the study by 
Sormunen and Rantsi (2015). The leaching data for the untreated BA were obtained with the 
two-stage batch leaching test as presented in the standard EN 12457-3 (2002). 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 
along with 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 utilized in the road 
construction process. The mineral fractions were suitable because of decreased leaching of 
heavy metals which was within the limit values set by the government. A specific blend of the 
four mineral fractions (composition is given in sub-section 2.5.2) to be utilized was transported 
by trucks. The minerals were used in a sub-base layer of a pedestrian road. The remaining 
mass of the minerals was landfilled. Alternatively, gravel was used for the road construction 
when the mineral fractions were landfilled or utilized in the garden stones production process. 
Leaching from the minerals and gravel was included in the scenario. No other layers of the road, 
as well as the road construction process in general, were affected by the utilization of the 
minerals, thus excluded such activities from the study. 

2.3.2 Garden stone production (S2-GSP) 

In the garden stone production scenario (S2-GSP), the mineral fraction 2-5 mm was utilized 
in the production of garden stones. The remaining mineral fractions were not technically suitable 
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for this purpose and, therefore, 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 sub-section 2.5.2. The consumption of energy or other raw materials was not affected by the 
recycling of the minerals 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 
process. 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, Allegrini et al. (2015a) found that the impact from the end-of-life of concrete with the 
short lifetime would dominate the impact from the 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 BA 
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 paper by Brogaard and Christensen (2016), 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 the 
operational impact was the abiotic resources depletion potential and was associated with the 
acquisition of steel. 

Regarding the leachate modeling, two potential situations were modeled in the study to deal 
with uncertainty. The first scenario considered 99% leachate collection rate and absence of a 
specific leachate treatment from heavy metals. The second scenario was partly modeled 
according to Birgisdóttir et al. (2007) 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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Figure 1. The product system and the system boundary of the present study. 
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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 to depict the scenario S0-LF, the dotted connectors for 
the scenario S1-RC, the dashed connectors for the scenario S2-GSP. 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 a significant impact on the results (Allegrini et al., 2015b). 

2.5 Life cycle inventory 

During a life cycle inventory (LCI) phase of an LCA study, all unit processes included in the 
system 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, along with their names, functions served 
in the model, transportation distances, and payload capacities, if applicable. 

Table 1. Unit processes from the background system. 
Location in 
the model 

Name Function served Transportation 
distance, km 

Payload 
capacity, t 

Reference 

S0-LF GLOa: Truck BA transportation 50 18.4 (a) 
FIb: Electricity grid mix Electricity supply N/A N/A (a) 

S1-RC GLOa: Truck Mineral fraction transportation 
Gravel transportation 

5 
50 

18.4 
24.7 

(a) 

EU-27c: Gravel 2/32 Gravel supply N/A N/A (a) 
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 

(a) 

EU-27c: Sand 0/2 Sand supply N/A N/A (a) 
RERa: Portland cement (CEM I) 
ELCD/CEMBUREAU 

Cement supply N/A N/A (a) 

Crushing Crushing of garden stones N/A N/A (b), (c) 
All EU-27c: Diesel mix at refinery On-land vehicles fuelling N/A N/A (a) 
References: (a) – (PE International, 2016), (b) – (Estévez et al., 2006), (c) – (VTT, 2012) 
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. 

2.5.2 Foreground system 

Landfilling. In general, the landfill was modeled following the approach of Birgosdottir et al. 
(2007). The landfill had four time periods. The duration of the periods was determined for the 
Finnish conditions and was partly similar to Birgosdottir et al. (2007): 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 in 
modern landfills which have double liners and where the mineral layer is built in 2-3 layers to 
prevent any cracks in the system. Finally, possible holes in the geosynthetic layer are also local, 
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since good contact with the mineral layer prevents the horizontal spreading of leachate. Another 
parameter applied in the default scenario was the absence of a WWTP for a specific removal of 
heavy metals. However, the possible removal of heavy metals and salts was assessed in the 
sensitivity analysis of the study since the mineral sealing layer and the 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 in Table 2. Regarding the 
operational impact, 0.55 L diesel and 0.085 kWh electricity per ton of waste disposed and 
compacted were consumed (Brogaard and Christensen, 2016). The emissions from the 
machinery were retrieved from the LIPASTO database (VTT, 2012), a collection of data for 
emissions from the machinery used in Finland. The type of machinery used from the database 
was a roller. 

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 1700 kg m-3 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 ADR (L. A. Sormunen et al., 2016). More detailed information about the ADR 
technology is available from de Vries and Rem (2013).  The outcomes of the process are the 
four mineral fractions: 35% of 0-2 mm, 13% of 2-5 mm, 15% of 5-12 mm, and 14% of 12-50 
mm, and the ferrous and nonferrous fractions, which accounted for the remaining 23% of the 
input mass (Sormunen and Rantsi, 2015). The installation was run on diesel. Moreover, the 
machinery required to load and unload the materials also consumed diesel, which was 
accounted for in the study. The emissions from the diesel combustion by the machinery were 
retrieved from LIPASTO (VTT, 2012) 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. 

Construction of a road. In the study, a specific blend of the four mineral fractions (35% of 0-2 
mm, 25% of 2-5 mm, 25% of 5-12 mm, and 15% of 12-50 mm) was used to build a sub-base 
layer of a pedestrian road. The blend used in the study was experimentally determined and 
found to be the most appropriate for that purpose (L. A. Sormunen et al., 2016). 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. 

Production of garden stones. In the study, only the mineral fraction 2-5 mm was used for the 
garden stone production process. The use of the minerals affected the consumption of sand and 
cement. 1300 kg of sand and 300 kg of cement were required to produce one cubic meter of the 
conventional garden stones, while 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 itself (Estévez et al., 2006). Finally, the crushed stones were used in 
the road construction process, similar to the one described above. 

Leaching data. To estimate the release of heavy metals and salts as a result of leaching, the 
approach of Kosson et al. (1996) 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). 

][, kg
L

h
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L
⋅
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Primary leaching data for the mineral fractions were used in the study and were determined 
by the column percolation test CEN/TS 14405 (2004) and the results presented in Sormunen 
and Rantsi (2015). 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 (2002). The leaching data from gravel and sand were 
retrieved from Laine-Ylijoki et al. (2000). 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, Cl-, F-, SO4

2-, and DOC. 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-1 I, % T, years ρ, kg m-3 h, m 

S0-LF 515 80% – I period 5 1700 10 

 515 40% – II period 2 1700 10 

 515 30% – III period 30 1700 10 

 515 30% – IV period 63 1700 10 

S1-RC 354 a 7% 100 1720 0.7 

S2-GSP 354 a 7% 80 1900 0.7 
a – precipitation is given for the period when ambient air temperature is above zero, thus accounting for roads clearing in winter. 

2.6 Life cycle impact assessment 

In the study, the most developed characterization models were used as recommended for 
the European context (Hauschild et al., 2013). 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 and 
scope 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 

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 categories (top) and a 
group of toxic impact categories (bottom). The results were also grouped into several 
categories. The “Landfill operation” presents the results associated with the actual disposal of 
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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 affected products depending 
on the scenario. The categories related to transportation include the impact from the 
transportation activities themselves, as well as from the diesel acquisition. 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”. 
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Figure 2. The results of the LCA study over a range of non-toxic (top) and toxic (bottom) impact 
categories. 

The results clearly indicated the superiority of the road construction process (S1-RC) utilizing 
520 kg of the minerals over the garden stone production process (S2-GSP) utilizing 130 kg of 
the minerals across both non-toxic and toxic impact categories. Regarding the non-toxic impact 
categories, the avoided impact in S1-RC ranged from 0.1% for the ODP to 19% for the FEP. As 
per the remaining impact categories, the reduction achieved in S1-RC ranged 3-5%. Recycling 
of the minerals in S1-RC resulted in avoided GWP of 5 kg CO2-eq/t ash. On contrary, the 
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additional impact in S2-GSP ranged 3-9%. Regarding the toxic impact categories, both 
scenarios had induced impact compared to landfilling for ETP and HTPc with the additional 
impact of 4.9% and 29% for S1-RC and 48% and 83% for S2-GSP. On the other hand, a 
reduction of the HTPnon-c of 18% for S1-RC and 1.2% for S2-GSP was achieved. Similarly, in the 
study by Allegrini et al. (2015b), the additional impact for the ETP and HTPc during recycling of 
the MSWI BA in the road or concrete production processes was stated, while the use of the BA 
in concrete was beneficial for HTPnon-c. 

Several factors affected the difference between the scenarios studied. First, the mass of the 
minerals recycled and not landfilled: 520 kg in S1-RC vs. 130 kg in S2-GSP. Second, the mass 
of the materials substituted: 575 kg of gravel in S1-RC vs. 130 kg of sand in S2-GSP. Third, 
type of the materials substituted: substitution of gravel compared to sand has higher benefits. 
Fourth, there was additional consumption of cement in S2-GSP compared to only substitution of 
materials in S1-RC. Last, the difference in the transportation distance of BA and minerals: 50 
km for ash landfilling, 5 km for the minerals to be used in S1-RC, and 200 km for minerals to be 
used in S2-GSP. 

Closer analysis of the toxic impact categories showed that several factors affected the 
differences in the overall 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 disposed. 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, leaching of different substances varies with the changes 
in 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. 

 

0%

20%

40%

60%

80%

100%

Ecotoxicity freshwater
midpoint (v1.09) [CTUe]

Human toxicity midpoint,
cancer effects (v1.09)

[CTUh]

Human toxicity midpoint,
non-cancer effects (v1.09)

[CTUh]

"0-2mm" "2-5mm" "5-12mm" "12-50mm"

 
Figure 3. The relative toxic impact of the four mineral fractions accounting for their shares in the 
total toxicity at L/S 2. 

Finally, the difference was associated with the properties of the different mineral fractions. 
The mineral fraction 0-2 mm was the most toxic fraction causing over 90% of the overall toxic 
impact for ETP and HTPc and more than 50% of the HTPnon-c in the system (Figure 3). 
Therefore, the use of 51% of the mineral fraction 0-2mm in the road construction resulted in the 
superiority of the S1-RC scenario over S2-GSP for the toxic impact categories. When the 
mineral fraction 0-2 mm was used in S1-RC, the leaching was lower than in the landfill due to 
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lower L/S ratio for the road construction than for the landfilling. 
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 Di Gianfilippo et al. 
(2016). 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 a significant impact on the total toxic impact of the product system. The 
largest increase of the impact was for ETP in S1-RC by 44% and S2-GSP by 24%, as well as 
for HTPc in S1-RC by 28%. The remaining impact categories did not change by more than 5% in 
both scenarios. 
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Figure 4. Results of the sensitivity analysis. 

 
4. CONCLUSIONS 

 
The results of the study showed that the advanced 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 (200 km) transportation distance to the final 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 higher induced toxic impact could be expected due to a 
significant reduction of the baseline toxic impact from the landfilling caused by the introduction 
of a WWTP. 
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