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The supply of raw materials faces growing environmental and economic concerns. Hence, 
the metallurgical byproducts are considered secondary raw materials to reduce the demand 
for primary raw material resources. Despite the known potential of the byproducts, 
inadequate decision-support systems and fragmented data create difficulties in their practical 
implementation. 
In this study, a digital platform prototype is developed with a focus on metallurgical 
byproducts for preliminary screening of suitable valorization pathways. This research 
employs an exploratory approach, integrating literature-derived data to build a foundational 
prototype. The assembled database is organized based on byproduct characteristics. 
The prototype supports early-stage decision-making. It assists in identifying and comparing 
potential end-use applications of byproducts. The platform enhances the visibility and 
significance of the secondary raw materials through digitalization. 
Nonetheless, the major barriers include non-standardized and inconsistent data availability. 
The findings indicate that the lack of a structured data system poses a significant obstacle to 
the efficient utilization of metallurgical byproducts. As a result, the suggested digital 
platform offers a foundational concept for developing scalable digital systems and 
facilitating the transition towards the structured utilization of secondary resources within 
circular economy systems. 
The prototype is publicly accessible at https://digital-platform-valorization-metallurgical-
residues.streamlit.app, and relevant source code are available at 
https://github.com/sarahansari1800/metallurgical-platform. 
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1  Introduction 

In the digitalization era, securing the supply of the raw materials has become equally 

important as addressing the challenges related to environmental sustainability (European 

Commission, 2024). Although the industrial systems are rapidly evolving to data-driven and 

material circularity strategies, the efficient utilization of secondary material resources 

continues to remain limited (Castell-Rudenhausen et al., 2022; Spooren et al., 2020). 

This is due to the complexity of converting vast amount of knowledge regarding the 

characteristics, compositions and potential applications of metallurgical residues into an 

operational digital system. Because these system needs to support the filtering, comparing 

and decision-making capabilities. This restricts in the efficient integration for these 

byproducts into circular material flow (Castell-Rudenhausen et al., 2022; Rieger et al., 

2021).  

Digitalization therefore presents a significant opportunity that connects the mentioned gaps. 

This is done by transforming the fragmented information into a structured data systems and 

linking it to relevant applications. The proposed system can help in proper utilization of 

secondary raw materials in a transparent and structured manner. (Nwaila et al., 2022; Rieger 

et al., 2021) 

However, the practical implementation of effective valorization processes for metallurgical 

byproducts is still limited. The current models lack the integration of the process, 

information and decision-making skills, thus restricting their efficient industrial 

applications. This suggests the necessity for a structured and application-oriented approach. 

Thus, it systematically links byproduct characteristics with their feasible end-use 

applications. (Nwaila et al., 2022; Rieger et al., 2021) 

This thesis deals with the design of a digital platform prototype for the information on the 

metallurgical byproducts and the indicating the relevant valorization pathways. The 

prototype aims to enhance the primary screening step and to provide information based on 

the gathered data from publicly accessible literature studies. The following sections present 

the background, identifies research gaps, objectives, questions and outline the structure for 

the thesis.  
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1.1  Background 

The metallurgical sector in Europe is undergoing transformation with combined influence 

of digitalization and circular economy principles. The rapid growing pressure on raw 

materials supply, efficiency of resources, security concerns of supply chain, environmental 

and economic impact. This has shifted the attention towards the waste streams being 

potential secondary resources. These waste streams include slags, tailings, red mud, dusts, 

and other residues, that are emerging as strategic assets within the circular, green and digital 

raw material system. (EEA Reports, 2022; Rieger et al., 2021) 

The concepts of waste-to-resource and waste-treats-waste have replaced end-of-process 

approach for the metallurgical byproducts. This is due to the valuable metals and minerals 

can be recovered, upgraded and reintegrated into the material cycles. This shift aims to 

broaden the European initiatives like the Green Deal Agenda and Circular Economy Action 

Plan, by emphasizing on the reduction of reliance on primary raw materials and enhancing 

resource efficiency. (Ragonnaud, 2024) 

Consecutively, digitalization is helping in reshaping these metallurgical byproducts through 

material characterizations, enhancement in process flow, data integration in a structured 

system. Potentially, the digital platforms can improve these residues into data-rich secondary 

resources. This facilitates the traceability by connecting materials of the residues with their 

appropriate valorization pathways. (European Commission, 2020; Rieger et al., 2021) 

However, the recognized potential of metallurgical byproducts has remained a sophisticated 

issue in terms of their implementation in the practical industrial system. The variability in 

factors makes it complex in identify and scale a feasible valorization route. These factors 

include regulatory constraints, environmental behaviour, chemical compositions and 

physical properties. This leads to the limitation in the opportunities related to industrial 

symbiosis. (Castell-Rudenhausen et al., 2022; Spooren et al., 2020) 

Additionally, a structured system for handling information and digital decision-supporting 

tools is considered promote enhance utilization of the metallurgical byproducts and 

alignment with the circular economy frameworks (Nwaila et al., 2022; Rieger et al., 2021). 
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1.2  Problem Statement and Research Gaps 

The metallurgical byproducts in the European Union (EU) play an important role as 

secondary raw material source. This is significant due to the increasing demand for critical 

materials, in context of circular economy principles. (EEA Reports, 2022; Rieger et al., 

2021) 

Despite their potential, their full utilization remains limited. This is due to non-standardized 

and fragmented information available, lack of residue-centric integration and insufficient 

tools to match materials based on their characteristics to the suitable valorization pathways. 

This leads to limited visibility of secondary raw materials. This study significantly focuses 

on resolving the barriers related to the utilization of metallurgical byproduct. This is 

challenged by a lack of structured, systematic and residue-specific digital system.  

This thesis study addresses these gaps by developing a digital platform prototype to organize 

the metallurgical byproducts information and suggests the suitable valorization pathways. 

The gaps further discussed in detail in upcoming Chapter 2. 

1.3  Objectives, Research Questions and Scope 

The shortcomings present in the current digital platforms in the metallurgical industry can 

be resolved by developing a prototype digital platform for the valorization of metallurgical 

byproducts.  

The primary objective is to design a prototype matchmaking platform featuring a byproduct-

centric structured database by utilizing the open-source tools. The platform aims to 

demonstrate a residue-specific model in a methodological and organized manner. The 

technical information presented in the system. It aligns with metallurgical residues that are 

associated with their potential valorization pathways. Moreover, along with these technical 

advancements, this study explores appropriate business models and data-sharing 

frameworks. It can further support in sustaining the long-term adoption of industrial 

implementation. 

To achieve the aforementioned objective, the subsequent research questions are formulated: 
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i. What are the metallurgical byproducts that are generated in the Europe region, and 

what are their major parameters and characterization that can be used for determining 

their potential valorization options? 

ii. How can the information obtain regarding the metallurgical byproducts be organized 

in a systematic structure as well as within the digital database for indicating and 

matchmaking their relevant valorization applications? 

iii. How to integrate the current data sources or systems in a consistent and reproducible 

manner into the proposed digital platform? 

iv. What are the suitable business models and data-sharing frameworks that can be 

implemented for this digital platform to sustain the long-term industrial adoption? In 

terms of parameters like intellectual property and incentives? What are the suitable 

commercialization approaches for this kind of platform?  

To address these questions, the research scope focuses primarily on the metallurgical 

byproducts within the European region to provide a broad and realistic analytical approach. 

The byproduct considered in this study originate from key industries or processes. These 

include iron and steel, copper, zinc, nickel, alumina, ferroalloy, speciality metals, precious 

metals, electronic and battery waste, and the non-ferrous metals. The selection of byproduct 

reflects on the European industrial system. The characteristics of these byproducts are 

derived from global level literature studies and are used for preliminary screening purpose. 

The digital platform prototype proposed in this study is developed using the open-source 

databases software and the reference model considered is the RMIS database structure 

(RMIS, 2024). The proposed prototype is at the initial stage of development, showcasing the 

basic foundational structure. Hence, it is recommended for primary screening purpose to 

support decision-making. 

1.4  Thesis Structure 

This is a desk-based research study that acquires metallurgical byproducts information from 

publicly available literature studies and structures the data in an organized system. It 

progressively moves from identifying gaps and background concept development to 
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implementing and evaluating the proposed solution. Furthermore, the study explores the 

potential business models with data sharing aspects. 

The remainder of the thesis is organized as follows. Chapter 2 presents a comprehensive 

literature review of the metallurgical byproducts and their valorization potential, 

emphasising on the residues containing essential components in context of circular economy 

frameworks. It further explores key constraints, the digitalization trends in the raw materials 

sector and existing digital tools (i.e., RMIS). Hence, outlining the research gaps that needs 

to be addressed in this study. Chapter 3 further builds on the concepts discussed by proposing 

digital platform concept considering matchmaking logic, systematic approach and basic 

design principles. Chapter 4 investigates the potential business and data-sharing models 

including identifying the key stakeholders, value proposition and barriers present for 

industrial implementation and commercialization for the proposed concept. Chapter 5 

outlines the materials and methods used in this research study, that includes the data 

structure, system architecture, development of prototype and considerations such as ethical, 

validity, and reliability. Chapter 6 presents the results of the developed prototype and 

mentions the system functionalities available. Further an evaluation is made based on the 

results obtained to discuss the adoption challenges, strengths, mitigation strategies and 

shortcomings of the prototype. Along with this, answers to the research questions are 

mentioned. Finally, Chapter 7 concludes this study by summarising the key findings and 

outlining the contributions. It provides recommendations for the future development of 

proposed prototype. 
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2  Literature Review 

The literature studies on metallurgical byproducts and their valorization are related to critical 

raw material supply, circular economy strategies and efficient resource utilization concepts. 

This is particularly relevant for the EU where the demand for raw materials has significantly 

increased across various sectors such as energy transition technologies, digital applications 

or advanced industrial process systems. (EEA Reports, 2022; RMIS, 2024) 

This has led to European policy initiatives focusing on Critical Raw Materials (CRMs), 

Strategic Raw Materials (SRMs) and Rare Earth Elements (REEs) to identify materials with 

supply vulnerability and economic significance. Many of these materials are crucial for 

development of multiple important industrial sectors such as battery and electronic 

technologies, high-performance manufacturing processes and renewable energy systems. 

Consequently, they are strategically prioritized by the EU to ensure secure and sustainable 

supply of these materials. (Spooren et al., 2020; Ragonnaud, 2024) 

In this context, the metallurgical byproducts are important secondary raw materials sources. 

These byproducts contain a recoverable concentration of CRMs, SRMs and REEs, creating 

an opportunity to reduce dependency on primary extraction and improve the material 

circularity. (Spooren et al., 2020; Rieger et al., 2021) However, there are several challenges 

in the effective implementation of these metallurgical residues. This leads to complexity in 

the identification of suitable valorization pathways and establishment of industrial 

symbiosis. (Castell-Rudenhausen et al., 2022; EEA Reports, 2022) 

Furthermore, in this context, there is an increasing demand for structured data system and 

tools to aid decision-making by linking the byproduct characteristics with potential 

valorization applications. This has sparked an increased interest in digital approaches such 

as database system and matchmaking platforms. (Rieger et al., 2021; RMIS, 2024) 

This chapter reviews the existing literature information on the metallurgical byproducts. It 

emphasis their use as secondary resources and their potential within circular economy 

frameworks. It delves into byproduct characteristics, valorization options, associated 

constraints, role of digitalization, existing digital systems and identified research gaps in 

detail. 
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2.1  Critical Raw Materials (CRMs), Strategic Raw Materials (SRMs), and Rare 

Earth Elements (REEs) in the EU 

With the evolution towards the green innovation and digital economy, the EU has introduced 

emerging industrial policies that emphasizes on the security of supply for raw materials 

required for defence systems, renewable energy technologies and high-technology 

applications (EEA Reports, 2022; Kampmann, 2024). The geopolitical vulnerabilities in the 

global raw material market have prompted EU to strengthen domestic resilience through 

diversification, circularity and technological innovation (EEA Reports, 2022). This section 

examines CRMs, SRMs and REEs in the EU context. 

The Green Plan Agenda a crucial EU framework under which the European Critical Raw 

Material Act (ECRMA) is introduced (Ragonnaud, 2024). ECRMA provides a benchmark 

for identifying, securing and managing the EU’s supply of Critical Raw Materials (CRMs) 

and Strategic Raw Materials (SRMs). CRMs are materials with high economic value and 

severe supply risk. Whereas the SRMs are a policy-priority subset of CRMs crucial for 

Europe’s green and digital transition. (European Union, 2024; Ragonnaud, 2024) According 

to the ECRMA, the EU’s goal is to ensure that recycling accounts 25% of annual SRMs 

consumption by 2030 (Ragonnaud, 2024). This emphasizes the significance of valorizing 

metallurgical byproducts and other secondary raw material sources. 

This policy is driven by Europe’s reliance on limited third-country supplier for the critical 

raw resources (EEA Reports, 2022; Ragonnaud, 2024). For instances, the EU is largely 

dependent on overseas suppliers including refined rare earth compounds, cobalt, battery-

grade lithium intermediates and purity magnesium. This creates susceptible vulnerable 

position leading to supply interruptions. (Binnemans et al., 2020; Menad et al., 2021) This 

dependency increases supply vulnerability, prompting the EU to prioritize strengthening 

domestic capabilities in extraction, processing and recycling as well as circular resource use 

(EEA Reports, 2022; Ragonnaud, 2024). 

As a result, recycling process and secondary raw materials are critical components of EU 

strategy, with metallurgical byproducts playing an important role in promoting circular 

resource flow (EEA Reports, 2022; Kampmann, 2024). 
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2.1.1  CRMs and SRMs in Metallurgical Byproducts 

Based on the prior discussion about the policy framework and strategic importance of CRMs 

and SRMs, this subsection investigates their presence in metallurgical byproducts. With the 

large volumes of byproducts produced by Europe’s metallurgical industries, there is a huge 

concentration of economically viable CRMs and SRMs present within these waste streams. 

As discussed earlier, these byproducts act as the secondary raw materials reservoirs, 

reducing the EU reliance on import and contributing to broader circular economy goals.  

CRMs are the raw materials with high economic value and supply risk, according to the 

CRM Act Regulation (EU) 2024/1252 (European Union, 2024). SRMs are the EU’s policy 

subset of CRMs, prioritized for the green energy, digital transition, and applications in the 

defence and aerospace sectors. These materials are projected to grow significantly in the 

with rising production requirements. (European Union, 2024; Ragonnaud, 2024) Majority 

of CRMs and SRMs are recognized as critically or strategically essential due to their high 

usage in alloy manufacturing, high strength steels, and energy storage systems (Binnemans 

et al., 2020; Menad et al., 2021).  

To satisfy the annual strategic raw material demands by 2030, the CRMA aims to increase 

the domestic supply by 10% of extraction, 40% of processing, and 25% of recycling 

(European Union, 2024). Figure 1 illustrates the list of CRMs and SRMs identified for EU 

by the CRMA 2024 (Ragonnaud, 2024; RMIS, 2024). 

 

Figure 1. List of the CRMs and SRMs for the EU introduced by CRMA 2024. Figure modified after (Ragonnaud, 2024; 
RMIS, 2024)). 

The list of CRMs and SRMs presented in Figure 1 highlights the strategic importance in 

achieving the supply-related security for EU. 
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For instance, recoverable metals including iron, zinc, vanadium, lead, manganese, 

chromium, scandium and tin can be found in steelmaking residues such as blast furnace (BF) 

slag, basic oxygen furnace (BOF) slag and electric arc furnace (EAF) dust. Additionally, 

stainless steelmaking slags contain valuable materials such as nickel, chromium and 

molybdenum that are strategically significant for the development of innovative processes 

and sustainable energy technologies. (Holappa et al., 2021) 

Another crucial example to be considered is the bauxite residue also referred as the red mud. 

It is a major byproduct of alumina refining process or extraction of aluminium from bauxite 

using Bayer’s process. As it is a secondary source for essential metals like scandium, 

titanium and rare earth elements (REEs). (Vind et al., 2018; Shoppert et al., 2022a; Shoppert 

et al., 2022b) These are important for electric vehicle motors, wind turbine magnets, 

hydrogen technologies, catalysts and aerospace alloys (Vuković et al., 2024). 

Mining tailings continue to remain as important byproducts for secondary CRMs. These 

often contain economically and meaningful concentration of metals such as cobalt, nickel, 

REEs, niobium, and tantalum. (Kinnunen and Kaksonen, 2019) These are gaining 

recognition globally for reprocessing and recovery within circular economy frameworks 

(Araujo et al., 2022; Guo et al., 2025). 

2.1.2  REEs in Metallurgical Byproducts 

This subsection primarily focuses on Rare Earth Elements (REEs) and their occurrence in 

metallurgical byproducts, following the discussion oof CRMs and SRMs present in 

metallurgical byproducts.  

REEs consist of 17 elements crucial for high-performance magnets, electronic components, 

catalysts, optical and sensor systems and renewable energy technologies. This makes them 

one of the most critical material groups for supply in the EU (Vind et al., 2018). Figure 2 

represents the list of essential 17 REEs. 
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Figure 2. List of essential REEs. Figure modified after (The Institute for Methods Innovation (IMI), 2025; RMIS, 2024)). 

Due to its heavy reliance on imports and lack of domestic primary production, the EU faces 

difficulties in current times (EEA Reports, 2022). As a result, secondary REEs sources are 

expected to be produced more intensively within EU industrial systems. This is due to REES 

are among the most strategically vulnerable material groups. (Vind et al., 2018; Ragonnaud, 

2024) 

Red mud, a residue from bauxite and alumina processing, is one of the most common 

secondary sources for REEs among all metallurgical byproducts (Shoppert et al., 2022b). It 

contains quantifiable concentrations of critical metals such as scandium (Sc) and several 

light REEs which includes lanthanum (La), cerium (Ce), neodymium (Nd) and yttrium (Y) 

(Vind et al., 2018). 

These crucial elements are classified as valuable secondary resources, particularly in 

European region because their recovery potential is dependent on the process origin and 

minerology (Vind et al., 2018; EEA Reports, 2022). Incorporating these findings into a 

digital platform, can facilitate in identification of the appropriate valorization processes. This 

helps in evaluating the viability of recovering REEs from different waste streams. 

The strategic importance of these materials emphasizes the need for considering alternative 

supply pathways (Ragonnaud, 2024). This results in secondary raw materials become more 

prevalent, particularly metallurgical byproducts generated within the EU’s 

commercialization system. Due to EU’s reliance on the external sources for these materials, 

supply risks remain quite high. (EEA Reports, 2022) Enhanced resource efficiency and 

minimized source dependency on primary sources are major economic and environmental 

benefits of recovering minerals from secondary resources (EEA Reports, 2022).  

These insights aid in developing an organized framework like digital platform for 

valorization process that aligns with the byproduct’s characteristics with suitable end-use 

pathways (Rieger et al., 2021; Nwaila et al., 2022). 
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2.2  Metallurgical Byproducts: Parameters and Valorization Potential 

Following the earlier discussion of CRMs, SRMs and REEs in metallurgical residues, this 

section presents an overview of the metallurgical byproducts by mentioning their 

classification, characteristics and possible valorization options. The unit operations of 

modern metallurgy sectors such as extraction, beneficiation, smelting, refining and 

processing, produce a variety of byproducts. Traditionally, it is categorized as waste but with 

advancements in industrial systems, it is now recognized as a technospheric resource. As it 

contains rich metals and minerals that can be recovered or reused. (Binnemans et al., 2020; 

Rieger et al., 2021) This supports the circular economy frameworks and efficient resource 

management (EEA Reports, 2022). 

Nevertheless, the valorization of these residues is complex and necessitates taking into 

account their industrial origin, chemical composition, mineralogical structure, physical form 

and environmental behaviour (Kinnunen and Kaksonen, 2019; Yildirim and Prezzi, 2011). 

These parameters affect the practical recovery routes and end-use applications.  

For example, the calcium-silicate phases found in the slags from iron and steelmaking 

industries, making them suitable for construction use. On the other hand, even if dusts, 

sludges and tailings obtained from the same industries could have a higher concentration of 

recoverable metals, they require more complex processing and appropriate environmental 

measures (Palimakaą et al., 2018; Vind et al., 2018). 

Table 1 provides an industrial overview of major metallurgical byproducts taken into 

consideration for this study from the compiled database in Table 10. It links the primary raw 

material sources across different industries and processes with their respective byproducts.
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Table 1. Overview of industries, primary resources and associated metallurgical byproducts in the metallurgical sector. 

Industries or Processes Primary Resources Byproducts 
Iron and steel Hematite, magnetite, limonite, siderite BF slags, BOF/LD slags, pickling sludge, mill scale  
Steel (scrap-based) Scrap steel or direct reduced iron EAF slag, Ladle slag, stainless steel slag 
Vanadium-bearing steel or iron Titaniferous magnetite, vanadinite Slags obtained from vanadium-bearing steel and iron industry, flue dust 
Copper Chalcopyrite, bornite Copper smelter slag or tailings, copper flue dust or Electrostatic Precipitator 

(ESP) dust 
Copper or lead or zinc Chalcopyrite, galena, sphalerite Cu pyrometallurgical solid waste, Cu anode slimes 
Zinc hydrometallurgy Sphalerite Jarosite or goethite leach residues 
Lead or zinc smelting Galena, sphalerite Waelz oxide and slag 
Aluminium Bauxite including other impurities Bauxite residue (red mud) 
Nickel Laterite ore (nickeliferous limonite), pentlandite High-Pressure Acid Leaching (HPAL) tailings, Fe-oxyhydroxide residues 
Ferrochrome Chromite concentrates Ferrochrome slag 
Ferromanganese Manganese ores Ferromanganese slag 
Ferrosilicon Quartz and carbon reductant Ferrosilicon slag 
Tungsten Scheelite, wolframite Tungsten smelting slag and tailings 
Molybdenum Molybdenite Molybdenum tailings and roaster residues 
Chromite processing Chromite Chromite Ore Processing Residues (COPR) 
Manganese processing Pyrolusite, rhodochrosite Manganese tailings and Electrolytic Manganese Residues (EMR) 
Tin Cassiterite Sn tailings and slags 
Lithium-ion batteries (LIB) Cathode materials: NMC, LCO, LFP Spent LIB black mass 
E-waste (WEEE) Printed Circuit Boards (PCBs), electronic 

components 
PCB (circuit board) concentrates, smelter slag and anode slimes from e-waste, 
smelter flue dust and baghouse dust 

Phosphate Phosphate rocks (apatite) Phosphogypsum, phosphoric acid sludges 
Rare Earth Elements (REEs) Carbonite ore, ion-adsorption clays, monazite, 

xenotime 
Neutralization sludges, REEs beneficiation residues 

Titanium or REEs Ilmenite, rutile, monazite, xenotime TiO2 plant residues, REEs digestion residues 
Gold Native Au, quartz veins Cyanidation tailings 
Refractory gold or Platinum Group 
Metals (PGMs) 

Refractory ores, sperrylite PGM slags, Pressure Oxidation (POX) residues and roasting residues 

Silver Argentite, byproducts from Pb / Zn / Cu Anode mud slimes 
Sulfur capture (non-ferrous smelting) 
or environmental control and refining 

Sulfide ores (i.e. chalcopyrite, galena, sphalerite), 
SCR emission control, petroleum refining 

Acid plant gypsum, spent catalysts 
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Table 1 emphasizes the classification of the important technical factors for valorization 

potential of metallurgical residues. It includes the chemical and physical composition, 

mineral phases, particle size, pH, moisture content and production content of the byproducts. 

(Binnemans et al., 2020; Castell-Rudenhausen et al., 2022) According to these factors, the 

residues are further classified based on the appropriate material recovery pathways, end-use 

application, or necessity for pretreatment processes like chemical conversion or stabilization 

(Castell-Rudenhausen et al., 2022; Harmaji et al., 2024).  

In this study, a structured comprehensive dataset is developed to link the type of residues 

with their relevant process origin, compositions, associated SRMs and CRMs, potential 

valorization choices and other characteristics (Rieger et al., 2021; EEA Reports, 2022). 

Hence, the dataset demonstrates the viability and feasibility of valorization across different 

metallurgical byproduct streams. 

2.3  Valorization Concepts in the Circular Economy 

The depletion of primary raw materials, along with intensification of environmental and 

resource management pressures in the metallurgical sector has accelerated adopting 

valorization-driven approaches. This has resulted in prominent use of byproduct materials 

as valuable secondary resources. Through this technique, waste generation and dependence 

on primary extraction is reduced. Moreover, the material value is retained in the sector, 

which aligns with European circular economy objectives and enhances the role of 

metallurgical residues within sustainable raw material strategies (Spooren et al., 2020; EEA 

Reports, 2022). 

In this context, valorization refers to the reintroduction the byproduct streams into the 

existing material supply cycle rather than presented as a single solution. The categorization 

and parameters of metallurgical byproducts were previously covered; this section focuses on 

the valorization concept within circular economy frameworks. These criteria serve as the 

basis for choosing appropriate valorization technologies and pathways. 
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2.3.1  Valorization Processes for Metallurgical Byproducts 

Valorization is a viable process that transforms waste or byproducts from metallurgical 

industries into secondary raw materials, products or energy sources with increased 

economic, functional or environmental value (Rieger et al., 2021; Castell-Rudenhausen et 

al., 2022). While the traditional waste management practices primarily focus on waste 

disposal or containment. The valorization process prioritizes the upgradation of material 

value and extension of the resource lifespan throughout the industrial supply chain. In the 

context of metallurgy, valorization refers to approaches for material reuse, recycling, 

recovery of metal or crucial materials, chemical conversion and stabilization (Rieger et al., 

2021; Castell-Rudenhausen et al., 2022). 

Metallurgical waste streams are appropriate for valorization process since they are mineral-

based and contain valuable metals and functional phases. As previously stated, these residues 

include slags, dusts, sludges, red mud, tailings, and anode slime. These residues have a 

considerable number of important metals such as CRMs, SRMs, base metals, or reactive 

oxide phase. Consequently, these materials can effectively reduce the reliance on primary 

raw materials and extraction process. However, the effectiveness of valorization depends on 

the systematic assessment of metallurgical byproducts features rather than direct reuse to 

identify relevant and compatible use pathways (Spooren et al., 2020).  

2.3.2  Circular Economy Principles for Metallurgical Byproducts 

The circular economy seeks to decouple economic growth from resource consumption by 

encouraging efficient material usage with low waste generation and value regeneration 

within the closed-loop industrial system. When applying this concept to metallurgical 

residues, CE principles emphasize maintaining material value while reducing reliance on 

virgin raw materials and integration of secondary resources into the existing supply chains 

(EEA Reports, 2022; Kampmann, 2024). 

Unlike linear models like take-make-dispose, the circular model treats metallurgical 

byproducts as essential components of material cycles rather than end-of-life materials. This 

perspective is relevant for the high-volume generation of residues obtained that are difficult 

to dispose. Rather, it offers tremendous potential for large scale of circular utilization when 
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appropriate valorization method is implied (Rieger et al., 2021). The 4Rs principles such as 

reduce, reuse, recycle and recover, provide a base for executing valorization initiatives for 

metallurgical byproducts. 

The reduction strategy mainly focuses on minimizing residue generation through improving 

process efficiency and optimizing the metallurgical operations. The reuse strategy, on the 

other hand involves direct application of residues with limited processing, where residues 

exhibit stable mineralogical properties and pose minimal environmental risk. (EEA Reports, 

2022) In the case of recycling strategy, the residues are reintroduced into production loop 

either within same industry or across industries. As per the recovery strategy, it targets the 

extraction of valuable components like critical, strategical and economically valuable 

metals. (Binnemans et al., 2020; EEA Reports, 2022) 

These strategies are interconnected, progressively applied and complementary in nature 

which is illustrated below in Figure 3. For example, metals recovered from the byproduct 

streams, may be reused in the construction industry or for other applications. The selection 

of an appropriate cycle is based on the technological feasibility, environmental factors and 

market conditions that highlights the need for structured decision-making processes (Di 

Maria et al., 2022). 

 

Figure 3. Representation of metallurgical secondary resources across industries or processes following circular economy 
principles. 

Based on the classification described in Table 1, Figure 3 shows that residues from iron and 

steelmaking industries as well as ferroalloys are predominantly associated with reuse and 
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recycle-oriented valorization pathways (Binnemans et al., 2020; Spooren et al., 2020). In 

contrast, non-ferrous metals including strategic and high-value metal streams are primarily 

linked to recovery-based valorization due to their economic relevance and criticality. This is 

clearly consistent with the EU circular economy framework since it reflects that bulk 

metallurgical residues are prioritized for reuse and recycling, while metal-rich and 

strategically significant residues are targeted for recovery. (EEA Reports, 2022) 

While the concept of valorization provides a theoretical framework, the integration of 

metallurgical byproducts into circular economy systems is dependent on practical 

implementation including technical, environmental and economic aspects. It highlights the 

structure for decision-support, such as digital system to assist in selection of efficient 

valorization pathway. (Di Maria et al., 2022) 

2.4  Valorization Pathways for Metallurgical Byproducts 

As metallurgical byproducts move from waste disposal or containment to strategically and 

economically crucial secondary sources. Here, the focus shifts from their productive 

utilization to their valorization. As previously stated, the identification of valorization 

pathways primarily determined by intrinsic characteristics of the byproduct, rather than 

generic circular economy principles. These characteristics include physical and chemical 

properties, environmental behaviour (Rieger et al., 2021). In addition, process feasibility, 

environmental and regulatory compliance should also be taken into consideration (Di Maria 

et al., 2022). This allows a clear distinction between valorization choices for material reuse, 

reduce, recycle and recovery strategies. This section describes the principal valorization 

pathways for major byproduct streams. It also highlights the relevance of industrial 

symbiosis in practical implementation. 

2.4.1  Valorization Pathways for Key Metallurgical Byproducts 

The chemical and physical composition, mineralogical structure, economic value, and 

market demand of metallurgical byproducts are considered while understanding their 

valorization alternatives. Table 2 summarizes the valorization approaches associated with 

the major metallurgical residue groups along with their intended application. The table is 
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derived from the database of metallurgical byproducts and is presented in Appendix A (Table 

10). 
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Table 2. Summary of valorization pathways and applications for metallurgical byproducts. 

Byproduct Groups  Characteristics of the Byproducts Valorization-oriented 
Approaches  

Key Products and Applications References 

Iron and steel Bulk volume, oxide-rich (i.e., Ca, Si, 
Al), high mechanical strength and 
chemical stability  

Reuse and recycle Supplementary Cementitious Materials 
(SCMs), road foundation, construction 
aggregates 

(Binnemans et al., 2020; 
Rieger et al., 2021; Castell-
Rudenhausen et al., 2022; 
EEA Reports, 2022) 

Ferroalloy Oxide-rich slags (i.e., Cr, Mn, Si 
bearing), stable mineral phases 

Reuse and recycle Construction materials, additives for cement, 
internal and direct recycling  

(Holappa et al., 2021; Rieger 
et al., 2021) 

Copper Residual Cu, traces of precious metal, 
Fe-silicate slags 

Recovery Recovery of Cu, other metals like precious 
metals, secondary aggregates 

(Suryaningrat et al., 2022; 
Chen et al., 2015; Zhang et 
al., 2023) 

Zinc, lead Zn or Pb rich dust or sludges, jarosite, 
Waelz slag and oxides 

Recovery Zn recovery, secondary Zn products (Nowińska and Adamczyk, 
2023; Palimakaą et al., 2018; 
Romero et al., 2025) 

Aluminium High alkalinity, fine particles, Fe-Al-
Ti phases, Sc or REEs content 

Recovery Sn based products, recovery of REEs or Sc (Vind et al., 2018; Shoppert 
et al., 2022a; Harmaji et al., 
2024) 

Nickel Ni or Co residues, Fe-oxyhydroxides, 
tailings 

Recovery Ni and Co recovery (Kinnunen et al., 2022; Vo et 
al., 2026) 

Battery recycling and 
e-waste 

High concentration of CRMs (i.e., Li, 
Co, Ni, Cu, Au) 

Recovery Recovery of battery metals (i.e., lithium, 
cobalt, nickel etc.) and precious metals 

(Binnemans et al., 2020; 
Tapfuma et al., 2026) 

Phosphate and REE Phosphogypsum, REE-bearing 
sludges and residues 

Recovery Secondary phosphates and REEs recovery (Castell-Rudenhausen et al., 
2022; Vuković et al., 2024) 

Precious metals Au, Ag, PGM-rich slimes and 
residues 

Recovery Au, Ag and PGMs recovery (Chen et al., 2015; Xing, 
Sohn and Lee, 2020) 

Specialty metals W, Mo, V, Ti residues, low volume, 
high and strategic important value 

Recovery W, Mo and V recovery (Hu et al., 2026; Yang and 
Yang, 2024) 
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Table 2 demonstrates that bulk or oxide-rich byproducts are largely associated with reuse 

and recycle valorization pathways. On the other hand, residues that are metal-enriched and 

strategically or economically relevant are generally connected with recovery-oriented 

valorization pathways. These characterizations reveal a clear pattern on how preferentially 

byproducts can be valorized. 

Residues generated from the iron and steelmaking processes such as blast furnace (BF), basic 

oxygen furnace (BOF), electric arc furnace (EAF) and other associated residues like mill 

scale and pickling sludge etc., are mainly valorized by the reuse-recycling approaches. This 

is owing to bulk manufacturing and is dominated by calcium-silicate and aluminosilicate 

phases present, which provide good chemical stability and mechanical strength. This enables 

their use as aggregates or supplementary materials in the construction sector and 

infrastructure applications. This reflects on bulk valorization that focuses on the material 

reuse rather than metal extraction (Rieger et al., 2021; Yildirim and Prezzi, 2011).  

In contrast, non-ferrous metallurgical residues which include copper, zinc, lead and nickel 

byproducts are closely linked with resource recovery valorization strategies, due to 

economic value. For instance, copper smelter slags, anode slimes and tailings contain 

residual copper as well as traces of precious metals. Whereas the zinc and lead residues, such 

as Waelz oxide or slag, jarosite and goethite sludge are treated for zinc recovery. (Palimakaą 

et al., 2018; Binnemans et al., 2020) 

Next in non-ferrous residues are the aluminum byproducts such as red mud (also commonly 

known as bauxite residue), represents a strategic metal recovery valorization strategy. This 

byproduct has fine particle size and high alkalinity, prohibiting its direct reuse. However, it 

contains critically and strategically crucial components such as scandium, titanium, REEs, 

etc. Hence, the process involved focuses on targeting these high-value elements, often 

followed by secondary usage of treated residues. (Vind et al., 2018; Shoppert et al., 2022a) 

Battery recycling and electronic waste processing are two emerging byproduct streams in 

this sector which closely align with recovery-based valorization approaches. Spent lithium-

ion batteries (LIB), black mass and the electronic scraps are the main residues in this 

category which are enriched in cobalt, nickel, lithium, copper and other precious or special 

metals. Metal recovery is the primary valorization objective, and it is processed through 
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specialized recovery routes to exhibit its high-value concentration and strategic and critical 

importance. (Spooren et al., 2020) 

Tailings produced from various processes or phosphate related residues are obtained in vast 

quantities from numerous industrial operations. They may contain dispersed concentrations 

of significant components such as base metals or rare earth elements. Depending on the 

composition and the environmental conditions, valorization processes often combine metal 

recovery with the material reuse of the remaining matrix. (Rieger et al., 2021; EEA Reports, 

2022) 

The above examples exhibit factors like material composition, value concentration, 

environmental behavior, and market demand. These factors play an important role in 

choosing appropriate valorization options and are highly residue specified. This distinction 

emphasizes the selection criteria for valorization pathways and provides a groundwork for 

digital decision-support tools. 

2.4.2  Industrial Symbiosis Role and Related Constraints 

Even with the explicitly defining valorization pathways, several factors pose challenges for 

valorization process. The first category of quality related constraints comprises of 

compositional variability and heterogeneity. These complicate the process control and 

product uniformity. Second is the environmental constraints playing a vital influence on 

selection of valorization approaches. For example, high alkalinity or leaching behaviour of 

the residues frequently requires pretreatment like neutralization or stabilization operations 

prior to valorization process. Third is the regulatory constraints, which further influences the 

pathway selection. Particularly, when residues are legally classified as waste and must 

require compliance with regulations. (EEA Reports, 2022) 

Industrial symbiosis plays an important role in resolving these constraints and promoting 

data-sharing of residues across industries (Binnemans et al., 2020; Rieger et al., 2021). For 

instance, bulk residues from the iron and steelmaking industries can be routed to construction 

industries or used for geopolymer applications. In similar way, metal-rich residues can be 

channelled into recovery pathways. (Binnemans et al., 2020; Rieger et al., 2021) 

Nevertheless, efficient industrial symbiosis requires access to byproduct properties and 
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quantities in a systematic and reliable format to match their appropriate valorization 

pathways (EEA Reports, 2022). This highlights the importance of structured data 

organization to address data variability and fragmentation, as further examined through the 

proposed digital platform in this study. 

2.5  Challenges in Valorization of Metallurgical Byproducts 

With the increasing recognition of metallurgical byproducts, challenges arise from a 

combination of technical, economic, environmental and regulatory constraints. Despite the 

identification of valorization options, their implementation is sophisticated and extremely 

specific to context. This shows that laboratory or conceptual valorization approaches cannot 

always be directly applied at an industrial scale. (Binnemans et al., 2020; Rieger et al., 2021) 

This section examines several types of challenges as well as the necessity of structured data 

and digital decision-supporting tools for metallurgical byproducts. 

Table 3 summarizes the major technical, economic, environmental and regulatory 

constraints in the valorization of metallurgical residues based on European secondary raw 

material assessments and supporting literature studies. These barriers limit practical 

implementation and large-scale scalability. 

Table 3. Overview of various challenges with respect to residues valorization processes (Binnemans et al., 2020; Rieger 
et al., 2021; Castell-Rudenhausen et al., 2022; EEA Reports, 2022). 

Categories Description of Challenges Impact on Valorization Processes 
Technical Variable residue composition, minerology, physical 

properties and complex metal speciation, issues 
related to handling of fine-grained residues.  

Increases risk factors, reduces 
recovery efficiency and ability of 
process transfer. 

Economic High capital and operating cost especially for the 
recovery process, fluctuating market price of metals, 
strict competition with low-cost primary material 
market. 

Reduces investment in economic 
viability and valorization process 

Environmental Process operation of hazardous components (i.e., 
leaching), extreme pH conditions, energy-intensive 
treatment processes 

Requires prior treatment processes 
and monitoring which may cancel 
out the benefits. 

Regulatory Classification of the waste, lack of standardized 
rules for secondary raw materials, complexity in 
permits and compliance. 

Delays in implementing process, 
restricts the utilization and industrial 
collaboration. 

 

From Table 3, it can be interpreted that the constraints limiting the valorization of 

metallurgical byproducts are related with material variability, economic and technical 

feasibility, environmental considerations and regulatory compliances. These characteristics 
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influence the selection and implementation of valorization processes. (Rieger et al., 2021; 

EEA Reports, 2022) Furthermore, current information is fragmented, often site-specific and 

non-standardized, with the confidentiality issues. This hampers in selecting the appropriate 

valorization strategies and making informed decisions.  

From environmental and economic standpoint, valorization can reduce landfill waste 

disposal and reliance on primary raw resources extraction (Binnemans et al., 2020; Spooren 

et al., 2020). Moreover, improper management of valorization pathways can pose serious 

concerns. Illustrating an example, residues such as red mud, flue dust and certain sludges or 

slags may have significant leaching potential or extreme pH values that require stabilization, 

neutralization or process control prior to use (Castell-Rudenhausen et al., 2022; EEA 

Reports, 2022). Similarly, energy-intensive recovery methods can generate considerable 

greenhouse gas emissions and high capital costs, emphasizing the need for rigorous pathway 

assessment (Binnemans et al., 2020; Spooren et al., 2020). 

Successful metallurgical residue valorization process is dependent on technical feasibility 

and access to structured, comparative and transparent data (EEA Reports, 2022). With the 

lack of unified byproduct information on the characteristics, quantities, environmental 

behaviour, and legal compliance can become a hurdle in proper decision-making and 

industrial collaboration. These constraints emphasis on the necessity for systematic digital 

data tools to support matchmaking between residue producers and valorization end-users. 

This forms the foundation for the proposed digital platform concept, which is further 

elaborated in the upcoming sections.  

2.6  Digitalization Trends in Metallurgy and Raw Materials Sector 

Digitalization is currently revolutionizing various industries particularly the raw materials 

and metallurgical sector. Through redefining how materials, processes, operations and 

byproduct streams are monitored, managed, controlled, characterized and implemented. 

(Nwaila et al., 2022) Data on metallurgical byproducts is frequently fragmented and 

dispersed across research studies, limiting accessibility and reuse (Rieger et al., 2021).  

Recent advancements of digital technologies enable the byproduct information to be treated 

as the data-rich secondary resources. A considerable amount of data on composition, 
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mineralogy, physical properties and other factors of residues is gathered, and methodically 

organized. This promotes a more systematic valorization process and circularity within value 

chain. (Rieger et al., 2021; Nwaila et al., 2022) 

The term ‘digitalization’ refers to facilitating circular implementation by structuring and 

organizing residue data and improving data exchange. Digital technologies can aid in 

identifying appropriate valorization pathways for relevant byproducts and improve decision-

making assistance. (Nwaila et al., 2022) 

To support this challenge, Table 4 outlines the key fundamental categories that support the 

metallurgical residue valorization, reflecting the current scattered state of industrial 

practices. The European circular economy and metallurgical research have identified gaps 

which are barriers to systematic decision-making and potential industrial collaborations 

(Rieger et al., 2021; EEA Reports, 2022). They also impede the pathway selection, risk 

assessment, quantity reporting and regulatory compliance. Most of these categories serve as 

the foundation for the database in Appendix A (Table 10). 
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Table 4. Key categories affecting the valorization role, industrial state and collaboration of metallurgical byproducts. 

Categories Valorization Role Current Industrial State Implications for Industrial Synergies References 
Origin of byproducts, 
process or industries 

Identifies type of residue and 
industries, potential process 
suitability 

Non-standardized process 
definition and terminology (mainly 
described based on site-specific) 

Lack of comparison across different 
sites and hinders cross-sector 
symbiosis 

(Rieger et al., 2021; EEA 
Reports, 2022) 

Chemical and 
material 
characteristics 

Determines reuse, recycle or 
recovery technical suitability 

Information spread across reports 
and studies, inconsistency in 
characterization 

Complexity in choosing pathways 
and minimizes transferability of 
valorization solutions 

(Binnemans et al., 2020; 
Yildirim and Prezzi, 2011) 

Risk indicators and 
environmental 
behaviour 

Promotes compliance, safety 
for end-usage and 
environment assessments 

Most of the data are incomplete, 
site-specific and at project level 

Regulatory uncertainties, promotes 
conservative approach for decision-
making and increasing cost factor  

(Castell-Rudenhausen et al., 
2022; EEA Reports, 2022) 

Quantity, scale and 
temporal availability 

Enables feasibility assessment 
and plan for industrial 
collaborations 

Frequently confidential or 
unavailable but rarely aggregated 

Limits the scaling potential and 
identification of viable industrial 
partners 

(Spooren et al., 2020; EEA 
Reports, 2022) 

Valorization 
pathways 

Matches byproduct to suitable 
technology, applications, end 
products 

Documentation of pilot projects or 
isolated case studies 

Duplication of successful practices 
and prevents systematic decision-
making 

(Rieger et al., 2021; Spooren et 
al., 2020) 

Regulatory and 
compliance 
classification 

Established legal feasibility, 
permits and cross border use 
by regulations 

Lack in standardization, 
interpretation varies across regions 

Delay in implementation and reduces 
industrial symbiosis 

(EEA Reports, 2022; RMIS, 
2024) 
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Table 4 shows a lack of standardized and accessible information across technical, 

environmental, economic and regulatory categories. This remains a significant barrier to 

systematic valorization process for byproducts. 

Beyond the information availability, the decision-making systems incorporate technical, 

environmental, economic and regulatory indicators during their development (Di Maria et 

al., 2022). These tools aid in identifying and comparing alternative valorization choices, 

conducting assessments and finding potential pathways based on variety of factors. In the 

metallurgical sector, this is crucial for recovery-oriented paths which assists in the decision-

support systems. Parameters such as energy consumption, environmental impacts, economic 

and technical feasibility are simultaneously considered.  

According to above explanation, digital platforms play a vital role in facilitating 

collaboration opportunities across different industries. Structured digital platforms can 

reduce the asymmetrical information and encourage cross-sector collaboration (Rieger et al., 

2021). It is critical in the metallurgical sector, where constraints like data confidentially, 

variability and regulatory complexity hinder seamless industrial symbiosis to occur. 

In this study, a structured database of metallurgical byproducts is developed as a digital data 

layer. This identifies the existing data gaps, supports the matchmaking of byproducts with 

valorization pathways and underlines the need for the systematic digital systems. These are 

further reviewed in the following sections. 

2.7  Existing Digital Platforms and Databases 

With the increasing focus on circular economy principles and raw materials security, digital 

databases and platforms are emerging to improve accessibility and transparency of the raw 

material data. They play a vital role in strategic planning, policy creation, and major 

assessments for maintaining material’s circularity and assessing supply chain risk. (Rieger 

et al., 2021; EEA Reports, 2022) However, there is a lack of support for the practical 

metallurgical residue valorization processes currently, which limits the industrial partnership 

opportunities. 

Majority of the existing databases function at the strategic or critical or raw material level. 

These databases are primary raw materials sources, with less emphasis on secondary 
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resources. This is an effective approach for understanding the policy priorities, supply chain 

dynamics and market conditions. It lacks sufficient data to handle variability, site-specificity, 

standardized information and process complexity, as discussed previously in the report. 

(EEA Reports, 2022; RMIS, 2024) This section examines the current databases and 

identifies the relevant gaps in terms of secondary raw material sources.  

2.7.1  Current Database: Raw Material Information System (RMIS) 

Raw Material Information System (RMIS) is an existing digital tool that reflects on the EU’s 

raw material strategy. It is created by the European Commission’s Joint Research Centre. It 

collects data from multiple sources, including geological occurrence, recycling rates, 

substitution potential, production statistics and supply risk indicators for both CRMs and 

SRMs. (RMIS, 2024)  

It provides valuable insights into the potential of secondary raw materials by presenting the 

recycling rate, recovery estimates, resource efficiency estimation and circularity in material 

flows (RMIS, 2024). This critical information contributes to supporting strategic evaluations 

of the resource efficiency and long-term supply resilience within the EU. (EEA Reports, 

2022; Ragonnaud, 2024) Furthermore, the raw material profiles available on the digital 

platform provide an overview of relevant parameters (RMIS, 2024). 

As discussed earlier, the existing digital systems lack detailed byproduct-centric data 

integration (Rieger et al., 2021). RMIS primarily focuses on element or commodity level 

information rather than byproducts or residue levels. RMIS does not directly assess the 

valorization of byproducts with representation of industrial practices. It lacks a 

comprehensive view for environmental behaviour, process origin and physicochemical 

characteristics of metallurgical residues. This underlines the need for developing a dedicated 

digital platform to overcome these restrictions, as recommended in this thesis. To understand 

this gap, Figure 4 depicts the scope gap in existing raw material databases (i.e., RMIS) as 

well as the requirements for effective residue valorization and industrial cooperation. (Rieger 

et al., 2021; EEA Reports, 2022; RMIS, 2024) 
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Figure 4. Existing gap between the current databases and requirements for metallurgical byproduct valorization process. 

Figure 4 presents the existing gap between the current raw material databases and the criteria 

for valorization of byproducts within European circular economy frameworks. 

2.7.2  Secondary Raw Materials Market and Matchmaking Concept 

As illustrated in Figure 4, the gap between the current models and the need for metallurgical 

residues has direct impact on the usage of the secondary raw materials. With inadequate 

information, industries lack a fundamental systematic base for identifying suitable 

valorization pathways and making risk-informed decision about metallurgical byproducts. It 

is difficult to replicate and scale up successful valorization approach with the unknown 

potential synergies between the byproduct's producers and valorization process users.  

Although, systems like RMIS provides a significant strategic foundation, there is a lack of 

clear matchmaking abilities to connect the byproduct producers with appropriate 

applications, technology or industrial partners. This is critical for the byproducts since 

granular and site-centric information is in higher demand for heterogeneity rather than 

relying solely on material level statistics. (Rieger et al., 2021) 
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Through these insights, it is evident that byproducts-level digital tools will supplement the 

existing database while also adding value to the overall operation and revenue of the system. 

This is primarily due to the raw material insight being converted into operational decision-

making skills. Furthermore, it enables for organized data integration, clarity in comparing 

the waste streams and systematic approach to identify valorization prospects. The conceptual 

design of proposed digital platform is expanded further in the following sections. 

2.8  Research Gaps 

Despite the extensive research materials available on metallurgical byproducts and their 

potential for valorization, significant gaps exist, hindering the practical implementation 

within circular economy frameworks. 

Beginning with the current literature studies, they provide insightful information on 

characterization, residue kinds and the appropriate individual valorization pathways. 

However, the material’s information is presented in fragmented form across different 

sources and characterized by non-standardized terminology. One of the main reasons is the 

residue composition and behaviour are typically documented in an isolated case studies or 

site-specific contexts This complicates the generic residue system approach across 

industries. (Rieger et al., 2021; EEA Reports, 2022) 

With focus on circular economy concepts, there is a lack of integrated frameworks to 

structurally connect residue characteristics with appropriate valorization pathways. As 

previously noted, the selection of appropriate valorization pathway is determined by various 

factors such as environmental constraints and economic feasibility. These characteristics are 

rarely combined in decision-supporting system, limiting the ability to scale up the 

valorization processes. (Castell-Rudenhausen et al., 2022; Spooren et al., 2020) 

Digitalization is considered as one of the major solutions for adopting circular economy 

principles into raw material sector. The existing platforms such as RMIS, are primarily 

focused on supply risk, demand or other macro-level indicators at commodity level. This 

leads to a lack of residue-level information required for practical decision-making yet 

providing valuable strategic insights. (Castell-Rudenhausen et al., 2022; RMIS, 2024) 
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Additionally, the application of metallurgical byproducts is hindered by information-related 

constraints such as limited access, confidentiality of data, inconsistent reporting and lack of 

standards. These impede the creation of a transparent process by lowering the capacity to 

identify relevant valorization options across industries. (Spooren et al., 2020; EEA Reports, 

2022) 

Thus, a structured residue level digital tool that incorporates residue characteristics and their 

corresponding target pathways in a unified framework is required. This approach should 

provide systematic screening, comparison and visualization of data for metallurgical 

byproducts with their respective valorization pathway while preserving a transparent and 

interpretable decision-making process. This thesis tackles these shortcomings by proposing 

a prototype which is a digital platform that organizes metallurgical byproducts’ data and 

supporting corresponding valorization pathways. 
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3  Matchmaking Conceptual Model for Digital Platform 

Numerous factors including technical, environmental and regulatory aspects, influence the 

utilization of metallurgical byproducts, as discussed in Chapter 2. However, even with the 

abundance of data available, there is a lack of digital systems to effectively utilize these 

factors in structured and interpretable way (Rieger et al., 2021). 

In this chapter, a basic foundational concept is introduced for the digital matchmaking 

platform to overcome this challenge. It connects the byproduct parameters with appropriate 

valorization possibilities in the raw material sector. 

3.1  The Design Concept for Matchmaking 

The platform systematically translates the gathered knowledge into a digital decision-

supporting tool (Rieger et al., 2021; RMIS, 2024). A basic structure is proposed in this study. 

It is a simple residue level matchmaking logic aligned with the organized database 

information.  

The primary goal of this digital matchmaking platform is to support early-stage screening 

by aligning metallurgical byproducts with their possible valorization options. The platform 

is designed to promote transparency and interpretability in decision-making. It also performs 

basic techno-economic and environmental assessments. (Binnemans et al., 2020; Rieger et 

al., 2021; Castell-Rudenhausen et al., 2022) This approach helps in filtering the relevant 

information based on the user-defined criteria.  

To enable this functionality, platform organizes the database information into key 

dimensions relevant to the byproduct valorization. These dimensions are derived from the 

database described in Appendix A (Table 10) and considers the gaps noted in the previous 

chapters. The structure is presented in Table 5, depicting the byproduct information within 

the matchmaking model.  
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Table 5. Key dimensions for defining the database (Appendix A, Table 10) for metallurgical byproduct matchmaking 
platform. 

Dimensions Stored Information in 
Database 

Role in Digital Platform 
Prototype 

References 

Identification and origin 
of byproduct 

Classification of 
industries, process of 
generation, primary raw 
material or ore sources 

Enabling initial classification 
and residue filtering for 
screening suitability  

(Rieger et al., 2021; 
EEA Reports, 2022) 

Characteristics of 
byproduct 

Characterization based 
on chemical 
composition, phases, 
physical state, elements, 
particle size etc. 

Determining of technical 
feasibility and identifying 
valorization-oriented 
approaches (reuse, recycle, 
reduce or recovery) 

(Rieger et al., 2021; 
Yildirim and Prezzi, 
2011) 

Environmental 
behaviour indicators 

General hazard 
classification, pH 
indication, 
environmental 
observations (i.e., 
leaching) 

Providing preliminary 
environmental or economic 
assessments and supporting 
early-stage feasibility 
assessment 

(Castell-
Rudenhausen et al., 
2022) 

Quantity and availability Approximate quantity of 
generation, economic 
factor 

Assessing the potential 
opportunities for industrial 
collaborations and scalability 

(Rieger et al., 2021; 
EEA Reports, 2022) 

Alignment with suitable 
valorization pathways 

Potential end-use 
applications, reuse, 
recycle and recovery 
options 

Connecting byproducts to 
suitable valorization 
technologies and end-use 
applications 

(Spooren et al., 
2020; RMIS, 2024) 

 

The platform is envisioned to serve as a bridge between byproducts producers (metallurgical 

processing plants, smelters, recycling units, and other operational units) and potential 

valorization process users (recovery and recycling units, construction industries, chemical 

processing units) using the dimensions mentioned in Table 5. With this vision, the platform 

intends to support the circular economy principles by reducing asymmetrical information 

and promoting industrial collaboration. 

3.2  Data Framework for Matchmaking 

Furthermore, the key dimensions mentioned in Table 5 serves as the framework for 

implementing the matchmaking functionality. These dimensions define how the residue-

level information would be integrated and organized within the proposed platform. 

The matchmaking functionality consists of information present in the database and depends 

on the search and filtering mechanism, rather than an automatic optimization model. This 

allows users to engage with the platform by selecting relevant criteria and displaying 

appropriate valorization options accordingly. 
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Additionally, tools like visualization are used to further enhance the usability of the 

byproducts information, making the user interface (UI) more interactive. This feature assists 

the users in recognizing critical patterns and prospective options with less manual analysis. 

The main idea is to have all the information presented in one place.  

With the variable and complex metallurgical byproduct information, structured and 

interactive digital platforms are essential for an effective process implementation (Rieger et 

al., 2021). 

 

Figure 5. Envisioned workflow diagram for the proposed digital platform prototype. 

Figure 5 depicts an envisioned workflow for the metallurgical byproduct prototype. It 

illustrates how the data is systematically structured and processed using filtering and search 

functions. Along with facilitating the matchmaking logic of metallurgical byproducts and 

their potential valorization pathways. 

3.3  Design Principles of Digital Matchmaking Platform 

The previous sections outline the functional implementation of the matchmaking platform. 

However, it is crucial to examine the design principles that governs the prototype 

development such as the structure, usability, transparency and flexibility. 

The proposed matchmaking prototype concept is to be designed to be simple and transparent. 

It allows the users to understand the reason behind matching the byproducts to their 

valorization paths or partners.  

Transparency in data is widely supported in decision-making techniques. Since the data is 

uncertain, ambiguous and multiple site-specific constraints are present, it prevents in 

deploying a fully optimal model. (Rieger et al., 2021; Nwaila et al., 2022) This idea allows 

the platform to be more flexible and responsive to availability of new data and dynamic 

market requirements. The prototype is an early-stage screening tool rather than a ready-made 

industrial solution. This reflects on the content dependency nature of the system in 

metallurgical industries. (Binnemans et al., 2020; EEA Reports, 2022) 
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With the operation taking place at the byproduct level, this proposed prototype is meant to 

supplement the present digital tools or platforms. This is done by achieving high-level of 

circular economy objectives in terms of actionable residue-centric insights. The proposed 

platform will contribute to increasing the visibility of secondary raw materials and greater 

industrial partnerships. (Rieger et al., 2021; RMIS, 2024) 

The basic prototype designed and developed in this thesis can be expanded into digital 

platform to support informed decision-making and circularity in the raw material sector. It 

can be further upgraded to meet the industrial and dynamic market requirements. 
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4  Business and Data-sharing Frameworks 

Transitioning from the conceptual and technical framework for the suggested digital 

matchmaking prototype presented in Chapter 3 to practical industrial adoption necessitates 

consideration of business models, data-sharing mechanisms and value generating strategies 

(Nwaila et al., 2022). This chapter investigates the key stakeholders, value proposition and 

framework conditions required for proposed prototype’s the long-term adoption.  

The analysis is based on the database obtained and shown in the Appendix A (Table 10). It 

explores the value creation strategies such as identifying the responsibilities of various 

stakeholders, constructing Business Model Canva (BMC) and aligning with applicable 

Sustainable Development Goals (SDGs).  

This thesis is focused on creating a prototype for decision-supporting digital platform. 

Following the initial deployment of the proposed platform, numerous parameters are 

reserved for future development work which includes economic performance assessment, 

user preferences and market validation. 

4.1  Value Proposition and Potential Users 

The value proposition of the proposed digital platform relies on its capacity to convert the 

fragmented and variable metallurgical byproduct information into an organized and 

accessible system for different stakeholders. The metallurgical byproduct matchmaking 

prototype adds value as secondary resources. This is done by improving the accessibility, 

visibility and usability of metallurgical byproduct information, while adhering to the circular 

economy principles. 

Patterns observed in the compiled database presented in Appendix A (Table 10), indicates 

numerous potential users and mechanisms for value creation. This is the base for developing 

a suitable business plan for the proposed platform. To operationalize the value proposition 

for the prototype, it is critical to identify important stakeholders and potential user groups 

who will engage with the platform. 
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Table 6 shows the potential user categories aligning with the value propositions for the 

metallurgical byproduct matchmaking platform. This classification is based on industrial 

symbiosis ideology, circular economy frameworks, the database present in Appendix A 

(Table 10) and literature studies that support digital decision-making. (Rieger et al., 2021; 

EEA Reports, 2022; Nwaila et al., 2022) 

Table 6. Potential user groups and associated value propositions for the proposed prototype. 

Group for 
Potential 
Users 

Examples from Industries or 
Process  

Value Proposition References 

Metallurgical 
byproducts 

Battery / e-waste recycler, 
refineries (e.g., aluminum), steel 
plants and smelters 

Reduction of waste disposal 
(i.e. landfills or 
containments), identification 
of alternative solutions (i.e. 
potential partners), 
opportunities for industrial 
collaboration 

(Rieger et al., 2021; 
EEA Reports, 2022) 

Valorization 
process 

Construction industry, chemical 
treatment processors, recovery 
units 

Improvement in selection of 
the feedstock, reduction in 
uncertainty of resources 

(Spooren et al., 
2020; EEA Reports, 
2022) 

Technology Licensing for process, developer 
for recovery-based technologies 

Identification of suitable 
residues for demonstration 
and pilot-testing possibilities 

(Nwaila et al., 2022; 
Rieger et al., 2021) 

Innovation, 
research and 
development  

Research facilities, innovation 
clusters, universities  

Systematic structure 
overview of database access, 
facilitation of advanced 
research 

 
(EEA Reports, 
2022; Nwaila et al., 
2022) 

 
Table 6 illustrates the primary user groups and their associated value propositions to 

showcase how the platform may improve the visibility of metallurgical byproducts’ 

valorization alternatives. It can be inferred that the platform organizes the data to promote 

cross-sectoral interaction within the metallurgical value chain. Furthermore, it supports the 

goals of circular economy by managing the waste, fostering industrial symbiosis and 

facilitating research and technology advancements.  

The identified potential user groups indicate that the platform facilitates value creation at 

different stages of the value chain. This mainly focuses on the reducing asymmetrical 

information and fostering collaboration between the byproduct producers and valorization 

users. As a result, the value proposition extends beyond supporting potential industrial 

alliances and effective decision-making. Based on the identification of user categories and 

value generating methods, the overall business model for the digital platform prototype can 

be structured using a Business Model Canvas (BMC) as shown in the next section. 
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4.2  Business Model Canvas (BMC) 

The proposed matchmaking prototype is designed as decision-support concept model, rather 

than a fully commercialized solution at the current stage. The primary motive is to link with 

metallurgical byproducts with potential valorization pathways to assist in initial stage of 

screening. This approach enhances the transparency and accessibility of the metallurgical 

byproduct data. It provides more informed and interpretable decision-supporting tool for 

industrial stakeholders. (Spooren et al., 2020; Rieger et al., 2021; Nwaila et al., 2022) 

Figure 6 reflects on the hypothetical conceptual Business Model Canvas (BMC) to present 

the position of the prototype and showing its value proposition. BMC offers a structured 

approach for identifying key resources, stakeholders, activities and value propositions. 

Indirectly it provides the groundwork for future commercialization initiatives. At this early-

stage development of the prototype, BMC serves as a consistent exploratory tool rather than 

a validated final business model. (Osterwalder and Pigneur, 2010)
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Figure 6. BMC for the metallurgical byproduct’s matchmaking prototype (Business Models Inc., n.d; Canva, 2026).
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The short explanation for the Figure 6 is as follows: 

a. Key partners include cooperation amongst multiple partners (i.e., metallurgical 

industries, valorization process users, research organizations, and policy 

stakeholders) to create value from the proposed platform through data-sharing and 

identification of industrial collaboration opportunities (Rieger et al., 2021). 

b. Key activities involve data collection, organizing, filtering and implementing 

matchmaking logic to support residue-specific decision making. 

c. Key resources are the quality and structured database resource of the residue 

information presented to generate interpretable decision-support results and ensure 

system reliability. 

d. Value proposition focuses on creating transparent and interpretable decision-support 

by matchmaking the metallurgical byproducts with suitable valorization pathways, 

resulting in enhanced utilization of residues in form of secondary resources (Spooren 

et al., 2020; Rieger et al., 2021). 

e. Customer relationships are trust-based interactions and cooperative collaborations 

especially at the initial phase of the prototype which ensures data contribution, 

validation and iterative refinement of the platform. 

f. Channels primarily disseminated to professional networks, research collaboration 

and industrial partnerships rather than mass-market channels in the metallurgical and 

raw materials sector. 

g. Customer segments include byproducts producers, valorization process users, 

technology provider, research institutions and other industries (Rieger et al., 2021; 

EEA Reports, 2022). 

h. Cost structure is dominated with data management, continuous maintenance of the 

platform with cost-driven by digital infrastructure (Osterwalder and Pigneur, 2010). 

i. Revenue streams are considered to be exploratory at this phase of the prototype and 

post deployment may include subscription-based access, collaboration-based model 

or other commercialized services depending on user engagement and platform 

scaling factor (Osterwalder and Pigneur, 2010). 
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As a result, the BMC highlights the proposed platform’s data-driven operation to facilitate 

interaction among multiple stakeholders. While it decreases the asymmetrical information 

in the raw material value chain. It is vital to note that the suggested platform requires 

additional validation post initial deployment. It is currently reliant on data related to the user 

engagement, cost structures and future analysis of commercialization strategies and revenue 

models (subscription-based access or specific data access).  

Hence, these evaluations are beyond the present scope of this thesis, but they have been 

identified as a key subject for future work following the pilot deployment of platform. In 

addition to the economic and operational considerations, the platform investigates its 

contribution to sustainability goals which are evaluated by their alignment with SDGs in the 

following section. 

4.3  Alignment to Sustainable Development Goals (SDGs) 

Building upon the information presented in the preceding chapters, particularly related to the 

role of metallurgical byproducts valorization and digital decision-support tools in advancing 

circular economy principles, by improving the resource efficiency, reduction in waste 

disposal and containments and enabling industrial symbiosis (Rieger et al., 2021).  

The proposed prototype further expands to support multiple United Nations Sustainable 

Goals (SDGs) by enhancing the utilization and visibility of secondary raw materials as well 

as promoting transparency across diverse industrial value chains. At the initial stage of 

development, the platform contributes by creating conditions that promote sustainable 

industrial practices. The important SDGs relevant to proposed platform are summarized in 

the Table 7. 

Table 7. Alignment of SDGs with the proposed digital platform for metallurgical byproducts. 

SDGs Categories Alignments with Proposed 
Digital Platform 

Contributions to Circular 
Economy Principles 

References 

SDG 9 - Industry, 
innovation and 
infrastructure 

Deploying a decision 
support digital tool for 
valorization of 
metallurgical byproducts 

Supports in management of 
industrial data, digital 
advancement and innovation in 
technology 

(European 
Commission, 2020; 
United Nations, 
2015) 

SDG 12 - 
Responsible 
consumption and 
production 

Increasing visibility and 
utilizing capacity of 
metallurgical byproducts 
as secondary resources 

Encourages in reduction of 
waste disposal or containment, 
applying circularity flow in 
material system 

(Spooren et al., 
2020; EEA Reports, 
2022) 
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SDG 13 - Climate 
action 

Reducing pressure on 
primary raw materials or 
extraction of resources 

Minimizes the environmental 
and economic impacts related 
to primary raw materials’ 
extraction 

(Nwaila et al., 2022; 
Rieger et al., 2021) 

 

The Table 7 demonstrates that the platform serves as an enabling tool for circular economy 

practices by enhancing material efficiency, promoting the use of secondary raw materials, 

and facilitating residue-specific interactions across different industrial collaborations (EEA 

Reports, 2022; European Commission, 2020). This highlights the platform can play a crucial 

role in strengthening the sustainable industrial systems in the EU raw material sector.  

Nonetheless, at the moment, this platform does not directly intervene on sustainability. The 

quantitative assessment of SDGs impact requires additional information such as lifecycle 

impacts, feasibility of valorization options and so on, which is beyond the scope of this 

thesis. The evaluation requires variety of information for the assessment such as the material 

substitution rates or life-cycle performances of chosen valorization approach. Therefore, 

they are set aside for future analysis after pilot implementation of this digital platform.  

Overall, the analysis offered in this chapter demonstrates that the suggested platform’s 

successful implementation is reliant on technical feasibility, viable business models, and 

well-organized data-sharing frameworks. These insights create a foundation for the 

methodology and development of prototype outlined in the upcoming chapter. 
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5  Materials and Methods 

Building on the conceptual and business frameworks given in the previous chapters, this 

chapter outlines the materials and methods utilized to create a digital platform prototype for 

valorizing metallurgical byproducts. The proposed prototype aims to solve the constraints 

related to fragmented information. While it assists in initial stage decision-making process 

imposing circular economy concepts. 

Given the basic nature of this study, the methodology focuses on developing a transparent, 

traceable and reproducible prototype. The assembled database presented in Appendix A 

(Table 10) serves as the foundational block for both analyzing the byproduct characteristics 

and prototype development. This chapter describes the research strategy and detailed 

description of the methodology used for designing the platform. It mentions the system 

architecture, UI logic, tools and techniques used for building the prototype. 

5.1  Research Approach 

This thesis develops and evaluates the proposed prototype adopting a design-oriented and 

exploratory research approach. This approach is chosen to address the socio-technical issues 

characterized by data variability, multiple stakeholders, limited standardization for 

valorization of metallurgical byproducts. (Rieger et al., 2021; EEA Reports, 2022) 

The research strategy is structured based on three main components which are as follows: 

i. Literature review 

This component examines scientific literature studies, policy documents and 

technical reports to determine major metallurgical byproducts, valorization 

pathways, affecting indicators and limitations of existing digital tools or databases. 

To obtain the peer-reviewed papers, reports and articles, the review uses academic 

databases and search platforms like Scopus, Google Scholar, and LUT Library 

resources. 
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The keywords utilized to choose relevant works for the thesis are “metallurgical by-

products”, “valorization”, “secondary raw materials”, “circular economy”, 

“digitalization in metallurgy” and “digital platform”.  

Furthermore, the filtering criteria include publication date and mostly relevance to 

the European context. This phase provides a strategy for discovering information 

gaps and positions the platform as a byproduct-centric decision-support tool. The 

RMIS database serves as a reference framework for the proposed prototype. (RMIS, 

2024) 

ii. Compilation of data 

The second component involves integrating findings from the reviews into a 

structured database, resulting in Excel-based database shown in Appendix A (Table 

10). All compiled information is availed from public data sources. It follows a 

structure with focus on origin, process, characteristics and environmental behaviour 

of byproducts. It also reports the valorization pathways and applications of 

byproducts. The dataset organization reveals patterns in residue types or valorization 

strategies. For example, bulk-oxide rich byproducts are primarily reused and 

recycled, while recovery approach is applied to metal-rich byproducts, as explained 

in Chapter 2. The structure also points out the constraints such as data inconsistencies 

and gaps during prototype’s design requirements. 

iii. Design and Development of Prototype 

The final component is to build the residue-level matchmaking prototype using the 

assembled database. The prototype focuses on functionalities such as search and 

filter, data visualization and user-defined criteria for initial stage screening. This 

design approach aligns with the exploratory nature of the study in relation to the 

secondary raw material system. Due to the ambiguity and variety of data, site-

specific conditions and lack of standardization, the matchmaking prototype is 

designed as a rule-based rather than fully optimized tool. (Spooren et al., 2020; 

Nwaila et al., 2022) 

Thereby, the research approach integrates literature, data and prototype development to 

support in the design concept of the proposed digital platform.  
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5.2  Platform Design and Development Methodology 

Following the concept introduced in Chapter 3 and the research approach in previous section, 

this section describes the design and development such as data handling, systematic logic 

and UI design for the prototype. 

The Excel spreadsheet (Appendix A, Table 10) serves as the foundation for the prototype. 

At the initial stage of prototype development, this approach ensures traceable, transparent 

and manual data validation. This data management method is employed as incremental 

refinements are required, and information variability is expected. (Nwaila et al., 2022) Each 

data entry in the database is related to important factors of byproducts. 

The data pipeline for the prototype follows a linear workflow consisting of data collection, 

data selection, and data preprocessing. As previously stated in this report, the data is obtained 

from publicly accessible literature studies, and prototype is developed using open-source 

software tools. The data is further classified to accommodate a vast amount of information 

into a consistent format suitable for decision-supporting processes. (Rieger et al., 2021; Di 

Maria et al., 2022) 

The rule-based filtering forms a base for the matchmaking logic. It is used for connecting 

the metallurgical byproducts with their potential valorization pathways. The user interaction 

and UI visualization are based on manual selections. Finally, to improve the demonstration 

capabilities and enable external access, the prototype is deployed as a cloud-based web 

application. 

5.3  Tools, Technologies and Techniques 

This section presents the tools and programming techniques used to implement digital tool 

prototype for metallurgical byproducts. The goal is to execute the prototype by highlighting 

its data storage, processing and basic visualization features. All tools used in development 

for the proposed prototype are open-source or freely available. 
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5.3.1  Development Environment 

The prototype is implemented by following the data pipeline. It begins with compilation of 

data processing moves towards data processing and visualization.  

The primary programming language selected for the development of the digital platform 

prototype is Python (Version 3.9.6). The macOS Terminal (Version 2.15 (470.2)) is used to 

carry out the development of prototype in local computing environment. It establishes a 

virtual environment (venv) to oversee the prototype’s initial development phase. This virtual 

environment maintains reproducibility in research-oriented process by preventing 

interruptions from other applications and is consistent with execution. 

Python is used for large data handling, backend logic and creating the application in a single 

environment. It is written in basic text-editing tools for efficiently designing UI, managing 

and implementing logics in the platform. Additionally, it assists in testing, debugging during 

the iterative development of the prototype. (Van and Drake; 2009) 

After the development phase, the prototype is deployed by using GitHub and Streamlit Cloud 

(Version 1.58.0). These tools help in controlling the versions, hosting the necessary 

application and accessing the prototype beyond the local development environment. 

5.3.2  Data Processing and Management 

As discussed in previous sections, the database serves as the primary data source. First the 

data is organized in Microsoft Excel spreadsheet (Version 16.109.3) and subsequently 

merged into PostgreSQL database to allow better data handling.  

PostgreSQL (Version 18.3 Homebrew) is selected due to its resilience and capacity to 

effectively handle systematic tabular data efficiently (PostgreSQL Global Development 

Group, 2024). The constructed excel database is kept under metallurgical_platform 

database. The testing and continuous development of the prototype are made easier through 

this database repository. 

Consequently, a Python-based data access layer is used to connect the PostgreSQL database 

with web-based Streamlit UI. This UI layer executes database queries, applies filtering logic 

and formats query results appropriately for visualization purposes (Streamlit Inc., 2024).  
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The Python libraries used in the prototype’s backend to assist data processing are listed 

below: 

i. Pandas (Version 2.3.3): processes tabular data by translating the query outputs into 

suitable display tables (McKinney, 2010) 

ii. SQLAlchemy (Version 2.0.49): database interface where object relation mapping for 

managing information across Python scripts and PostgreSQL database (Bayer, 2012) 

iii. psycopg2 binary (Version 2.9.12): acts as a PostgreSQL adapter to facilitate data 

retrieval and SQL queries execution (psycopg2 Developers, 2024) 

Furthermore, Python input /output (I/O) operations are used to implement data exporting 

functionalities. It allows the users to download the selected filtered data in Excel format. 

Libraries such as openpyxl (Version 3.1.5) manages Excel file’s generation directly from the 

UI. A modular design of prototype is created through separation of the data storage, 

processing and visualization. 

5.3.3  User Interface Application 

As mentioned in previous section, Streamlit creates an interactive data-driven application 

for the proposed prototype. Due to its ease of use, smooth connection with Python-based 

systems and eliminating the extensive front-end programming requirement, this tool is 

chosen (Streamlit Inc., 2024) The UI is the primary interaction layer between the user and 

the. backend data processing system. It makes it easier to investigate metallurgical 

byproducts by applying filter criteria and selecting from a database range. To ensure clarity, 

the processed datasets are displayed in a structured and comprehensive format.  

The backend system processes user inputs through interface after executing the relevant 

queries and displaying relevant information. To put simply, the UI dynamically uses Python 

scripts to retrieves data from the PostgreSQL database and displays the results in Streamlit. 

This defines the dynamic process that the UI operates on and enables real-time interaction 

with the database. The Streamlit application offers flexibility for further future 

enhancements of the interface and expanding the visualization capabilities with evolution of 

prototype with time. 
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5.3.4  Deployment Framework 

In the last stage of development, the prototype is deployed utilizing cloud-based architecture 

to ensure portability, independence from the local development environment and external 

accessibility. The deployment is implemented using a combination of multiple open-source 

software, such as GitHub for managing the release versions or packages, and Streamlit Cloud 

for hosting the application in the public setting. The digital platform can be accessed through 

shareable link: https://digital-platform-valorization-metallurgical-residues.streamlit.app. 

In the initial stage, prototype is iteratively built and tested in a virtual (local) environment 

using the Python script. In this case, the data pipeline connects the Excel-based database 

with the PostgreSQL database. The system architecture is made further simpler for 

deployment by substituting PostgreSQL with structured CSV file format. This substitution 

results in seamless execution of prototype and removes the external dependence by operating 

purely in a cloud-based environment.  

The following steps are considered for the deployment workflow process: 

a. The application code, Python script (news_app.py) and other necessary databases 

such as the excel datasets (approvedVersion.csv), images (.png format) and the 

reference list (.docx format) are uploaded to the GitHub repository called 

metallurgy_platform. 

b. Another file called requirements.txt file is uploaded to the same repository which 

defines the necessary dependencies implemented in the code. 

c. For enabling automatic prototype’s deployment, the GitHub repository is connected 

to the Streamlit Cloud through the user account. Then platform is hosted on the web-

based UI and can be accessed through shareable link mentioned earlier. 

The platform is accessible to the users across academic or industrial domains with help of 

this cloud-based deployment. This lays the groundwork for future scalability, which includes 

expansion of the current database structure, integration with real-time industrial systems, 

and enhancement of the features. Nonetheless, multiple user database connectivity is not 

implemented in the current prototype, as it is restricted to the static database. 
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5.4  Reliability, Validity and Ethical Consideration 

This section overviews the prototype development to follows reliability, validity and ethnical 

use principles. The workflow illustrated in Figure 5 facilitates the prototype’s reproducibility 

(Sandve et al., 2013). The usage of standardized and open-source tools ensure consistency 

and transparency in execution. The database excludes confidential or proprietary information 

and presents data in systematic format to enhance reliability (Hevner et al., 2004). 

The prototype is validated through functional testing of its fundamental components 

emphasizing on basic structure rather than quantitative performance. The architecture design 

aids in maintaining consistency within the prototype. It balances the system functionality 

with consistency in the logic framework throughout the early-stage prototype development 

(Hevner et al., 2004). The validation of the prototype focuses on the following aspects:  

a. Verify accurate data transfer from the Excel database to PostgreSQL database 

b. Ensure the user-defined queries in the Streamlit UI produce consistent and expected 

outputs 

c. Confirm the dataset filtering functionalities to operate based on the user-defined 

criteria 

d. Validate the data export is functioning and downloading the correct filtered datasets 

based on the user-defined criteria 

e. Evaluate the matchmaking logic using a rule-based filtering approach to check 

consistency between user inputs and generated outputs 

As a result, the prototype is considered as decision-supporting tool rather than optimized 

predictive or conclusive decision-making system. The current scope excludes large-scale 

deployment, multiple user testing, comprehensive performance assessment and regulatory 

compliance validation. Moreover, these are investigated for future development.  

Artificial intelligence (AI) techniques were only employed to support this study, such as 

assisting with structuring of data, supporting in code development and refining the written 

content. However, AI is not used for decision-making logics within the prototype, instead 

relies on rule-based logic to ensure transparency (Floridi et al., 2018). 
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This strategy reduces ethical concerns related to subjective decisions processes. The 

prototype should be interpreted as a preliminary decision-supporting rather than a definitive 

decision implementing tool.  

5.5  Systematic Architecture and Database Design 

The prototype built for this study is implemented using a layered system architecture to 

ensure platform’s modularity, flexibility and maintainability in accordance with design 

related principles discussed in the prior section. 

5.5.1  System Architecture Structure 

The system architecture is divided into four main layers: data layer, processing layer, UI 

application layer and deployment layer. This structure supports the flow of data from 

compiled Excel datasets to the interactive UI. Figure 7 illustrates the overall system 

architecture and interaction among these layers.  

 

Figure 7. Architecture designed for the digital platform prototype with respect to metallurgical byproducts. 

The data layer forms the system’s base and includes organized database (Appendix A, Table 

10) to PostgreSQL data storage for performing efficient queries (PostgreSQL Global 

Development Group, 2024). 

The processing layer developed in Python, acts as an intermediate between the dataset and 

UI. As previously stated, the key libraries such as pandas, SQLAlchemy, openpyxl and 

pyscopg2 to facilitate system functionality and data management (McKinney, 2010; Bayer, 
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2012). Caching functions, i.e., st.cache_data, available in Streamlit and monitoring tool, i.e., 

watchdog (Version 6.0.0), are used to improve the system’s performance and efficient data 

processing (Sandve et al., 2013). 

The next layer is the UI application layer, which is built with Streamlit to enable an 

interactive UI (Streamlit Inc., 2024). It displays interactive interface by dynamic filtering 

and visualization. This layer has the following functionalities:  

i. Selection of metallurgical industry, process, material and their respective byproduct 

ii. Creation of dynamic query for the database based on user input 

iii. Real-time visualization of the filtered datasets with valorization pathway 

matchmaking logic 

iv. Availability to export the filtered datasets  

The architecture extends to a deployment layer which consists of GitHub and Streamlit 

Cloud. These ensures version control, remotely accessibility and collaborative development 

for the proposed prototype. 

5.5.2  Database Design Model 

The prototype is complemented by a structured data model concept for organizing 

metallurgical byproduct datasets. Figure 8 shows the essential components of this database 

approach, with a focus on residue-level entries. It depicts the flow from source to intended 

end-use applications. 

 
Figure 8. Design framework for integrating metallurgical byproducts and valorization pathways. 

Each metallurgical byproduct is treated as an individual entity linked and potential 

valorization applications. As presented in previous chapters, the model converts into a 

structural and query-able data format for filtering and comparing across various factors. 
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5.6  User Interface and Matchmaking Logic 

This section presents the prototype’s functional and operational behaviour, with a focus on 

the UI and matchmaking mechanism built to find potential valorization pathways based on 

the user selection. 

5.6.1  Design of User Interface (UI) 

As indicated in prior sections, the prototype’s interactive UI. The fundamental goal behind 

creating the interface is to support interactive filtering and visualization of the metallurgical 

byproduct data. There are three level of structure in the layout: sidebar, landing page and 

main content area. 

The landing page displays the prototype’s workflow and shows available categories in the 

prototype. The sidebar allows the user to select input parameters and dynamically filters the 

metallurgical byproducts data. It also gives an overview of the database. 

The primary content area is segregated into numerous sections, as stated below: 

i. Overview section provides the key information about selected metallurgical 

byproducts. 

ii. Valorization matchmaking section that suggests the potential valorization pathways 

for the chosen byproduct. It employs rule-based (keyword) logic. 

iii. Residue profile section provides detailed information about the selected byproduct. 

It is divided into two columns: physicochemical properties and processing 

information. 

iv. Associated CRMs and SRMs section represent the CRMs and SRMs for the chosen 

byproduct, the list is explained in earlier Chapters.  

v. Key metals and their EU primary producers section highlight the key metals present 

in the selected residues and their respective EU primary producer countries. 

vi. Download section enable users to download the filtered dataset for the chosen 

byproduct and full list of references. 
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The operation of the interface is further discussed in the following sections and the 

corresponding code behind is presented in Appendix B. Additionally, it supports efficient 

data exploration and visualization. The design aims to enhance readability and facilitates 

efficient exploration of complex residue data. 

5.6.2  Valorization Pathways Matchmaking Logic 

The matchmaking capability is based on rule-based keyword detection technique. Here, the 

material specific indicators are linked to their respective valorization pathways. This 

prototype is based on the concept outlined in Chapter 3 and uses the database components 

defined in Table 5. In Table 8 describes the detected material keywords which are mapped 

to their suggested paths. It is important to note that the keywords used in the Python code 

are standardized into lower case for better consistency. This is due to obtaining better search 

results in the selected datasets and avoid mismatching with certain words.
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Table 8. Keywords used for valorization matchmaking logic implemented in Python code (Appendix B), using the data from Appendix A (Table 10) in the proposed prototype. 

Detected Material Keywords Keywords Used in Python Code Suggested Valorization Matchmaking Pathways in UI 

Iron (Fe) fe, iron Magnetic separation / Reduction / Smelting / Recycling / Pelletisation 
Copper (Cu) cu, copper Flotation / Hydrometallurgical leaching / Slag reduction / Electrorefining 
Zinc (Zn) zn, zinc Waelz process / Hydrometallurgical leaching / Volatilization / Dechlorination 
Lead (Pb) pb, lead Hydrometallurgical leaching / Volatilization / Electrorefining / Stabilization 
Aluminium (Al) al, aluminium Hydrometallurgical leaching / Magnetic separation / Geopolymerization 
Manganese (Mn) mn, manganese Acid leaching / Roasting / Precipitation 
Tin (Sn) sn, tin Gravity separation / Flotation / Carbothermic reduction / Acid leaching 
Lithium (Li) li, lithium Acid leaching / Smelting / Direct regeneration 
Cobalt (Co) co, cobalt Acid leaching / Hydrometallurgical recovery 
Nickel (Ni) ni, nickel Acid or alkali leaching / Neutralization 
Vanadium (V) v, vanadium Oxidation roasting / Selective leaching / Secondary smelting 
Rare Earth Elements (REEs) ree, rees, rare Acid or alkali leaching / Roasting / Beneficiation 
Scandium (Sc) sc, scandium Selective leaching 
Niobium (Nb) or Tantalum (Ta) nb, ta, niobium, tantalum Gravity separation / Acid leaching 
Molybdenum (Mo) mo, molybdenum Oxidative roasting / Leaching 
Tungsten (W) w, tungsten Alkaline or acid leaching / Roasting 
Titanium (Ti) ti, titanium Acid leaching / Thermal roasting 
Chromium (Cr) cr, chromium Alkali roasting / Reduction Cr(VI) → Cr(III) / Leaching 
Gold (Au) au, gold Electrorefining / Leaching / Re-leaching 
Silver (Ag) ag, silver Electrorefining / Leaching 
Platinum Group Metals (PGMs) pgm, pgms Smelting / Hydrometallurgical leaching / Electrorefining 
Arsenic (As) as, arsenic Stabilization / Leaching 
Cadmium (Cd) cd, cadmium Hydrometallurgical recovery / Stabilization 
Chlorine (Cl) / Chlorides (Cl-) cl, chlorine Dechlorination 
Sulfur (S) / Sulphur (S) / Sulphides (S2-)  s, sulfur, sulphur, sulphide, sulfide Roasting / Stabilization / Bioleaching 
Calcium (CaO) cao, calcium Carbonation / Cement applications / Stabilization 
Silica (SiO₂) sio2 Mechanical activation / Geopolymerization 
Alumina (Al₂O₃) al2o3 Geopolymerization / Leaching 
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Each keyword corresponds to specific material, element or compound groups linked to their 

associated end-use applications. Table 8 provides a core reference framework for relating 

metallurgical byproduct characteristics to potential valorization options in a systematic and 

understandable manner.  

The matchmaking logic in Python code (Appendix B) maps the predefined detected 

keywords with mentioned valorization pathways. The multiple matches can be suggested 

where it is relevant. Furthermore, the accuracy of the output depends on the predetermined 

keyword matching, data availability, and input quality. 

The results are intended to be considered as an indicative output to facilitate initial screening 

rather than definitive guidance. Moreover, the suggested matchmaking valorization 

alternatives are non-exhaustive and excludes the site-specific parameters such as regulatory 

requirements, economic feasibility or environmental limits.  
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6  Results and Discussion 

Building on the research gaps identified in Chapter 2 and the conceptual framework stated 

in Chapter 3, the proposed digital platform is implemented as the functional prototype using 

methodology described in Chapter 5. Additionally, the business, data-sharing model with 

sustainability perspective, as explored in Chapter 4, provides more accurate evaluation of 

the prototype in terms of practical relevance and long-term adoption potential. 

In this chapter, the outcomes are presented and analysis is conducted of the developed 

prototype to determine its effectiveness as a decision-support tool for valorization of 

metallurgical byproducts. It further displays the system functionality, the platform’s 

strengths and limitations as well as the prospective role in assisting industrial adoption. 

6.1  Prototype Outcomes and Analysis 

This section describes the functional results of the built prototype for the digital platform 

that supports the valorization of metallurgical byproducts by showcasing the main features 

and components of UI. The goal is to assess the implemented system for converting the 

conceptual model and data structure into a functional digital decision-supporting platform. 

As outlined in Chapter 5, the prototype’s interface consists of three main components: 

landing page, navigation side panel and central display area. Together, these components 

create a structured framework for user interaction with the residue-specific data.  
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6.1.1  Landing Page of Prototype 

Figure 9 shows the prototype’s landing page which acts as the initial interface for users. It 

provides an overview of the platform which primarily consists of introductory information.

 

Figure 9. Landing page of the metallurgical byproduct valorization digital platform prototype. 

From the functional perspective, the landing page directs the users by presenting digital 

platform’s workflow and metallurgical industries or materials information in a systematic 

style. This emphasizes the significance of accessibility and structured layout of complex 

metallurgical datasets in allowing users to interact effectively. Furthermore, the principles 

outlined in Chapter 3 are reflected in the design of the platform. 
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Figure 10. Metallurgical industries or materials included in the digital platform prototype. 

Furthermore, Figure 10, depicts 26 different categories of metallurgical industries or material 

types, serving as the foundation of the prototype’s scope. It is the basic classification layer 

used as foundation for the UI. 

6.1.2  Navigation Side Panel of Prototype 

The navigation side panel, illustrated in Figure 11, is the primary interaction for searching 

and filtering to explore the byproduct dataset. The landing page provides an initial guidance 

to direct the users to the navigation side panel. Users make choices about the metallurgical 

industry or materials, which triggers additional criteria for choosing the appropriate 

byproduct stream.  

This functionality allows for systematic filtering of information in the database to support 

primary screening step and find relevant metallurgical byproduct data. The implementation 

is based on the structured data framework introduced in Chapter 3. 
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Figure 11. Navigation side panel of the metallurgical byproduct valorization digital platform prototype. 

Figure 11 shows an overview of the database content together with filtering functionality. 

The database contains summary information identifying the number of metallurgical 

categories and byproducts. The present setup consists of total of 50 different metallurgical 

residues entries considered across 26 metallurgical categories.  

This feature allows user to represent the scale of database, prior to the selection and increases 

transparency of the designed system. Thus, this section supports in converting the static data 

into interactive interface system. 

6.1.3  Main Central Area of Prototype 

The central display area as illustrated in Figures 12, 13, 14 and 15 display the result of the 

selected criteria for filtering out the specific metallurgical byproduct by providing detailed 

data. This page facilitates to evaluate and compare of byproduct data, to generate informed 

decisions. Furthermore, this confirms the integration of the database and UI design as well 



62 
      

 

as supports the practical implementation approach given in previous chapters. The data 

corresponding to the selected criteria are illustrated in Figure 12, 13 and 14. 

 

Figure 12. Central display area (part 1) of the metallurgical byproduct valorization digital platform prototype. 

Figure 12 depicts the top section of the main display area. It gives an overview of the chosen 

metallurgical byproduct as well as the note regarding the function of the platform. The 

Overview section provides the crucial information for the user to comprehend the residues 

importance within the industry value chain. It includes the associated industry or material, 

primary source and byproduct streams.  

At the bottom of Figure 12, there is Valorization Matchmaking Insight section present. It 

recommends the appropriate valorization processing pathways for the selected byproduct. 

This functionality is based on the concepts described in Chapter 3 and 5. The keyword-based 

matchmaking logic used in this section is presented in the code mentioned in Appendix B. 

It highlights how the platform translates the static database information into actionable 

insights. An accompanying note indicates that the suggested pathways are initial screening 

alternatives due to exploratory nature of the study. This points out the platform’s function in 

complementing early-stage decision-making despite of the uncertain data conditions. 
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Figure 13. Central display area (part 2) of the metallurgical byproduct valorization digital platform prototype. 

Figure 13 presents a detailed profile of the selected metallurgical byproduct. This section is 

divided into two different columns for clarity purpose. The first column is titled as Physio-

chemical Properties column. It deals with the main physical and chemical characteristics 

of the chosen residue. It includes average and elemental composition with their chemical 

formulae, pH indicator, water content, physical state and production content (if available) of 

the chosen byproduct. This organized information is often used for understanding of material 

parameters for downstream processes. An information note is included under chemical 

formulae, emphasizing on the compositional data’s interpretation. 

The next column is termed as Processing and Application column. It mentions the critical 

information for determining probable valorization pathways of the byproduct. This includes 

the process stage at which the residue is generated, detailed information on valorization 

pathways or processing. In addition, to the common issues that may arise when handling the 

residue for further processing, the technical and economic aspects and the possible end-use 

applications for the chosen byproduct. 
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Through this section, the platform assists in evaluating informed decision-making. 

Moreover, it enhances the utilization of the system in examining the byproducts’ qualities 

and practical capabilities.  

 

Figure 14. Central display area (part 3) of the metallurgical byproduct valorization digital platform prototype. 

Figure 14 presents the section that incorporates EU policies and legislative acts, aligning to 

ECRMA 2024, as described in Chapter 2 and 4. This section is called Critical and Strategic 

Materials section. It exhibits the CRMs and SRMs present in the selected residue, using the 

classification previously discussed in this study. (Ragonnaud, 2024; RMIS, 2024)  

Figure 14 also includes another section called Key Metals and their EU Primary 

Producers section. It highlights the key important metals associated with the selected 

byproduct and show their respective EU primary production’s nation. This information is 

mainly gathered from the RMIS data system, and it does not suggest the geographical 

mapping. Thereby, it creates a contextual understanding regarding the availability of metals 

within EU. (RMIS, 2024) 
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Figure 15. Central display area (part 4) of the metallurgical byproduct valorization digital platform prototype. 

As illustrated in Figure 15, the next section is the Downloads section. Here, the system 

allows the functionality of exporting the filtered dataset and the reference list. This aids in 

the further analysis or documentation required outside of the platform. 

The prototype is deployed as a web-based application through Streamlit Cloud and GitHub, 

to enable accessibility through real-time interactive UI. The goal is to facilitate the users’ 

understanding in clear interpretation on the metallurgical byproduct data. As a result, the 

proposed platform displays its potential for decision-supporting tool. While it also 

demonstrates the practical implementation of the matchmaking concept.  

The prototype’s current scope provides a basic functional workflow. For improving the 

platform’s scalability and reliability, numerous advancements are required in the future. 

These are discussed in the subsequently in this study. 

6.2  Strengths, Limitations and Mitigation Strategies 

From the findings of the developed prototype shown in the previous section, it confirms that 

vast amount of datasets can be displayed in an interactive environment. It allows the users 

in exploring metallurgical byproduct information and generating indicative valorization 

possibilities. The suggested valorization pathways are considered with commonly applied 

processing methods for metallurgical byproducts. (Rieger et al., 2021) The data is highly 

uncertain and sparsely available. Hence, the rule-based matchmaking approach promotes 

early screening. (Hevner et al., 2004). The developed prototype is evaluated against the 

research gaps, challenges and limitations identified in Chapter 1 and 2. The Table 9 

summarizes the evaluation of the developed prototype. 
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Table 9. Evaluation of the developed prototype by including the identified research gaps, strengths, limitations and mitigation strategies. 

Identified Research Gaps Strengths Limitations Suggested Mitigation Strategies 
Fragmented information and lack of 
standardization: Residue data present 
in literature studies are fragmented, 
inconsistent or site-specific (Rieger et 
al., 2021; EEA Reports, 2022) 

Structured, residue-centric 
system improves 
comparability, traceability and 
visualization. 

Incomplete and limited 
datasets due to variability of 
data. 

Expansion of the database using industrial 
database (i.e., integration with RMIS digital 
system) and standardization in reporting 
frameworks to improve consistency. (Spooren et 
al., 2020; Rieger et al., 2021; EEA Reports, 2022; 
RMIS, 2024). 

Lack of integrated frameworks 
connecting metallurgical byproducts 
to valorization pathways: Missing a 
unified system to link byproduct 
characteristics to their potential 
valorization options (Castell-
Rudenhausen et al., 2022; Spooren et al., 
2020) 

Rule-based (i.e., keyword-
based) matchmaking logic 
linked to the material 
composition with suggested 
valorization options. 

Simplified logic (i.e., rule-
based) and lacks the ability 
to evaluate on other 
essential parameters. 

Integration with multi-criteria approaches (i.e., 
economic and environmental aspects) for better 
decision-making. (Castell-Rudenhausen et al., 
2022) 

Absence of digital tools at residue-
level for supporting decision-making: 
The existing platform RMIS focuses on 
the macro-level information not 
specified to metallurgical residues 
(RMIS, 2024) 

Enables data filtering and 
exploring along with 
suggesting valorization options 
through interface. 

Results are indicative and 
no optimization is present. 

Upgradation to the optimization approaches and 
addition of lifecycle and feasibility analysis to 
improve decision-supporting capabilities. 
(Spooren et al., 2020) 

Limited digital tools integrated with 
circular economy principles: The 
current digital tools are not fully 
developed for practical implementation 
for residues (EEA Reports, 2022) 

Demonstrates a functional 
digital prototype integrating 
database, interface and user-
specified filters 

Scalability is limited and 
lack of real-time data 
integration. 

Development of scalable, cloud-based systems 
with real-time integration and enhanced UI. (EEA 
Reports, 2022; RMIS, 2024) 

Implementation barriers and 
constraints: Confidentiality of data, 
limited access of information and lack of 
collaboration among industries (Spooren 
et al., 2020) 

Shows information present in 
the open-sources and public-
available data. 

Lack of integration with 
industrial systems 

Establishment of data-sharing frameworks and 
collaborative platform for industrial symbiosis 
and improving data accessibility. (Spooren et al., 
2020; EEA Reports, 2022) 
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Table 9 shows the developed digital prototype addressing the key research gaps. It specifies 

on organizing the fragmented data, enabling digitalization approach and facilitating early-

stage decision-support.  

The study observes several limitations that requires additional development of the proposed 

prototype. It includes the analytical depth (i.e., byproduct’s compositional analysis to 

indicate potential applications), scalability and robustness of the systems. Additionally, the 

EU primary producer data displayed in the UI is indicative and currently based on RMIS 

system. It excludes the real-time production data, which can be considered as a barrier to 

improved decision-making. Furthermore, the deployment of the prototype via the cloud-

based application improves the remote accessibility of the prototype. However, the current 

data system is entirely reliant on the CSV file data, creating a hurdle to real-time interaction 

with industrial systems. 

Overall, the developed prototype marks an important step towards the systematic approach 

of digital techniques for valorization of metallurgical byproduct. It further needs 

improvement for large-scale industrial adoption and advanced decision-supporting 

capabilities. As indicated in prior chapters, integrating technological, business and data-

sharing concept is relevant to enhance the practical applicability of the proposed platform. 

6.3  Adoption Challenges and Barriers 

Building on the evaluation made in previous section, this section investigates the platform’s 

adoption challenges and barriers in the industrial relevance. The platform’s practical ability 

relies on the effective integration with current industrial systems. The long-term potential of 

the system lies in its capability to expand and integrate new datasets. Alignment with existing 

digital platforms such as the RMIS system is beneficial. The platform complements macro-

level information present in current digital tools with byproducts decision-making concept.  

One of the most significant constraints, beyond the data availability restrictions, is data-

sharing frameworks. It highlights the need for adequate structure from reliable industries or 

research facilities. As previously stated, the byproduct characteristics related to composition, 

process conditions and production content, are mostly regarded as confidential. It restricts 
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the development of a comprehensive digital system (Spooren et al., 2020). Therefore, 

industrial collaboration for data-sharing promote in envisioned digital system development. 

Potential approach may introduce subscription-based or stakeholder-supported models in the 

future for the platform. This could enhance the platform value and build trust in data-sharing. 

Collaborations between organizations is viable for the improving the visibility of secondary 

resources. However, smaller size stakeholders may face trade-off between accessibility and 

commercial sustainability. 

From a policy and regulatory perspective, alignment with EU initiatives can support the 

relevance and adoption of such systems. Moreover, standardization and policy-driven 

initiatives will help the platform in promoting data transparency and collaboration across 

multiple sectors. (EEA Reports, 2022)  

Overall, non-technological aspects such as data accessibility, data-sharing frameworks, 

stakeholders' participation and regulatory compliance remain key barriers of the proposed 

prototype. 

6.4  Answers to Research Questions 

Based on the platform’s outcomes, evaluations and identified adoption challenges, this 

section gives responses to the research questions posed in Chapter 1. 

i. What are the metallurgical byproducts that are generated in the Europe region, 

and what are their major parameters and characterization that can be used for 

determining their potential valorization options? 

The discussions in Chapter 2 and the compiled Excel database information in 

Appendix A (Table 10), demonstrate that numerous metallurgical byproducts are 

produced across European industrial sectors. These include slags, tailings, sludges, 

dust etc., from ferrous, non-ferrous, battery and other materials of sectors. The 

database shown in Appendix A (Table 10) indicates that the valorization of these 

byproducts depends on the material-specific parameters rather than byproduct 

categories. The prototype’s database is designed around essential features such as 

elemental composition, physical state, moisture content, structure, presence of 

valuable elements and other process-specific factors. As a result, the precise 
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physicochemical and process characteristics of byproducts is the determining factor 

for effective utilization and potential recovery or reuse options. 

ii. How can the information obtain regarding the metallurgical byproducts be 

organized in a systematic structure as well as within the digital database for 

indicating and matchmaking their relevant valorization applications? 

Based on the database’s development described in Section 6.1, the information is 

structured using residue–centric standardized properties. A structured and 

interoperable data system is essential to facilitate decision-supporting digital systems 

in the raw material sector. The data is organized into residue characteristics, resulting 

in a direct linkage to the prospective valorization pathways. The proposed prototype 

introduces the comparison and filtering based on user-defined criteria of residue data. 

Additionally, it applies a basic matchmaking logic of the residue parameters with 

potential application. As a result, the byproduct-specific database supports effective 

matchmaking between byproduct characteristics with valorization pathways. 

iii. How to integrate the current data sources or systems in a consistent and 

reproducible manner into the proposed digital platform? 

The approach mentioned in Section 5.2, integrates data from various publicly 

available sources into a compiled database through standardization and structured 

organization of data. Moreover, the results show that the process remains largely non 

automated and manual model due to diversity of across literature studies. This 

hinders the database’s scalability and reusability. As a result, the effective and 

efficient data integration requires partial automated processes and defined data 

frameworks. It ensures scalability and reproducibility of metallurgical byproduct 

information in the raw material sector. 

iv. What are the suitable business models and data-sharing frameworks that can 

be implemented for this digital platform to sustain the long-term industrial 

adoption? In terms of parameters like intellectual property and incentives? 

What are the suitable commercialization approaches for this kind of platform? 

From the discussion made in Section 4.1, 4.2 and 6.3, the proposed digital platform 

has the potential for a long-term economic business model that includes subscription-

based system, a stakeholder supporting system, and collaborative data-sharing 
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models. The proposed prototype requires more development to validate these 

approaches. The findings suggest that factors like data governance, stakeholder 

collaboration, and regulatory compliance play a key role in long-term adoption but 

are excluded from the current scope. As a result, a successful long-term adoption 

depends on a viable business model, systematic data-sharing mechanisms, strong 

stakeholders' participation and policy alignment. 

In short, the research questions of this study are responded through the integration of 

conceptual design, database structure, prototype implementation and outcomes from the 

evaluation of the proposed platform. 
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7  Conclusions and Future Recommendations 

The observations from this study, indicates that the developed concept can facilitate the 

utilization of metallurgical byproducts. It also emphasizes on the importance of secondary 

raw material sources. However, successful industrial applications are reliant on digitalization 

factors such as data integration, digital tools or systems and collaboration model across 

various organizations. 

The prototype is publicly accessible at https://digital-platform-valorization-metallurgical-

residues.streamlit.app, and the relevant source code are available at 

https://github.com/sarahansari1800/metallurgical-platform. 

The important findings and contributions derived from this study are summarized below: 

• The byproducts generated by the EU’s metallurgical industries have a diverse and 

under-utilized resource capabilities. Their valorization potential is mostly dependent 

on residue-specified characterization rather than general classification. 

• The database shows that the information on metallurgical byproducts is mostly 

presented in fragments, inconsistent and non-standardized format. This leads to 

challenges in efficient direct usage for decision-making processes and comparison of 

diverse byproduct streams. 

• The proposed database model was successfully developed and implemented with the 

open-source software tools. This methodology improves the filtering and comparison 

of residue data. Additionally, it matches byproducts with their potential valorization 

pathways. 

• The results from prototype confirms that the digitalization tends to improve the in-

byproduct utilization. However, the primary hurdle is data-sharing frameworks, 

regulation constraints and inadequate stakeholders' collaboration. 

• The developed prototype bridges the gap between operational application and 

knowledge of residue valorization. Hence, it benefits both the conceptual and 

practical factors. In addition, the current platform is intended for primarily screening 

and decision-support purposes. 
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7.1  Prospects and Recommendations for Future 

Building on the primary conclusions previously summarized for this thesis, this section 

presents an overview for the future enhancements of the proposed platform’s development. 

The background thinking and concepts established in this study can be further amplified by 

certain aimed advancements to maximize the efficient use of the developed prototype. 

First, the focus should be on scaling up the prototype into an optimized, functioning and 

upgraded UI. Integration with current real-time industrial digital systems (such as RMIS) is 

recommended. This will supplement the information flow for a database-driven architecture 

and scalable cloud-based infrastructure. Additionally, it will expand residue data and 

improve integration process, making it more relevant to industrial systems.  

Next, it is necessity to establish a standardized data structure, that includes detailed 

information (e.g., feedstock variability) for enhancing the consistency, comparability and 

reusability of the metallurgical byproduct database. Active stakeholders’ participation will 

enable strict validation with relevant industrial users (e.g., metallurgical plant processors, 

technology developers, recycling and secondary resources companies). The validation 

should include iterative, feedback-based refinement, user testing with industrial data, or pilot 

project implementations. 

Furthermore, the platform’s decision-making and supporting capabilities can be improved 

by introducing advanced functionalities (e.g., artificial intelligence (AI) based systems, 

predictive modelling logics, and material analysis) resulting in effective industrial adoption. 

Introduction of multi-users database connectivity will help in the expansion of digital 

platform’s network. Policy schemes and incentives can promote data-sharing frameworks 

and industrial symbiosis, by addressing confidentiality and intellectual property concerns.  

Finally, the future research should investigate how to incorporate the proposed  platform into 

broader socio-technical systems. Economic, environmental, regulatory, and organizational 

frameworks must be combined with this solution to adopt metallurgical byproducts into 

large-scale circular material utilization. Moreover, comprehensive feasibility analyses are 

required to examine different indicators. This will identify the most suitable valorization 

pathways for specific byproducts. Ultimately, these augmentations will maximize the 

system’s accuracy and usability in real-world industrial contexts. 
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Appendix A. Compiled Database for Valorization of Metallurgical 

Byproducts 

Appendix A presents the portion of the compiled database developed for this study. Due to 

space constraints, significant columns are included in the Table 10. It focuses on 

identification of metallurgical byproducts, valorization pathways, relevance to strategic 

materials and elemental composition. To view the full compiled database, please refer to 

Github repository using the link: https://github.com/sarahansari1800/metallurgical-

platform/blob/fb3b3f2f9e86bbc4720cbadcc1348eff0f9eb913. 

The reference numbers correspond to the internal reference system that was used for 

compiling the database and for creating the prototype interface. These reference lists are 

mentioned below the Table 10 and do not correlate to the reference list of the primary thesis 

report.
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Table 10. Compiled database for metallurgical byproduct prototype with specific key categories. 

Industry or 
Process 

Byproduct 
Streams 

Valorization Pathways or Processing End-use Applications Associated Critical 
Raw Materials 
(CRMs) 

Associated Strategic 
Raw Materials (SRMs) 

Iron or steel Blast Furnace 
(BF) slag  

Wet or air granulation to form glassy 
slag, produces latent hydraulic reactivity 
[43] 
Mechanical activation (i.e., grinding) to 
produce SCMs  [38, 46] 
Accelerated carbonation with carbon 
dioxide sequestration leading to 
stabilization of reactive Ca phases [38] 
Thermal treatment for inducing 
crystallization process for glass ceramics 
applications [43] 
Crushing and screening for aggregate 
production [43] 

75% used for hydraulic binder, 
aggregates, clinker raw 
materials, glass ceramics, 
bricks, silica gel and adsorbents 
[52, 43] 

Sc, V, REEs - LREEs 
and HREEs (La, Y, 
Nd, Ce) [23] 

Mn, REEs for magnets 
(Nd, Ce, Pr, Sm, Gd, 
Dy) [10] 

Iron or steel Basic Oxygen 
Furnace (BOF) or 
Linz-Donawitz 
(LD) slag 

Weathering for reduction of volume 
expansion and stabilization of free lime 
[23] 
Metal recovery of iron (mainly) through 
magnetic separation [46] 
Accelerated carbonation for 
immobilization of Cr and V to improve 
durability [38, 17] 
Crushing and grading for construction 
materials use [46] 
Hot-stage modification during tapping to 
adjust basicity and add flux to control 
chemical composition [23] 

Aggregates, asphalt and railway 
ballast, soil conditioning agent, 
cement clinker raw material 
[23, 43] 

V, Al (bauxite) [7] Not applicable 

Iron or steel Blast Furnace 
(BF) or Basic 
Oxygen Furnace 
(BOF) sludge - 
wet dust 

Dewatering and pelletisation to improve 
handling and furnace recyclability [7] 
Hydrometallurgical processes for 
removal of impurities like Zn and Pb 
prior to Fe recovery [8, 11] 
Pyrometallurgical reduction process 

Fe source for sinter, Zn and Pb 
recovery, magnetite concentrate 
[7] 

P, REEs - LREEs and 
HREEs (La, Y) [7] 

Not applicable 
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through Waelz or rotary kiln for 
volatilization of Zn and upgradation of Fe 
fraction [44] 
Magnetic separation for producing Fe-
rich concentration, suitable for reuse [7] 

Iron or steel Mill scale Thermal de-oiling to remove 
hydrocarbons and make the oxide 
suitable for further processing [7] 
Reduction roasting to convert Fe oxides 
into more recoverable metallic phases [7] 
Magnetic upgrading to separate high-
grade Fe oxide fractions from gangue [7] 

Feed for sinter or pellets, Fe 
powder, anti-corrosion 
pigments [43, 5] 

V [7] Not applicable 

Iron or steel Pickling sludge Neutralization and precipitation to 
stabilize acidic residues [7] 
Selective leaching to recover Fe or Ni or 
Cr from acid-derived metal complex [7] 
Calcination or thermal decomposition to 
convert precipitated salts into oxide 
forms for suitable reuse [7] 

Fe salt recovery, regeneration 
of pickling acid, pigments [7] 

Not applicable Ni (battery grade) [7] 

Steel (scrap-
based) 

Electric Arc 
Furnace (EAF) 
slag 

Magnetic separation to recover entrained 
metallic phases [33, 23] 
Carbonation to avoid Cr(VI) formation 
[17, 38] 
Mechanical activation (Grinding) to 
enhance cementitious applications [38, 
46] 
Hot-stage foaming or slag formation for 
controlling FeO content [15] 

Aggregates, SCMs, Cr or V or 
Mo concentrates, alkali-
activated binders [33, 23] 

V, Nb, Al (bauxite), 
Ti, Mg [33] 

Mg metal, Ti metal [23] 

Steel (scrap-
based) 

Electric Arc 
Furnace (EAF) 
dust - Zn-rich 

Waelz kiln volatilization process to 
produce ZnO fume [40] 
Hydrometallurgical leaching through 
acid or alkali [8, 11] 
Chloride removal or dechlorination [8] 
Agglomeration and reduction for Fe 
recovery [11] 

High-grade ZnO, Zn metal, Fe-
rich pellets, insulators [35] 

As [35] Not applicable 

Steel (scrap-
based) 

Stainless steel 
slag 

Metal recovery of Cr or Ni or Mo through 
magnetic or density separation [17] 

Metallic revert material, 
Precipitated Calcium Carbonate 

V [33] Ni, Ti metal [33] 
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Free-lime stabilization via aging process 
[17] 
Carbonation for immobilization of 
heavy-metals [38] 
Thermal or chemical activation for SCMs 
use [46, 18] 

(PCC), geopolymers, 
aggregates [23] 

Steel (scrap-
based) 

Ladle slag Aging to complete 𝛾-C2S (gamma-
dicalcium silicate) transformation for 
preventing dust and stabilising expansion 
[17] 
Crushing and sieving for soil-
stabilization feedstock used in 
cementitious applications [46] 
Mechanical activation (i.e., milling) of 
SCMs or geopolymer to increase 
reactivity by fine grinding [38, 46] 

Quicklime substitute, soil 
stabilization, SCMs or 
geopolymers [52, 23] 

Al (bauxite) [52] Mg metal [52] 

Vanadium-
bearing steel or 
iron 

Slags from 
vanadium-bearing 
steel and iron 
industry, flue dust 

Oxidation roasting (Na2CO3 or CaO) to 
convert V-bearing phases into soluble 
vandates for efficient extraction [51] 
Selective leaching to dissolve V species 
and separate recoverable V5+ from the Fe-
rich residue [51] 
Dust recirculation in BOF or EAF units 
to recover Fe and reduce waste 
generation [51] 
Magnetic separation to isolate Fe-rich 
material from V-enriched oxides before 
or after roasting [51] 
Secondary smelting to concentrate V in 
the slag phase while producing recyclable 
metallic Fe [51] 
Stabilization of fine V bearing 
particulates during off-gas dust cleaning 
to ensure safe handling [51] 

V compounds (V2O5, 
Ammonium Polyvanadate), Fe 
production [51] 

V [51] Not applicable 

Copper Copper smelter 
slag 

Flotation of entrapped matte phase to 
recover Cu-rich and Fe-rich mineral 
fractions [18] 

SCMs, inorganic polymer 
binders, aggregates, blasting 

P, traces of REEs - 
LREEs and HREEs 
[48] 

Ni (battery grade), Co, 
Cu [48] 
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Reduction smelter slag to separate 
metallic Fe and Cu droplets from Si 
matrix [31] 
High temperature fuming to volatilize Zn 
and Pb for off-gas recovery [18] 
Mechanical activation like fine grinding 
to enhance latent hydraulic reactivity for 
binder use [54] 

media, metal recovery of Cu, 
Fe, Au, Ag, PGMs [18, 45] 

Copper Flue dust or 
Electrostatic 
Precipitator (ESP) 
dust 

Hydrometallurgical leaching like acid or 
alkali, to dissolve Zn and Pb or As or Sb 
selectivity from oxide mixture [53, 20] 
Volatilization in fuming furnaces to 
separate volatile metals from residue [21] 
Stabilization or solidification to 
immobilize hazardous elements for safe 
handling [21] 

ZnO, Cu electrowinning, 
sponge Cd, concentrates of Zn 
and Pb or As or Sb [48] 

V [30]  Traces of PGMs, REEs 
for magnets [35] 

Copper Tailings Re-flotation to re-capture remaining 
sulfide minerals and residual metals [4, 
25] 
Alkali activation to convert 
aluminosilicate phases into geopolymer 
binders [42] 
Thermal roasting to decompose sulfides 
prior leaching [27] 
Bioleaching using microbial oxidation to 
mobilize Cu, Zn or Co from silicate and 
sulfide phases [23] 

Bricks or tiles, geopolymer 
blocks, fine aggregates, low-C 
cement, nano-Cu biosynthesis 
[4, 14, 24] 

V, Sc, Ta, Nb, REEs - 
LREEs and HREEs 
(La, Y, Eu, Ho, Er, 
Tm, Yb, Lu) [48] 

Ni (battery grade), Co, 
Cu, REEs for magnets 
(Nd, Pr, Dy, Tb, Gd, Sm, 
Ce) [48] 

Copper Copper 
pyrometallurgical 
solid waste 

Stages hydrometallurgical leaching to 
dissolve Cu, Cd, Zn and traceable 
precious metals [53] 
Slag reduction (Fe and Cu alloy 
formation) to liberate metal entrapped in 
silicate phases [33] 
Purification of Zn-bearing streams for 
secondary metal recovery [33] 

Zn compounds, recovery of Cu, 
Au, Ag [53] 

As [53] Cu [53] 

Copper or Lead 
or Zinc 

Anode slimes Oxidative roasting to break down 
refractory selenides or tellurides prior to 

Refined Au, Ag, Se, Te, PGMs' 
concentrates [50, 9] 

As, PGMs [50] PGMs (Pt, Pd, Rh, Ru, 
Ir), Cu [50] 
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leaching [50] 
Sequential leaching to selectively recover 
Ag, Se, Te, Au, and PGMs [6] 
Electrorefining to obtain high-purity Au 
or Ag and remaining Cu [50] 

Zinc 
hydrometallurgy 

Jarosite or 
goethite leach 
residues 

Acidic or alkaline leaching to dissolve Zn 
and Pb or Ag retained in jarosite or 
goethite matrix [7] 
Thermal conversion to hematite or 
magnetite to reduce hazardous 
leachability and improve stability [7] 
Stabilization of toxic elements through 
phase transformation [8] 

Zn, Pb Ag recovery, pigment 
magnetite [35, 40] 

As, Sc, V, Sb [44] Ni (battery grade) [44] 

Lead or zinc 
smelting 

Waelz oxide Hydrometallurgical purification to 
produce market grade ZnO from Zn-
ferrite dust condensates [40] 
Volatilization separation during Waelz 
kiln processing to isolate Zn and Pb oxide 
phases [40] 

High-purity ZnO, Pb 
concentrates [35, 40] 

Not applicable Not applicable 

Lead or Zinc 
smelting 

Waelz slag Oxidation roasting to convert unstable 
sulfide or oxide phases into stable 
anhydrite or matrix phases [40] 
Carbothermic reduction for Fe or Mn 
recovery from slag matrix [40] 
Stabilization for secondary construction 
aggregate after detoxification [30] 

Pig iron, Zn dust, secondary 
aggregates [40] 

V, Mn (battery grade) 
[40] 

Mn (battery grade) [40] 

Aluminium Red mud (bauxite 
residues) 

High-temperature reduction (roasting) 
for converting Fe and Ti bearing minerals 
into recoverable phases [49] 
Hydrometallurgical leaching for selective 
extraction of Fe, Al, Ti, Sc and REEs [45, 
28] 
Magnetic separation to recover magnetite 
formed during reduction processes [28] 
Accelerated carbonation to reduce 
alkalinity and stabilizes reactive species 
[49] 

Pig iron, alumina, TiO2, Sc or 
REEs concentrates, SCMs, 
bricks or tiles, pigments, x-ray 
shielding tiles [32, 21] 

Sc, Al, V, Ta, REEs - 
LREEs and HREEs 
(La, Ce, Nd) [32, 47] 

Ti metal, REES for 
magnets (Nd, Dy, Pr, 
Ce, Tb, Gd, Sm) [32] 
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Geopolymerization to transform silicate 
or aluminate phases into cementitious 
binders [45] 

Nickel High-Pressure 
Acid Leaching 
(HPAL) tailings 
or Fe-
oxyhydroxide 
residues 

Selective acid or alkali leaching to 
recover Ni, Co, Sc, and REEs from Fe-
oxyhydroxide matrix [48] 
Neutralization or precipitation to stabilize 
dissolved metals and reduce process 
acidity [21] 
Geopolymer formation (alkali activation) 
for construction applications [21] 

Sc oxide, ferronickel alloy, 
geopolymer binders, road base, 
tiles [41, 48] 

Sc, V [41] Ni (battery grade), Co 
[48] 

Ferrochrome 
(FeCr) 

Ferrochrome slag Alkali roasting to convert Cr into 
extractable sodium chromate or chromite 
species [51] 
Magnetic separation to recover Fe-rich or 
Cr-rich spinel fractions [21] 
Accelerated carbonation to immobilize 
Cr(VI) and stabilizes the material [51] 

Ferro-chromite alloy, alkali 
chromates, aggregates, 
cementitious filler [48] 

Not applicable Not applicable 

Ferromanganese 
(FeMn) 

Ferro manganese 
slag 

Acidic leaching to extract Mn from its 
silicate phases [20] 
Roasting to convert Mn-bearing phases 
into more leachable oxides [44] 
Carbonate precipitation to obtain MnCO3 
or MnSO4 intermediates [20] 

Electrolytic Mn metal, MnSO4, 
MnCO3, SCMs [13] 

Not applicable Mn (battery grade) [13] 

Ferrosilicon 
(FeSi) 

Ferro silicon slag Si extraction through hydrometallurgical 
or thermal treatment [20] 
Return to furnace as reductant or silicon 
source [21] 
Crushing into graded aggregates for low-
value construction filler applications [20] 

Silicates raw material, 
aggregates, amorphous Si [23] 

Not applicable Si metal [23] 

Tungsten Tungsten tailings Selective alkaline or acid leaching to 
dissolve W-bearing scheelite or 
wolframite residues [4] 
Roasting to break refractory mineral 
structures and improve leachability [27] 
Gravity or flotation beneficiation to 

Geopolymers, SCMs, clinker 
feed [48] 

Not applicable Sn [48] 
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obtain concentrated heavy W minerals 
[42] 

Tungsten Tungsten 
smelting slags 

Hydrometallurgical leaching to extract W 
from post-smelting oxides [20] 
Oxidative roasting to improve W phase 
solubility [49] 

W concentrates, chemical 
precursors, aggregates [13] 

V, W [48] Sn [13] 

Molybdenum 
(Mo) 

Molybdenum 
tailings 

Re-flotation to recover residual MoS2 
from fine tailings [4] 
Hydrometallurgical leaching to dissolve 
molybdate species [27, 42] 

Cement fillers, refractory 
ceramics, aggregates [48] 

Not applicable Not applicable 

Molybdenum 
(Mo) 

Molybdenum 
roaster residues 

Controlled oxidative roasting to convert 
MoS2 to MoO3 [20] 
Leaching to produce ammonium 
molybdate or Mo-bearing solutions [49] 

FeMo, Mo powders, 
ammonium molybdates [7] 

Not applicable Not applicable 

Chromite 
processing 

Chromite ore 
processing 
residues (COPR) 

Cr(VI) chemical reduction to Cr(III) 
using reductants [48] 
Alkaline roasting to liberate Cr for 
selective extraction [49] 
Selective leching for extraction of Cr and 
Fe from detoxified material [21] 

Cr concentrates, ferro-chromate 
alloy, alkali chromates, 
detoxicated aggregates [48, 33] 

Not applicable Not applicable 

Manganese 
processing  

Manganese 
tailings 

Acid leaching to dissolve Mn oxides or 
carbonates [4] 
High-gradient magnetic separation to 
isolate Mn-rich phases [27, 43] 

Mn concentrates, soil 
remediation minerals [24, 22] 

Not applicable Mn (battery grade) [13] 

Manganese 
processing  

Electrolytic 
manganese 
residues (EMR) 

Neutralization to precipitate metal 
hydroxides [48] 
Oxidation roasting to convert Mn phases 
into suitable oxide forms [48] 

Mn2O3, MnSO4 for batteries, 
fertilizers [13] 

Not applicable Mn (battery grade) [13] 

Tin Tin tailings Gravity separation to concentrate heavy 
Sn or Nb or Ta minerals [4] 
Froth flotation for selective mineral 
beneficiation [27] 
Acid leaching of Sn or Nb or Ta metals 
for recovery purposes [42] 

Purified Sn, mullite ceramics, 
Nb or Ta concentrates [50, 48] 

Nb, Ta [48] Not applicable 

Tin Tin slags Flux-assisted reduction to recover Sn and 
associated metals [20] 

Zn or Mn or Fe recovery, Ta or 
Nb oxides, Ag refining [50] 

Nb, Ta [48] Not applicable 
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Carbothermic reduction to extract 
valuable oxides or minerals [20] 

Lithium-ion 
batteries (LIB) 

Spent Lithium-
ion battery (LIB) 
black mass  

Acid leaching to extract Li, Co, Ni, Mn 
into solutions [20] 
Pyrometallurgical smelting to obtain 
alloy intermediate [49] 
Direct regeneration (re-lithiation) to 
restore cathode materials [25] 

High-purity Li, Co, Ni salts, 
battery precursor materials [48] 

Li (battery grade), Co, 
Ni, Mn (battery grade) 
[48] 

Li, Co, Ni (battery 
grade), Mn (battery 
grade), natural graphite 
[48] 

Lithium-ion 
batteries (LIB) 

Electrode sludges Electrolyte removal via washing or 
thermal stripping [20] 
Hydrometallurgical processing to 
dissolve active metals [25] 
C purification via calcination or 
activation process [36] 

C anode materials, NaF 
recovery, SiC composites [48] 

Li (battery grade), Mn 
(battery grade) [48] 

Li, Co, Ni (battery 
grade), Mn (battery 
grade) [48] 

E-waste 
(WEEE) 

Printed Circuit 
board (PCB) 
concentrates 

Comminution to liberate metal-bearing 
fractions [20] 
Pyrometallurgical smelting to 
concentrated metals [20] 
Hydrometallurgical leaching for metal 
recovery of Cu, Au, Ag, PGMs [49] 

Refined Au, Ag, Pd, secondary 
Cu or Al alloys [12, 48] 

Ta, Be, PGMs (Pd) 
[48] 

Cu, PGMs (Pt, Pd) [12] 

E-waste 
(WEEE) 

Smelter slag from 
e-waste 

Re-smelting to improve metal separation 
[20] 
Selective leaching to dissolve valuable 
metals [20] 

Cu or PGM recovery, 
construction material [26] 

Not applicable Cu, PGMs [26] 

E-waste 
(WEEE) 

Anode slimes 
from e-waste 

Roasting to break refractory metal phases 
[50] 
Sequential leaching to extract Au, Ag, 
PGMs [21] 
Electrorefining to obtain high-purity state 
of metals [50] 

Electro-Au, refined Ag, Se or 
Te products [50] 

As, Sb [9] PGMs, Cu [50] 

E-waste 
(WEEE) 

Smelter flue dust 
and baghouse dust 

Hydrometallurgical volatilization to 
recover Zn, Pb, Cd, As metals [20] 
Stabilization to immobilize hazardous 
species [20] 

ZnSO4, ZnO, sponge Cd, Pb 
residues [48] 

Not applicable PGMs [48] 

Phosphate 
industry 

Phosphogypsum Washing and removing impurities to 
reduce radionuclides [20] 
Stabilization for safe construction 

Cement or wallboard, bricks, 
soil amendments, REEs 
extraction [44, 48] 

Sc, P [23] REEs for magnets (Nd, 
Dy, Pr, Ce etc.) [44] 
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material use [49] 
REEs acid leaching from phosphate-
linked minerals [49] 

Phosphate 
industry 

Phosphoric acid 
sludges 

REEs or U leaching to extract the critical 
minerals [48] 
Neutralization to stabilize acidic residues 
[21] 
Geopolymerization as alternative binder 
feed [48] 

Geopolymers, cement, 
adsorbents, U or REEs recovery 
[44] 

P [48] Not applicable 

Rare Earth 
Elements 
(REEs) 

REEs - bearing 
tailings 

Acid or alkali roasting to enhance REEs 
solubility [48] 
REEs leaching from activated minerals 
[7] 
Minerals beneficiation to isolate heavy or 
light REEs [48] 

REEs concentrates, geopolymer 
ceramics, Ni or Fe products [14, 
47] 

Sc, REEs - LREEs and 
HREEs (La, Y) [48] 

REEs for magnets (Nd, 
Pr, Ce) [47] 

Rare Earth 
Elements 
(REEs) 

REEs 
neutralization 
sludges 

Acid leaching to dissolve metals like Ni, 
Cr, Fe selectively [48] 
Precipitation to form pigment-grade 
magnetite [48] 

Ni or Cr pigments, magnetite 
[48] 

Not applicable Co, Ni (battery grade) 
[48] 

Titanium or REE TiO2 plant 
residues 

Acid leaching to extract Ti or Mg or Al 
[48] 
Thermal roasting to liberate REE-bearing 
phases [37] 

Ti or Mg or Al enriched 
catalysts, pigments [48] 

V, Nb [48] Ti metal, 49 

Titanium or REE REEs digestion 
residues 

Leaching to extract remaining residual 
REEs [48] 
Neutralization to stabilize radioactive 
elements [37] 

Refined REEs oxides, 
construction fillers [48] 

Sc, REEs - LREEs and 
HREEs [13] 

REEs for magnets [13] 

Gold Cyanidation 
tailings 

Detoxification (SO2/air process) to 
destroy residual cyanide [46] 
Thiosulfate or halide re-leaching to 
recover remaining Au or Ag metals [23] 
Geopolymerization to immobilize 
residual toxic phases involving alkali 
activation [23] 

OPC (Ordinary Portland 
Cement) clinker, geopolymer 
pavers, residual Au or Ag or Cu 
recovery [46] 

Sb, traces of As [46] Cu [46] 

Refractory gold 
or PGMs 

POX (Pressure 
Oxidation) 

Pressure oxidation or roasting to oxidize 
sulfides and open mineral structures [46] 
Cyanidation or thiourea-leaching for 

High-purity Au, PGMs 
recovery, Fe and S products 
[46] 

As [26] PGMs [26] 
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residues and 
Roasting residues 

liberated metals [21] 
As stabilization (Fe-As compounds) for 
ensuring safe handling [21] 

Refractory gold 
or PGMs 
(Platinum Group 
Metals) 

PGMs slags Collector smelting (Cu-matte) to capture 
PGMs [26] 
Hydrometallurgical leaching for PGMs 
dissolution [21] 

Refined Pd or Pt or Rh 
concentrates, aggregates [26] 

Not applicable PGMs, Mg metal [26] 

Silver Silver anode mud 
or slimes 

Oxidation roasting to break Se or Te 
compounds [50] 
Sequential leaching to extract Ag, Au, Se, 
Te [6] 
Electrorefining to produce high-purity 
Ag or Au metals [50] 

Electro-Au, refined Ag powder, 
PGMs concentrates [50, 9] 

As, Sb [50] PGMs [50] 

Sulfur capture 
(non-ferrous 
smelting) 

Acid plant 
gypsum 

Washing and removing of impurities for 
reduction in halides or metals present 
[53] 
Solidification to improve mechanical or 
geo-environmental performance [53] 

Wallboard, cement clinker, 
backfill material [20, 30] 

As, 53 Cu, 53 

Environmental 
control or 
refining 

Spent catalysts Smelting (wetting or settling technique) 
for PGMs or Ni or V metal recovery [26] 
Hydrometallurgical leaching of V, Ni, 
PGMs for selective separation [50] 
Catalyst regeneration by removing 
poisons and re-activating supports [50] 

Refined Pd or Pt or Rh, 
regenerated catalysts [19, 26] 

V, W, Ni (battery 
grade), PGMs [19] 

PGMs, Ni (battery 
grade), Co, Ti metal [19] 
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Appendix B. Python Language Script for the Proposed Digital 

Platform Prototype 

Appendix B contains the Python script written for the development of digital platform 

prototype. The code includes data processing, data handling, rule-based matchmaking logic, 

fundamental functionalities and UI implementation as mentioned in Chapter 5. The script 

contains inline comments that support the reproducibility and transparency of implemented 

platform. The complete source code for the prototype is available at: 

https://github.com/sarahansari1800/metallurgical-platform/blob/main/news_app.py. 

import streamlit as st 
# st is the short form for Streamlit (Web UI). 
import pandas as pd 
# panda is imported here as pd to handle data library by reading database tables. 
# from sqlalchemy import create_engine 
# sqlalchemy here creates a connection to database in PostgreSQL for development phase. During the 
deployment phase, it will directly take the excel file from Github called approvedVersion.csv in CSV format. 
# create_engine helps to create a connection for the database. 
import io 
# io helps in creating downloadable files which is needed as Excel export later by creating temporary file in 
the memory to generate excel files and downloading them from UI. 
import re   
# re is a regular expression used for importing standard text in processing library of Python. This is not 
heavily used but implemented for potential pattern matching. 
def format_chem_safe(text): 
    text = str(text) 
    # To ensure that the selected input is converted into a string despite of data missing or integer. 
    # Converting simple numerals to subscripts like Fe2 → Fe₂ 
    subs = str.maketrans("0123456789", "₀₁₂₃₄₅₆₇₈₉") 
    result = "" 
    i = 0 
    # I is a pointer index that integrates throughout text, character by character. This helps in initialising the 
empty string for building the formatted results. 
    while i < len(text): 
        char = text[i] 
        # This process one character at a time. 
        # If we detect start of reference → copy everything unchanged 
        if char == "[": 
            end = text.find("]", i) 
            if end != -1: 
                result += text[i:end+1]   
                # Preserve references like [36, 45] as it is. 
                i = end + 1 
                continue 
        # If the character is followed by number then convert it to subscript. 
        if char.isalpha() and i + 1 < len(text) and text[i+1].isdigit(): 
            j = i + 1 
            while j < len(text) and text[j].isdigit(): 
                j += 1 
            result += char + text[i+1:j].translate(subs) 
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            i = j 
            continue 
        # Default character unchanged needed 
        result += char 
        i += 1 
    return result 
st.set_page_config(layout="wide") 
# This helps in creating full width layout which is better for column and table handling interface. 
st.title("Digital Platform for Valorization of Metallurgical By-Products") 
# This line helps in displaying the title as the main heading in the top of the page. 
# DATABASE STRUCTURE 
#engine = create_engine( 
#    "postgresql+psycopg2://faruqansari:userpass@localhost:5432/metallurgical_platform" 
#) 
# This line helps in connecting the Streamlit with PostgreSQL (metallurgical platform) using psycopg2 for 
development phase of the prototype. For deployment phase as mentioned it will directly take from CSV file. 
@st.cache_data 
def load_data(): 
    return pd.read_csv("approvedVersion.csv") 
df = load_data() 
# This reads the table present in the database into a Pandas Dataframe. Also makes the database run only 
once to make it robust. 
cols = df.columns.tolist() 
# This stores the names of the column in a list form. E.g., row[cols[0]] Industry / Process, row[cols[1]] 
Primary Source etc. 
# SIDE PANEL IN THE UI 
st.sidebar.header("Navigation Panel") 
# Leads to creation of side panel bar in the UI and naming the header. 
st.sidebar.markdown("### Database Overview") 
# First section is created, under which static information is displaced, 
st.sidebar.write("Total Number of Residues: 50") 
st.sidebar.write("Total Number of Industries: 26") 
industry = st.sidebar.selectbox( 
    "Please Select the Industry / Material / Process", 
    ["Select"] + sorted(df[cols[0]].dropna().unique()) 
) 
# creates a dropdown functionality to select industry or material or process. 
# below dropdown is depending on the above dropdown selection mentioning residue options. 
if industry != "Select": 
    residue_options = df[df[cols[0]] == industry][cols[2]].dropna().unique() 
    residue = st.sidebar.selectbox( 
        "Please Select the Byproduct", 
        ["All"] + sorted(residue_options) 
    ) 
else: 
    residue = "All" 
st.sidebar.markdown("---") 
st.sidebar.markdown( 
    """ 
    <div style="font-size: 12px; color: grey;"> 
    <i>*This prototype was developed by Sarah Ansari (MEITIM program) under the co-supervision of LUT 
University (Department of Separation Science) and VTT Finland as part of Master's thesis.</i> 
    </div> 
    """, 
    unsafe_allow_html=True 
) 
# LANDING PAGE (INTRODUCTION PAGE) 
if industry == "Select": 
    st.markdown("## Platform Workflow") 
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    st.image("processFlow.png", width="stretch") 
    st.markdown("## Metallurgical Industries or Materials") 
    st.image("examplesResidues.png", width="stretch") 
# These conditions display the image that are present in the same folder (in this case Database). 
    st.info("Select an industry or material from the navigation panel to begin.") 
# The condition means if there are no selection made then keep on showing the introduction page. 
# MAIN DASHBOARD LOGIC PRESENT IN SIDE PANEL 
else: 
    filtered = df[df[cols[0]] == industry] 
# To filter out the information based on the selection of industry or process or material. 
    if residue != "All": 
        filtered = filtered[filtered[cols[2]] == residue] 
# To filter out the information based on the selection of respective byproduct. 
    st.divider() 
# This creates the horizontal line to separate the sections. 
    # OVERVIEW  
    st.subheader("Overview") 
# this is representing the section heading. 
    st.write( 
        "This digital tool prototype supports decision-making for helping the user choose a suitable valorization 
pathway for selected metallurgical byproduct." 
    ) 
# A short introduction note on what this UI is representing. 
    if len(filtered) == 1: 
        row = filtered.iloc[0] 
# This selects the first matching for a single residue type and picks the first row of the filtered data. 
        c1, c2, c3 = st.columns(3) 
# This creates a layout with 3 columns. 
        c1.markdown(f"**Industry or Material**  \n{row[cols[0]]}") 
        c2.markdown(f"**Primary Source**  \n{format_chem_safe(row[cols[1]])}") 
        # the condition format_chem_safe is used for converting the text into subscript if necessary. 
        c3.markdown(f"**Byproduct Stream**  \n{row[cols[2]]}") 
    else: 
        st.info("Please select a specific material and byproduct stream from the navigation panel.") 
# This info message pops up in case there is nothing selected in the side panel. 
    # MATCHMAKING SECTION 
    st.divider() 
    st.subheader("Valorization Pathways Insight") 
    # This section is a simple code to show briefly what can be possible valorization pathways for selected 
option. It is just for quick overview. 
    st.caption( 
        "The suggested valorization pathways represent initial screening options and are not exhaustive." 
    ) 
    if len(filtered) > 0: 
        text = ( 
            filtered[cols[4]].astype(str) + " " + 
            filtered[cols[7]].astype(str) 
        ).str.cat(sep=" ") 
        # It combines the information present in column E (Valorization Pathways) and column H (End-use 
Applications) 
        # in the excel database to search for keywords. 
        words = text.lower().split() 
        # Through this condition it converts all the words in the string to lowercase and splits them into 
individual words. 
        # For instance,in order to avoid mismatching (between "co" from "composition") and improve keyword-
based detection. 
        suggestions = [] 
        # This list stores all the suggested valorization pathways based on detected metals or materials. 
        # MATCHMAKING BASED ON METAL KEYWORDS 
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        if "fe" in words or "iron" in words: 
            suggestions.append("Magnetic separation / Reduction / Smelting / Recycling / Pelletisation") 
        if "cu" in words or "copper" in words: 
            suggestions.append("Flotation / Hydrometallurgical leaching / Slag reduction / Electrorefining") 
        if "zn" in words or "zinc" in words: 
            suggestions.append("Waelz process / Hydrometallurgical leaching / Volatilization / Dechlorination") 
        if "pb" in words or "lead" in words: 
            suggestions.append("Hydrometallurgical leaching / Volatilization / Electrorefining / Stabilization") 
        if "al" in words or "aluminum" in words or "aluminium" in words: 
            suggestions.append("Hydrometallurgical leaching / Magnetic separation / Geopolymerization") 
        if "mn" in words or "manganese" in words: 
            suggestions.append("Acid leaching / Roasting / Precipitation") 
        if "sn" in words or "tin" in words: 
            suggestions.append("Gravity separation / Flotation / Carbothermic reduction / Acid leaching") 
        if "li" in words or "lithium" in words: 
            suggestions.append("Acid leaching / Smelting / Direct regeneration") 
        if "co" in words or "cobalt" in words: 
            suggestions.append("Acid leaching / Hydrometallurgical recovery") 
        if "ni" in words or "nickel" in words: 
            suggestions.append("Acid or alkali leaching / Neutralization") 
        if "v" in words or "vanadium" in words: 
            suggestions.append("Oxidation roasting / Selective leaching / Secondary smelting") 
        if "ree" in words or "rees" in words or "rare" in words: 
            suggestions.append("Acid or alkaline leaching / Roasting / Beneficiation") 
        if "sc" in words or "scandium" in words: 
            suggestions.append("Selective leaching") 
        if "nb" in words or "ta" in words or "niobium" in words or "tantalum" in words: 
            suggestions.append("Gravity separation / Acid leaching") 
        if "mo" in words or "molybdenum" in words: 
            suggestions.append("Oxidative roasting / Leaching") 
        if "w" in words or "tungsten" in words: 
            suggestions.append("Alkaline or acid leaching / Roasting") 
        if "ti" in words or "titanium" in words: 
            suggestions.append("Acid leaching / Thermal roasting") 
        if "cr" in words or "chromium" in words: 
            suggestions.append("Alkaline roasting / Reduction Cr(VI) → Cr(III) / Leaching") 
        if "au" in words or "gold" in words: 
            suggestions.append("Electrorefining / Leaching / Re-leaching") 
        if "ag" in words or "silver" in words: 
            suggestions.append("Electrorefining / Leaching") 
        if "pgm" in words or "pgms" in words: 
            suggestions.append("Smelting / Hydrometallurgical leaching / Electrorefining") 
        if "as" in words or "arsenic" in words: 
            suggestions.append("Stabilization / Leaching") 
        if "cd" in words or "cadmium" in words: 
            suggestions.append("Hydrometallurgical recovery / Stabilization") 
        if "cl" in words or "chlorine" in words: 
            suggestions.append("Dechlorination") 
        if "s" in words or "sulfur" in words or "sulfide" in words: 
            suggestions.append("Roasting / Stabilization / Bioleaching") 
        if "cao" in words or "calcium" in words: 
            suggestions.append("Carbonation / Cement applications / Stabilization") 
        if "sio2" in words: 
            suggestions.append("Mechanical activation / Geopolymerization") 
        if "al2o3" in words: 
            suggestions.append("Geopolymerization / Leaching") 
        # OUTPUT 
        if suggestions: 
            for s in sorted(set(suggestions)): 
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                st.success("→ " + s) 
        else: 
            st.info("Further analysis required") 
        # Here is the simple keyword-based decision coding system created to suggest the possible valorization 
options. 
    # CLEAN FUNCTION 
    def clean_text(x): 
        return [i.strip() for i in str(x).replace("\n", ";").split(";") if i.strip()] 
# Converts the text present in a string to bullet points. 
    # RESIDUE PROFILE 
    st.divider() 
    st.subheader("Residue Profile") 
    if len(filtered) == 1: 
        row = filtered.iloc[0] 
        left, right = st.columns(2) 
# Divides the page into 2 separate sections 
        # LEFT SIDE - PHYSICAL AND CHEMICAL 
        with left: 
            st.markdown("### ⚗️ Physicochemical Properties*") 
            st.caption( 
                "*The physicochemical properties are derived from literature studies and represent indicative 
ranges for preliminary screening purposes." 
            ) 
            st.markdown(f"**Average Chemical Composition**  \n{format_chem_safe(row[cols[10]])}") 
            st.markdown(f"**Chemical Formulae***  \n{format_chem_safe(row[cols[11]])}") 
            st.caption( 
                "*These represent the crystallographic phases rather than the intrinsic nature of the material or 
mineral's origin." 
            ) 
            st.markdown(f"**Elemental Composition**  \n{row[cols[12]]}") 
            st.markdown(f"**Physical State of Byproducts**  \n{row[cols[13]]}") 
            st.markdown(f"**Production Content**  \n{row[cols[14]]}") 
            st.markdown(f"**pH Indicator**  \n{format_chem_safe(row[cols[15]])}") 
            st.markdown(f"**Water Content**  \n{row[cols[16]]}") 
        # RIGHT SIDE - PROCESSING and APPLICATIONS 
        with right: 
            st.markdown("###Processing and Applications") 
            st.markdown(f"**Process Stage of Generation**  \n{row[cols[3]]}") 
            st.markdown("**Valorization Pathways or Processings**") 
            for i in clean_text(row[cols[4]]): 
                st.markdown(f"- {format_chem_safe(i)}") 
            st.markdown("**Typical Issues**") 
            for i in clean_text(row[cols[5]]): 
                st.markdown(f"- {i}") 
            st.markdown(f"**Techno-Economic Aspects**  \n{row[cols[6]]}") 
            st.markdown("**End-use Applications**") 
            for i in clean_text(row[cols[7]]): 
                st.markdown(f"- {format_chem_safe(i)}") 
    # CRM and SRM SECTION 
    st.divider() 
    st.subheader("Critical and Strategic Materials") 
    if len(filtered) == 1: 
        st.success(f" Associated Critical Raw Materials (CRMs) [39]: {row[cols[8]]}") 
        st.info(f"Associated Strategic Raw Materials (SRMs) [39]: {row[cols[9]]}") 
# This section is for mentioning what CRMs and SRMs are present in the selected residues. 
   # KEY METALS and EU PRODUCERS 
    st.divider() 
    st.markdown("###Key Metals and their EU Primary Producers [39]") 
    st.caption( 
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        "*The associated EU countries corresponding to the metals are indicative and reported from RMIS data 
system. They do not imply on the exclusive geographical mapping.*" 
    ) 
if len(filtered) == 1: 
       row = filtered.iloc[0] 
       for i in clean_text(row[cols[17]]): 
           clean_item = i.replace(";", "") 
           st.markdown(f"- {clean_item.strip()}") 
    else: 
        st.info("Please select a specific byproduct from the navigation dropdown to view the key metals and 
their indicative EU primary producers.") 
# DOWNLOAD SECTION 
    st.divider() 
    st.subheader("Download Information") 
    def export_excel(data): 
        buffer = io.BytesIO() 
        with pd.ExcelWriter(buffer, engine="openpyxl") as writer: 
            data.to_excel(writer, index=False) 
        return buffer.getvalue() 
    if len(filtered) > 0: 
        st.markdown("• Filtered Database (xlsx format)") 
        st.download_button( 
            label="Download", 
            data=export_excel(filtered), 
            file_name="filtered_database.xlsx" 
        ) 
    # Reference file 
    with open("referencesList.docx", "rb") as file: 
        reference_file = file.read() 
    st.markdown("• List of References (docx format)") 
    st.download_button( 
        label="Download", 
        data=reference_file, 
        file_name="referencesList.docx", 
        mime="application/vnd.openxmlformats-officedocument.wordprocessingml.document" 
    ) 
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