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Abstract

This systematic review uses the PRISMA method to comprehensively analyze the current
state of research and development of urban mining technologies. Existing technologies,
their effectiveness, and areas of application are examined. Research gaps are identified,
and the potential of previously unused methods, as well as key developments in the tech-
nology sector, are highlighted. Furthermore, connections between technologies and their
application areas are explored. A total of 45 publications from the databases Scopus, Web
of Science, Google Scholar, ScienceDirect, and SpringerLink, covering the years between
2022 and 2025, are considered. The inclusion and exclusion criteria focus specifically on
urban mining-related technologies. Apart from metallurgical processes, only a few estab-
lished technologies currently exist in urban mining. Three technologies were identified
as breakthroughs. Technologies such as membrane processes and composting, originally
developed for other areas, are increasingly being transferred to urban mining. Despite these
advancements, most research remains at the laboratory stage. Practical implementation
and full utilization of waste are currently insufficient. This review represents the first
comprehensive technological overview of the future of urban mining.

Keywords: urban mining; metallurgy; e-waste; technology; PRISMA; systematic review;
recycling; waste categories

1. Introduction

Accelerating urbanization [1,2] and global population growth [3] are driving demand
for raw materials to unprecedented levels. This trend presents profound ecological and
economic challenges, ranging from the overuse of natural resources to a growing burden
of waste [1,3]. Against this backdrop, an innovative concept has come to the fore: urban
mining. It promises sustainable recovery of resources from existing urban infrastructures
and offers a promising avenue to address rising waste volumes. This marks a potential
turning point in how cities manage their resources.

Closed-loop systems demonstrably reduce material waste and improve resource effi-
ciency, thereby contributing to sustainability [4]. Moreover, the concentration of valuable
raw materials in electrical and electronic waste can be up to 250 times higher than in natural
deposits [5-7]. In view of increasing regulatory requirements and global sustainability
goals [8], the efficient use of secondary resources is becoming a strategic necessity [9,10].
The Sustainable Development Goals of the United Nations provide a global orientation
framework to foster sustainable societies. They guide political, economic, and societal
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change toward greater sustainability. They also support a resource-efficient circular econ-
omy [11], for example through targets for industry, innovation, and infrastructure, and
for responsible consumption and production [9,10]. Urban mining takes advantage of
the anthropogenic stock as a usable resource base. This process helps establish resilient,
safe, and sustainable cities by mitigating the health and environmental risks associated
with the direct disposal of electronic waste [9]. Therefore, it contributes directly to climate
protection [9,10]. Delegated Regulation (EU) 2023 /2486 complements the EU Taxonomy
with technical screening criteria for environmental objectives, including the transition to a
circular economy. Urban mining is aligned with this objective through the efficient recovery
of secondary raw materials from anthropogenic stocks.

Improper waste disposal, particularly open dumping and the direct incineration of
plastics, causes significant environmental impacts, including the release of greenhouse
gases and toxic substances, strong odors, and contamination of soil, water, and air [3,12].
Such practices also pose a risk of explosions [3] and attract a large number of disease
vectors and insects [3,12]. Consequently, work near dumpsites poses high risks of chemical
poisoning, congenital malformations, and reduced birth rates, as well as gastrointestinal and
neurological diseases [3,13]. These impacts can be significantly reduced and transformed
into value-creating processes through the consistent implementation of circular economy
concepts [3]. Such developments would lessen health and environmental burdens and
improve overall well-being [9].

As shown in Figure 1, the E-Waste Monitor projects that by 2030, the global volume of e-
waste will be more than double (blue) its level in 2010 [14]. Without global commitment and
improved solutions for valorizing the rising volumes of waste, the impacts on people, the
climate, and the environment will intensify. The widespread deployment and optimization
of urban mining could stabilize (orange) or even reduce (green) this trend.
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Figure 1. Global e-waste generation over time [14].

This article presents a systematic review focusing on the technologies used in urban
mining and addresses the following research questions (RQs):

What is the current state of research and development in urban mining?
What technological developments are driving urban mining forward?
What technologies and processes have been proven to be effective?

Are there links between technologies and application domains?

What research gaps currently exist in urban mining?

AN o

Is there potential to apply previously underused methods in urban mining?

To answer these questions, the work first presents theoretical and conceptual foun-
dations and reviews related research. It then explains the literature review methodology
following PRISMA, which is complemented by data mining procedures. The results of the
review are presented next and then discussed, including direct answers to the research
questions. The study concludes with a critical assessment, an outlook, and a summary:.
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2. Theoretical Foundations

This section first defines the scope and terminology and situates urban mining within
the circular economy, including boundaries to recycling, reuse, and landfill mining. It then
proposes a process-based taxonomy of technologies that spans pretreatment, separation,
recovery, and purification and, for each class, outlines operating principles, typical inputs
and outputs, and representative waste streams. Finally, it synthesizes related reviews and
identifies methodological and technological gaps that motivate the present study.

2.1. Urban Mining Scope Boundaries and Relation to Recycling and the Circular Economy

Recycling is defined in the German Circular Economy Act as follows. Recycling
within the meaning of this Act is any recovery operation by which waste is reprocessed
into products, materials, or substances. The reprocessed outputs are used for the original
purpose or for other purposes. The definition includes the reprocessing of organic materials.
It does not include energy recovery or reprocessing into materials that are intended for
use as fuel or for backfilling. By law, the term recycling, also called recovery, applies only
if the raw material was previously classified as waste. Otherwise, the relevant concept
is reuse. Reuse means any operation by which products or components, such as parts
that are not waste, are used again for the same purpose for which they were originally
intended. Upcycling denotes a higher value use, for example concrete with an improved
strength class [15]. Downcycling denotes lower value use, for example concrete as a base
layer material [15]. In recycling, materials are used again either in the same form or in a
higher value application. Upcycling is therefore part of recycling, while downcycling is not.
Recycling conserves resources but often results in only modest reductions in greenhouse
gas emissions [15]. Recycling is used both in the circular economy and in urban mining.

The circular economy is a sustainable economic model that seeks to minimize resource
use, avoid waste, and keep materials in the economic cycle for as long as possible [16].
It includes reuse, repair and refurbishment, recycling, design for durability, and the re-
generation of natural systems [16]. Through these process steps, recovered materials are
reintroduced into production cycles [1]. Design for durability describes the process of
designing products to be long-lived, repairable, and recyclable [16]. The circular economy
proactively focuses on designing and planning processes that prevent waste after con-
struction and enable a closed material cycle [11]. The circular economy builds on business
models that reject the linear take—make—waste approach. It integrates secondary raw
materials into production cycles and links this with job creation [1].

Anthropogenic stocks are human-made accumulations of materials [1,10,15] and
therefore artificially created sources of materials [10]. Buildings are anthropogenic raw
material stocks that contain concentrated quantities of materials in urban areas. Other
examples are waste electrical and electronic equipment, construction and demolition waste,
and vehicles [1,10,15]. Existing landfills are also included in these depots because they were
created by humans. The residue of waste incineration plants is also part of anthropogenic
stocks [1]. Urban mines are anthropogenic stocks in which secondary raw materials are
concentrated and targeted for recovery [1].

Urban mining recovers secondary raw materials from end-of-life products that are
located in anthropogenic stocks [1,10,17-19]. Products in use are also considered in urban
mining [19] by including them in resource planning or assessment. This enables estimation
of when and how many raw materials will become available in the future. In contrast, the
use of secondary raw materials for product manufacturing belongs to the circular economy.
The word urban signifies that materials with recovery potential are found mainly in urban
areas, although not exclusively [1,10,17,18]. Secondary raw materials are preferably reused
directly and in part recovered through recycling [19]. For recovery, urban mining applies,
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among other methods, recycling processes to treat input materials so that they can be
reused as secondary raw materials. Since this approach enables further use of raw materials
but does not constitute a closed regenerative system, urban mining is not identical to the
circular economy. It is a sub-discipline within the circular economy. It generates a new
material flow that can be fed into the overall system as an additional usable stream [17].
Figure 2 shows the process flow in the circular economy and in urban mining. Pure
incineration is excluded from the definition of urban mining because it causes heavy air
pollution. As a result, heavy metals enter the water and soil and thus the food chain,
which adversely affects human health [20]. Urban mining also differs from classical landfill
mining because it includes active products, buildings, and infrastructure and not only
historical landfills [1,19].

Circular economy Urban Mining

Production of Ul itz
Primary anthropogenic
products

resource stock

Collection,
Reuse sorting,
dismantling, pre-
treatment

Secondary
resource

Application
of urban
mining
technologies
(recycling)

Figure 2. Process flow of the circular economy and the sub-discipline urban mining.

2.2. Technologies in Urban Mining

This research identifies established and emerging technologies in urban mining
through a literature review and consolidates them. This section first explains established
technologies and then the emerging ones. The application of a given technology is usually
preceded by pretreatment. A detailed discussion of pretreatment is beyond the scope here.
The publications [5,21-23] focus primarily on pretreatment. Table 1 shows and describes
the technologies. Figure 3 shows the process flow in urban mining from waste collection to
purification of secondary materials.

Pretreatment is divided into six types and each type comprises several methods. The
green fields list eleven technologies that are explained in this section. The blue fields denote
categories that group together several technological methods with conceptual similarities.
Among these, wastewater treatment, other processes, and biological processes including
biometallurgy as the main component are used as technology categories in the following
figures and analyses. In addition, combinations of the listed technologies are grouped into
one technology category named combined methods, which is also used in the following
analysis. One detection method is also used (it does not recover or valorize substances; it
serves to provide evidence). In the subsequent analysis, a total of fifteen technologies are
distinguished. The terms in the white fields are used in the flow chart for completeness but
are not further considered in this research.
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Table 1. Technologies in urban mining: concise comparison.
- . Typical Product or
Technology Core Principle Typical Feed Outcome Ref.
Dissolve metals as ions in
aqueous media with acids or ~ Ores, wastes, Metal salts or metals
Hydrometallurgy . o [24]
bases and recover process residues after deposition
from solution
Smelting or reduction at Molten metals. allovs
Pyrometallurgy high temperature to Ores, slags, metallic wastes » anoys, [24]
. matte, slag
separate metals from solids
. Microbial leaching through ~ Low-grade ores, e-waste Metal rich leachates for
Biometallurgy . . . [24]
metabolic redox reactions fractions downstream recovery
Composting Aerob.lc biodegradation of Biowaste, organics Stabilized compost for use [25]
organic waste as humus
Plant uptake and .
. . . . . I- h h
Phytoextraction accumulation followed by Contaminated soils, tailings Meta enne edas [25]
for extraction
ash recovery
Millisecond electrical pulses
. reach extreme temperatures . Reduced metals or reactive
Flash Joule heating and break Slags, composite wastes intermediates [26]
metal-oxide bonds
Size- or chemistry-based .
. - . Purified water or
Membrane processes separation with Wastewater, process liquors [27]
. recovered solutes
semipermeable membranes
Photocatalysis L1ght—(:.1nven oxidation on Contaminated water or air Degraded pollutants, . [28]
catalytic surfaces improved effluent quality
Electrochemical deposition, Hich-purity metals or
Electrometallurgy purification, or extraction Metal ion solutions or melts . & P [24]
E intermediates
in cells
Oxidize spent graphite to .
. . . h enh
Graphite recovery GO then reduce to rtGO with ~ Spent Li ion battery anodes GO with en anced [29]
; conductivity
benign agents
Supercritical CO, extracts
Supercritical fluid rare earth ions as nonpolar REE-bearing solids Precipitated REE complexes [30]
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Figure 3. Detailed process flow in urban mining.
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2.3. Related Work

This section presents the state of the art in urban mining based on methodologically
and thematically related studies. The objective is to position relevant scholarly contributions
and to substantiate the need for this research. First, methodologically related reviews
without a technology focus are presented, then thematically related reviews with a focus
on technologies.

An initial literature search for review articles in the field of urban mining, with the
criterion that the term “urban mining” is explicitly included in the title of the publication,
yielded only a small number of relevant works. At first glance, most of the identified
publications do not place a specific focus on technologies in urban mining. Examples
include [11] with a focus on sustainability goals and [31] with a focus on the critical success
factors and maturity of urban mining. Other studies focus on only one technology in urban
mining [5,27,32]. Furthermore, several identified contributions were not sufficiently recent
to serve as a direct basis for comparison, for example [33,34]. In [35] the current state of
research on urban mines and their potential for urban mining is examined in the context of
sustainable urban development. The study shows that buildings and infrastructures are
considered important sources of secondary raw materials. Since Aldebei and Dombi [35]
was not conducted according to PRISMA, focuses primarily on quantitative assessment
and modeling of urban material flows, and does not fulfill the technological focus, it is
clearly distinct from this research in both content and method. This supports the relevance
of the systematic literature review conducted here. Orenga Panizza and Nik-Bakht [36] also
do not present technologies. They emphasize that the building sector is a major source of
waste and environmental problems, but it offers high potential for material reuse. A holistic
methodology for estimating building materials in existing stock is missing. They identify
literature gaps and improvement opportunities, mainly the lack of holistic perspectives
because studies usually analyze single levels in isolation, and the limited use of data-driven
methods such as machine learning and deep learning.

The initial search reveals an absence of artificial intelligence applications, indicates
that future research should test technologies on a large scale, identifies pilot and industrial
plants as a research gap, and shows a strong focus on the construction and building sector.
This focus was later extended to electronic waste and is illustrated in the following with
six representative studies. These are considered thematically related because they provide
an overview of technologies in urban mining. An overview of the six thematically related
studies is shown in Table 2. It presents methodological criteria for the review of the
literature of each study. The table indicates whether a reporting guideline is named and
described, whether search criteria and databases are transparently documented, which
languages and time spans are included, whether inclusion and exclusion criteria are stated,
and whether the number of identified and excluded sources is reported. The term sound
denotes completeness and precision.

Xavier et al. [1] investigate urban mining with a focus on electronic waste and demon-
strates high ecological and economic recovery potential, especially for valuable metals.
Success depends on integrated approaches such as industrial ecology, efficient logistics
and recycling processes, and appropriate legal frameworks. It is hindered by inconsistent
terminology, lack of regulation, and technological deficits [1]. Open research topics include
standardization of terminology, regulatory harmonization, green design, quantification of
stocks, and technological feasibility studies.

Udage Kankanamge et al. [23] develop a systematic classification of factors that in-
fluence the design and adoption of sustainable technologies in the urban recycling of
electronic waste. Four central theme clusters are identified. The study shows that despite
growing research and increasing volumes of electronic waste, many companies still rely
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on conventional and less sustainable methods. It highlights the importance of sustainable
and data-driven technologies, such as machine learning and automated robotics, to im-
prove efficiency, environmental protection, and occupational safety and to meet regulatory
requirements. The study covers only a few technological aspects.

Table 2. Overview of methodological approaches in thematically related studies.

Criterion [1] [23] [37] [38] [10] [3]
Reporting :ng;fi?gg{ approach 25}1;’11”;?;}:1
Co not explained PRISMA . PRISMA following ;
guidelines without : without
C . Cronin [39] C .
guideline guideline
Search criteria missing sound sound sound sound sound
Inclusion and
exclusion missing sound missing sound imprecise missing
criteria
Languages missing sound missing sound sound missing
Databases missing sound sound sound sound sound
Number of missing sound sound sound sound sound
sources
. o start unclear the last five all entries up 2013 to search  from 2015 to
Time span missing to search date  years, to search date date 2023 2021
2023 imprecise 2023
complete . all criteria almost .
except for the  incomplete, incomplete,
method not fully met, complete,
. start date, process flow process flow
Conclusion presented . process flow  process flow .
process flow diagram . . diagram
transparently di e diagram diagram e
iagram missing e missing
present missing
present

According to [37], rare earth elements are of major economic importance for urban
mining due to their critical supply situation. The study identifies several central research
gaps and challenges. These include the lack of comprehensive pilot and demonstration
projects for industrial-scale deployment, insufficiently reliable data on supply and demand,
and high costs, especially in biometallurgy, which could be reduced by research on less
expensive carbon and nutrient sources. Insufficient development of political and economic
frameworks for promoting recycling and urban mining is also identified and needs further
study, including process optimization and the development of business models for the
integration of urban mining.

Erdiaw-Kwasie et al. [38] show that urban mining is increasingly being used to recover
valuable resources from electronic waste in developing countries. The topic has been only
partially researched to date. Using a systematic literature review, the authors examine
drivers, barriers, and technologies across all phases of urban mining. The most important
drivers are economic incentives and scarcity of raw materials. Lack of technology, regula-
tion, and environmental protection are central barriers. The technologies used are mostly
outdated, and modern processes are rarely applied. The study provides a comprehensive
basis for future policy measures and research to promote sustainable urban mining prac-
tices in developing countries. In general, the review shows that the potential of urban
mining in developing countries can only be fully realized when legislation, technology,
incentive systems, and cross-sector collaboration are reinforced in a systematic way.
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Ouro-Salim [10] concludes that urban mining, particularly in the context of electronic
waste, is a promising approach for sustainable resource management within the circular
economy. It faces many challenges, including missing legal frameworks, limited producer
responsibility, weak take-back systems, and low integration of informal actors. Zeng from
China has the highest number of publications, while important scholarly contributions
come from countries such as Germany, Brazil, Austria, and China. The geographic focus
varies. In China it lies on electronic waste; in the Netherlands, it lies on construction waste.
A thematic focus is identified to be electronic waste, lithium-ion batteries, construction
waste, and rare metals. Many technologies exist only at a laboratory scale and have
not yet been implemented at an industrial scale. The identified research gaps include
missing Al applications, life cycle assessments, recycling standards, characterization of
waste materials, limited data availability, insufficient economic evaluations, and regulatory
differences between countries.

Tejaswini et al. [3] show that improper disposal of electronic and plastic waste cre-
ates serious environmental and health risks due to pollutants such as heavy metals and
microplastics. Urban mining offers sustainable solutions by recovering valuable materials.
Different techniques are evaluated with regard to environmental and economic perfor-
mance. The study demonstrates that techno-economic analyzes of waste valorization can
be both environmentally beneficial and economically viable. Investments and technological
advances are needed. The study identifies challenges for urban mining implementation,
including insufficient waste separation, high costs, lack of technical infrastructure, and
occupational health and safety.

2.4. Research Gap

Only two review articles [3,37] cover a broad range of technologies in the context of
urban mining. Only two studies [23,38] apply the PRISMA method which is also used in
this research. The absence of a systematic investigation into which technologies are suitable
for urban mining and are actually applied is an identified research gap. Closing this gap is
the objective of this research. In addition, this research identifies research gaps, potential
applications, and linkages; determines breakthroughs and innovations; and assesses the
effectiveness of technologies in urban mining. The recommendation in [10] is taken up in
this study. Book chapters, opinion pieces, conference contributions, conference reports,
and dissertations are considered and partially included in the analysis. In line with [10],
additional databases such as ScienceDirect and Web of Science are used, and the literature
search is conducted according to PRISMA.

3. Materials and Methods

As outlined in the Introduction, this review focuses on technologies used in urban
mining. Its primary objective is to systematically identify the full range of technologies
currently used in urban mining and to provide a comprehensive overview of those available
at present.

A systematic literature review was used to map technologies, breakthroughs and
research gaps in urban mining (UM). The review followed the PRISMA 2020 guide to
ensure transparent, reproducible reporting and clear documentation of each step from
identification to inclusion [40,41]. The completed PRISMA checklist is available in the
Supplementary Materials [41].

Given the interdisciplinarity of the field, the search strategy balanced breadth with
current precision. To minimize false positives from tangential work in the circular economy,
records were required to contain the exact phrase “Urban mining” in the title (title field
queries). All data analysis and screening were performed by the author.
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The database portfolio was defined a priori to prioritize sources with high coverage
of the engineering and natural science domains. Web of Science, Scopus, Google Scholar,
ScienceDirect, and SpringerLink were used, while PubMed, PsycINFO, ChemSpider, and
arXiv were excluded as out of scope for the present topic. IEEE Xplore was dropped after a
pilot search returned no UM-relevant records for 2022-2025. The searches focused on the
period from January 2022 through to the search dates (Google Scholar on 17 March 2025;
Web of Science, Scopus, ScienceDirect, and SpringerLink on 18 March 2025).

The initial search yielded 355 records (Google Scholar: 183; Web of Science: 43; Springer-
Link: 17; Scopus: 79; ScienceDirect: 33). During metadata completion (e.g., adding missing
PDFs/DOIs), the library expanded to 371 entries, occasionally creating parallel records.
Duplicates were removed using a two-step approach (title + author comparison in Excel,
followed by manual spot checks for DOI/year/venue), eliminating 178 items. We then
excluded inaccessible or non-English/German items (n = 60), leaving 133 records for ti-
tle/abstract screening. All publications whose abstracts included technologies, innovations,
or breakthroughs in the area of the research topic and potentially answered at least one
of the research questions were directly included. Applying predefined criteria, we ex-
cluded 72 records at this stage: non-scientific formats (n = 1), insufficient UM focus despite
the title (n = 14), and papers lacking substantive technology detail (n = 57). Sixty-one
records advanced to full-text review. At the full-text review, we excluded 21 additional
items—technology focus missing (n = 16), UM focus missing (n = 1), duplicate within an
already-included edited volume (n = 1), non-scientific (n = 2), and one update of the author’s
name—yielding 40 studies. The overall selection is summarized in Figure 4 and Table 3.

| Identification of publicati through datab |
fo
5 Publications removed before screening (n =
= AP . 178):
" Publications identified from: :
] - Duplicates (n = 178)
b= Databases (n_— I71) Publications excluded by automation tools {(n =
z Registers (n = 0) 0
= Publications removed for other reasons (n = 0)
!
!'—1
Publications assessed for |— | Publications not retrieved (n =
retrieval (n = 193)
o l Excluded publications (n = 72):
£ Unscientific (n = 1)
< Screened publications (title and Mini - -
- — inimal focus on urban mining (n = 14)
g abstract} (n =133) Minimal focus on technologies (n = 57)
wn
Publications screened for Excluded publications {n = 21):
eligibility > Unscientific (n = 2)
(n=61) Minimal focus on urban mining (n = 1)
— Minimal focus on technologies (n = 16)
— Already included in book (n=1)
Author name correction (n = 1)
E
] A
E . .
= Total number of included publications Publications addgd through backward
- 45 l&——| & forward searching
(n=45) in=51
—

Figure 4. PRISMA flow.

To mitigate database bias and surface-relevant but older/gray items, we comple-
mented the main search with citation chasing. The backward reference screening across
the 40 studies identified 52 candidates; after removing duplicates (n = 32) and inaccessible
items (n = 3), 17 remained for abstract scanning. In line with an emphasis on primary evi-
dence [23], we excluded seven secondary reviews, three items without sufficient technology
detail, and one work subsumed by an already-included dissertation; six advanced to full
text. To corroborate topical coherence where abstracts were ambiguous, we applied Latent
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Dirichlet Allocation (LDA) topic modeling to processed full texts; two items were excluded
for lacking a discernible technology focus, leaving four retained from the backward search.
A forward citation search with Google Scholar on 9 April 2025 yielded 22 items; 21 were
duplicates and one met inclusion criteria. The final corpus comprised 45 publications.
Although modest in absolute terms, this corpus size meets commonly cited sufficiency
thresholds for systematic reviews in emerging domains [38,42,43]. In the specific context
of this review, the sample size met expectations, because the focus was strictly set on
“technologies” rather than general UM.

Table 3. Inclusion and exclusion criteria for the PRISMA search.

Criteria

Inclusion

Exclusion

Publication year

January 2022-March 2025

Outside this period

Search string: Ti-
tle requirement

“Urban mining” exists in the title

“Urban mining” is missing from
the title

Language

English and German

Not written in English
or German

Type of
publication

Books, research papers, review
papers, book chapters, confer-
ence papers, dissertations, and
opinion papers

Tertiary studies, conceptual pa-
pers, and works without suffi-
cient technological detail, non-
scientific formats

Insufficient focus on urban
mining or lack of technological
relevance within urban
mining technologies

Technologies in urban mining,
Topic innovations and breakthroughs
within the technologies

Out-of-scope domains
(e.g., medicine, psychology) or
non-higher-education contexts

Engineering and natural
science domains; higher
education context

Context

Quality evaluation was descriptive at the venue level rather than inferential at the
study level. The SCImago Journal Rank (SJR) [44] was used to characterize visibility and
potential influence (24 Q1 venues; 10 lower-quartile; 11 not ranked). Because the SJR does
not capture methodological rigor, it was not used to filter studies. Instead of a separate
risk-of-bias instrument, selection bias was addressed through predefined eligibility criteria,
multi-database searching with harmonized filters, explicit exclusion reasons, and systematic
backward/forward citation checks; gray items surfaced by citations in indexed sources
were considered on equal footing if they met inclusion criteria.

Key limitations include reliance on the SJR as a venue-level indicator rather than a
study-level quality assessment. Additional constraints arise from the unclear peer review
status of a few items, single-reviewer screening with attendant bias risk, and research gaps
that were not systematically verified against the older or adjacent-domain literature.

The analyses were carried out in R using readx1, dplyr, tidyr, ggplot2, patchwork,
and cowplot. We profiled temporal trends (by publication year, language, article type,
and research maturity), quantified the prevalence and evolution of 15 technology cate-
gories, and mapped geographic activity through choropleths aggregated by first-author
country. To surface latent thematic structure and strengthen the face validity of inclusions,
we performed per-article word cloud summaries and constructed bigram networks, fol-
lowing common text mining practice. For topic discovery, we fitted LDA models with
k = 5 topics using the text2vec package; after standard preprocessing, we performed:
PDF text extraction; lowercasing; removal of punctuation, numerals, and single-character
tokens; stop-word and domain-specific high-frequency term filtering; tokenization; and
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construction of a document-term matrix (bag-of-words). The models were trained for
~1000 iterations with collapsed Gibbs sampling. The authors assigned topic labels post
hoc based on the highest probability terms per topic and inspection of representative doc-
uments. Where LDA or the word cloud contradicted the apparent scope of the abstract,
full-text inspection determined eligibility.

4. Results

This section presents a synthesis of the analyzed literature, focusing on visual sum-
maries of the quantitative findings. It provides an overview of the 45 publications retained
after the screening process. Regarding representativeness, it is important to note that, while
research articles often mention multiple technologies, typically only one is the primary
subject of investigation, while others are discussed theoretically or as benchmarks.

For each publication, specific characteristics are recorded, including the technologies
addressed, institution (e.g., university or research institute), the country of origin of the
lead author, year of publication, language of publication, and type of article (research
article, book chapter, etc.). Furthermore, the maturity level of the described technologies
(e.g., theoretical or laboratory-scale) is classified. The data is compiled in a data frame to
enable a comparative analysis across various categories, such as technological maturity,
thematic focus, and structural and geographical patterns.

Figure 5 disaggregates the articles by the maturity level of the underlying research.
Here, the “primary literature” comprises research articles and theses, while all other
publication types are classified as the “secondary literature.” Collectively, these graphs
depict the annual publication volume, the ratio of primary to secondary literature, and
the maturity distribution within the primary sector. As shown in Figure 5, all technology
categories currently under investigation are in early developmental stages, with maturity
largely restricted to the laboratory scale. One technology remains in the pre-research phase,
limited to conceptual design and simulation. Notably, the dissertation by [45] stands out
by bridging laboratory, pilot, and industrial implementation scales for the use of rubber
in asphalt.

3

legend

|:] secondary literature

B primary literature, laboratory

. primary literature, theory

|:| primary literature, laboratory and in practice

o.. .

2020 2021 2022 2023 2024 2025

Figure 5. Annual distribution of publications, categorized by research maturity.

The trend in Figure 5 suggests a decline in the volume of technology-focused urban
mining publications since 2023. Research activity appears to be slowing: following a peak
of ten primary sources in 2022, the count dropped to two in 2023 before rising slightly to
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four in 2024. Although the data for 2025 is not yet fully representative due to the early date
of extraction, the overall pattern indicates a softening of research activity in this domain.

Figure 6 details the number of associated publications by year for each technology
category defined in Section 2.2. The legend corresponds to that of Figure 5: bars distinguish
between primary and secondary literature, with the primary literature further subdivided
by maturity level. For any given category, the total height of the bar corresponds to the
category totals reported.
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Figure 6. Temporal evolution of publication counts per technology category, including research maturity.

A comprehensive summary table (Table 4) listing all 45 included articles is provided
below. It presents a clear mapping of each study to the specific recovery technologies
addressed (e.g., hydrometallurgy, pyrometallurgy, and phytoextraction). This enables
readers to quickly identify which studies focus on particular technological approaches.
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Table 4. Summary of all technologies addressed across the 45 reviewed studies.

Author (Short)

Pretreatment

Electrometallurgy

Composting

SCFE

Combined Technologies

Graphite Recovery
Lanthanide Detection

FJH

Agrawal et al. [37]

» | Hydrometallurgy

% | Wastewater Treatment

= | Phytoextraction

» | Pyrometallurgy

= | Biological Technologies

» | Membrane Technologies

= | Photocatalysis

Al-Sari et al. [17]

% | x | Other Technologies

Alecu et al. [46]

X

Alexandre-Franco et al. [6]

Ambroés [5]

Anwer et al. [47]

Arya et al. [48]

Bhandari et al. [49]

Capodaglio [2]

Castillo-Ramirez et al. [50]

Charpentier et al. [21]

Chen et al. [51]

David et al. [18]

Debnath et al. [52]

Deng et al. [26]

Devahi et al. [12]

Durski et al. [53]

Dushyantha et al. [9]

Erdiaw-Kwasie et al. [38]

Firmansyah et al. [54]

XX | X[ X

Funari et al. [32]

X X[ XX ]|X

Gawronski et al. [55]

Glock et al. [15]

Jha [56]

Kumari et al. [29]

Mahdjoub [19]

Man et al. [27]

Ouro-Salim [10]

Piao [45]

Pathak et al. [20]

Pathak et al. [57]

Pontes et al. [58]

Prodius et al. [59]

Randive [24]

Sedykh et al. [60]

Talens Peir6 et al. [22]

Tejaswini et al. [3]
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Tran et al. [61] X X
Trivedi et al. [62] X X X
Udage Kankanamge et al. [23] X X
Wirman et al. [63]
Wyss et al. [64] X | x X | x
Xavier et al. [1] X
Yatoo et al. [25] X | x | x| x| x X | x
Zhang et al. [30] X X

Not all 45 publications are included in the analysis per technology as in Figures 6-11.

The mere mention of a technology is insufficient for inclusion. Only publications that make

a substantive contribution to the respective technology are considered, for example by

presenting advantages and disadvantages, an application, an explanation, or a research-

related discussion. Some review articles merely list technologies without discussing them

in detail and are therefore not included in this analysis. Furthermore, certain publications

are thematically assigned to other categories, such as pretreatment, and are therefore not

included in this analysis.

Figure 7 presents these dynamics as line graphs, summing the “total” (black) series

over the years for any given technology.

Key observations from Figures 6 and 7 include:

Hydrometallurgy: The primary literature increased initially, peaking in 2022, fol-
lowed by a marked decline with only one recent publication and none recorded in
2025. The secondary literature peaked in 2023 and stabilized at approximately three
publications per year.

Electrometallurgy: No publications appeared prior to 2023. The secondary literature
began in 2023, rising to two in 2024, while the primary literature emerged only once,
in 2025.

Pyrometallurgy: The primary literature shows a general downward trend (peaking
at three in 2022, then dropping to zero in 2023 and 2025). The secondary literature
remained relatively stable between 2022 and 2025.

Biological Methods: Following a single primary article in 2022, the secondary litera-
ture peaked in 2023, dropped, and then rebounded to three items in 2025.
Other/Niche Technologies: “Other processes” contains three primary publications,
though most items are secondary. Graphite recovery (2024) and detection meth-
ods (2022) appear only once in the primary literature. SCFE appears twice in 2022.
No primary publications were found for combined processes, membrane processes,
or photocatalysis.
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Figure 7. Annual publication trends per technology (Blue: secondary literature; Red: primary

literature; Black: total).

Figure 8 displays the joint distribution of publication types across technology cate-

gories. Phytoextraction, though well-established in gold recovery [55], appears as a novel

application area within urban mining (one research article and multiple secondary men-

tions). The situation is similar with composting, which is covered in two research articles,

a review article, and a book on urban mining. Wastewater treatment and electrometal-

lurgy are present in books and at least one research article each. Biological methods show

minimal primary research activity but substantial coverage in the secondary literature.
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Figure 8. Heat map: Publication type by technology category.

Figure 9 illustrates the geographic distribution of research. India demonstrates a
strong concentration of activity, covering almost all technologies with emphases on hy-
drometallurgy, pyrometallurgy, phytoextraction, and biological methods; photocatalysis is
investigated almost exclusively there. The United States and Romania also show breadth,
focusing on hydrometallurgy, while FJH appears exclusively in US-based research. Italy
and Brazil cover a wide range, favoring “other processes,” hydrometallurgy, and bio-
logical methods. Several niche technologies—including FJH, photocatalysis, membrane
processes, phytoextraction, composting, wastewater treatment and electrometallurgy—are
geographically concentrated in a small number of countries.
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Figure 9. Heat map: Frequency of publications by country and technology.

Figure 10 maps urban waste streams to the technologies applied to them. Pyrometal-
lurgy appears most frequently, reflecting its flexibility. In contrast, graphite recovery has
been applied to only one stream to date. The categorizations used include: “Industrial
waste” (e.g., oils and radioactive substances), “Utensils” (everyday objects like cutlery), “In-
frastructure” (streetlights and bridges), “Phosphors” (spent phosphors and lamps), “Trans-
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port (cars, ships and planes),” “Energy sector waste” (e.g., wind turbines), “Plastic waste”
(polymers), “Aluminum” (Al-bearing waste), and “Magnets” (mostly permanent magnets).

Infrastructure

Utensils

Means of transport
uminum

. Catalysts

Mining residues

LEDs and displays

agnets

Clothing & shoes

Jewelry & watches
Industrial waste

Energy sector waste
Waste wood

Paper & cardboard

Tires & rubber

Waste glass

Ores & scrap metals

Soils

Wastewater (salts)
Luminophores / Phosphors
Waste plastics

Batteries

Sewage sludge & slags
Organic waste
Construction and demolition waste
Waste electrical & electronic equipment

Figure 10. Matrix of waste streams and applied technologies.

Finally, Figure 11 depicts the co-occurrence of technology categories. The three most
frequent technologies—hydrometallurgy, pyrometallurgy, and biological methods—often
co-occur, forming a triadic relationship. Wastewater treatment is frequently paired with
hydrometallurgy or membrane processes (the latter often functions as a subcomponent
of wastewater treatment, as noted in Figure 3). Photocatalysis appears exclusively in the
secondary literature and is consistently used in combination with other methods. Graphite
recovery and detection methods are found only in the primary literature and have not
been further developed from other urban mining technologies, which is also reflected in
the fact that there is not a single co-occurrence with the other methods. SCFE is linked to
hydro- and pyrometallurgy, often cited as a “green alternative” [30]. Combined processes
consistently co-occur with hydrometallurgical and pyrometallurgical methods.
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Figure 11. Co-occurrence matrix of technology categories.

https:/ /doi.org/10.3390/su18083947


https://doi.org/10.3390/su18083947

Sustainability 2026, 18, 3947

18 of 27

5. Discussion
5.1. Comparison to Related Work

This paper positions its contributions against related work and demonstrates, in
Figure 12, that it covers all technologies previously addressed while adding five additional
technologies. The PRISMA methodology proved appropriate for the study aims. Its struc-
tured documentation reduces the risk of selective or biased inclusion, increases objectivity,
and ensures full traceability and reproducibility of the selection process. Such a systematic
approach is suitable for decision-oriented questions in practice and research, and it enabled
the identification and classification of additional technologies.

This review

Xavier et al.

Udage Kankanamge et al.
Tejaswini et al.
Ouro-Salim
Erdiaw-Kwasie et al.

Agrawal et al.

Figure 12. Technologies discussed in thematically related works [1,3,10,23,37,38] compared to
this work.

The findings of this paper largely align with the conclusions of related studies (see
Section 2.3). Both this paper and prior work identify the construction and building sector
as well as electronic waste as priority domains. The absence of pilot plants and industrial
research is emphasized in this paper and in related studies [1,10,37], which collectively
indicate the early developmental stage of urban mining. The scarcity of artificial intelligence
applications observed here is consistent with prior evidence [10,23]. Technological deficits
are underscored by the literature [1,3,10,38] and corroborated by this paper. In [10], future
research on the characterization of waste materials is recommended. This study identified
contributions in that direction; regardless, it is recommended to pursue this aspect further.

A notable finding concerns China: although there is substantial work on urban mining
in general, technology-centered primary contributions are largely absent in the present
corpus, which may reflect publication language, indexing practices, or withheld informa-
tion. The backward search nevertheless incorporated numerous references originating
from [10], including studies on industrial practice and challenges [65], national recycling
rates and volumes [66], and the energy-reduction effects of urban mining [67]. The limited
technology focus in China may reflect a scarcity of domestic developments.

Overall, this paper confirms established insights and extends them by delineating
additional research gaps and untapped potentials, documenting further breakthroughs and
innovations, and explicitly linking technologies to applications together with statements
on process effectiveness.

5.2. Research Questions

This section answers the six research questions in a continuous narrative that connects
quantitative patterns with full-text insights. The general picture is that urban mining
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research is technically centered on metallurgical routes, while a handful of newer, urban
mining-specific approaches are beginning to emerge; activity is highly uneven across
countries; and most primary work remains at the laboratory scale, limiting confident
statements about economic and environmental performance in real-world settings.

Regarding the state of research and development (RQ1), multiple views of the data
(Figures 6-9 and 11) converge on a clear focus on hydro-, pyro- and biometallurgy, with
electrometallurgy trailing behind despite the momentum of the policy for the recovery
of critical and precious metals from electronic waste [68,69]. As shown in Figure 7, the
intensive reporting on hydrometallurgy in the form of the secondary literature is preceded
by a phase of increased research activity. It can therefore be deduced that no further
fundamental technological breakthroughs are currently expected; rather, it can be assumed
that only incremental optimizations will occur. This assessment is supported by the
recent literature: recent articles largely refine established unit operations rather than
redefine them, as illustrated by 95% copper recovery through H>SOy leaching and iron
cementation [47], model-guided and experimentally confirmed separations for silver and
tin with yields close to predictions [6], and optimization of nitric acid-driven yield [53].
Pyrometallurgy shows sparse, declining primary activity after 2022 (Figure 7), which
aligns with its industrial embeddedness [54] and suggests a predominantly optimization-
oriented frontier. There is no in-house experimental research on biometallurgy, but it
frequently appears through citation in pre-existing, non-UM literature, which suggests that
the technology is mature. Earlier demonstrations of stirred-tank bioleaching and pilot-scale
techno-economic reasoning indicate technical feasibility with scale-up challenges [49,70]. In
short, the metallurgical core is well-established, and near-term advances are likely to come
from scale-up, integration, pretreatment, and pollution control rather than from radically
new unit operations.

Technology transfer in the urban mining context complements this core. Meth-
ods such as wastewater treatment, composting, membrane processes, phytoextraction,
flash Joule heating, and photocatalysis are largely adapted from adjacent domains; only
three lines—supercritical fluid extraction, graphite recovery from battery waste, and a
luminescence-based detection method for Tb>* /Eu®"—function as genuinely new direc-
tions in the corpus. Wastewater treatment is inspired by hydrometallurgical principles.
The precipitation-based schemes can avoid hazardous residues and generate reusable
by-products such as K;SO4 or ammonium salts [59], a pattern mirrored by the technology
co-occurrences in Figure 11. Composting in UM remains at a proof-of-concept and lab scale;
phytoextraction, despite its pedigree in gold extraction [55], is only tentatively extended
to UM and is often discussed alongside hydro-, pyro- and biometallurgy (Figure 11). FJH
is represented by one research article [26] and a subsequent viewpoint by overlapping
authors [64], and activity is geographically concentrated in only one country, the USA. This
leads directly to the geography of research: India dominates output and breadth across
technologies and is the only country in the corpus with monographs (Figure 9); Roma-
nia matches the United States in thematic breadth despite a smaller academic base and
uniquely features an Academy of Sciences contribution; dissertations are vanishingly rare,
suggesting weak integration into formal academic training; and Africa, along with other
resource-rich regions, is underrepresented despite substantial waste pressures, plausibly
reflecting the persistent cost advantage of primary extraction and capacity constraints.
Overall, the R&D landscape is split into two: optimization and adaptation on one side,
and cautious exploration on the other. It is also overwhelmingly university-based, with
few sequential follow-up studies outside India. These findings make it clear that scientific
progress in the field of urban mining is closely linked to the conditions of the political,
economic, and infrastructure framework. In resource-rich countries, regardless of their
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level of development, targeted scientific strategies for promoting sustainable secondary
resource use are often lacking, as there is currently no perceived need for them.

Technological developments that are driving urban mining forward (RQ2) will be
answered in terms of breakthroughs and innovations. The findings stand out when time
trends (Figure 6) are read together with full-text evidence. SCFE using scCO, and a
TBP-HNO3 complex enables the solvent-benign, energy-leaky extraction of rare earths
from lamp phosphor waste and provides a green alternative to conventional hydro/pyro-
routes [30]. Graphite recovery achieves direct synthesis of graphene oxide from recycled
lithium-ion battery (LIB) graphite using a modified Tour method, reducing the use of
strong oxidants against natural graphite baselines (up to 40% for H,SO4 and 20% for
KMnOy) and leveraging pre-existing defects to improve product purity [29]. The lumines-
cent, spectrometer-free TLC method for Tb** /Eu®* screening offers a robust, low-barrier
tool for source qualification, though scalability and field protocols remain to be demon-
strated [60]. Within established routes, model-guided hydrometallurgical separations were
experimentally confirmed using olive-leaf extracts as greener reductants [6]; engineered
PET-hydrolases now depolymerize PET to monomers with up to 95% efficiency within
about ten hours after immobilization, enabling near-virgin-quality recyclates [3,71]; green
electrolysis with pH-neutral ethylene glycol and LCA-guided optimization shows effective
copper recovery and lower toxicity while indicating lower GHG intensities for UM than for
primary mining (approximately 4.06 vs. 5.44 kg CO,-eq per kg) [63] and electrochemical
routes for rare earth recovery in molten fluoride media suppress anode gas formation [9];
and mechanochemical activation of lamp phosphor waste raises defect density and surface
area to boost leaching and eliminate thermal/chemical pretreatment, increasing rare earth
extraction efficiencies by roughly 20-30% [30,58].

Effectiveness (RQ3), in the context of this discussion, means which technology actually
achieves the respective objective. Effective processes are those that reliably fulfill the
intended purpose, regardless of the effort required. Effectiveness is evaluated based on the
following criteria with the prioritization shown: 1. scalability and success rate in industrial
application; 2. recovery rates (yield) and purity of the recovered secondary raw materials; 3.
diverse application possibilities (versatility) of the technologies are shown in Figure 10. In
Table 5, an overview of the results from these three categories is presented. The following
text provides selected detailed findings.

Table 5. Technology maturity assessment.

Technology Scalability  Yield/Purity Versatility Rank

Hydrometallurgy -
Pyrometallurgy
Biological technologies
Membrane technologies
SCFE

Graphite recovery
Composting
Photocatalysis

FJH

Phytoextraction
Electrometallurgy
Wastewater treatment
Lanthanide detection

+

O+ + O+ + 4+ O+ + + + +
\
W N

N+ OO 4+ OV 4 O

Industrial readiness today is strongest for pyrometallurgy [54], which couples high ex-
traction [1,9,24,37,54], high purity [9] and fast kinetics [9,24,37,54] with established practice but
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at an energy and environmental cost [1,9,20,24,30,37,48,52-54,62]; electrometallurgy is theoreti-
cally scalable but under-evidenced in the literature and green electrolysis reports copper yields
up to about 85% under the studied conditions [63]. Hydro- and biometallurgy achieve high
recoveries and purities [1,9,18,20,24,27,32,37,47,48,50,51,53,58,59,61] in the laboratory but face
effluent, kinetics and scale-up hurdles [1,9,18,20,24,26,32,37,47-49,53,54,56,58,61,62]. Among
transferred methods, wastewater treatment, FJH and photocatalysis have plausible indus-
trial pathways [24,26,64], membrane processes offer niche selectivity, especially for rare or
radioactive species [27], but are fouled and cost-intensive [24,27,37], and phytoextraction and
composting trade recovery efficiency for co-benefits in remediation and soil quality. Across
the groups, FJH and pyrometallurgy emerge as front-runners in effectiveness; photocatalysis
and SCFE form a promising second tier: SCFE performs strongly in purity and recovery, yet
remains sensitive to authentic waste matrices and feed composition. Phytoextraction follows
due to its combined remediation-recovery profile; composting ranks fourth with respect to
industrial recovery criteria, while also providing agronomic benefits.

Links between technologies and application areas (RQ4) are clearest for e-waste and
metallurgical routes: LEDs, displays, batteries, and general e-waste exhibit overlapping
treatability via hydro-, pyro-, and biometallurgical options, with choice mediated by selec-
tivity, kinetics, effluent burden, and scale. In this sense, hydrometallurgy, pyrometallurgy,
and biometallurgy are technology-agnostic scaffolds that can be tuned to similar streams
with different trade-offs.

Finally, research gaps and potentials (RQs 5-6) are visible when the stream-technology
grid (Figure 10) is reinterpreted as a status map, shown in Figure 13. We identified 35 gaps
in general, concentrated by waste stream in aluminum, catalysts, and jewelry/watches,
and by technology in biometallurgy, electrometallurgy, and especially photocatalysis. Pho-
tocatalysis is absent from the primary literature in the review window (Figures 6-8) despite
promising signals from the secondary literature: purities reported above 98%, kilogram-
scale demonstrations and more than 100-fold catalyst reusability [28,64], as well as efficacy
against hydrophobic pollutants [25].

Infrastructure
Utensils

Means of transport
Aluminum ||

Mining residues
LEDs and displays
) Ma%]nets L
Clothing & shoes [lK

Jewelry & watches [ |
Industrial waste
Energy sector waste
Waste wood | [
Paper & cardboard [ |
Tires & rubber |
Waste glass
Ores & scrap metals
Soils ]
~ Wastewater (salts)

Luminophores / Phosphors ||
Waste plastics ?
Batteries
Sewage sludge & slags
Organic waste
Construction and demolition waste
Waste electrical & electronic equipment

Figure 13. Technologies for different types of waste; red: unsuitable; dark blue: researched; grey:
questionable; light blue: potential; white: research gap.

The potential of the system falls into three motifs: first, the broader application of ma-
ture methods, e.g., biological routes, FJH, SCFE, membrane processes, composting, and the
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luminescent detection approach to additional waste streams; second, the potential for better
scalability of technology such as electrometallurgy and hydrometallurgy, where effluent
management engineering, energy integration, and plant-level control could unlock wider
deployment; third, the potential to further develop the technology itself and its application
area, for combined and other processes as well as graphite recovery, which is presently con-
fined to batteries and represented by a single research paper. From a long-term perspective,
scaling up to an industrial scale and applying it to other types of waste appears promising.
The literature on process combinations predominantly names hydro-pyro, hydro-bio, and
hydro—-electro pairings and even hints at hydro—pyro—-photocatalysis, but typically without
experimental detail, making this an especially promising target for focused primary studies
or a dedicated systematic review. Because other processes aggregate heterogeneous ideas
from solvolysis and reuse to asphalt rubber and mineral fillers [15,17,19,45,57], general-
ization is premature and deeper experimental programs are warranted before efficiency,
purity, and scalability can be credibly rated.

Figure 14 shows, on a color-coded world map, the countries where urban mining
research is taking place. Only primary sources are considered, i.e., research articles and the
dissertation. The color scale visualizes the number of published research papers (light blue
= one, dark blue = two, red = >three, and yellow = zero). It should be noted that Palestine
and Singapore are difficult to identify on the world map due to their small geographical size.
The light blue coloring of these countries is barely perceptible. The majority of scientific
work originates from Europe, Asia, and North America. This concentration underscores
that urban mining research has thus far been largely confined to technologically more
advanced regions with established scientific infrastructure. Globally, however, the number
of primary publications remains low overall. India is the focal point of research activity.
Against the backdrop of an increasing global population, a trend towards urbanization,
and a worldwide rise in the consumption of primary raw materials, it can be assumed
that more countries will increasingly contribute to urban mining research in the future.
In particular, densely populated areas, which are often found in the “white spots” on the
urban mining technology map, offer a low-threshold entry point into the research topic
due to the large number of existing urban mines.

A

N

A

6000 km

A hydrometallurgy ¢ pyrometallurgy M other techs © biological techs ® waste water treatment

Figure 14. World map: Locations of the primary literature with the five most common technologies.
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5.3. Economic Feasibility and the Reverse Supply Chain

Although the technical effectiveness of breakthrough technologies (RQ3) is promising,
the transition from laboratory success to industrial viability is frequently obstructed by
factors beyond the reaction vessel. As noted in the literature [1,65], urban mining is often
hindered not by a lack of fundamental technology, but by the complexities of the Reverse
Supply Chain. The economic feasibility of the identified breakthroughs is highly sensitive
to the costs of collection, sorting, and transportation. For technologies such as FJH or su-
percritical fluid extraction to achieve competitive economies of scale, they require a steady,
high-volume influx of specific waste streams. However, the decentralized nature of WEEE
generation often leads to high logistics costs that can outweigh the value of recovered sec-
ondary raw materials. Furthermore, many of the green alternatives identified in this review
(e.g., bioleaching or SCFE) currently lack the process speed of traditional pyrometallurgy.
In an industrial context, the trade-off between environmental footprint and throughput
remains a significant barrier. Future research must therefore move beyond bench-scale
yields and incorporate techno-economic signatures that account for the reverse logistics
and the energy required to aggregate dispersed urban ore into centralized processing hubs.
Without addressing these systemic costs, even the most efficient breakthrough remains a
niche laboratory application rather than a scalable industrial solution.

6. Conclusions

This research maps the technological state of the art in urban mining and assesses where
breakthroughs, effective practices, and research gaps lie. Using a systematic review guided
by PRISMA in Web of Science, Scopus, Google Scholar, ScienceDirect, and SpringerLink, we
targeted records with the exact phrase "Urban Mining" in the title and restricted the window
to 2022-2025. After deduplication and multistage screening, 45 publications were included.
All screening and extraction processes were performed by the author; eligibility, coding, and
synthesis steps were specified ex ante and documented for reproducibility.

Three high-level conclusions emerge. First, the technical focus in urban mining remains
firmly metallurgical. Hydrometallurgy, pyrometallurgy, and—more unevenly—biometallurgy
dominate topical coverage, while electrometallurgy is only beginning to appear. Evidence
points to maturity rather than radical novelty: hydrometallurgical work in the period largely
optimizes established unit operations and chemistries, pyrometallurgy is industrially embed-
ded but only sporadically research-active, and recent biometallurgy contributions in the corpus
cite earlier non-UM foundations rather than introducing new experimental lines. Primary
work is overwhelmingly at the laboratory scale, with scarce pilots and industrial demonstra-
tions, which limits firm conclusions about techno-economics, environmental performance,
and operational feasibility under real-world conditions.

Second, a small set of truly new directions complements these established routes:
SCFE using sc and CO, with a TBP-HNO; complex for rare earth recovery from lamp
phosphor waste; direct synthesis of graphene oxide from recycled LIB graphite; and a
robust, spectrometer-free luminescent thin-layer chromatography method to screen for
Tb** /Eu®* in aqueous media.

Third, the geography and institutional foundations of the field are uneven. India
stands out for breadth and intensity across technologies and is the only country repre-
sented by monographs in the corpus; dissertations are virtually absent; and research is
concentrated in universities, with comparatively few contributions from research institutes
or industry. Regions with abundant, low-cost primary resources and/or limited research
capacity remain underrepresented, which helps to explain the modest global publication
volume and the small number of sequenced follow-up studies.
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Overall, the results, in agreement with the literature, indicate an early developmental
stage with limited pilot and industry-scale activity and little visible use of Al This work
also identified a promising research gap in photocatalysis for urban mining.

Three priorities for future research follow. First, growth in UM research is likely in
densely populated regions without strong primary resource bases, and studies of anthro-
pogenic deposits and waste streams should be explicitly coupled with technology develop-
ment. Second, transferring and combining separate approaches could be promising—for
example, phyto-mineralization followed by metallurgical recovery and then compost-
ing/biogas treatment of detoxified residues, integration of waste heat and CO» from biogas
plants into algal reactors, chemical regeneration loops, and Al-supported logistics—along
with renewed attention to pretreatment because it is a general lever for yield and cost.
Third, pilots and demonstration plants are needed to quantify efficiency, scalability, costs,
and environmental impacts. With these steps, urban mining can shift from promising
laboratory concepts to low-impact scalable technologies aligned with the objectives of the
circular economy.
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