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Abstract: Materials are continuously accumulating in the human-built environment since massive
amounts of materials are required for building, developing, and maintaining cities. At the end of
their life cycles, these materials are considered valuable sources of secondary materials. The in-
creasing construction and demolition waste released from aging stock each year make up the
heaviest, most voluminous waste outflow, presenting challenges and opportunities. These material
stocks should be utilized and exploited since the reuse and recycling of construction materials
would positively impact the natural environment and resource efficiency, leading to sustainable
cities within a grander scheme of a circular economy. The exploitation of material stock is known as
urban mining. In order to make these materials accessible for future mining, material quantities
need to be estimated and extrapolated to regional levels. This demanding task requires a vast
knowledge of the existing building stock, which can only be obtained through labor-intensive,
time-consuming methodologies or new technologies, such as building information modeling
(BIM), geographic information systems (GISs), artificial intelligence (AI), and machine learning.
This review paper gives a general overview of the literature body and tracks the evolution of this
research field.

Keywords: urban mining; material stock; circular economy; building information modeling (BIM);
geographic information systems (GISs)

1. Introduction

There has been a surge in interest in the circular economy as a research subject in
recent years [1]. According to the present authors, sustainability issues, resource scarcity,
waste management, and progressive policies are driving this interest. The traditional
economic model takes a linear approach to resource utilization, beginning with extract-
ing raw materials from the natural environment and transforming them into products;
these products are discarded as waste in the end-of-life phase. The pollution generated at
each step receives little to no attention. In this linear economic model, economic goals
take precedence over environmental and social concerns [2]. Economic growth, accord-
ing to researchers, leads to the depletion of natural resources and a reduction in the nat-
ural environment’s generative ability [3]. As a result, the circular economy was devel-
oped to decouple economic growth from natural resource depletion [4]. However, the
term circular economy does not have a fixed definition [1]. It was initially portrayed as a
way to achieve a closed-loop material flow within the economic system [5] or a “cra-
dle-to-cradle” system, as McDonough (2007) describes it [6]. One consequence of this
interpretation of the circular economy is that it fails to distinguish between distinct types
of circularities. As a result, the academic community has primarily focused on closing
material loops, where the value of resources is maintained through recycling in what can
be described as a “traditional” approach to cleaner production, with much less attention
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paid toward slowing down the loops [1]. According to Graedel (2011), the recycling effi-
ciency of metals is the sum of the efficiency of each step leading to the production of
secondary raw metal [7]. 75 percent of waste metals will not be recycled due to losses at
each stage. Therefore, it is important to reduce the number of steps by using other forms
of circularity.

According to Sauvé et al. (2016), the circular economy model can be a production
model that aims to extend the useful life of products by favoring the possibility of repair,
refurbishment, and reuse [2]. Slowing materials loops entails creating long-life products,
starting with a durable product design; then, its value is extended through remanufac-
turing, repair, refurbishment, and reuse practices [8]. Many researchers nowadays prefer
reuse to recycle or backfilling practices [9,10].

A linear economy based on the take, make, and dispose approach subsequently led
to a linear material flow. Coupled with urbanization, an unprecedented amount of ma-
terial has accumulated in urban systems. The accumulated materials are known as “an-
thropogenic resources” [11]. In order to describe the size of anthropogenic resources,
suffice to imagine that over three hundred years of mining, more than 80 percent of the
world’s natural resources—resources that could be used for production—were extracted
and accumulated above ground. A substantial portion of it is now waste [12]. The an-
thropogenic stock of gold, silver, lead, and zinc exceeds the known natural deposits,
while the anthropogenic stock of copper and iron is equal to known natural deposits
[13-17]. Moreover, half of the extracted amounts of copper and iron are no longer in use
[18,19]. Furthermore, Krausmann et al. (2017b) estimated that 35 percent of the in-use
materials in 2010 will be disposed of as waste by 2030, which is approximately the same
amount of waste generated in the last 110 years combined [20]. It is, therefore, safe to
assume that the linear model is unsustainable and will lead to the depletion of
non-renewable virgin resources. Due to this linear consumption pattern, urbanization,
and industrialization, humans have extracted vast amounts of materials, most of which
accumulated in urban areas [20-23]. On the one hand, urban areas are considered eco-
nomic powerhouses, accounting for 85 percent of global GDP [24]. On the other hand,
they account for 75 percent of natural resource consumption, 50 percent of global solid
waste generation, and 60-80 percent of greenhouse gas emissions [25]. In line with the
above, attention was drawn to the exploitation of these anthropogenic resources through
a process known as urban mining to replace and complement the extraction of unre-
newable natural resources [22,26]

In this paper, we review the development of urban mining as a research subject.
Following the introduction section, the research methodology is presented in Section 2.
Section 3 introduces the metabolism concept in industrial ecology, the theoretical root
for urban mining. In addition, we aimed to organize and classify the literature body to
identity urban mining research. In Section 4, an extensive review of urban mining liter-
ature from conception until present-day state-of-the-art research and future possibilities
is presented. This paper’s contributions include (1) analyzing the leading academic re-
search in academic databases and classifying them based on research objectives into four
categories: waste management, production and consumption, environmental impacts,
and urban mining and secondary resources; (2) comparing related articles concerning
their methodologies, research objects, and scopes to track the research evolution and re-
sults; and (3) identifying the current research gaps and potential future research direc-
tions.

2. Research Methodology

Due to the interdisciplinary nature of research on urban mining and material stock
and the lack of unified definitions and terminologies, we decided that a systematic re-
view was not the best approach to collect literature; instead, selective snowballing
methods were used, as snowballing studies are less affected by diverse terminologies
[27]. We started by searching Scopus, Web of Science, and Google Scholar databases for
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the terms “Urban Mining” and “Material Stock” and after reviewing the results one by
one, we chose the most cited paper that matched our scope [14], which was the seed pa-
per for this review. The reason for choosing only one paper was that most of the search
results were on e-waste mining. Therefore, these papers did not fall into this review
scope. We started a backward snowballing search by looking at the references list from
the seed paper and selecting the most related paper to our scope. Then, we performed a
forward snowbealling search from the seed paper and the set of papers extracted from it
using the Google scholar “cited by” filter. We continued with the same process, and we
stopped the snowballing when no paper relevant to this research could be found. A ma-
jor drawback of the snowballing methods is that snowballing is affected by the authors’
subjective judgments on which papers are worth exploring, and this may result in miss-
ing some literature that still falls within the scope of the paper.

3. Industrial Ecology and Urban Metabolism

Baccini and Brunner defined the anthroposphere as a “complex system of energy,
material, and information fluxes” in their book The Metabolism of the Anthroposphere [26].
They coined the term “anthropogenic metabolism” to describe human society’s material
and energy turnover, similar to that of living organisms. They noted that the anthropo-
sphere is constantly changing due to man’s “biological and cultural needs.” Material
stock is built up over time as goods that serve as “carriers of materials” accumulate.
They also viewed cities as an unhealthy form of accelerated anthroposphere expansion
that would eventually collapse due to resource scarcity and pollution.

In this context, the concept of metabolism is not new. Several authors used various
approaches to interpret metabolism from a social and industrial standpoint [28]. The
term “urban metabolism” was coined by Wolman (1965), who defined it as “the materi-
als and commodities needed to sustain the city’s inhabitants, ... The metabolic cycle is
not complete until the wastes and residues of daily life have been removed and disposed
of with a minimum of nuisance and hazard” [29]. According to Fischer-Kowalski (1998),
this definition was the first attempt to conceptualize metabolism in industrial societies
[28]. Later, in 2007, Kennedy et al. (2007) defined urban metabolism as “the sum total of
the technical and socio-economic processes that occur in cities, resulting in growth,
production of energy, and elimination of waste” [30]. The concept has evolved; the term
“socio-economic metabolism” was coined to describe the extended notion of metabolism
[31] as the set of all anthropogenic flows, stocks, and transformations of physical re-
sources, as well as their respective dynamics [11,32]. Wolman used mass balance princi-
ples to quantify urban metabolism in his 1965 study [33]. This study was a driving force
behind creating economy-wide energy and material flow accounts [31]. Studying urban
metabolism has gained popularity worldwide, showing the importance of understand-
ing material flows and accumulation processes and how they are critical to cities’ sus-
tainability. The result was a perfect storm in academia that propelled material flows and
stocks to the forefront of industrial ecology and metabolism research. Today, industrial
ecology is a well-established research field that is specifically interested in analyzing
material flows and quantifying stocks (both in and out of use) to better understand so-
cial, economic, and ecological real-world issues [11,32-35]

The Role of Material Stock in Industrial Ecology Research

Material stocks are considered the building blocks of society due to their essential
social, economic, and ecological roles. Material stock, such as buildings and infrastruc-
tures, deliver services to society, such as shelter and transportation. At the same time,
they are considered capital containers that require significant monetary investments.
Most resource use and emissions that are generated arise from buildings through using
and maintaining these stocks [32]. Therefore, the literature on industrial ecology and
urban metabolism has a diverse set of goals and drivers. It is also constantly branching
out into new fields and applications, with one of these being urban mining. Therefore,
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categorizing the body of the literature solely based on purpose is difficult. Nonetheless,
in Table 1, we attempted to organize the literature into four main categories based on the
purpose of each article for the sake of simplicity. However, these categories are inter-
connected, and many articles fell into more than one category.

Waste management: This category included all waste and resources efficiency con-
cepts [34,36,37], current recycling and recovery rates, and the future potentials in light of
policy frameworks and/or management systems, which are themes that are generally
addressed in this category of research. For example, Graedel’s (2011) study evaluated
the recycling potential of metals in the periodic table and discussed factors influencing
recovery rates [7]. Similarly, [35] and [38] examined copper and zinc global anthropo-
genic cycles, respectively, to estimate the end-of-life recycling rates. Ciacci et al. (2017)
investigated the stock and flow of PVC in the EU-27 countries. Its findings showed that
two-thirds of PVC stock are still in use, while one-third is wasted and mostly landfilled
with a low recycling rate. Thus, the author proposed several policy interventions [39].
Similar findings were presented in another study [40]. Furthermore, the literature shows
an interest in quantifying the current and future waste flows. The general methodology
of such research can be described as a retrospective stock pattern estimation that allows
a prospective forecasting model for future waste generation to be created [41-53]

Production and consumption: This category included research that focused on the
evolution of stocks and flows over time, highlighting the increasing consumption and
accumulation of stocks [20,22,49,54-67]. Typically, it included forecasting future de-
mand, similar to the general methodology described in the previous category. Several
studies provided indicators based on stock levels, such as materials’ saturation in indus-
trialized countries [63-66], and socio-economic indicators, such as the decreasing hous-
ing stock in developed countries [67] in contrast to a housing deficit in developing coun-
tries [68]. In other words, researchers here attempted to explore and understand the re-
lationship between stock levels and production, consumption, social welfare, popula-
tion, and income, along with other parameters [60,68-74].

Environmental impacts: A significant part of the literature addressed the ecological
implications of material flows and stocks. Many studies examined the correlation be-
tween GHG emissions and material stocks [46,75-80], while others estimated
wood-based materials or “carbon stock” [81-83], and there was also an interest in ana-
lyzing energy use retrospectively [20,84-86] and estimating future energy demand [87-
92]. In short, this part of the literature is significant because it presents various scenarios
that demonstrate the magnitude of environmental harm that can be averted [52,93], es-
pecially in the context of renovation activities and retrofits that extend the life of build-
ing stock rather than end it [94-96]. Furthermore, they provide a road map to meet glob-
al climate targets [43,97]. In addition, there are several growing trends in terms of energy
generation technologies and the transition to clean energy. Stock levels, materials re-
quirements, and materials efficiencies are all factors to consider [98-101]. Other studies
were more concerned with natural disasters: earthquakes, tsunamis, and floods. They
estimated the losses in material stocks that are considered an unexpected waste flow.
They also estimate the amounts of material needed to restore previous levels of econom-
ic growth [102-105].

Moreover, some studies examined the effect of global warming on the economy,
e.g., by estimating lost stock due to the rising sea level [106,107] and the effect of war on
stock levels [108,109]. However, those might be better suited under the “urban immune
system,” which is a unifying framework for urban resilience that expands industrial
ecology research on urban risk management [110].

Urban mining and secondary resources: This last category includes research that
looks at material stock from a future secondary resources standpoint. Any research can
be considered an asset for urban mining literature independent of whether the authors
refer to urban mining. According to Graedel (2011), three main questions must be an-
swered to assess the potential of urban mining. How many materials are there? When is
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it going to be available? What form does it take? [7]. Thus, any research that answers one
or more of these questions is critical to urban mining as a developing field.

Table 1. The four categories of material stock research.

Geographical Scope Methodological Ap-

Category Purpose and Materials proach

Forecasting Model Examples

Forecasting and com-
paring future input and Geographical scale: Top-down retrospec-
output flows. Recycling national and global.  tive dynamic flow

Waste Man-
acement and recovery rates and Materials: metals, analysis is commonly Yes [7,38-40]
8 policy and manage-  construction aggre-  used, unlike a bot-
ment systems are reoc-  gates, and plastic. tom-up analysis.
curring themes.
Studies the evolution of .
Geographical scale:
) stocks and flows over .
Production . . national and global. Top-down retrospec-
time. Forecasting and . . .
and Con- . . Materials: metals, tive dynamic flow Yes [20,41,49,67]
. comparing future input . .
sumption construction aggre- analysis.
and output flows, e.g., ates
demand for metals. gates.
Examines the correla-
tion between GHG  Geographical scale:
emissions, energy de- regional, national, and Yes, especially en-
Environmen- mand, and material global. Top-down retrospec- ergy demand and
. ; . . . [56,77,79,91]
tal Impacts stocks. Global climate = Materials: metals,  tive stock analysis. =~ scenario-based
change and natural construction aggre- forecasting.
disasters are also reoc-  gates, and wood.
curring topics
) Geographical scale: Bottom-up static stock .
Urban Min- . . . grap . .p No, instead, some
. Estimating material  urban and regional.  analysis and occa- . .
ing and Sec- . . . studies estimate
stock for future exploi- Materials: metals,  sionally a retrospec- L [111-114]
ondary Re- . . . . . the demolition
tation construction aggre- tive dynamlc analy51s
sources curve.
gates, and wood. are performed.

4. Urban Mining

In 1969, Jane Jacobs put forward the seed of what would later become urban min-
ing. In her book, The Economy of Cities [115], she mentioned that future cities “will be-
come huge, rich and diverse raw materials mines. These mines will differ from any now
to be found because they will become richer the longer, they are exploited; new veins,
formerly overlooked, will be continually opened.” Years after Jacobs, in 1988, Japanese
professor Randolph Nanjo noted that the grade of the metals used in products accumu-
lated in the anthroposphere exceeded the grade of natural deposits. He referred to the
area of accumulated materials on the Earth’s surface as “urban mines” [17]. Mining,
which in its traditional sense refers to the extraction of minerals from natural deposits in
the Earth’s crust, was used to refer to the process of anthropogenic resources utilization
and exploitation. Urban mining is, therefore, a metaphor for describing these activities.
Similar to traditional mining, which consists of several stages of prospecting, explora-
tion, development, and exploitation, the stages of urban mining begin with prospecting,
which entails researching areas with urban mines, then exploration, which entails quan-
tifying the stock, and finally, determining the feasibility of exploitation [22,116-118].

Urban mining is considered one of the strategies for transformation to a circular
economy [15,60,119-122]. Urban mining, however, does not have an exact definition but
generally refers to the recovery of materials from anthropogenic resources [13]. The term
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may include energy recovery [123] and product design [7,11]. The concept is known
throughout the literature; however, authors used different terms to describe it, such as
secondary mining, waste mining, mining above ground, and landfill mining [13]. Alt-
hough the latter refers to the processing of accumulated waste that is located in waste
dumps and structured landfills [124], it originated from the waste management field
[14]. According to Cossu et al. (1996), landfill mining differs from urban mining; the au-
thor argues that the main driver of landfill mining is not the recovery of materials [125].
Urban mining, therefore, extends landfill mining to the process of the recovery of mate-
rials [118,126]. Perhaps the most comprehensive and inclusive urban mining definition
comes from Johansson et al. (2013), which includes in-use stocks, landfills, tailing ponds,
slag heaps, hibernating stocks, and dissipated metal resources [13]. However, the litera-
ture is still quite divided on what is an appropriate definition for urban mining. For in-
stance, Cossu and Williams (2015) stated that “urban mining should refer to the exploi-
tation of anthropogenic stocks”; the authors further add, “the term is widely used for
describing almost any sort of material recycling.” The authors argued that material
stocks in a defined location, such as buildings and infrastructure, may not vary over
time. In contrast, material flows may change from year to year, depending on the eco-
nomic situation, trends, and technical innovations, making it difficult to estimate the
flow since accurately estimating quantities is crucial for urban mining because it is firm-
ly based on economic feasibility [15].

4.1. Materials under Study

The urban mining of material stock initially focused on e-waste, motivated by the
high concentration of expensive rare earth minerals [15]. In other words, urban mining
was considered where economic incentives were high [7]. Then, the focus shifted to hi-
bernating stocks, which are abandoned material stocks that have yet to be collected for
waste management [23]. These stocks were soon estimated and realized to be relatively
small, accounting for less than 10% of the anthropogenic stock [127-129]. Again, the fo-
cus shifted this time toward in-use stock, driven by industrial ecology and so-
cio-economic metabolism studies [32]. In-use stock, namely, buildings and infrastruc-
ture, is the largest anthropogenic stock and the most prominent product of the urban
environment. However, in-use stocks are considered the black box of anthropogenic re-
sources [130] due to the difficulty of estimating stock depositories. Several studies have
estimated that buildings and infrastructure account for more than 50 percent of all met-
als used [131], making it the largest urban mine compared to other anthropogenic stocks.

4.2. Urban Mining Benefits

The benefits of urban mining go beyond reducing the extraction of non-renewable
resources and reducing or eliminating waste to mitigate the environmental impacts of
traditional mining [11,14,132]. Graedel (2011) stated, “It should be clear at this point that
the successes to date are not very significant or exciting, and that enormous challenges
remain. Nevertheless, urban mining does matter. Every kilogram recovered and reused
displaces a kilogram that must be mined and processed, with all the environmental, so-
cial, and economic implications those actions entail” [7]. In China, for example, alumi-
num extraction and production accounted for 17,000 kg of greenhouse gases (GHG) per
ton in 2008, while recycled aluminum accounted for 715 kg, or 237 times less [133,134].
Furthermore, according to another study [135], recycling iron was predicted to save 96.3
million tons of coal and 32.0 million tons of aluminum by 2020, while recycling copper
was expected to save 1305.5 million tons of water and eliminate 1255.9 million tons of
solid waste. In conclusion, urban mining is essential in the transition toward a circular
economy and sustainable cities. Furthermore, it might just be the answer to some deep-
ly-rooted global problems.
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4.3. The Methodological Framework for Urban Mining

Material flow analysis (MFA) is one of the most widely used methods for examin-
ing a specific socio-economic system’s material and energy flows. Based on the first law
of thermodynamics, “in any process of physical transformation, matter can neither be
created nor destroyed.” Material inputs are always equal to material outputs plus the
material that is stocked, i.e., the build-up, in the system. MFA is defined as “a systematic
assessment of the flows and stocks of materials within a system defined in space and
time.” It connects the material’s sources, pathways, and intermediate and final sinks
[136]. MFA can be applied to any socio-economic system at any scale, such as global and
national economies, a specific economic sector, a company, a city, or even a household
[20,52,60,74,137,138]. In terms of time, static analysis can capture the material flow
and/or stock over a specific period, usually a year, although this is less common
[132,139]. Alternatively, dynamic analysis can be used to capture the evolution of mate-
rial flow and/or stock over a more extended period [20,45]. MFA characteristics make it
an attractive tool in resource, waste, and environmental management, as well as sec-
ondary resources utilization [34,136]. In urban mining, two main methods are typically
used: a bottom-up method and a top-down method. Both methods are used for analyz-
ing material flows and stocks with varying degrees of detail [140].

4.3.1. The Top-Down MFA

A top-down method is used for larger areas at a macro level, such as global and na-
tional economies, over extended periods. Typically, the in-flow data are obtained from
macroeconomic statistics, which are typically available. However, outflows are harder to
obtain. Therefore, the top-down approach is used in combination with the product’s life-
time estimations [141,142]. The results of this method are highly aggregated and lack
spatial resolution. Therefore, it has significant limitations and uncertainties when ana-
lyzing small geographical areas, such as cities, where there are insufficient statistics
[57,143,144]. The general theory behind using the top-down method in urban metabo-
lism is that stock accumulation follows per capita wealth. Thus, national figures can be
scaled to urban regions, e.g., per capita gross domestic product [7,137].

4.3.2. The Bottom-Up MFA

A bottom-up method is a coefficient-based approach for quantifying material stocks
and identifying flow behavior [60,114]. It entails splitting the stock into distinct material
compartments based on their usage (e.g., buildings, vehicles) and then calculating the
amounts of material in those compartments by multiplying the material composition in-
dicators, such as the material intensity coefficient, by the physical parameters that define
the size of the compartment (e.g., floor area and height). A bottom-up model offers high
levels of detail, and the results are typically more accurate than a top-down model.
However, this approach is labor- and time-intensive [138,141]. To measure the building
stocks, the bottom-up method requires field inspections and construction plan analysis,
among others. Thus, it is usually used on a narrow scope to evaluate a specific material
in a specific year for small geographical areas [49,141]. The accuracy of this method is
determined by the material under study, the chosen compartment, and the knowledge of
material compositions [22]. Therefore, data availability is a significant limitation. A
broad scope of research would necessitate a massive amount of data; insufficient or
poor-quality data would result in a high amount of uncertainty and inaccurate stock es-
timations [141]. As a result, a bottom-up approach was used in only 6 studies out of 60
that were reviewed by Miiller et al. (2014) [145]. Nonetheless, bottom-up MFA is advan-
tageous in terms of spatial resolution provision. It provides all the necessary details and
accurate results for stock estimation or urban mines. In the 2015 study, Professor Tani-
kawa and his research team emphasized the importance of bottom-up efforts for coun-
try-specific studies [138]. This approach, we believe, is the best fit in terms of urban
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mining and quantifying urban mines because urban mining is a practical tool for change;
after all, “Man can think globally but must act locally” [26].

4.4. The Evolution of Urban Mining Research

Early research that was focused on forecasting future waste briefly discussed this
future waste’s availability as secondary resources. Miiller (2006) [41] developed a model
for forecasting the material demand and waste flow of concrete in Dutch dwellings. Hu
et al. (2010) [48] considered iron and steel in Chinese residential buildings in a similar
manner. Both studies found a decrease in demand and an increase in waste output
eventually. Both studies attempted to explain these findings from a variety of perspec-
tives. However, both agreed that the main factor was that the rate of stock accumulation
was faster than the rate of waste generation in the early stages of economic develop-
ment. As the economy expands and more materials accumulate in the system, more
waste from aging stocks is generated until the economy reaches a point of material sat-
uration or full economic development. It does not require as many material inputs as it
did previously. Because of the long lifespan of durable stocks, such as buildings, de-
mand begins to decline, and the waste generated from old stock increases; however, a
recent study showed that the demand for materials in some countries remained high,
even after saturation levels, due to maintenance requirements [146]. Muller explained,
“stocks are essentially integrals of flows, meaning that relatively small changes in stocks
have significant consequences for the flows.” This was especially evident in Hu et al.’s
findings, which showed that iron and steel waste scrap from residential buildings, if ef-
ficiently recycled, could cover or exceed the future demand. A similar approach was
used by Hashimoto et al. (2007) [42] to investigate construction minerals and aggregates
in Japan for buildings and infrastructures. However, despite the fact that the research
revealed a similar trend of decreasing demand, the authors concluded that the amount
of waste generated would remain lower than the demand; this indicates a consistent in-
crease in stock or that a significant amount of materials that were previously accounted
for as stock are now in their final sink as dead or dissipated stock. It is not always the
case that all input materials generate a waste flow in the future. In order to address these
constraints in a later study [47], the authors classified construction minerals’ input flows
into four categories: potential wastes and secondary resources, potential dissipated ma-
terials, dissipatively used materials, and permanent structures. This classification system
assumes that not all material inputs and stock will generate waste in the future and by
excluding non-waste-generating materials, such as missing or dissipated stock, future
waste flows and current material stock can be more accurately estimated. However,
these studies remain insufficient for accurately quantifying future waste as secondary
resources due to many shortcomings. It can be inferred, for example, that this model is
highly dependent on the material under study and its pathway. Concrete in infrastruc-
ture is more likely to be abandoned and left as hibernating, dead, or dissipated stock.
Furthermore, it lacks the spatial resolution of the material compartment, making it im-
possible to determine the physical location of these missing or dead stocks. This is at-
tributed to the methodological framework since these studies take a top-down approach
at a macro-level by considering various parameters that negatively affect the final result,
where perhaps the most important examples are the lifespan assumptions [142]. Moreo-
ver, a dynamic top-down model requires a long temporal scale for the data to provide
an accurate projection. However, this does not consider the variation of material content
over time, e.g., renovation activities.

Meanwhile, Lichtensteiger and Baccini (2008) [147] and Wittmer and Lichtensteiger
(2007) [44] used a bottom-up approach, what they called the “ark-house method,” to
study the copper stock in Swiss buildings. This method consists of three steps. It starts
with identifying the stock; then, a sample of the stock is physically surveyed and inven-
toried to determine critical parameters, including the copper content. Finally, a dynamic
top-down MFA model was compiled to describe the copper stocks and flows. The goals
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are to estimate the quantity and quality of copper in building stock and the variations in
quantity and quality over time, thus providing more accurate estimates of future availa-
bility as secondary resources. Although they chose Switzerland as the system boundary
for the data availability at a national level, they argued that Switzerland has the size of a
region. Therefore, the method is applicable on a regional or urban scale. Similarly, [46]
took the same approach to investigate the Chinese building and infrastructure stock.
However, it is still not spatially detailed enough for realistic urban mining estimations.

4.5. Overcoming Methodological Limitations

Despite its shortcomings in quantifying future secondary resources, early studies
were essential for opening the black box of stocks and better understanding their be-
havior. These studies paved the way for more accurate quantifications of stocks. In other
words, they provided a proof of concept for urban mining and are considered to be ur-
ban mining’s early stage of prospection [118]. Nowadays, the bottom-up MFA is de-
scribed as the second stage of exploration in urban mining. Detailed information about
the stock is calculated based on micro-level studies [118]. However, as we pointed out
earlier, bottom-up MFA is a time-, labor-, and data-intensive method. Material intensity
coefficients (MICs) are needed to calculate the amount of material within the stock when
using the bottom-up MFA. MICs are multiplied by the volume of the compartment to
calculate the mass of stocked material, which are then aggregated to provide an estimate
of the total mass. MICs are similar to density (kg/m?3). While the compartment volume
represents the actual parameters of the selected compartment, e.g., in building stock, the
volume of the building is given in cubic meters. For example, if the steel in a building
were to be calculated, the MIC for steel specific to the building and the building volume
is needed to calculate how much mass of steel is used in that building. This is a straight-
forward explanation for a couple of complicated issues. The first is the MICs’ availabili-
ties, which will be discussed first in the next section, while the second issue concerning
the compartment’s physical parameters, e.g., the building’s volume and how to acquire
such data, will be discussed in the following section.

4.5.1. Bottom-Up MFA and Material Intensity Coefficients (MICs)

The MIC datasets are not readily available; they are site-specific and highly affected
by local conditions (architectural trend, economic development, etc.) [143]. Therefore,
authors typically need to extrapolate MIC data from multiple sources, including a site
investigation, architectural data, construction codes and standards, construction blue-
prints and documents [114,144,148-152], company data [153], energy requirements
[130,149], and cadastral maps [111,112]. Using a combination of sources is the norm since
the data content and quality of information vary considerably between different sources
[148], making it an essential practice to reduce uncertainties [154]. MICs research often
focuses on residential buildings considering that most of the building stock comprises
these buildings [143]. On the other hand, non-residential buildings received less atten-
tion [144]. Nevertheless, the general procedure is similar. It can be summarized as fol-
lows: buildings are categorized according to several features and characteristics, e.g.,
building types, such as single-family or multiple-families in case of residential buildings
[143,155], or in terms of energy use or energy efficiencies, such as heated non-domestic
buildings or social infrastructure in the case of non-residential buildings [144]. Other
features include the type of structure [53,119,154,156], or what is generally known as
“archetypes” [96,141]. Typically, a few buildings of each category are samples. Then the
physical size of the buildings is calculated, e.g., volume (m?). Then, the MIC specific to
each material is calculated by the means mentioned above as a density (kg/m?). Finally,
the result gets generalized to the whole stock, and estimates of material quantities are
made. To overcome this complexity, researchers have developed several frameworks
that link the materials cycle to the services provided by the products containing the ma-
terials while in use rather than the products or the compartments themselves [36]. In-



Buildings 2021, 11, 388

10 of 19

stead of investigating a building by volume, it can be done by its service unit, e.g., the
floor area (m?); in that case, MICs would be in kilograms per service unit. It is worth
noting here that, recently, several studies have taken a novel approach driven by circular
economy principles. This approach focuses on components that are complex assemblies
of materials within buildings, e.g., windows and bricks, rather than focusing on the ma-
terials that make up these components to avoid down-cycling. In other words, this ap-
proach breaks the building into several components of pre-mixed materials. When esti-
mated and quantified, it gives an idea of the total stock, reducing or eliminating the need
for country-, city-, or building-specific MIC calculations [10,114,156-159]. As a result, the
units of measurement of MICs frequently differ from one study to the next, depending
on the material under investigation, the scope of the study, and the availability of data.
Therefore, tremendous effort has gone toward collecting and organizing a comprehen-
sive and harmonized MICs database as in [150,160] and [154]; in the latter, for example,
the authors collected MIC data from 33 studies and harmonized and reported their
findings in a unified unit of kilograms per gross floor area. In a similar context, over the
last decade, building information modeling (BIM) has grown in popularity [161]. It can
be defined as a digital representation of built objects” physical and functional character-
istics [162]. BIM is the backbone of several recent initiatives, such as the EU-funded
Buildings as Material Banks project [163]. This project creates “material passports” to
provide full and transparent information about buildings, including their material com-
positions [164]. There are also other commercial projects, e.g., Madaster [165]. However,
all the previously mentioned projects involve BIM databases that are primarily popu-
lated with newly constructed buildings. In Volk et al.’s (2014) research, the authors re-
viewed 180 publications on BIM. They concluded that, despite the increasing BIM usage
for newly constructed buildings, BIM implementation in existing buildings is still lim-
ited. This is due to several factors, such as the effort needed for data collection, model-
ing, and handling uncertain data and/or objects in buildings [161]. Cheng et al. (2013)
presented several BIM systems for existing buildings as a tool for C&D waste estimation
and renovation planning [166]. Recently, Rose and Stegemann (2018) proposed E-BAMB
(Existing Buildings as Material Banks), which is an effort to collect and organize free ac-
cess knowledge about materials stocks in existing buildings [167].

4.5.2. Material Compartments’ Physical Parameters in Bottom-Up Methods

As discussed earlier, one of the limitations facing the mass adoption of the bot-
tom-up method in studying material stock is acquiring the physical parameters of the
stock, primarily pre-existing old stock, which typically lacks proper documentation and
requires significant amounts of individual investigation. Modern technologies have sig-
nificantly aided in the collection and processing of these essential data, where remote
sensing was one of the first technologies to be used in this context. For example, the re-
search by Meinel et al. (2009) used topographic maps and geographic information sys-
tems (GISs) to analyze building stock [168]; although no MFA was used or a specific
material investigated, their study is worth noting because they introduced a new ap-
proach to calculate the parameters of urban structures using topographic, digital, and
analog maps, combined with statistical data at the municipality level. They mentioned
that their method can be used for material flow modeling; they also pointed out the pos-
sibility of using maps representing different time slices to analyze the temporal devel-
opment of the buildings” stock. In the pioneering research of Tanikawa and Hashimoto
(2009), a GIS was used to spatially analyze material stock in buildings and infrastructure
in combination with a time-series database for temporal analysis. The authors called it a
four-dimensional GIS (4D-GIS). The first spatially explicit bottom-up MFA covered 8
km? in Manchester, UK, and 11 km? of Wakayama city center, Japan [111]. Although it
discussed material availability as secondary resources and the recyclability of materials,
this research had a broader scope of investigating the construction materials’ distribu-
tion in space and time, which enabled the authors to estimate the demolition curve of
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buildings, hence estimating the average lifespan of the buildings, and finally, to eluci-
date material accumulation with respect to its vertical location. Several authors have
since utilized the same approach in their research. The following summarizes how this
technique evolved and was used in different cities, sometimes with significant modifica-
tions. Chen et al. (2016) applied a 4D-GIS to estimate the demolition curve in Ezhou City,
China [169], while Wang et al. (2019) investigated Longwu village in Shenzhen [170];
Miatto et al. (2019) investigated the city of Padua, Italy [112]; and Guo et al. (2021) inves-
tigated Tiexi district, China [171] using the same method. Heeren and Hellweg (2019)
used a similar approach but instead of estimating the demolition curve, they provided
several scenarios of building renovations in Switzerland [172]. Krook et al. (2011) used a
GIS to analyze the power infrastructure in Gothenburg and Linkdping in Sweden, dif-
ferentiating between in-use and hibernating stocks of copper in the power networks [23].
Similarly, Wallsten et al. (2015) used a GIS to analyze the hibernating stocks of copper,
aluminum, and iron in buildings and infrastructure in the city of Norrkoping, Sweden,
in which the hibernating metal stocks were mapped using urban districts as the area
unit [173]. Marcellus-Zamora et al. (2016) utilized a similar land-use approach [153].
Kohler and Schnitzer (2014) provided an urban mining cadaster using a GIS consisting of
industrial and commercial buildings of Darmstadt, Germany [174]. Zhu and Yu (2016)
used GIS to form a spatial database of copper, zinc, and steel stocks, which was pre-
sented at multiple spatial scales in Australia [137]. Kleemann et al. (2017) calculated the
material stock of all buildings in Vienna, Austria, using a GIS [175]. Similarly, Mesta et
al. (2019) calculated the material stock of residential buildings in Chiclayo, Peru [151]
and Oezdemir et al. (2017) used the same method on residential buildings in
Rhine-Ruhr, Germany [130]. Meanwhile, Schebek et al. (2017) calculated material stocks
of non-residential buildings in that same area [149]. Cheng et al. (2018) used GIS-based
hot spot analysis to detect material stock clustering in Taipei, Taiwan [22]. Similarly, Guo
et al. (2019) used the same approach for 14 Chinese metropolitan areas [176]. Gontia et al.
(2019) also utilized a similar approach to analyze material stocks with clustering algo-
rithms within GIS software for the city of Gothenburg, Sweden [177].

Other remote sensing methods are used in material stock research. For example,
nighttime light (NTL) [141], where early NTL studies found significant correlations be-
tween NTL and socio-economic indicators, such as population and GDP [178-181].
These findings are also supported by recent studies based on a new generation of NTL
[182-184]. NTL data eliminates the need for the physical parameters of buildings. How-
ever, NTL stock studies are often carried out on a large macro-scale using top-down
methods, resulting in aggregated estimations that lack spatial detail [182,185]. Although
several authors attempted to address this issue by narrowing the geographical scope or
using NTL in conjunction with MICs at the regional scale, theoretically, the archetypes
and typologies are the same [186]. However, as we discuss, these methods are not suita-
ble for urban mining, as it is not spatially detailed enough for accurate stock estimations.

4.6. Future Research and New Technologies

With technologies becoming more advanced and affordable, other tools and remote
sensing methods that once were exclusive to governments and big corporations are now
available to researchers, such as light detection and ranging (LiDAR) technologies
[52,187], high-resolution satellite imagery (HRSI) [138,188], and low-altitude drone pho-
tography [189,190]. All these technologies can capture highly accurate building parame-
ters, footprints, heights, and other dimensions, which subsequently enable accurate
stock estimation through bottom-up approaches. Moreover, remote sensing coupled
with information and computing technologies, such as big data, artificial intelligence,
and machine learning [191] enables the automated, low-cost classification of land use
and building typologies. They are making the process of capturing and extracting
building parameters in a spatially explicit fashion at all geographical levels an easier
task. Nowadays, there are several projects and initiatives in this field, such as
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SpaceNet.ai, which is an open project that was started in 2016. It offers a repository of
freely available precision-labeled buildings and infrastructure on high-resolution satel-
lite imagery as training data for image classification, segmentation, and computer vision.
Their datasets include 101 geographical locations, covering 41,000 m? and a little over
eleven million buildings. SpaceNet encourages crowd engagement by organizing chal-
lenges anybody can participate in to solve a task or other specific goal, such as building
detection, road network detection, and the most recent temporal urban development
[192]. The benefits of these new technologies in an urban mining context are that it ena-
bles fast, relatively easy, and accurate building parameter detection and thus accurate
estimation of the in-use material stocks [193]. We believe that urban mining research will
benefit from these technologies in many ways, for example, material estimations and lo-
calization will only get more accurate. We also predict a widespread adaptation of bot-
tom-up methodologies at a larger geographical scale. Developing countries where tradi-
tional urban planning data is lacking will likely join the trend.
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