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Abstract

The construction sector is a major contributor to global solid waste generation, with demo-
lition waste posing substantial environmental and economic challenges. The present study
introduces a demolition waste estimation tool and applies it to a rapidly transforming city:
Astana, the capital of Kazakhstan. The approach is also readily applicable to cities in trans-
formation with similar characteristics, e.g., those in the Commonwealth of Independent
States region and beyond. The key materials of interest were identified as those that can
be efficiently extracted from buildings slated for demolition. A comprehensive analysis
of current building stocks and demolition plans (2023-2029) was then conducted. Based
on the height, purpose, and main material of the building, the main types and subtypes of
the building stock in Astana were created. The results for Astana showed that 67.52% or
1736.5 thousand tons of all demolition waste could be recovered. Concrete had the highest
recovery potential by mass (162.42 thousand tons annually) and by percent (91%). The
economic analysis of construction and demolition waste illustrated a financial potential
from construction and demolition waste recovery in Astana at USD 4600 million per year,
with concrete having the highest potential among fractions (56% of total).

Keywords: material stock analysis; recycling demolition waste; solid waste composition;
solid waste management; urban sustainability; waste quantity estimation

1. Introduction

Demolition waste (DW), the predominant part of construction and demolition waste
(CDW)), is a topic of interest in solid waste management research, as the construction indus-
try is generally the largest resource consumer and contributor to solid waste generation
worldwide [1]. It is important to distinguish between the terms DW and CDW. While CDW
is a broad category encompassing waste streams derived from both construction activities
(excavation, renovation, and infrastructure development) and demolition processes, within
this spectrum, DW accounts for the overwhelming majority, commonly estimated at around
90% of the total CDW stream [2]. DW can be present in the form of solid and liquid in
different proportions, with solid waste being the predominant type. As an example, in the
United States, the amount of DW generated annually is approximately 534 million tons [3],
and in Australia, 19 million tons [4].
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Waste recovery is a term that encompasses various reuse practices as well as pri-
mary, secondary, and tertiary recycling. Buildings are often disposed of at the end of their
life-cycle without any significant possibility of material recovery (i.e., reuse or recycling).
Approximately 50% of the waste generated by the construction industry is directly de-
posited in landfills, and in some countries, it can be even more. Increasing amounts of
DW generated are becoming a more significant burden on the environment, economy, and
society [5].

Despite the construction industry being one of the drivers of contemporary civilization
and its economy, it comes at the cost of high consumption of natural resources, unwanted
air emissions, and, at times, wasteful consumption of resources. The environmental impact
of DW may be deemed unbearable [6]. Among several types of adverse impacts, high
CO; emissions are an example of a particular topic of concern. Concrete industry and DW
generation are among the main contributors to atmospheric CO; emissions [7]. Cement
production alone results in 7% of the world’s total CO, emissions [8]. The two largest
producers of cement in the world are China and India, with China producing 2.5 million
kilotons and India producing 290 thousand kilotons [9]. These adverse impacts of the
construction industry highlight the importance of resource recovery from DW.

The literature reports some evidence that materials recovered from DW can retain
useful properties. For concrete and brick, recycled concrete aggregate (RCA) usually yields
somewhat lower strength than virgin aggregate; however, treatments such as accelerated
CO, carbonation of RCA have shown improved compressive and tensile strengths by
roughly 30-42% over untreated RCA [10-13]. Likewise, using recycled masonry in mortar
can increase strength [14]. Steel scrap from demolished structures can be recycled or reused
with little loss of quality. For example, adding 1.5% of recycled steel fibers to a concrete
mix increased beam bending capacity and tensile strength by approximately 10 to 55%
compared to a non-fiber control [15,16]. Another example is composite panels made from
10 to 30% recycled wood, which are shown to improve mechanical behavior, enhanced
strength, dimensional stability, and lower moisture uptake [17].

The generation and management of DW is also a large issue from an economic view-
point. There is significant environmental and resource potential in enhancing recycling and
reuse processes, which can, in turn, increase the economic value of DW [18]. However, cur-
rent rates of reuse and recycling in the construction industry are low [19]. More specifically,
compared to other industries, recycling and remanufacturing in the construction industry
are still in their infancy and face significant issues such as a lack of supporting regulations
and policies, and unstable supply and demand of materials, putting operating companies
in difficult situations [19]. During demolition, acquired DW is composed of various materi-
als, with the most common ones being concrete, metal, asphalt, wood, drywall, soil, and
brick [20,21]. Generally, the material flow is in the form of mixed DW: according to [22],
approximately 75% of all DW falls into the category of ‘mixed DW’, while another 14% is
considered as ‘soils and stones’, which means that around only 10% of all DW is sorted
either on-site or off-site.

DW generation and management is a particularly important issue in rapidly devel-
oping economies of the world. This is particularly because these countries have large
levels of construction activity in terms of transforming older buildings, neighborhoods,
and commercial/industrial zones to newer ones, initiated by the demolition of older works.
Furthermore, such developing economies often have less than stellar waste management
systems, mostly or fully relying on direct land disposal. These rapidly expanding economies
are commonly found around Asia, including, but not limited to, parts of China, India, and
Central Asia.
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Particularly in Kazakhstan, DW management, including recycling and remanufactur-
ing, faces significant issues in supply—-demand, legislative support, and robust research on
the economic recovery potential of DW [23]. As a country that is similar to Kazakhstan in
terms of rapid development and legislative structure, China is expected to have a current re-
covery rate of around 5% [19]. Therefore, although the values for Kazakhstan are currently
unknown, RRs could be expected to be comparable to those of China. In comparison, in
Japan as well as in some EU countries, RR has exceeded 90% [24], indicating the achievable
potential for resource recovery from DW.

Some quantitative approaches have been proposed to estimate how much DW can be
recovered (i.e., reused /recycled) rather than landfilled, each with methodological limita-
tions as well as applicability issues to specific contexts or countries. Often, project-level
waste audits and surveys are used to estimate recoverable DW. Specialists inspect buildings
before demolition for inventory materials such as wood and metal to estimate salvageable
fractions. EU guidelines explicitly mandate pre-demolition waste audits to maximize recov-
ery [25]. Such auditing is based on architectural records and intuition and may be capable
of producing highly accurate yields for a given building; however, it is labor-intensive,
applicable to that specific project only (i.e., not scalable), and requires detailed architectural
records that are often unavailable for older building stock. Another method, material flow
analysis (MFA) uses top-down or bottom-up mass-balance modeling of materials. Top-
down MFA tracks inflows of raw materials into the economy and outflows as waste, while
bottom-up MFA aggregates waste from many projects or sectors [26]. MFA can integrate the
stock of demolition (retired buildings) to generate DW forecasts. The use of MFA at city and
country levels has been carried out through the synthesis of material consumption, building
stock, and lifespan data [26,27]. MFA, while powerful for capturing trends, depends on
comprehensive and reliable material flow and stock data, which are often unavailable at
the desired resolution. Life-Cycle Assessment (LCA) is an environmental impact tool that
can incorporate DW scenarios. LCA models capable of comparing the methods used in
demolition by simulating various material recovery rates. Practically, an LCA requires
detailed information on the quantities and processes of materials; it may be applicable for
calculating the environmental benefits of increased rates of recovery. However, LCA is
data-intensive and is typically performed for case studies or policy analysis rather than
routine estimates [28-31]. Finally, Building Information Modeling (BIM) gives digital 3D
models of buildings with quantities and properties of materials. These data can be extracted
into BIM-based tools to predict demolition waste [32-35]. BIM has the potential to provide
accurate waste quantities for modern buildings with detailed digital models, but these
models are uncommon or unavailable for older building stock, and most building stock to
be demolished are pre-BIM and pre-digital twin infrastructure.

The calculation of MOI composition or ‘material intensity” can be performed in several
ways. For example, in Germany, the calculation of material intensity for domestic buildings
was performed based on documented official reports on the amount of each material
used in the construction of specific buildings [36]. The same approach was undertaken in
the analysis of material intensity in Italy [37]. For non-domestic buildings, in Germany,
which did not have records of materials used, records on floor area, wall size, and wall
materials were used [38]. The same approach for specific buildings was undertaken in
Vienna, Austria [39]. Another method, based on literature reviews and case studies in
Austria, assigned specific material intensities to buildings depending on their utilization
and construction period [39,40]. A similar approach was undertaken in Japan [41]. The
present research uses an approach similar to that in [39,41].

The expected low recovery rate for Kazakhstan and the Commonwealth of Indepen-
dent States (CIS) is accompanied by unquantified amounts of DW generated. Recovery
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potential and financial value estimates may contribute to incentives for achieving higher
recovery rates in Kazakhstan and the CIS region. Overall, while the existing methods (as
previously described above: waste audits, MFA, LCA, and BIM-based tools) provide useful
conceptual and empirical foundations, each brings limitations (e.g., labor intensiveness,
scalability issues, detailed/intense data requests, and data availability issues for older
buildings) that constrain their application to certain cases, including those in Kazakhstan.
These reduce the reliability and scalability of approaches when applied to heterogeneous
building stocks such as those in Kazakhstan. The availability of governmental reports and
reference field studies in various regions suggests that approximate estimations should be
possible. To our knowledge, there are no studies in the CIS region that focus on the esti-
mation of recoverable DW based on government-reported building stocks and demolition
plans. In this context, the novelty of the present research lies in introducing a methodology
that presents an approach for estimating the stock of materials in each building type. We
hypothesize that by using government demolition plans, building floorplan data from digi-
tal maps, material data from building types and subtypes, and recovery rates information
from the literature, the potential for DW recovery could be effectively demonstrated. Based
on that, we propose a methodology to estimate the recoverable amount of DW for Astana,
Kazakhstan, based on the governmental demolition plan between the years 2023-2029,
which is further applicable to other similar developing cities around the globe, including
numerous ones in the CIS region. The results from the suggested tool would then help
estimate capacity gaps in handling and processing DW for recovery purposes, identify
particular policy tools required for effective implementation of recovery methods, and
select specific recovery technologies to prioritize research areas and optimize sustainability
in the construction sector.

2. Materials and Methods
2.1. Study Area

Astana (51°10" N latitude, 71°26' E longitude) is the capital of Kazakhstan (Figure 1),
which is located on the Eurasian steppe. It has a metropolitan area of 722 km? and is 347 m
above sea level. Astana is a city with a population of 1.5 million, which illustrates the
highest annual population growth rate of 6.34% [42]. Additionally, the city illustrates a high
rate of construction and renovation activities. Unlike some cities in rapidly developing
Asian countries, buildings planned for demolition in Astana are not clustered but are
spread across the city rather evenly. As such, the city is a typical example of a rapidly
growing city in the CIS region.

2.2. Building Classification Based on Structure and Materials

The material composition and recovery potential from demolition activities largely
depend on the building type and age. Older buildings, particularly private residences,
often yield a wide range of materials with varying quality, making the recovery process
less predictable. Some demolition materials are less prone to reuse or recycling, compared
to others. One example is wood: a large portion of aging private housing in Kazakhstan
and other CIS countries consists of woodblock housing. In this type of construction, blocks
(used to construct the houses) contain various layers of insulating materials embedded
between layers of wooden sheets and chipboards, making them harder to properly re-
cover and meet regulatory standards. Such nuances make these materials useful only for
non-structural components and low-value use [43]. Based on these nuances in material
extraction during demolition, a list of materials of interest (MOI) was created, focusing on
those that can be realistically extracted from CDW and, after processing, applied in major
construction projects.
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Figure 1. Location of the study: Astana, Kazakhstan.

As a basis for the present research, a list of buildings planned for demolition was
obtained from the city administration’s report on the demolition and renovation of housing
in the years 2023-2029 [44]. More detailed information about floor area was retrieved from
the official decree of the Prime Minister on the renovation plan for Astana 2028 [45]. Based
on that dataset, buildings that are planned to be demolished were characterized into the
following four types: Type 1 (N = 44): stone block private buildings; Type 2 (N = 107):
woodblock private buildings; Type 3 (N = 31): brick condominiums; and Type 4 (N = 24):
concrete block condominiums.

The types and subtypes exhibited similar compositions in terms of material percent-
ages, with certain differentiating characteristics. For example, Type 2 buildings tend to
have a higher percentage of wood compared to other types, while Type 4 buildings being
larger and having more floors, tend to have a higher percentage of steel.

2.2.1. Type 1: Stone Block Private Buildings

Due to a lack of standardization and documentation, among all types, Type 1 buildings
are the most difficult to classify. Buildings in Type 1 were split into two subtypes: Type 1-1
(N = 26) buildings consisting of mostly private residential buildings, and Type 1-2 (N = 18)
buildings comprising commercial buildings.

2.2.2. Type 2: Woodblock Private Buildings

Type 2 buildings are relatively low-density, woodblock panel buildings. Based on the
floor area and building height, they were classified into three subtypes: Type 2-1 (N = 83)
for private housing, Type 2-2 (N = 6) for commercial buildings, and Type 2-3 (N = 18) for
warehouses. Type 2-1 buildings are not as numerous as other types, such buildings are
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part of aging housing constructed both legally and illegally from the 1950s to 1970s. Most
buildings tend to be 1-story, with an average floor area of 282 m?. Type 2-2 buildings are
1-2-story commercial buildings that are more standardized and easier to identify. Some
include sections or full roofs composed of metal sheeting; however, the exact proportions
are not available. Type 2-3 buildings are 1-story warehouses with a large floor area. Some
buildings include metal sheet roofing and facade covering; however, similar to Type 2-2
buildings, the exact proportions are not available.

2.2.3. Type 3: Brick Condominiums

Type 3 buildings (n = 45) are communal buildings constructed during the 1950s and
1960s, usually 2- or 3-story housing with limited floor areas. They came in many different
variations; however, all were built from red bricks and mortar. Most of these types of
buildings are planned for demolition for the rebuilding of the city.

2.2.4. Type 4: Concrete Block Condominiums

Type 4 buildings include Soviet panel buildings, ranging from three to six floors,
respectively. Such buildings come in seven different variations, built in various locations
during different periods: (1) K-7 type panel block building (1958-1970), which, according to
general urban renovation plans, are all planned to be demolished; (2) 1-335 type panel block
building (1956-1969), a unique type because of its structural combination of reinforced
concrete frame and load-carrying panels; (3) 1-480 (1958); (4) 1-464 panel block building
(1959-1974), one of the most widespread among ex-Soviet countries; (5) 1-438 block building
(1958), built by a combination of reinforced concrete and bricks; (6) 1-447 block building
(1957-1972), consisting of a combination of reinforced concrete and red bricks (modified
versions built up until 1988); and (7) 1-467 (1959-1980), designed with reinforced concrete
blocks of various sizes.

As variations 1-480 and 1-438 were rare, they were not considered in the calculations
of the present study. Moreover, region-specific variations in Type 4 buildings were not
considered due to the relative rarity of such variations, with the main differences being
insulating and facade materials. Variations K-7 and 1-335 were not considered in the calcu-
lations since most of the buildings have already been demolished. The most recent and
widespread variations (1-464, 1-467) were considered for calculations. Due to drastic struc-
tural differences between the two variations, they were classified into two subcategories:
Type 4-1 (N = 6) for 1-464 and Type 4-2 (N = 18) for 1-467, respectively. Type 4-1 buildings
mostly consist of concrete panels on reinforced concrete frames. Type 4-2 buildings mostly
consist of reinforced concrete blocks of various sizes. The most abundant materials in both
are steel and concrete.

2.3. Composition of Materials of Interest

According to Astana’s city demolition plan for 2023-2029, each building planned
for demolition was given an external material type. These include (1) block, (2) timber,
(3) brick, (4) large-block, (5) panel, (6) adobe, (7) slag-tile, (8) slag-block, and (9) panel-
board. Considering the wide range of DW materials, it was decided to combine this official
material classification into four main categories: (1) concrete, (2) steel, (3) bricks, and
(4) wood. Certain materials such as panel-board and timber from DW were combined
under (1) wood; metal sheeting, structural components, and rebars from concrete buildings
under (2) steel; adobe and brick under (3) bricks, and materials from other types under
(4) concrete.

The exact percentages of the abovementioned materials in DW are different based on
the type of building demolished. As it was not possible to obtain percentage distributions
of materials via observation, percentages based on a detailed literature review were cho-
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sen and used. Some of the types of buildings in specific literature can be appropriately
classified into one of the types used in the present research. Overall, several papers were
reviewed [20,46-54], and the average percentages of materials were retrieved. For the
present research, five major MOlIs from DW were classified based on this literature analysis
and they were as follows: (1) steel, (2) concrete, (3) bricks, (4) wood, and (5) miscellaneous.
Concrete and steel are responsible for a significant portion of the environmental impact
of housing construction [55]. Cement and steel can be responsible for up to 50% of all
construction CO, emissions [56]. Concrete is one of the most abundant materials during
construction and demolition processes, accounting for ~61% in the private housing sec-
tor [57]. Wood is also one of the largest contributors to DW, accounting anywhere between
9 and 26% of total DW [58]. Bricks are an abundant material that is widely used in the
construction of exterior and interior walls, and are usually used as facades, insulation
materials, and decorative facing [59]. Finally, the rest of the materials were grouped into
the miscellaneous group, which includes materials such as insulation, glass, aluminum,
plastics, and ceramics.

2.4. Material Weight Estimation Based on Building Dimensions

The calculation of the weight of MOI was performed in three main steps: (1) calcula-
tion of the weight percentage of each MOl in a building type (see Section 2.3); (2) calculation
of the volume of each building; (3) calculation of the tentative volume of each MOI, sum-
marizing, and calculating the real estimated weight of each MOI. The general methodology
can be seen in Figure 2.

Building footprint area

from OSM (Aggy, M?) —> Vpuite = 1 X (Apsm X 2.8 = Agoy X 2.7)
Building information:
- Total interior floor area
from Gov. Report
(Agor» m?) 2 0
- Number of floors (n) N _ @rioorX H)* X MOI% X punic
- Standard floor height gterial, N Vianearive
(2.8 m)
- Exterior wall materials t
I, Buildi nit densi
Building classification Punie = 1 kg/m?3
MOI composition d V. e Aproor X H X MOI% X pynic
by building type (%) b Pmaterial
< MOI densities
(Pmateriarr K&/ M)
> RR by MOI (%)

Figure 2. Flowchart of the proposed methodology.

The second step is to estimate the total volume of the building. Although the floor
areas of buildings were retrieved from governmental demolition reports, as previously
mentioned, the reported floor areas of the buildings were not reliable because they reported
a combined floor area of all apartments in the building instead of the physical footprint of
the building (i.e., reports representing open space inside the building that may not lead to
proper estimates). Therefore, for better identification of the real floor area, OpenStreetMap
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(OSM) floor areas were used instead, unlike government reports, the OSM floor area
represents the entire building floor area. Consequently, the real building floor area could
be obtained by subtracting the government-reported area from the OSM-derived area,
i.e., by performing so, the area of the exterior and interior walls can be calculated. The
obtained area was finally multiplied by the average height of the building. The height
of the building was obtained by multiplying the number of floors from the government
report by the height of the floor. As a final step, slab volumes were added. Due to a lack
of information about the height of each floor in each building, a standard value of 2.7 m
from SNiP 2.08.01-89 was used [60]. Additionally, an assumption of 100 mm was taken for
floor slabs.

The third step is the conversion of volume data into the weight data. The obtained
MOI percentages are weight-based rather than volume-based. It can be expected that
weight percentages might not be translated into volume percentages due to vastly different
densities of materials. For the conversion of data, an assumption of building unit density
was made. First, by assuming that the building has a unit density of 1 kg/m?, the vol-
ume of the building could be converted into weight. After that, the following equations

were introduced: .
Vouitding * Punit * MOI%

Vientative = 1)
Pmaterial
2
(Vbuitding)” * MOI% * pypit
Mynaterial estimated — SVientati (2)
entative

where Vieptarive is the tentative volume of the given MO, Vjjging is the volume of the
building, p,,; is the unit density of the building (1 kg/m?), MOI% is the percentage of
the given material MOI in the given building type, }_ V..1ative is the sum of all tentative
MOI volumes for the given building, p,,ateriar is the material-specific density (kg/ m?), and
Material estimated 15 an estimated MOI weight for the given building, respectively. For densi-
ties of materials, reference values from SNiPs and [61-63] other standards [64] were used.
Overall, the selected average densities for materials were as follows: (all in kg/m3): 7850 for
steel, 2350 for concrete, 1600 for brick, 700 for wood, and 400 for miscellaneous materials.

2.5. Recoverable Percentage of Materials of Interest

The exact quantity of available materials in housing scheduled to be demolished is
complex to estimate. Depending on the efficiency of demolition and overall wear of the
building, recoverable rates (RR) of materials might be different from project to project.
Usually, RR is calculated based on the current state of recycling and recovery of DW in
a given location. It is worth noting that while the term recycling rate is the proportion
of DW recycled into secondary raw materials which are re-introduced into production
processes, RR is a more encompassing term which includes recycling and direct reuse.
However, in the case of Kazakhstan, it is difficult to estimate the exact RR due to a lack of
information on the recycling of DW or its reuse cases. Therefore, for a recoverability rate
estimation, a literature review tool was implemented. For that purpose, several papers
were reviewed [6,21,65-76].

An important part of the research focused on the RR of DW in general [6,72,75]. Values
for RR fell into a wide range between 37% and 98%, depending on the region where the case
study was performed. However, the given range includes a limited number of countries
(the data available were mostly from European Union (EU) member countries and general
data from other countries were not available). Material-specific values for RR were more
difficult to find. In general, RRs were reported by governmental reports and legislative
plans (similar to the EU plan to recycle DW by 70% up until 2021) [71,72,76], whereas
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material-specific RRs were reported by individual research [21,67] based on case studies on
different buildings. Most of these studies covered MOIs also used in the present research.

2.6. Financial Assessment of Demolition Waste (DW)

The economic quantification of DW can be related to construction activities occurring
in a country, as shown in the example of Hong Kong, where waste quantities started to
decrease with the drop in the percentage of GDP contributed by the construction sector [77].
Similar conclusions were drawn by [78,79]. In the present research, a methodology devel-
oped by [78] was adopted. The paper investigates the relationship between GDP and CDW
generation by employing ratios that correlate economic indicators with waste production.
Specifically, it calculates CDW per construction GDP, expressed in metrics like tons per
million USD. This approach provides a comparative framework to analyze CDW generation
across countries with varying economic scales. Additionally, it considers other factors like
construction turnover and capita to identify trends and disparities in CDW output. By
linking economic activity with waste production, this methodology facilitates regional and
international benchmarking, highlighting how economic growth and construction intensity
influence waste generation.

2.7. Processing Capacity Assessment for DW

To compare the capacity of the crushing complex in Astana with the DW estimates,
the following calculations were made. For comparison, only wood, brick, and concrete
estimates were chosen, as these materials can be accepted at the facility. Then, the calculated
estimates for these DW types for years 2023-2029 were converted to mass per year, by
dividing the estimated values by the number of years. Then, using the values of density
presented in Section 2.4, the average volumes of wood, brick, and concrete generated per
year were calculated.

3. Results and Discussion
3.1. Percentages of MOI

The application of the proposed methodology yielded the overall results presented in
Table 1 for five major MOIs from DW that were previously classified: (1) steel, (2) concrete,
(3) bricks, (4) wood, and (5) miscellaneous.

Table 1. Final percent values (by weight) for each material and building type.

Type 1 Type 2 Type 3 Type 4

Type 1-1 Type 1-2 Type 2-1 Type 2-2 Type 2-3 Type 3-1 Type 4-1 Type 4-2

Steel 3.11% 3.06% 2.39% 2.38% 2.37% 2.72% 3.90% 3.88%
Concrete 51.99% 52.29% 55.50% 55.16% 55.16% 56.24% 58.10% 58.25%
Brick 16.56% 18.46% 13.04% 12.95% 12.96% 16.99% 13.01% 12.96%

Wood 10.53% 8.48% 11.09% 11.12% 11.12% 7.06% 7.52% 7.49%
Misc 17.80% 17.71% 17.98% 18.40% 18.40% 16.99% 17.49% 17.42%
Total 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00%

3.2. Recovery Rate

Based on the literature review, two tables for recoverable percentages were created.
Table 2 shows recoverable percentages for each MOI and demonstrates that different
materials may have a wide range of RRs. Moreover, there is a difference in percentages
for the same material, which seems to be influenced by the location of each study. As
presented, most studies have been performed in the EU countries, along with some others
from the United Kingdom (UK) and Japan. It can be clearly observed that overall, across
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EU, RR tends to be relatively high (68-98%). The UK tends to lag behind with only 6-30%
RR. Japan is somewhere in between, producing higher RR for certain materials such as
concrete (96%) and lower for others, such as wood and wooden structures (38%). Overall,
such dispersion in values could be related to stronger legislative control in the EU zone
than in non-EU countries.

Table 2. Recovery rate (RR) percentages of materials of interest from demolition waste.

Material RR Building Type Location Study Remarks
Bricks 68%  Rural house Denmark [21]  The study was performed on a rural house
in the remote island of Bornholm, Denmark.
Stones 86%  Ruralhouse = Denmark The study mostly focused on the
Wooden deconstrucjcion of buildings anq the use of
components materials for the construction of
71%  Ruralhouse  Denmark new buildings on an island (closed-loop
(structural beams, ;
wooden floorboard) system on an island scale).
The study was performed by a
governmental agency
. o in the UK. The study examined CDW from
Bricks (cement) 6% General UK [60] both demolition and
deconstruction. Data for bricks specifically
included demolition.
Steel The study specifically considers the reuse of
ce 22% General UK [61] metal elements on a broad scale (not
rebars " ; .
specifically in construction).
The study was performed by an
Concrete o EU governmental
(structural) 80% General EU 711 agency and considers CDW on a
broad scale.
The study was performed on a
Concret broad scale in
onerete 97% General Germany [62]  Germany; however, the study covers only
(in situ) . .
deconstruction and provides vague
terms such as “up to 97%”.
Concrete o
(non-structural) 96% General Japan [63]
Wooden Official governmental reports of Japan.
Components 38% General Japan
(wood, general)
Wood ¢ The study mentions the term
00 ir};ec;)rrnns};onen S 30% General UK [60]  “salvageable”, interpreted as “recycling” or

“reusing”.

Table 3 presents the overall potential RRs percentages for DW from the literature.
These rates are variable based on the location. Overall, the average of the values in Table 2
is 59%, indicating a similar general RR to the average of the values in Table 3, which is 57%.
It has been observed that in the EU zone, values of RR tend to differ notably. Countries
with higher reputation in waste management, such as Germany and Belgium, illustrate the
highest RR values, whereas others, such as Spain and Portugal, demonstrate much lower
RR values, possibly due to less strict implementation of regulations, unequal distribution
of infrastructure, and relatively lower investments in recycling technologies and facilities.



Sustainability 2025, 17, 9686

11 of 20

Table 3. Potential RRs for construction and demolition waste from the literature.

Study Location RR
[6] Denmark 40%
[64] Bulgaria 54%
[65] Croatia 69%
[66] Portugal 35%
[67] Spain 46%
[68] EU 47%
[69] UK 35%
[70] Austria 90%
[70] Belgium 98%
[70] Germany 92%
[71] Hungary 16%

For the remainder of the calculations, for the MOI with available average RR values
(i.e., steel, concrete, wood, bricks), the values indicated in Table 2 were used (22%, 91%,
37%, and 46%, respectively). For the ‘miscellaneous’ group, the average of the values in
Table 3 (57%) was used as the recovery percentage.

3.3. Total Amount of DW Between 2023-2029

The total amount of DW produced between 2023 and 2029 in the city of Astana was
estimated to be 2571 thousand tons, of which 2.32% is steel, 41.67% is concrete, 11.25% are
bricks, 5.43% is wood, and 39.33% are miscellaneous materials. Of the total weight, 67.52%
or 1736 thousand tons are estimated to be recoverable. Among the selected MOls, concrete
comprised more than half of all recoverable material (Figure 3). The total weight of each
MOI before and after the recovery rate can be observed in Figure 4. Recoverable weights of
materials were as follows: 13.17 thousand tons for steel, 975.13 thousand tons for concrete,
107.01 thousand tons for bricks, 64.62 thousand tons for wood, and 576.54 thousand tons
for miscellaneous. On average, it can be expected that, per year, 289.41 thousand tons of
DW could be recovered.

a) Percentage of each material before RR b) Percentage of each material after RR

Materials
Concrete (41.67%)
Misc (39.33%)
Bricks (11.25%)
Wood (5.43%)
Steel (2.32%)

Materials
Concrete (56.16%)
Misc (33.20%)
Bricks (6.16%)
Wood (3.72%)
Steel (0.76%)

11111
NERN

Figure 3. Percentages of each MOI for (a) before recovery rate and (b) after recovery rate.
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Figure 4. Weight of each MOI in thousand tons before and after recovery rate in Astana, Kazakhstan
for 2023-2029.

3.4. Financial Value of DW

The financial aspect of DW is one of the most important and challenging aspects of
DW management. Generally, recycled DW materials face a main barrier in the form of
competition with raw materials of high availability and low cost [73]. Thus, for proper
implementation of the recovery of DW materials, it may be necessary to undertake proper
legislative support for recycled materials. For recycled materials to be competitive, prices
for raw materials should be noticeably higher than those of recycled ones. However, as an
example, it has been reported that on average, recycled aggregate concrete is 10% more
expensive compared to natural aggregate concrete [80]. Due to the apparent financial
disadvantages related to some recycled materials, for a proper financial assessment of DW,
it is necessary to assume the existence of legislative backup for recycled DW materials in
financial terms.

Kazakhstan’s construction sector made up approximately 15 billion USD to the total
GDP in the second quarter of 2023, which makes up approximately 7.6% of the entire
economy in the country [81]. In the same year, it was reported that the total amount of
waste from the construction sector in Kazakhstan reached 634 thousand tons [82].

Given that DW constitutes the predominant share of CDW [2], analyses of CDW
generation are, in practice, largely reflective of DW trends. In this respect, discussions
of the relationship between CDW and construction sector GDP can be interpreted as
implicitly referring to DW. The annual CDW generated vs. the annual construction
sector GDP of Kazakhstan compared to other countries can be seen in Figure S1 in
Supplementary Material [81,83]. As can be seen, Kazakhstan has one of the highest ratios
in terms of the amount of CDW and the economic contribution of the construction sector.
On average, in Kazakhstan, the value of each ton of CDW is approximately USD 16,204.
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To summarize, Kazakhstan has a relatively high value of DW compared to several
developed countries. The cost of DW might illustrate a potential area of interest for the
stakeholders, which could potentially turn into a lucrative enterprise if the necessary
conditions are met.

3.5. Capacity to Deal with DW Within Current Waste Management Context

Overall, the current capacity of the national system to handle the expected quantities
of DW seems insufficient. In 2023, “Severnaya Gryada”, the first quarry for accepting,
processing, and burying DW opened in Astana for a fee of KZT 1300 (approx. USD 3 as
of 2023) per ton [84]. The company ‘Astana Recycling Development’, that manages this
facility, stated that common CDW accepted included littered soil, asphalt, stone materials,
brick, concrete, reinforced concrete, ceramic tiles, and wood [85]. A crushing complex with
a capacity of 96,000 m® per year processes this waste, although information on further
applications or operations regarding the crushed waste remains unspecified.

The average volumes of wood, brick, and concrete generated per year are shown in
Table 4.

Table 4. The average volume of DW per year from wood, brick, and concrete in m3.

Total Mass for Average Mass Average Volume
DW Type Years 2023-2029, per Year, Density, kg/m3 per Year,
10% kg 10° kg m3
Wood 139.58 23.26 700 33,228
Brick 289.22 48.20 1600 30,125
Concrete 1071.58 178.59 2350 75,995
Total - 139,348

The final DW volume for wood, brick, and concrete is calculated to be 139,348 m3
per year, while the capacity of the crushing complex is 96,000 m®. This indicates that the
crushing complex alone is not sufficient to deal with the generated DW in Astana—at least
one more unit of the same crushing complex is required.

CIS countries, in general, have important limitations in both regulatory frameworks
and the presence and state of existing recovery facilities [86]. It seems that in Kazakhstan,
in terms of rules and regulations regarding the handling of DW, there is a lack of effective
DW management measures. To the authors” knowledge, one clear requirement is the
Environmental Code of Kazakhstan [87], which requires separation of CDW at the site
or a special place (Article 376) and the registration of all waste types and locations in a
governmental waste cadastre (Article 382). In March 2024, the Prime Minister of Kazakhstan
announced the launch of 37 new municipal solid waste processing facilities across major
cities, supplementing the existing eight facilities, but did not mention any specific DW
processing facilities [88]. Finally, a key factor in DW reuse/recycling is the attitude of
construction companies. Most companies in Kazakhstan choose landfill disposal over reuse
or recycling as the costs are lower and there is a lack of information on waste management
options [89]. Encouragement of reuse/recycling options via subsidies may help shift
this attitude while providing large benefits to the environment and the economy via the
conservation of natural resources, limiting imports, and reducing emissions.

3.6. Options for Reuse and Recycling

In general, cement-based waste is crushed and used as recycled aggregates as a
substitute for natural aggregates. For example, coarse recycled aggregates from concrete
and bricks produce strength-bearing concrete [90], fine recycled aggregates produce non-
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strength-bearing concrete [91], and recycled aggregates produce filling materials [92] and
for backfilling with additional property-enhancing methods [10].

One study explored the optimum CDW aggregate-to-natural sand content in mortar
coatings. Although an increase in recycled aggregate content in mortar increases mechan-
ical strength, one study suggested that a 25% substitution is optimal due to the higher
porosity and water absorption of the mortar at higher substitution rates [93]. The me-
chanical strength at 25% substitution was lower than Kazakhstan’s minimum requirement
of 4 MPa for mortar coatings, which may have been a consequence of a chosen mix of
proportions in the study. Also, the properties of recycled aggregates from mixed DW with
natural sand were compared, and the results revealed a similar size distribution, higher
density in recycled sand, and higher water absorption, which is undesirable for sand
behavior [94]. The recycled sand met Kazakhstan’s natural sand standards regarding grain
size and density; however, water absorption is not mentioned. Concrete made of recycled
coarse aggregates with regular concrete, where a 30% substitution rate of natural coarse
aggregates with DW aggregates results in optimal mechanical and physical properties [95].
The mechanical performance of the given material is found to be equivalent to the me-
chanical properties of type M100 concrete, and is therefore acceptable for curbs, walkways,
and parking lots. In regard to geotechnical applications, it was found that high-strength
concrete waste performed better as filling material, while for pavement layers recycled
aggregates caused susceptibility to frost in pavement layers [92], making them unsuitable
for application in Astana’s extreme weather conditions.

In terms of reusing CDW for geotechnical purposes in Astana, there is a potential
difficulty in separating low-strength and high-strength concrete for filling purposes. Due
to the lack of CDW processing facilities, it would be difficult to separate the two types
of concrete, considering that the waste is mixed on-site. For pavement layers, due to
susceptibility to frost, further studies are required to examine the behavior of recycled
aggregates under extreme climate conditions in Astana.

The summary of reference values for RR (Table 5) reveals some information on the
variability and uncertainty of the dataset associated with the analyzed material categories.
Concrete has relatively consistent RR, explained by low relative standard deviation (RSD);
while wood has a bit higher RR, and thus, variability (may be associated with the naturally
varying properties of the material). The data for the remaining material categories (brick,
steel, miscellaneous) exhibit more uncertainty. For brick and steel, this is mainly due
to the limited number of data sources, whereas for miscellaneous category, considerable
uncertainty (as well as variability) seems to exist despite the large number of data sources,
due to the diverse material types grouped under this category, which may differ across
each reference source.

Table 5. Summary of reference values for recovery rates used in the present study.

Demolition Waste
Constituent

from the Literature

Number of Reference

Relative Standard Comments on

Values Taken Mean Deviation (as %) Variability/Uncertainty

Concrete

Wood

Fairly consistent and low RSD,
relatively low variability; values
typical for measured
physical properties
Moderate RSD but higher than
that of concrete, moderate
3 46 47.2 variability; higher variability may
be due to naturally varying
material properties

3 91 10.5
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Table 5. Cont.

.\ Number of Reference .
Demolition Waste Relative Standard Comments on
. Values Taken Mean . o . .
Constituent . Deviation (as %) Variability/Uncertainty
from the Literature

High RSD, high variability; only
Brick 2 37 118 two reference values,
implying uncertainty
Only one reference value,

Steel 1 Not available Not available - . .
implying uncertainty
Moderate RSD, moderate
variability; uncertainty (as well as
Miscellaneous 11 57 47 4 variability) incorporated due to

diverse material types grouped
under this category

3.7. Study Limitations

The present study has the following limitations: Firstly, the proposed method is based
on several assumptions. To the authors’ best judgment, these hold true at the time of
the study. However, future applications should clearly state all assumptions and then
verify these assumptions for their specific case. Secondly, we have not performed a case
study of material composition percentages due to scope and resource limitations. In
particular, the material category ‘miscellaneous’ is large, and our application of a single
recovery rate to this category is an oversimplification that potentially negatively affects
the results. It is thus recommended to perform a separate study to investigate the actual
compositions, and then to verify and further fine-tune waste quantities and compositions
based on site data. Thirdly, the accuracy and consistency of OSM data have not been
validated everywhere. OSM managed to provide data for Astana for every building in the
government reports of demolition; however, future applications of the proposed method
would require data availability and validation based on the location. Verifying OSM data
would also increase confidence in the results. Lastly, as previously mentioned, CIS countries
tend to have limitations in terms of waste recovery capability and regulatory framework.
Such limitations may also exist in future applications of the proposed methodology, based
on the location. Therefore, while recovery is technically feasible, the findings may not fully
translate into practical outcomes under current conditions.

4. Conclusions

The present study underscores the critical need for a more systematic approach to
managing demolition waste (DW) in rapidly transforming urban zones, such as in the
case application of the proposed methodology: Astana, Kazakhstan. The proposed esti-
mation tool quantified recoverable materials and is applicable to other cities with similar
characteristics. For Astana, between 2023 and 2029, about 2571 thousand tons of DW is
projected, of which 67.5% (1737 thousand tons) are recoverable. Key fractions include
concrete (162.4 thousand tons annually), wood (10.8 thousand tons), steel (2.2 thousand
tons), and bricks (17.8 thousand tons). Concrete, with a 91% recovery rate, offers the highest
economic potential (USD 2631 million annually). However, Kazakhstan’s infrastructure
and regulatory frameworks currently remain insufficient, with existing facilities unable
to meet projected volumes. At least two additional processing units, alongside stronger
regulations and incentives, seem needed to bridge the gap and promote recovery (i.e.,
reuse/recycle) over landfilling.

Opverall, the estimates provided in the present work, along with the financial analysis,
underscore the untapped potential of DW as an economic resource in Astana, Kazakhstan,
and as well as in other similar urban zones under rapid transformation. For these zones,
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the economic value of DW is likely high and thus highlights an opportunity to monetize
recovered materials while reducing dependency on raw resources.

With minor methodological adjustments, the proposed tool can be readily applied
to other countries or regions undergoing similar rapid development, including the CIS
region. The key steps include obtaining governmental reports on buildings planned for
demolition, establishing building types based on year of construction or class of building,
and estimating the percentage composition of materials of interest for each building type.
Recovery rate values could be directly transferred in cases of comparable building types,
and if not, new recovery rate percentages could be recalculated to match local conditions.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/su17219686/s1, Figure S1: Scatter plot of annual CDW (thousand
tons) vs. annual construction sector GDP (USD million).
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