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1 | INTRODUCTION

Masatoshi Hasegawa' |

Tomer Fishman? | Hiroaki Shirakawa® |

Abstract

Understanding the dynamics of building material stocks and flows, including the
turnover processes of building stock, is important for promoting sustainable resource
use in cities. This study provides high-resolution, integrated mapping of building mate-
rial stocks and flows across various cities and regions in Japan, offering a detailed view
of the country’s spatial material metabolism. This research combines bottom-up esti-
mates of material stocks and flows with spatial analysis using material metabolism
indicators, examining how patterns of material stock turnover vary across Japan.
Spatial variations in material stock turnover highlight regional factors that influence
stock-flow dynamics and offer insights into local resource use and policy develop-
ment tailored to specific regional contexts. In this study, the national stock turnover
rate in 2020 is estimated to be 1.16%/year for inflow and 0.64%/year for outflow, with
more active metabolism observed in the central areas of large metropolitan regions
and lower levels in low-density rural areas. Additionally, distinct patterns of material
metabolism were observed across districts, associated with redevelopment and urban
sprawl. This study illustrates how spatially detailed approaches can support the anal-
ysis of stock-flow dynamics across the country and contribute to the development of
sustainable resource use strategies tailored to local conditions.

KEYWORDS
built environment, industrial ecology, material stocks, material stock turnover rate, spatial
analysis, urban metabolism

Resource use in urban buildings generates a range of environmental impacts through processes such as resource extraction, material production,
and waste generation (Augiseau & Barles, 2017). Consequently, achieving circular resource use in the building sector has emerged as a critical

challenge (Timm et al., 2023). Japan, which experienced rapid economic growth driven by mass production and consumption (CAA, 2020), is now
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striving to transition from a linear to a circular model of resource use (MOE, 2003). While recycling initiatives in the construction sector have
improved recycling rates (MLITT, 2014a; MOE, 2021), substantial challenges remain in promoting the long-term efficient use of resources and
realizing sustainable recycling practices. Structural issues related to the “turnover” of the building stock have become increasingly apparent in
recent years.

Japan currently faces several structural issues related to the turnover of its building stock. Many buildings constructed during and after the
period of rapid economic growth are now approaching the end of their service life, raising concerns about the increasing demolition waste (Fujikawa
et al., 2006). Given the limited recycling options for construction waste, the scarcity of outlets for recycled materials has become a pressing issue
(MLITT, 2014a; TMG, 2024). While the long-term use of existing building stock could be a promising means of reducing both new resource input and
waste generation (MLITT, 2020a), the short lifespan of buildings has been a long-standing issue in Japan (Wuyts et al., 2019). In urban areas, many
large-scale redevelopment projects are underway to enhance urban functionality (Cabinet Office, 2020). Meanwhile, in rural and regional areas,
population decline has led to an increase in unutilized and vacant buildings, which may pose governance challenges if demolition is not properly
managed (Wuyts et al., 2020).

To address these challenges, it is essential to develop a better understanding of building stock-flow dynamics. Urban metabolism research ana-
lyzes building resource use in terms of stocks and flows. Materials flow into cities as part of the built environment stock, provide services over
time, and eventually become obsolete stock or construction waste. Consequently, stock-flow dynamics, along with the services they provide, play
a pivotal role in shaping resource demand, waste generation, and overall environmental efficiency (Haberl et al., 2017; Miiller, 2006). To date,
stock dynamics modeling (Miiller, 2006) and recent investigations into long-term, economy-wide or nationwide relationships among stock, flow,
and service (Streeck et al., 2020; Tanikawa et al., 2021) have deepened our understanding of these interlinked systems. However, many of these
studies have focused on national or macroeconomic scales, and it remains a challenge to understand the direct relationships between the urban
metabolism of buildings and socioeconomic, spatial, and geographical factors, especially local ones (Kolkwitz et al., 2023; Lanau et al., 2019). Since
buildings provide services in specific physical locations (Tanikawa et al., 2015), their potential for long-term use or timely replacement is contingent
upon contextual spatial factors. Therefore, to understand the detailed process of material stock turnover and promote the effective utilization of
buildings, it is crucial to examine the characteristics and drivers of building stock replacement within a regional context (Huuhka & Kolkwitz, 2021;
Wauyts et al., 2020). Furthermore, a localized understanding of stock-flow dynamics is vital for advancing urban mining and construction waste
management (Goswein et al., 2019; Guo et al., 2021; Lanau et al., 2019). For instance, the viable transportation distance for construction waste is
relatively short—approximately 15 km in the case of concrete waste (MLITT, 2020b). Accordingly, the development of localized recycling systems
necessitates a spatially detailed understanding of local stock-flow dynamics.

Several recent studies have successfully captured historical changes in building stocks and flows at high resolution by developing “4d-GIS”
systems (Tanikawa & Hashimoto, 2009), which apply a bottom-up stock estimation method to time-series spatial building datasets (Chen et al.,
2016; Guo et al., 2021; Miatto et al., 2019; Tanikawa & Hashimoto, 2009; Yang et al., 2023). Some studies have further extended their focus to
explore building replacement, its driving forces, and the relationship between stocks and flows from the perspectives of urban planning and vari-
ous geographic and spatial factors (Augiseau & Kim, 2021; Huuhka & Kolkwitz, 2021; Kolkwitz et al., 2023; Mao et al., 2022). However, most such
analyses remain limited to individual cities or small regions. While recent stock mapping efforts have broadened their spatial coverage (Frantz
et al., 2023; Haberl et al., 2021; Tanikawa et al., 2015), comprehensive spatial analyses that concurrently examine both stocks and flows across
diverse socioeconomic contexts at broader regional scales remain scarce. To implement large-scale sustainable resource use strategies tailored
to local conditions, it is necessary to gain a more detailed understanding of the material metabolism conditions specific to different regional
contexts.

To address this gap, the present study spatially maps the relationship between building stocks and flows across all of Japan to provide high-
resolution insights into the country’s spatial urban metabolism processes, with a specific focus on stock turnover. Japan is one of the few countries
where nationwide, high-resolution building data are available in time series. Therefore, a study in Japan serves as a valuable case for applying a 4d-
GIS-based approach to nationwide building material stock and flow analysis. Notably, Japan is characterized by relatively short building lifespans
compared to some other developed countries (MLITT, 2008) and faces numerous challenges related to building turnover. Our case study in Japan
can thus serve as a valuable example for studying issues related to building turnover, and its insights may also be applicable to a wide range of
countries and regions that are likely to face similar challenges in the future.

We conduct a nationwide spatial analysis of building stocks and flows from 2003 to 2020 using an updated time-series version of the stock
database initially developed by Tanikawa et al. (2015). This update incorporates methods developed in previous studies (Asakuma et al., 2018; Ota
et al., 2023) and enables simultaneous stock-flow analysis. Through this approach, we estimate stock turnover indicators across Japan at a 500 m
x 500 m grid resolution. By spatially identifying the characteristics of stock turnover, this study provides insights into regional similarities and
differences in stock and flow dynamics and the factors that cause such regional differences, offering fundamental knowledge for managing material

flows and addressing local resource use issues.
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FIGURE 1 Research methods: (a) research framework; (b) calculation of material stock; and (c) calculation of material flow.

2 | METHODS

2.1 | Research flow

Figure 1 illustrates the overall research flow. This study employed an updated version of the methodology developed by Tanikawa et al. (2015) and
Ota et al. (2023) to estimate building material stocks and flows based on building GIS datasets covering Japan. We used Zmap-TOWN Il (ZENRIN
CO,, LTD., 2020), a detailed building footprint GIS dataset covering the entire country. The five years, 2003, 2009, 2014, 2016, and 2020, were
selected for material stock estimation due to data being available only for these years. First, the material stock of each building was calculated.
Then, by overlaying time-series datasets and linking buildings across different years, a 4d-GIS database was constructed. Material inflows and out-
flows were estimated by detecting building replacements between these years. Finally, these estimated stocks and flows were aggregated within
fixed spatial units, and indicators representing material metabolism were calculated, enabling the analysis of material metabolism at a high spatial

resolution.

2.2 | Calculation of material stock

We calculated material stock using Zmap-TOWN Il (ZENRIN CO., LTD, 2020), which covers all buildings in Japan and contains information such as
building names, usage types, and number of floors, as recorded by surveyors for each structure. In Zmap-TOWN I, primary buildings (excluding sec-
ondary structures) are categorized into five groups: public buildings, detached houses, office buildings, complex buildings (e.g., apartment complexes
and tenant buildings), and buildings with missing information. For the purpose of precise material stock estimation, this classification was further
refined. First, a list of keywords related to building names reflecting their functions was created, and building types were identified accordingly. A
simplified version of this method was previously used by Ota et al. (2023), but in the present study, the keyword list has been expanded to enable
more accurate classification. Second, for complex buildings, tenant data were used to refine classifications, enabling better differentiation between
apartment and mixed-use office buildings. This approach is newly introduced in the present study. As a result, building types were ultimately classi-
fied into seven categories, aligned with Japan’s statistical classifications (MIAC, 2020a): detached houses, apartment buildings, commercial and
office buildings, factories, hospitals and hotels, schools and public buildings, and others. Details of this classification are provided in Section 1
of Supporting Information S1. Buildings with missing information—such as unknown or masked occupant data—were grouped into the “other”
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category. As in Tanikawa et al. (2015), minor attached buildings other than the main building, such as sheds, are excluded from the estimation due to
the difficulty in identifying the building type.

After the building usage type classification, the calculation of material stock followed the method used in Tanikawa et al. (2015) and Ota et al.
(2023). First, the building floor area was determined based on corrected calculations using building footprint and number of stories. Next, the
structural type of each building was assigned based on municipality-level statistical data (MIAC, 2020a). Section 2 of Supporting Information S1
provides a detailed explanation of this method. Finally, the material stock of each building was calculated by multiplying its gross floor area by the
material intensity, which varies depending on the building’s structural type. We used the material intensity values from Tanikawa et al. (2014), as
shown in Table S2 of Supporting Information S1.

2.3 | Calculation of material flows

In this study, material inflows and outflows were calculated from the construction and demolition activity, respectively, of the buildings in the inter-
vals between the periods captured by the material stock GIS datasets, similar to previous 4d-GIS studies (Guo et al., 2021; Miatto et al., 2019;
Tanikawa & Hashimoto, 2009). First, two consecutive datasets were spatially overlaid. Building pairs with the largest overlapping areas were identi-
fied as candidates for being the same building. Next, these pairs were compared based on their attributes to determine whether they were identical,
indeed the same building. The identical buildings share attribute information and buildings that were not identical were classified as either newly
constructed when only appearing in the latter dataset or demolished if only appearing in the earlier dataset. This process was automated using the
methodology developed by Asakuma et al. (2018), Ota et al. (2023), and Bai et al. (2024). Section 4 of Supporting Information S1 provides detailed
methods.

In certain districts (mainly rural), building construction and demolition were over-identified. This issue arises from older maps that did not cover
all buildings in a location or described them only as simpler polygons. These buildings then appear in a newer map and get identified as new con-
struction when in fact they already existed before. However, they are limited to certain municipalities because the original map data were created
municipality by municipality, and accuracy issues often occurred at this level. Such municipalities, which comprise approximately 10% of the nation’s
municipalities, were excluded from the analysis. Most of these are located in mountainous areas, and the excluded buildings represent only 3% of

the total on a floor area basis. Figure S3 of Supporting Information S1 shows the excluded municipalities.

2.4 | Framework for spatial analysis of stock turnover

To analyze regional stock and flow at high resolution, stock and flow quantities were aggregated into 500 m x 500 m grid cells, and indicators
representing material metabolism were then calculated for each grid cell. Several previous studies have suggested and examined indicators of the
relationships between stocks, flows, and service provisioning (Haberl et al., 2017; Hashimoto & Moriguchi, 2004; Tanikawa et al., 2021). Among
these, the stock retention time (SRT) and the stock turnover rate (STR) directly relate stocks and flows. SRT is defined as the stock divided by the
flow, indicating the mean residence time when an economy has a stable stock level (Tanikawa et al., 2021). Its inverse, STR, is defined as the flow
divided by the stock. By scaling the flows to the size of their stocks, STR provides a normalized indicator of flows per unit of stock that can be
compared across time and locations. In this study, we use this indicator in two versions: STR;,, which is the inflow divided by stock, and STRy,
which is the outflow divided by stock (Equations 1 and 2). These two equations together describe the relative metabolic rates of a location, helping

to understand the turnover of materials. Their unit of measurement is %/year.

Inflow
STRin = Stock (1)
Outflow
STRout = Stock (2)

STR;, measures the speed at which new materials are supplied, in relation to the current stock base. It represents the proportion of new material
inputs required each year, reflecting factors such as population or household changes, and the deterioration or obsolescence of existing stock.
During a growth phase of the region, STR;, reflects the rate of stock expansion, whereas in a declining phase, it approaches zero as the demand
for new construction diminishes. In a stable phase, it indicates the turnover rate of materials needed to maintain the region, as well as the average
rate of depreciation and obsolescence of existing stock. When aggregated over time, STR;,, represents the share of new stock in the existing total,
indicating the overall “newness” of the stock in that region.

In contrast, STRy¢ shows the speed at which material stock is removed relative to the total stock. It reflects the annual share of buildings
lost, which is the result of complete building obsolescence caused by factors such as aging or changes in societal needs (Wuyts et al., 2019). In
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FIGURE 2 Framework for interregional comparisons: (a) regional groups and (b) district-type groups.

high-pressure development areas, the amount of physically removed stock may align with the volume of fully obsolete buildings. In other areas, stock
that has lost its value or remains unused may persist without being demolished. Thus, STR,,; does not always represent the building obsolescence
rate. A high STR,; value suggests significant physical loss of stock and a high rate of waste generation.

2.5 | Regional classification

To compare stock turnover across socioeconomically distinct areas, we categorized Japan into six regional groups based on the definitions of mega
metropolitan areas (MMA) and metropolitan areas (MA) from MIAC (2020b), core cities from MIAC (2023), and urban employment zones from CSIS
(2015): the three major metropolitan areas (“Greater Tokyo,” “Kinki MMA,” and “Chukyo MMA), other metropolitan areas (“11 MA”), core cities
and their employment zones (“Core Cities”), and all remaining areas (“Rural Regions”), as mapped in Figure 2a.

Additionally, the 500 m x 500 m grid cells were classified into one of the five district types as mapped in Figure 2b. Using densely inhabited
districts (DID) (MLITT, 2024), areas were categorized into urban and non-urban zones. Urban areas were subdivided into: traditional city centers,
other parts of central city of the region (central urban area), and suburban areas. Non-urban areas were divided into countryside and mountainous
areas. In rural regions, all urban areas were treated as suburban due to the lack of defined central cities. Classification used GIS data from MLITT
(2015, 2016, 2020c).

3 | RESULTS
3.1 | Nationwide results

Figure 3 shows the material stock, inflow, outflow, and calculated STRs for each regions. Material stock levels across Japan’s regions have been
gradually increasing between 2003 and 2020. However, the growth rate has been declining; inflows have decreased over this period, indicating that
stock growth in Japan is slowing down. The value of inflows is approximately twice that of outflows. This finding suggests that roughly half of the
resource input contributes to stock growth, while the other half is used for stock replacement. This can be interpreted as simultaneous stock growth
and replacement, with the amount of replacement being equivalent to the amount of growth.

The calculated STRs show a consistent national downward trend. STR;,, declined from 2.72%/year (2003-2009) to 1.16%/year (2016-2020),
while STR,+ dropped from 1.30%/year to 0.64%/year over the same period. Regional variation in these metrics was limited; only Greater Tokyo
exhibited a slightly elevated STR;, in 2020, at 1.36%/year. Based on these STR values, the corresponding SRTs (calculated as the inverses of STRs) in
2020 were approximately 86 years for inflow and 155 years for outflow. This result is broadly consistent with the findings of a previous case study
on Japanese housing, which estimated the inflow-side SRT to be approximately 80 years in 2017 (Yamashita et al., 2021).
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FIGURE 3 Estimated results of stock (a), inflow (b), outflow (c), and stock turnover rate (STR) (d) by regions. For inflow, outflow, and STR, the
value at each time point represents the average from the previous data point to that time. Underlying data for this figure are available in sheet
“Figure 3” of Supporting Information S2.

3.2 | Spatial distribution of stock turnover rate

Figure 4 shows the spatial distribution of STR;, values for the period 2009-2020, calculated as the 10-year average inflow per unit of stock in 2020,
at 500 m x 500 m grid cells. The following analysis uses the 10-year average STRs.

Notably high STR;, values are observed in the coastal areas of Tohoku (Figure 4b) and along the Tsukuba Express corridor in the suburbs of
Tokyo (Figure 4c,d). In Tohoku, the 2011 earthquake and tsunami caused widespread building collapse, followed by major reconstruction and urban
redevelopment efforts, particularly through 2020 (Reconstruction Agency, 2025). The Tsukuba Express is a railway line that opened in 2005 as part
of an integrated initiative to promote residential land development and new railway infrastructure in Tokyo’s suburban areas (NILIM, 2015). The
results of the STR mapping confirm that areas undergoing urban expansion or redevelopment tend to exhibit higher rates of material turnover.

Figure 4 also suggests that STR;, tends to show higher values in urban areas. For example, in the Tokyo metropolitan area (Figure 4c), there is a
trend of higher STR;,, values toward the city center (e.g., around 20% per 10 years). This suggests that in urban centers, where buildings are densely
concentrated and stock density is high, turnover is also more active. In contrast, in mountainous and rural areas, many regions exhibit STR;, values
ranging from 0% to about 5% per 10 years, which is relatively low. This implies that in rural areas, turnover tends to stagnate. These observations

are analyzed in more detail in the following section.

3.3 | Urban-rural variation in turnover rates

To further focus on the differences in STR distribution across regions with varying economic conditions, a regional comparison of STR was con-
ducted. Figure 5a shows histograms of the aggregated amount of stock by region, in which the bins are differentiated by STR values. These
histograms describe how much of the stock in a region has high versus low turnover. In rural areas, a large portion of the building stock exhibits
low turnover, with the distribution heavily skewed toward areas with STRs below 5% per 10 years. In contrast, urban areas contain substantial
stock in both high and low STR zones, as illustrated by the bimodal distribution of stock in the Greater Tokyo region.

Figure 5b presents the first quartile (Q1), median, and third quartile (Q3) of STR;, and STRy; across grid cells for each regional and district
classification. STRs are consistently higher in areas closer to urban centers. STR;,, especially, tends to be higher in larger economic zones, even within
the same district type. These results suggest that turnover rates are generally higher in more urban and central areas, reflecting more active material
metabolism in economically vibrant regions. Conversely, over 50% of the mountainous area grids show no turnover. These findings underscore a
clear relationship between economic vitality and active material metabolism. All other estimated values of stock, flow, and STRs for each region and
district group across all target years are summarized in the sheet “Calculation results by regions” of Supporting Information S2.

3.4 | District-level patterns in material metabolism

Figure 6 presents a map that characterizes the composite differences in regional material metabolism patterns combining both STR;, and STR;.

In this map, each grid cell is classified into one of the four groups based on whether their STR;,, and STR,,,; values are above or below the national

85US01 7 SUOLILLIOD BAIERID 3ded! dde 3y} Aq pauRA0D 88 S3[1e YO ‘SN J0 S8INJ J0j AIq 1T 3UIIUO AB|I/V\ UO (SUO 13 IPUCD-pUR-SLULBYWO0D A8 |IMARRJq 1 BU1|UO//SARY) SUORIPUOD PUe SWie 1 84} 83S *[9202/T0/TZ] U0 ARiqiT8ulluo A8 |1M ‘00T0L 981 (TTTT OT/I0P/W00 A8 1M Aeiq 1 jeuluo//SAnY Wolj papeojumoq ‘9 ‘SZ0z ‘06260€ST



B
) JOURNAL OF

nousTriaLecorocy W LEY 2137

NAGATAET AL.

SR

eafé Tokyo

(b) Coastal area
of Tohoku

(a) Stock turnover across Japan
(STR;, 2009~2020, 500m x 500m grid)

yl é & Wy @ (e) Urban areas surrounding
P 3 v Osaka and Nagoya
I 30 -

20 -
10 -

T® , . 0 (%/ 10years)

0 100 200 km

FIGURE 4 Calculated stock turnover distribution across Japan (a), with enlarged views of the coastal area of Tohoku (b), Greater Tokyo (c), the
area around the Tsukuba Express Line (d), and urban areas surrounding Osaka and Nagoya (e).
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FIGURE 5 Spatial variation in stock turnover rates across urban and rural areas: (a) distribution of stock volume by stock turnover rate (STR)
bins; and (b) statistical values (median and interquartile range) of grid-level STRs by regional groups and district types. Underlying data for this
figure are available in sheet “Figure 5” of Supporting Information S2.
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rate (STR;, : 15% per 10 years, STRy: : 7% per 10 years), thereby illustrating the relative differences in material metabolism characteristics across
regions. The characteristics of the four groups are as follows:

1. High metabolism: Both STR;, and STR,;; are above the national average, indicating intensive material turnover.
2. Low metabolism: Both STR;, and STR,;; are below the national average, indicating low turnover.

3. Stock accumulation: High STR;, but low STR,,, suggesting areas with growing stock due to development.

4. Dematerialization: Regions characterized by stock loss.

While the nationwide map suggests that much of the country is characterized by “low metabolism,” Figure 6b,c reveals more complex patterns
when zooming in on the three major metropolitan areas. Although the four groups are mixed in each region, in the Tokyo metropolitan area, for

»u

example, the closer to the center, the fewer “low-metabolism” locations are found. Instead, districts of “high metabolism,” “stock accumulation,” and
“dematerialization” are more prominent, indicating a concentration of regions where material flows are actively occurring some forms.

Hotspots of metabolic activity are highlighted in Figure 6d,g, with enlarged views of several regions where characteristic trends were observed.
Figure 7 quantifies the composition ratios of material stock within each of the four categories for these exemplary regions, compared to the national
composition.

Central Tokyo (Figure 6d): The 23 special wards are characterized by “high metabolism” and “stock accumulation.” Several areas exhibiting “high
metabolism” are well known for redevelopment, including the Otemachi, Gaien, and Toranomon districts. Otemachi and Toranomon, in particular,
serve as central hubs of Japan’s economic activity, where older buildings have been demolished and replaced by new structures (TMG, 2025).

Tsukuba City (Figure 6e): Tsukuba City is a representative Tokyo suburb that has been rapidly growing in recent years (Tsukuba City, 2023). While
over 50% of the area exhibits “low metabolism,” zones along rail corridors show strong “stock accumulation,” corresponding to recent development.

Akita City (Figure 6f): Akita City is the central city of Akita Prefecture, but much of its urban core is classified as undergoing “dematerialization.”
With the exception of certain areas around Akita Station, where active public investment has been made, many parts of the city center fall into the
“dematerialization” category. In contrast, a distinct suburban area is characterized by both “stock accumulation” and “high metabolism.” This area,
known as Goshono New Town, began residential development around 1980 and has more recently been utilized as an industrial park (Akita City,
2021). It has been suggested that development in this area may have been one of the factors contributing to the hollowing out of the city center
(Terasako, 2023).

Kanazawa City and its suburban areas (Figure 6g): Kanazawa City is the central city of Ishikawa Prefecture, and similar to Akita City, its cen-
tral area exhibits a trend of “dematerialization.” While the city center shows a trend of “dematerialization,” suburban cities such as Hakusan and
Nonoichi exhibit “high metabolism” and “stock accumulation.” These suburban districts have experienced population growth as residential areas
near Kanazawa, whereas the city center of Kanazawa has been identified as an area affected by urban hollowing out (DBJ, 2025; Kanazawa City,
2023).

In summary, several distinctive districts associated with urban transformation were identified. These patterns are also observable in Figure 7.
Central Tokyo is characterized by “high metabolism”; Tsukuba, by “stock accumulation”; Akita and central Kanazawa, by “dematerialization”; and the
suburban areas of Kanazawa, by “stock accumulation.” Particularly in Akita and Kanazawa, these patterns of material metabolism can be interpreted
as metabolic evidence of urban hollowing in traditional city centers, contrasted with urban expansion in suburban areas reflecting urban sprawl.

4 | DISCUSSION
4.1 | Understanding spatial patterns of material stock and flow

This study maps Japan’s building material stock over time to conduct a high-resolution spatial analysis of material stocks and flows across the coun-
try’s buildings, with a particular emphasis on stock turnover. The results reveal clear regional and intra-urban differences in stock-flow conditions,
which have been difficult to capture in previous studies that offered either a nationwide time series or high spatial resolution, but not both simul-
taneously. Investigating interregional differences in turnover enables us to consider the factors that lead to variations in stock-flow patterns and
to assess regional resource utilization. This analysis exemplifies how understanding stock-flow dynamics at a broad geographic scale is useful for
assessing and comparing resource use under various regional conditions.

From an environmental efficiency perspective, areas with high turnover may be less efficient due to frequent material replacement. Our find-
ings show that regions with dense urban building stocks, particularly those with concentrated urban functions, experience higher levels of both
inflows and outflows. This indicates that economically vibrant areas exhibit more intensive material metabolism, reflecting ongoing urban renewal
and growth. Such patterns underscore that Japan’s urban centers present critical challenges for sustainable resource management. These results

underscore the importance of encouraging the long-term use of existing buildings or promoting recycling efforts in such regions.
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FIGURE 7 Composition ratios of material stock across districts with different metabolism patterns in characteristic cities. Underlying data for
this figure are available in sheet “Figure 7” of Supporting Information S2.
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Conversely, districts with low turnover rates may seem environmentally sustainable. However, caution is needed when interpreting these areas
as inherently sustainable. While low-turnover districts might be efficient in terms of long-term resource use, they can also indicate areas with
declining populations and increasing numbers of vacant buildings. Such areas are likely to be less environmentally efficient due to diminished ser-
vices caused by an increase in underutilized building stock and the essentially short service life (Wuyts et al., 2019) of buildings. Indeed, this study
finds low levels of material metabolism in rural areas undergoing population decline. Such areas are likely to experience an increase in underutilized
building stock as the population continues to decline. Although stock turnover is relatively slow, careful attention is required from the perspective
of long-term stock utilization.

Furthermore, this study reveals that several areas exhibit unique spatial patterns in STR;,, and STR,;; in relation to changes in urban form. One
of the findings is that, in the context of urban sprawl, different districts may experience distinct material metabolism dynamics—namely, stock
loss in city centers and stock accumulation in suburban areas. This indicates a spatially segregated turnover, where depletion and accumulation of
stock occur in different locations. It may reflect domino effect (Huuhka & Kolkwitz, 2021) where new construction is triggered in one area while
demolitions occur in another. Such spatial separation may indicate that the migration of residential and industrial functions from less attractive
city centers to more desirable suburban areas contributes to the underutilization of urban buildings. In response to population decline, many small
Japanese cities are currently promoting compact city policies aimed at consolidating urban functions in city centers and improving overall manage-
ment efficiency (MLITT, 2014b). The results of this study highlight the importance of simultaneously enhancing the attractiveness of city centers
and effectively utilizing existing stock in these regions.

Previous research on city-level stocks and flows analysis has demonstrated aspects such as the short lifespans of buildings in redeveloping cities
(Guo et al., 2021), differences in metabolic patterns between city centers, suburbs, and newly developing districts (Miatto et al., 2019; Yang et al.,
2023), and the factors and patterns that promote building replacement (Huuhka & Kolkwitz, 2021; Kolkwitz et al., 2023). However, it had been
difficult to compare material metabolism patterns across various regions as done in this study. As briefly shown in this research, wide-area STR
maps provide many samples related to different socioeconomic conditions and diverse material metabolism across regions, enabling the analysis
of contributing factors, classification, and relative evaluation. Furthermore, since it covers the entire country, this approach contributes to a more
comprehensive understanding of the relationships between stock-flow dynamics and phenomena occurring at the national and regional levels, such
as population concentration in cities and changes in urban form.

The regional variation in STR observed in this study is likely closely related to spatial changes in Japan’s population distribution. In Japan, the
Tokyo metropolitan area has experienced population growth by attracting people from other regions, while many other urban areas have seen
only modest increases or even population declines. In addition, many cities are experiencing complex population patterns such as simultaneous
population decline in city centers and growth in suburban areas. Findings in this study form a basis for further study into the socioeconomic and
demographic drivers of spatial variations in material turnover. Furthermore, the results of this study highlight the importance of promoting sustain-
able resource use tailored to the specific challenges of each region and district. The Japanese government is promoting recycling of construction
materials (MLITT, 2020a) and long-lasting housing (MLITT, 2009) to support sustainable resource management in the construction sector. How-
ever, there are currently no plans at district level to monitor or manage building stock or material turnover. For example, considering the high STR
in urban areas and the continued population growth expected in these regions, it is necessary to enhance recycling systems in city centers while
also providing incentives for renovation rather than rebuilding. Our results highlight the importance—and locations—of such regionally tailored
approaches for achieving sustainable management of building stocks.

4.2 | Outlook: Toward the application of high-resolution material metabolism mapping

Looking forward, the database created in this study offers multiple potential applications. A high-resolution map of building stock and turnover
reveals where materials accumulate and when they are likely discharged. This supports municipal decision-making by optimizing the placement and
capacity of recycling facilities. Moreover, analyzing the spatial supply-demand balance of recycled materials allows designing recycling routes with
lower environmental impacts. For example, although central Tokyo’s high-metabolism areas and suburban infrastructure demand are far apart, sim-
ulating recycling strategies between them can reveal low-impact logistics routes. In addition, since STR is one of the few indicators that directly link
stock, flow, and service, it can serve as a more valuable tool for quantitatively identifying and organizing regional resource use challenges when com-
bined with additional indicators such as service provision or material recycling. In particular, if combined with detailed data on how building stock
provides services—such as whether buildings are vacant or in active use—this approach may yield high-resolution insights into the interrelationships
among stock, flow, and service. This also supports the identification of model districts that exhibit sustainable stock-flow patterns.

Although the analysis provides high-resolution insights, several limitations should be considered. Beyond the well-recognized uncertainties and
variabilities inherent to bottom-up stock analyses (Arceo et al., 2023; Lanau et al., 2019; Saxe et al., 2020; Streeck et al., 2025), our approach
depends on the availability and accuracy of the spatial data over time. In this study, building replacement was automatically detected based on
changes in building footprint data, but slight manual map edits may result in the same building being mistakenly treated as a different one. This

could lead to overestimation of material turnover. Additionally, the STR calculated at high spatial resolution can be sensitive to micro-level events
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within a district—for example, the construction of a single large building in a low-rise area can significantly skew the results. To address this, refin-
ing the spatial scale or calculating STR by building type or material category may yield more robust outcomes. Based on such refinements, further
classification of the relationships between regional characteristics and material metabolism could reveal more detailed spatiotemporal dynamics of
material stock and flow across regions.

Given the potential of STR mapping, a key future research challenge lies in further expanding its temporal and spatial scope. As the current result
depends on high-resolution digital data that are only available after 2003, it is limited in its ability to capture long-term dynamics of stock and flow.
Therefore, it remains unclear how STR changes over time and with the developmental stages of regions. Moreover, since the present study focuses
solely on Japan, the applicability of the findings to other regional contexts remains uncertain. It remains an open question whether our findings are
unique to Japan or have broader generalizability. However, our approach can be applied to other countries, once appropriate data become available.

The development of datasets covering a wider range of regions will enable international comparisons.
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