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Abstract
Ascertaining the lifetime distribution of a nation’s buildings is critical for estimating their stock �ow, determining their environmental impacts,
and exploring future predictions and effective measures. It is particularly necessary in climate-change-mitigating measures such as the
estimation of wood carbon stock dynamics. This work uses the latest data on building stocks and in�ows to identify the lifetime function and
half-life of all wooden and non-wooden buildings existing in Japan from 1964–2020. The log-normal distribution of wooden buildings proved
to be the most suitable lifetime function, with a half-life of 38 years in 1964, 56 years between 1965 and 1996, and 63 years between 1997
and 2020. On the other hand, the log-normal distribution resembled exponential distribution (�rst order decay) and was the most suitable for
non-wooden buildings, with half-life of 22 years in 1964, 33 years between 1965 and 1990, and 52 years between 1991 and 2020. The
lifetimes of both wooden and non-wooden buildings have increased over the course of the past half-century. It is important that future
research uses these lifetime functions to explore future predictions of building stock based on new building demand, changes in lifetime, and
effective climate change measures.

Introduction
Ascertaining building lifetimes at the national scale is critical for estimating building stock �ow and the resulting environmental impacts, and
to explore future predictions and effective measures [1, 2]. Regarding climate-change mitigation in particular, a large amount of carbon is
stored in the wood used in building construction [3–7]; therefore, it is essential to estimate the lifetime distribution of buildings across the
nation to ascertain its carbon balance, make predictions about its effects, and take measures to tackle its drawbacks.

Studies on building lifetime estimation have been carried out in various countries, including the United States [8–11], United Kingdom [8, 12],
Finland [13], Norway [14], Germany [15, 16], the Czech Republic [16], Austria [17], and China [18–20]. While Japan has also made signi�cant
progress in this area [12, 21–25], building lifetime estimation has been restricted to the urban level; few studies have analyzed this on a
national scale, with even such studies being outdated by 30 years [26] and not accounting for differences in building structure [26, 27].

Additionally, the amount of wood used per unit �oor area of a wooden building is approximately ten times that of non-wooden buildings [28,
29]; therefore, accurately distinguishing between wooden and non-wooden buildings is necessary to estimate the amount of wood carbon
stock in Japanese buildings.

For Japan, the available statistical data, including data on the �oor area of existing building stock [30, 31], directly enable the determination of
building stock for different types of structures all over the country. Because these data serve as the basis for property taxes, they are highly
reliable. Statistical data on building in�ow is also available, which is the �oor area of newly started construction work each year [32]. By
comparing these statistical values for stock and in�ow, it is possible to estimate the distribution of building lifetimes throughout Japan for
each type of structure; however, to the best of the authors’ knowledge, no existing work has investigated these aspects.

Therefore, the purpose of this study is to estimate the lifetime distribution of wooden and non-wooden buildings all over Japan by modelling
building stock over the years using its in�ow and lifetime function. Speci�cally, this means multiple explorations of the lifetime functions of
wooden and non-wooden buildings and their average lifetime (half-life), which is a parameter thereof, as well as determining the lifetime
function and half-life most suited to statistical values of stock from 1964–2020, which is the period for which statistical data are available.
Furthermore, we also used these results to estimate the amount of carbon stock in the wood used in all the buildings throughout Japan for the
same period.

Methods
Target period, buildings, and statistical data

 The target period was 1964 to 2020, a period during which statistical data [30-32] on buildings in Japan was available for compilation. In
addition, the target buildings were divided into wooden and non-wooden buildings throughout Japan.

Statistical data on existing building �oor area [30, 31], which represents the amount of stock, were divided into taxable and non-taxable. While
there were data available on taxable buildings in terms of whether they were wooden or non-wooden, no structural data on non-taxable
buildings could be obtained. Therefore, we used the percentages of wooden and non-wooden taxable building �oor areas for each year and
proportionally divided the non-taxable building �oor area between wooden and non-wooden. The percentage of all building �oor areas during
the target period that was non-taxable was 4 %–9 %, and thus more than 90 % was taxable. In addition, values that were recorded for the non-
taxable building �oor area in 1973 were approximately double of those in the years before and after that year, which was deemed
as an abnormality in terms of statistical data. Therefore, we used the average value of the years before and after 1973. Supplementary Table
S6 and Fig. S1(a) show the statistical data for the existing building �oor area during the target period for wooden and non-wooden buildings.
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Statistical data on the new building �oor area [32], which represents the amount of in�ow, was acquired for wooden and non-wooden
buildings. Furthermore, data were available on detailed structural categories of non-wooden buildings in the same statistics, including
reinforced concrete construction, steel-framed reinforced concrete construction, and steel-framed construction. However, statistical data [30,
31] on detailed categories were not obtained for the building stock during the target period, and little difference was found when comparing
the amount of wood used in non-wooden buildings to wooden buildings per these detailed categories [28, 29]. Therefore, we used statistical
data batching together with non-wooden buildings to determine the amount of building in�ow. Supplementary Table S6 and Fig. S1(b)
show the statistical data on the new building �oor area during the target period for wooden and non-wooden buildings.

Method of estimating amount of stock

We decided to determine the amount of building stock using equation (1). In addition, the amount of carbon stock in wood used in buildings
can be determined by equation (2).

Here, Si (t) indicates the existing building �oor area (m2) built in year i at the start of year t, S (t0) is the existing building �oor area (m2) at the

start of the initial year t0, Fi indicates the new building �oor area (m2/yr) built during year i, R0 (t–1–t0) indicates the building lifetime function
(cumulative distribution function of lifetime distribution) for the years elapsed from the initial year t0 to year t-1, and R (t–1–i) indicates the
lifetime function of a building for the years elapsed from year i to year t-1. CSi (t) indicates the amount of carbon stock (Mg-C) in wood used in

existing buildings built in year i at the start of year t, Wi indicates the amount of wood used per unit �oor area (m3/m2) in buildings built during

year i, D indicates the density of wood (oven dry mass over air dry volume) (Mg/m3), and C indicates the carbon content of oven-dried wood
(Mg-C/Mg). Furthermore, the initial year t0 is 1964, and year t is each year until 2020.

 The statistical data (B (t)) [30, 31] on the existing building �oor area during the target period is not published for each new construction
building year; thus, Si (t) on the left side of equation (1) cannot be directly ascertained. On the other hand, because the amount of wood used
in buildings �uctuates according to the building year, the existing building �oor area per building year (Si (t)) and the amount of wood used per
building year (Wi) must be used according to the right side of equation (2) to make a precise estimation. Hence, we substituted statistical data
for the existing building �oor area in the initial year of 1964 (B (1964)) [30] into S (t0) on the right side of equation (1), and determined the
parameters of the lifetime functions (R0, R), such that the estimated value Si (t) determined by conferring statistical data on the new building
�oor area [32] on Fi �ts the statistical value B (t). In addition, because the existing buildings (S (t0)) in the initial year (1964) is an accumulation
of all buildings that were constructed beforehand, they decrease with the passage of years. However, because it is not possible to ascertain
the existing buildings per building year from statistical data, we could not craft a model based on new buildings and the lifetime function
indicated by the second term on the right side of equation (1). Therefore, we decided to regard S (t0) as a single building group and established
a model that decreased according to the lifetime function R0, indicated by the �rst term on the right side of equation (1).

If the lifetime functions (R0, R) of equation (1) can be identi�ed by the above method, then it is also possible to make future predictions of the
amount of building stock and the amount of wood carbon stock based upon these lifetime functions by conferring future scenarios on the
amount of future building in�ow (Fi) and lifetime (R).

The amount of wood used per unit �oor area (Wi) in equation (2) is applied to products containing roundwood, sawn wood, plywood, and
wood board. For roundwood, sawn wood, and plywood, we cited statistical data [44] for wooden and non-wooden buildings surveyed every
two–three years during the target period from 1976 to 2017. For years lacking in statistical values, we decided to use statistical values from
1976 for the years prior to 1975, and henceforth statistical values from the immediately preceding year. On the other hand, for wood boards
(particle board, hardboard, medium-density �berboard, insulation board), although we cited values from previous research [29] used every
three years for the period 1976–2012, it was assumed that there were no structural differences between wooden and non-wooden buildings as
it was not possible to ascertain the amount of use per wooden and non-wooden buildings. Years lacking in reported values were handled in a
manner similar to the statistical values for roundwood, sawn wood, and plywood described above. We used the numerical values in Table 12.1
and 12.2 from the IPCC 2019 Re�nement [35] per wood product for carbon conversion factors D and C.

Lifetime function 
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Previous research on lifetime functions (R0, R) mainly examined exponential distribution (FOD) [3, 10, 13, 33-35], logistic distribution [4, 5, 28],
normal distribution [1, 2, 12, 14, 16, 21-23, 26], log-normal distribution [9, 12, 21-23, 26, 41, 42], Weibull distribution [9, 12, 14, 17-20, 21-23, 42],
and Gamma distribution [3, 9, 10, 12], and these six types of functions were also studied. However, for the logistic and normal distributions, we
used a function normalized by setting the remaining ratio (1 − R (t−1−i)) of zero elapsed years (t−1 = i) to 1.

We determined the parameter for minimizing the residual sum of squares (E) between the statistical value B (t) and the estimated value Si (t)
of the existing building �oor area for each lifetime function according to equation (3).

Half-life 

We de�ned the lifetime function parameter of half-life as the number of years elapsed at which the remaining fraction (1 − R (t−1−i)) reached
0.5. We then examined both cases: we set a single half-life (and other parameters) assuming that the building half-life (and other parameters)
did not change throughout the entire target period, and cases in which we set multiple half-lives (and other parameters) assuming that half-life
(and other parameters) were changing during the target period. The former refers to cases in which the lifetime functions R0 and R on the right
side of equation (1) represent the same case. On the other hand, in the latter cases, considering the ratio of building stock (existing building
�oor area) to building in�ow (new building �oor area) (Supplementary Table S6 and Fig. S1(c)), wooden buildings increased from 1997, and
non-wooden buildings increased from 1991, and thus the amount of stock increased relative to in�ow. Hence, assuming that building lifetimes
clearly �uctuated more than before from 1997 for wooden buildings and from 1991 for non-wooden buildings, we decided to set different half-
lives (and other parameters) before and after these years. However, since the initial-year building stock consisted of buildings constructed prior
to 1964, whether its half-life was the same as that of building stock from 1965 onwards is unknown. Therefore, considering the possibility that
initial-year building stock half-lives were different from those of subsequent building stock, we set different half-lives. Based on the above, we
categorized wooden buildings into three target periods of 1964, 1965 to 1996, and 1997 to 2020, and non-wooden buildings into three target
periods of 1964, 1965 to 1990, and 1991 to 2020, and then examined the half-lives of existing buildings in each period. This means that we
divided the lifetime function R, the second term on the right side of equation (1), into two periods, and then set three different half-lives (and
other parameters) together with the lifetime function R0, which is the �rst term on the right side of equation (1).

Results

Estimation of lifetime function assuming a single half-life for the target period
Figure 1 and Supplementary Table S1 show the estimated stock (as predicted by numerous models of lifetime functions) of wooden and non-
wooden buildings existing from 1964–2020; these models assumed a single half-life and were constructed with parameters that minimized
their residual sum of squares between the statistical observations of building stock [30, 31] and their estimated values. In addition, Fig. 2 and
Supplementary Table S2 show the shape of each lifetime function, while Table 1 lists their parameters (such as half-life).

According to the Intergovernmental Panel on Climate Change (IPCC) guidelines [33–35], exponential distribution (which exhibits �rst-order
decay, (FOD)) is recommended for the provisional decay function of semi-�nished wood products such as sawn wood and wood-based
panels; half-lives of 35, 30, and 25 years were considered in these products. Accordingly, for both wooden and non-wooden buildings, there
were large differences between the actual �oor area and the FOD estimates based on a 35-year-long half-life — while the estimates of wooden
buildings were considerably smaller than their statistical values throughout the entire period, the same trend was particularly observed in non-
wooden buildings only from the 1990s (Fig. 1).

Of the six lifetime functions, the estimated Gamma distribution values were particularly divergent from the statistical values for both wooden
and non-wooden buildings (Fig. 1), and the shape of the lifetime function was largely different from the other �ve functions (Fig. 2). For
wooden buildings, the minimal residual sum of squares was estimated to be 18 digits in FOD, logistic, normal, log-normal, and Weibull
distributions (Table 1). Conversely, for non-wooden buildings, the lifetime function was found to be a log-normal distribution with the least
sum of squares of residuals at 17 digits (Table 1).
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Table 1
Parameters of lifetime functions (assuming a single half-life).

  FOD (IPCC) FOD Logistic Normal Log-normal Weibull Gamma

  W NW W NW W NW W NW W NW W NW W NW

Half-life 35 35 76 46 55 41 58 41 63 78 57 38 45 32

Parameter
1

- - - - 0.04 0.01 51 42741 1.08 2.41 1.54 1.39 32 29

Parameter
2

- - - - - - - - - - 72 50 1.42 1.10

Residual
sum of
squares

3.97E

+19

4.44E

+18

8.74E

+17

5.79E

+17

6.11E

+17

1.24E

+18

5.32E

+17

1.23E

+18

2.41E

+17

5.35E

+16

4.46E

+17

1.73E

+18

1.57E

+19

1.16E

+19

Note: “W” and “NW” indicate wooden and non-wooden buildings, respectively, while “Residual sum of squares” denotes the sum of squares
of the residuals between the statistical observations of �oor area [30, 31] and their estimated values.

Estimation of lifetime function assuming multiple half-lives for the target period
Similar to the analysis performed in the previous section, Fig. 3 and Supplementary Table S3 show building stock estimations obtained by
assuming multiple half-lives from 1964–2020 (see Methods section) and specifying parameters that minimize the residual sum of squares
for each lifetime function. In addition, Fig. 4 and Supplementary Table S4 show the shape of each lifetime function, while Table 2 shows their
parameters (such as half-life).

For almost all the lifetime functions of both wooden and non-wooden buildings, the results demonstrate a smaller residual sum of squares
upon assuming multiple half-lives than on a single half-life (Tables 1 and 2); this is noteworthy because functions with smaller residuals
conform more closely to actual data. However, for wooden buildings, the estimates of Gamma distribution greatly differ from the statistical
values (Fig. 3), and the shapes of the normal- and Weibull-distributed lifetime functions (in the 1997–2020 period) are atypical (Fig. 4).

Among the six lifetime functions, the minimal residual sum of squares was found to be 17 digits in the normal, log-normal, and Weibull
distributions for wooden buildings. Among these, the log-normal distribution had the least residual sum of squares, making it the most
suitable lifetime function. According to the function, the half-lives of wooden buildings existing in 1964, between 1965 and 1996, and between
1997 and 2020 were 38, 56, and 63 years, respectively (Table 2). Conversely, for non-wooden buildings, the minimal residual sum of squares
was estimated to be 17 digits in FOD, normal, and log-normal distributions. Among these, the normal distribution showed the least residual
sum of squares. However, it had an atypical shape (Fig. 4) and the estimated parameters were abnormally large (Table 2). By contrast, the log-
normal distribution had the second least residual sum of squares and its half-lives of non-wooden buildings existing in 1964, between 1965
and 1990, and between 1991 and 2020 were 22, 33, and 52 years, respectively. These results con�rmed an increase in the lifetime of both
wooden and non-wooden buildings over the last 56 years, with wooden buildings having a longer half-life than their non-wooden counterparts.
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Table 2
Parameters of lifetime functions (assuming multiple half-lives).

  FOD Logistic Normal Log-normal Weibull Gamma

  W NW W NW W NW W NW W NW W NW

Half-life (1964) 373620 35 56 21 51 19 38 22 42 22 35 8

Half-life (W: 1965–1996,

NW: 1965–1990)

23 33 27 23 26 26 56 33 32 18 98 18

Half-life (W: 1997–2020,

NW: 1991–2020)

21 48 59 41 64 45 63 52 427 34 119 33

Parameter 1 (1964) - - 0.06 0.13 22 1666 0.60 1.41 2.28 2.31 12 8

Parameter 1 (W: 1965–
1996,

NW: 1965–1990)

- - 0.10 0.10 12 22 0.61 1.34 4.08 3.01 33 18

Parameter 1 (W: 1997–
2020,

NW: 1991–2020)

- - 0.10 0.07 1 5063 0.20 1.53 7.00 5.74 60 22

Parameter 2 (1964) - - - - - - - - 49 26 3.00 1.00

Parameter 2 (W: 1965–
1996,

NW: 1965–1990)

- - - - - - - - 35 20 3.00 1.00

Parameter 2 (W: 1997–
2020,

NW: 1991–2020)

- - - - - - - - 450 36 2.00 1.50

Residual sum of squares 1.44E

+17

7.54E

+16

1.44E

+17

1.90E

+17

4.98E

+16

6.58E

+16

2.13E

+16

6.79E

+16

6.08E

+16

6.70E

+17

2.90E

+18

7.42E

+17

Note: We have chosen the parameters for each function to minimize the residual sum of squares. “W” and “NW” indicate wooden and non-
wooden buildings, respectively, while “Residual sum of squares” denotes the sum of squares of the residuals between the statistical
observations of �oor area [30, 31] and their estimated values.

Carbon stock estimation in building wood
The wood carbon stock in the buildings (wooden and non-wooden), as shown in Fig. 5 and Supplementary Table S5, was estimated using
their half-lives by adopting a log-normal distribution (corresponding to multiple half-lives during the period under study) for the lifetime
function (see Methods section). The carbon stock in wooden buildings increased from 106 Tg-C in 1964 to 214 Tg-C in 2020, a nearly twofold
growth over the past 56 years. The carbon stock in non-wooden buildings, on the other hand, increased from 2 to 27 Tg-C over the same
period. Adding these values, the total carbon stock in wooden and non-wooden buildings in 2020 was estimated to be 241 Tg-C, of which 89 %
was contributed by wooden buildings and 11 % by non-wooden ones.

Discussion
The exponential distributions of semi-�nished wood products (such as sawn wood and wood-based panels), as proposed in the IPCC
guidelines [33-35] with singular half-life values (between 25–35 years), underestimate building stock along with the associated carbon
stock and are, therefore, ill-suited to the lifetime distribution of buildings in Japan. In this paper, we have presented the estimated results for a
half-life of 35 years [34, 35]; this value has been chosen because at half-lives of 30 [33] or 25 [34, 35] years, the residual sum of squares may
increase further.

 A more suitable estimation of the lifetime function during the target period of 1964–2020 was achieved by setting three different half-lives
rather than one; this is a better characterization of building lifetimes in Japan. Building stock in 1964 is believed to include buildings built from
the Edo period to the Showa period. During this era, Japan underwent tremendous social and cultural transformation as well as witnessed
technological development while experiencing multiple wars in which urban areas in major cities were devastated by air raids [36]; thus,
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building-life distribution in this era is considered to be markedly different from that of contemporary times. In addition, many wooden
buildings in Japan are residential, while many non-wooden buildings are middle–high-rise constructions that house o�ce complexes,
commercial facilities, or factories [37]. Japanese society saw a dramatic jump in stock and real estate prices during the late 1980s, which fell
sharply in 1991, triggering a long-term recession [38]. Worsening economic conditions reduced the demand for new non-wooden buildings—
mainly o�ces, commercial facilities, and factories—which may have prolonged building lifetimes. Furthermore, 1997 witnessed an increase in
the taxes levied on consumption [39]; it is conjectured that the resulting economic stagnation hindered the construction of new wooden
buildings and further extended building lifetimes. These factors may have particularly prolonged the half-lives of non-wooden and wooden
buildings from 1991 and 1997, respectively. In addition, Japan experiences frequent earthquakes; the Building Standards Act was revised in
1981 and 2000 to have stricter seismic standards [40]. Improvements made to the seismic performance of buildings in compliance with these
standards may have led to longer building lifetimes in the long run.

It appears that in addition to the log-normal distribution, other distributions (excluding the Gamma distribution) are valid as lifetime functions
of wooden buildings. However, in the case of FOD, building half-life in 1964 is inordinately long and shortens with the passage of time, which,
as mentioned above, cannot be reasonably explained from Japan’s socioeconomic situation during this period. Similar doubts undermine the
validity of logistic distribution as a valid lifetime function, as the half-life from 1965 to 1996 becomes shorter than that in 1964. In addition,
the shape of the lifetime function for the normal distribution from 1997 to 2020 is clearly unnatural, and the half-life of the Weibull distribution
from 1997 to 2020 is abnormally long. From these aspects, the log-normal distribution was inferred to be the most suitable lifetime function
of wooden buildings; this is supported by the minimal residual sum of squares, their half-life values, and the validity of their distribution
curves. Conversely, for non-wooden buildings, the normal distribution, owing to its atypical linear shape and the abnormally large parameters,
as mentioned earlier, cannot be supported as an appropriate lifetime distribution. By contrast, the log-normal distribution was found to be a
suitable lifetime function from the viewpoint of residual sum of squares, half-life values, and the distribution shape. Importantly, unlike
wooden buildings, for non-wooden buildings, FOD is also suitable as a lifetime function for similar factors, with log-normal distribution
resembling the shape of FOD. Thus, we can infer that non-wooden buildings carry characteristics of exponential lifetime distribution.
Therefore, these buildings, which are often o�ces or commercial facilities, may be excluded immediately after construction to a certain
degree. 

Here, we compare the lifetime functions estimated by existing works of research in Japan and abroad, as well as in this study. The exponential
[3, 10, 13, 33-35], normal [1, 2, 12, 14, 16], and Weibull distributions [9, 12, 14, 17-20] are internationally well-known lifetime
functions. Japanese studies, on the other hand, have favored the log-normal [12, 21-23, 26, 41, 42] and Weibull distributions [12, 21-23, 42]. In
this study, the log-normal distribution proved to be the most suitable for wooden buildings, and the log-normal distribution resembling FOD
was the most apt for non-wooden buildings. While our results on wooden buildings conforms with past research, our �ndings on non-wooden
buildings do not. However, this can be explained by the fact that past studies focused only on urban centers and not on all of Japan [12, 21-
23]; further, they studied wooden and non-wooden buildings together without differentiating between them [26]. Additionally, these studies
have not used the latest data published in 2020.

When we compare the results for half-lives between past research and this study, the yearly half-lives of wooden housing in major Japanese
cities were reportedly in the 30s during the 1980s [21-23], around 40 during the 1990s [23, 24], and around 50 in the early 2000s [23, 24]. In this
study, the half-life of existing wooden buildings was 56 years between 1965 and 1996 and 63 years between 1997 and 2020. This tendency of
building lifetimes to lengthen with the passage of time has been established in both previous works and in this study. However, the results of
past research are mainly for urban areas with robust economic activity; hence, this study, which covered all of Japan (including rural areas),
reported longer half-lives. In fact, past research on buildings in Tokyo [21] and Nagoya [12], which are major Japanese cities, show half-lives
shorter than 30 years. On the other hand, the half-lives of non-wooden buildings in multiple cities in Japan were reportedly in the 30s during
the 1980s [22], 33 to 51 years in the 1990s [24], and 41 to 58 years in the 2000s [24]. In this study, half-lives were 33 years from 1965 to 1990
and 52 years from 1991 to 2020; thus, the half-life values and lengthening lifetimes were both consistent. In addition, it is estimated that the
half-lives of wooden and non-wooden buildings, considered as an undifferentiated entity and taken throughout Japan, were about 40 years, or
between 55 and 80 years [26] from 1945 to 1991. In this study, the half-life of wooden buildings that existed between 1965 and 1996 was
estimated at 56 years, and the half-life of non-wooden buildings between 1965 and 1990 was estimated to be 33 years, indicating a shorter
half-life for non-wooden buildings than that estimated in past research. However, the non-wooden stock during this period was smaller than
the wooden stock (see Supplementary Table S6 and Fig. S1(a)); hence, the effect that the lifetime of non-wooden buildings had on buildings
as a whole was minimal. On the other hand, past research has reported the half-life of buildings to range from 61 to 100 years in the United
States [8, 9, 11], 80 years in the United Kingdom [8, 12], 125 years in Norway [14], 65 to 150 years in Germany [8, 16], 100 years in Czech
Republic [16], and 80 to 150 years in Austria [17], indicating building lifetimes in Europe and the US to be considerably longer than those in
Japan. In contrast, the half-life of buildings in China was reportedly approximately 30 years from 1950 to 2017 [19, 20], which is considerably
shorter than those of Japan, the US, and Europe.
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The non-wooden building stock in Japan continued to increase from 1964, and from 2011, it exceeded the wooden building stock
(Supplementary Table S6 and Fig. S1(a)). However, approximately 90 % of the carbon stock in building wood is derived from wooden
buildings, which are still a primary representative of carbon storage. The latest carbon stock in all buildings as of 2020 was 241 Tg-C, which is
equal to 8 %–9 % of the amount of carbon stock [43] in Japan’s forest biomass — a size that cannot be ignored when examining current and
future carbon balance in forest sinks.

Concluding Remarks
In this study, we used statistical data from 1964 to 2020 to estimate the lifetime distribution of wooden and non-wooden buildings throughout
Japan.

The results indicated a log-normal distribution to be the most suitable lifetime function for wooden buildings; this was in conformance with
results from past research on multiple urban areas in Japan. However, in this study, the half-life of wooden buildings was estimated to be 38
years in 1964, 56 years from 1965 to 1996, and 63 years from 1997 to 2020, and it is evident from estimates based on the latest nationwide
data on Japan that wooden buildings have longer lifetimes than those reported in previous research.

Although we found that the log-normal distribution is the most suitable lifetime function for non-wooden buildings, the shape of the
distribution resembled that of the exponential distribution. It is highly likely that non-wooden buildings, which are often commercial facilities,
o�ces, and factories, may have different lifetime distributions from wooden buildings, which are primarily residential. The half-life of non-
wooden buildings was estimated to be 22 years in 1964, 33 years from 1965 to 1990, and 52 years from 1991 to 2020, and thus lengthened
over the past half-century, similar to wooden buildings.

The carbon stock in building wood increased more than 100 % over the past half-century and was estimated at 241 Tg-C in 2020; of this, 89 %
was contributed by wooden buildings and the remaining 11 % by non-wooden buildings.

It is important for future research to use these �ndings of the lifetime function and half-life of wooden and non-wooden buildings to present
future predictions of building stock �ow and implement measures to effectively mitigate climate change; such action will need to be taken
based on policy scenarios related to the demand for new buildings and changes in building lifetime.
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Figure 1

Floor-area estimates of each lifetime function, assuming a single half-life throughout the entire period. “FOD (IPCC)” indicates, in accordance
with the �rst order decay (FOD) lifetime function provisionally recommended in IPCC guidelines, the estimates corresponding to a half-life of
35 years [34, 35], while “FOD,” “Logistic,” “Normal,” “Log-normal,” “Weibull”, and “Gamma” indicate the �oor-area estimates of these functions
based on parameters that minimize the residual sum of squares; “Statistics”, on the other hand, indicates the actual recorded values [30, 31].
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Figure 2

Shape of each lifetime function, assuming a single half-life throughout the entire period. a) Exponential distribution, b) logistic distribution, c)
normal distribution, d) log-normal distribution, e) Weibull distribution, and f) Gamma distribution. The shape of each lifetime function
corresponds to the estimations in Fig. 1.
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Figure 3

Floor-area estimates of each lifetime function, assuming multiple half-lives throughout the entire period. “FOD,” “Logistic,” “Normal,” “Log-
normal,” “Weibull,” and “Gamma” indicate the estimations of these functions based on parameters that minimize the residual sum of squares;
“Statistics”, on the other hand, indicates the actual recorded values [30, 31].
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Figure 4

Shape of each lifetime function, assuming multiple half-lives throughout the entire period. a) Exponential distribution, b) logistic distribution,
c) normal distribution, d) log-normal distribution, e) Weibull distribution, and f) Gamma distribution. “1964”, “1965–1996”, “1965–1990”,
“1997–2020”, and “1991–2020” indicate buildings that existed during those years. All these shapes correspond to the estimations shown in
Fig. 3.
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Figure 5

Carbon stock estimations in building wood.
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