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ABSTRACT

Reaching sustainability targets requires a holistic understanding of the different dimensions of
residential building stock development. This paper aims to provide a solid and transparent
approach for modelling residential building stock development with a focus on the long-term
need for repairs and renovations. The modelling approach is based on Dynamic Material Flow
Analysis (MFA) and the model is constructed using comprehensive Finnish statistics. Still, it is
widely applicable to different geographical locations and modifiable for various purposes. The
main contributions to the previous literature are the incorporation of empirical building
mortality analysis and rehabilitation degree model in the MFA modelling framework. The model
is demonstrated by modelling the development of Finnish residential building stock from 2020
to 2050. The annual average need for renovation from 2020 to 2050 is 4.1 million residential
square metres (1.8% percent of the entire housing stock), equalling to annual investments of
some 7.8 billion euros. However, the results revealed notable geographical differences between
municipality categories. The results also suggest that the proportion of renovations in the total
construction market is increasing while the volume of new housing construction is decreasing.
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The modelled results are in line with the Finnish Long-Term Renovation Strategy 2020-2050.

Introduction

Buildings account for 40% of energy consumption in the
European Union (EPBD, 2010). To address the climate
concerns, the EU first set goals to reduce greenhouse gas
emissions by 80% from 1990 levels by 2050 (European
Commission, 2012), but these goals were later amended
to aim to complete carbon neutrality by 2050 (European
Climate Law, 2021). As the role of the building sector is
critical for the mitigation of climate change, the Energy
Performance of Buildings Directive (EPDB, 2010) was
enforced to start the shift towards nearly Zero Energy
Buildings (nZEB), but as the majority of buildings that
will still remain in 2050 were already built before the
implementation of the directive, also the existing stock
had to be addressed. Therefore, the directive was later
revised to include a requirement for a national long-
term renovation strategy (EPBD, 2018). To genuinely
reach sustainability targets, a proper model to create a
holistic understanding of the different dimensions of
residential building stock development is necessary.
Through forecasts for new construction, mortality of
buildings, and repair and renovation needs, an
advanced building stock development model provides

critical input, e.g. for energy demand and GHG emis-
sion analyses; thus, contributing to sustainable manage-
ment of the built environment.

Even if the importance of understanding building stock
dynamics and development is recognized, e.g. for sustain-
able management of the built environment (Aksozen,
Hassler, Rivallain, et al., 2017), many policy-related sus-
tainability studies still lean on relatively simple assump-
tions about the development of residential building
stock (e.g. Mattinen et al., 2016; Mattinen & Heljo, 2016;
Uihlein & Eder, 2010). The purpose of this paper is to pro-
vide an alternative approach to vague assumptions about
the stock development by introducing a solid and trans-
parent framework for modelling residential building
stock development with a focus on the long-term need
for repairs and renovations. The model is demonstrated
through modelling the development of Finnish residential
building stock spanning from 2020 to 2050.

To meet the objectives, the following research ques-
tions are addressed:

RQl: How can we dynamically model the long-term
development of the Finnish building stock with a
focus on repair and renovation needs?

CONTACT Antti Kurvinen €) antti.kurvinen@tunifi

© 2024 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. The terms on which this article has been published allow the posting of the Accepted

Manuscript in a repository by the author(s) or with their consent.


http://crossmark.crossref.org/dialog/?doi=10.1080/09613218.2024.2306371&domain=pdf&date_stamp=2024-01-26
http://orcid.org/0000-0003-1888-3959
http://orcid.org/0000-0003-4167-3810
http://orcid.org/0000-0001-5205-712X
http://creativecommons.org/licenses/by/4.0/
mailto:antti.kurvinen@tuni.fi
http://www.tandfonline.com
http://www.cibworld.nl/

2 (& A KURVINENETAL.

RQ2: How does the Finnish residential building stock
develop in terms of new construction, mortality, and
repairs and renovations in the study period from 2020
to 20507

RQ3: Is the modeled need for repairs and renovations in
line with the Finnish national Long-Term Renovation
Strategy 2020-2050?

The modelling methodology is based on Dynamic
Material Flow Analysis (MFA) and builds upon the pre-
viously reported work from Sartori et al. (2016). Their
approach is complemented by the empirically based
building mortality approach from Kurvinen et al.
(2021) and the building rehabilitation model from
Saari (1998). These amendments allow a context-tai-
lored modelling approach as the process of creating
mortality and renovation profiles takes the history and
characteristics of local housing stocks into consider-
ation. In terms of repairs and renovations, the empiri-
cally based renovation packages and cycles allow
considering various renovation measures and setting
the modelling results in perspective relative to the Fin-
nish national long-term renovation strategy 2020-
2050 (Ministry of Environment, 2020).

Background
Building stock models

In the previous literature, there are various attempts to
deal with building stock dynamics, varying from the
use of simple assumptions to more advanced modelling
approaches. In sustainability-related studies, the build-
ing stock’s current state is usually defined based on
approaches using constructed building archetypes (e.g.
Swan & Ugursal, 2009) or sample buildings (e.g. Mata
et al., 2014). Nageli et al. (2018) have also introduced
an approach where synthetically created microdata is
used to describe individual buildings instead of using
aggregate average archetype buildings. Later, Nageli
et al. (2022) have further developed the methodology to
also allow modelling spatially distributed synthetic
building stocks. Yet another approach by Nigeli et al.
(2020) is an agent-based modelling approach where a
bottom-up building stock model is combined with
agent-based modelling to allow individual decisions on
building level. The previous body of literature on build-
ing stock dynamics also covers topics like reconstitution
of building stock dynamics (Aksozen, Hassler, & Kohler,
2017), mortality of building stock (Aksozen, Hassler,
Rivallain, et al., 2017), statistical analysis on demolished
buildings (Huuhka & Lahdensivu, 2016), vacancy of resi-
dential buildings (Huuhka, 2016), and use of cadastral
data to assess urban scale building energy loss (Martin-

Consuegra et al., 2018). These studies are important con-
tributions to better understanding building stock
dynamics, but they do not directly offer tools for model-
ling long-term future development of building stocks.

Moreover, there are studies on forecasting construc-
tion demand, including approaches like multiple
regression analysis (Bee-Hua, 1999), a panel vector
error correction approach (Jiang & Liu, 2014), a combi-
nation of neural networks and genetic algorithms (Bee-
Hua, 2000), grey forecasting (Tan et al., 2015), and Box-
Jenkins model (Fan et al., 2010). Still, the limitation of
these approaches is that they are at their best in short-
or medium-term forecasts.

Interestingly, there is also a relatively large body of
literature documenting national attempts to assess
long-term housing needs in many countries. These
include but are not limited to Finland (Lankinen,
1996; Vainio, 2020), Sweden (Boverket, 2018; 2016),
Norway (Ruud et al., 2013), Denmark (Socialminister-
iet, 2006), England (Ministry of Housing, Communities
& Local Government, 2019), the US (Landis, 2000), and
Australia (Rowley et al., 2017). However, in these
studies, the focus is rather on assessing housing need
than modelling the holistic development of the building
stock, which is the focus of this research.

In some of the most closely related studies, Dynamic
Material Flow Analysis (MFA) has been used to model
long-term development of residential building stock in
the Netherlands (Miiller, 2006), Norway (Bergsdal
et al., 2007), and China (Hu, Bergsdal, et al., 2010; Hu,
Pauliuk, et al., 2010; Hu, van der Voet, et al., 2010).
Moreover, the modelling approach has been further
developed to better suit for examining the need for
repairs and renovations (Sartori et al., 2008, 2016).
These have been applied to model the long-term stock
development and need for repairs and renovations in
12 European countries (Sandberg et al.,, 2016; Sartori
et al., 2016). Sandberg et al. (2014) have also studied
how the uncertainty of input parameters affects the
modelling results, recognizing changes in population
and lifetime of dwellings to be the most critical input
parameters in terms of sensitivity. The most recent con-
tribution is a paper from Kurvinen et al. (2021), where
they reported an approach to model development of
the entire Finnish building stock leaning on MFA and
incorporating an empirical building mortality model-
ling approach. Also, two recent studies from Huuhka
(2021) and Kolkwitz et al. (2023) use material flow
analysis to examine local building stocks in Finland
but their focus is the past development in two specific
case cities, as opposed to this study, where the focus is
on modelling the long-term need for repairs and reno-
vations in the entire residential building stock.



There is also a significant body of related recent lit-
erature where material flow analysis is used to model
environmental impacts from building stocks. Those
include but are not limited to modelling global material
stocks and flows for residential and service sector build-
ings (Deetman et al., 2020), material flows and GHG
emissions from housing stocks in US counties (Berrill
& Hertwich, 2021), a bottom-up dynamic building
stock model for residential energy transition in Nether-
lands (Yang et al., 2022), and development of bottom-
up model to estimate dynamic carbon emission for
city-scale buildings in Changsha (Yang et al., 2023),
embodied greenhouse gas emissions in structural
materials for the German residential building stock
(Hingorani et al., 2023). As opposed to our research,
these previous studies mostly use Weibull distribution
to address demolition with the exception that Zhang
et al. (2022) have preferred using normal distribution
instead, and Berrill and Hertwich (2021) have incorpor-
ated vacancy-dependent loss rates to allow modelling
building stock evolution in regions with low or negative
population growth. In terms of renovations, these pre-
vious works rely on normal distribution or exclude
renovation activities from the analysis with the excep-
tion that Yang et al. (2022) use Dutch National Climate
Agreement related neighbourhood based grouping for
renovations, and Zhang et al. (2022) base their approach
on the proportion of buildings that are retrofitted at the
end of life in a certain year.

Long-term renovation strategy 2020-2050 (LTRS)

According to the revised Energy Performance of Build-
ings Directive, all EU countries must establish a long-
term renovation strategy to support the renovation of
the national building stock into a highly energy efficient
and decarbonized building stock by 2050 (EPBD, 2018).
In their working document (SWD/2022/375), the Euro-
pean Commission has analyzed the national long-term
renovation strategies and considered the Spanish
LTRS (De Santiago, 2015; Ministry of Transport Mobi-
lity and Urban Agenda, 2020) as the best. Considering
the Finnish LTRS, further details of the investment
needs and a more detailed analysis of wider benefits of
building renovation were assessed as potential areas of
improvement.

In the Finnish national Long-Term Renovation Strat-
egy 2020-2050 (Ministry of Environment, 2020), three
primary means of improving the sustainability of Fin-
nish building stock were identified. Those include (1)
building loss and improvement of energy efficiency,
(2) improvement of energy efficiency in connection
with renovations and maintenance, and (3) abandoning
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fossil energy sources in energy production. The model-
ling approach used in this paper addresses the renova-
tion strategy primary means (1) and (2), while (3) is
outside the scope of this paper.

In the renovation strategy, it is recognized that in the
interest of conserving natural resources and ensuring
cost-effectiveness, investments in energy efficiency
improvements should be combined with renovations
that occur based on other compelling reasons. However,
the energy efficiency of all buildings in active use can be
improved by means of careful maintenance and building
automation. Importantly, these principles are in line with
the empirically based renovation packages and cycles
that are implemented in the modelling procedure.

Further, it is observed that based on the regional
population projections, underutilization of the building
stock is becoming more common in many locations in
Finland. Therefore, removing all vacant buildings
from the building stock would be profitable. Still, it is
estimated that 70% of the 2020 building stock will
remain in 2050. The underutilization aspect is addressed
in the modelling procedure by differentiating between
functional obsolescence based and market based reno-
vation need.

Materials
Input data from Statistics Finland

The input data for the modelling procedure is acquired
from Statistics Finland. To assess need for housing, the
official population projection from Statistics Finland
(OSF, 2022a) is used as an input for the model. As the
municipality level projection was only available until
2040, it was supplemented with a forecast for years
2041-2050, which was created using exponential
smoothing (ETS). The state of the Finnish residential
building stock in 2020, that is, the beginning of the mod-
elling period, is constructed based on official statistics of
dwellings and housing conditions (OSF, 2022b). The
same data allows calculating and estimating future trends
for floor area per person -ratio, which is another com-
ponent of assessing the housing need. The critical vari-
ables for the modelling are location (municipality),
housing type (single-family house, row house, or block-
of-flat), residential floor area, number of residents, and
whether the housing unit is permanently occupied.

Geographical heterogeneity and municipality
categories

To allow geographical heterogeneity simultaneously
with understandable representation of the results,
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Finnish municipalities were divided into six categories
according to the latest population projection from Stat-
istics Finland (OSF, 2022a). The categories include capi-
tal region, growing major municipalities, other growing
municipalities, steady municipalities, shrinking munici-
palities, and rapidly shrinking municipalities.

The category of growing major municipalities
includes larger cities where the population growth is
projected to be over 5 percent in the period of 2021-
2040. Those include Tampere, Turku, Jyviskyld, and
Oulu. Other growing municipalities consist of middle
or smaller sized municipalities with a projected popu-
lation growth of over 5 percent until 2040. The category
of steady municipalities includes municipalities where
the population growth is projected to be between —5
and 5 percent in the coming twenty-year period. In
shrinking cities, the population is projected to decrease
from 5 to 10 percent and, in rapidly shrinking cities,
over 10 percent until 2040. (Figure 1)

Constitution of Finnish residential building stock

Figure 2 reveals that the constitution of Finnish residen-
tial building stock in 2020 differs between municipality
categories. Interestingly, blocks of flats have the major
proportion of floor area only in Capital Region and
Growing centres while single-family houses and
duplexes dominate in other municipality categories.
Further, the age distribution of Finnish residential
building stock seems to vary between building types.
Single-family houses and duplexes have been built in

Capital Region
Growing centers
Other growing
Steady
Shrinking
Rapidly shrinking

H
M
[]
[]
L]
L]

Figure 1. Division into municipality categories based on the lat-
est official population projection by Statistics Finland (OSF,
2022a).

all decades, but a major proportion of mid-rise blocks
of flats were built in 1960s and 1970s because of indus-
trialization and resulting rapid migration from rural
areas to cities. New rowhouses were delivered to the
housing market particularly in 1970s and 1980s.

Method
Description of the modelling framework

The used modelling framework is based on Dynamic
Material Flow Analysis (MFA) and is built upon the
approach from Sartori et al. (2016). Their approach is
amended by incorporating the building mortality
approach from Kurvinen et al. (2021) and the building
rehabilitation model from Saari (1998) into the model-
ling framework. An illustration of the dynamic model-
ling strategy is presented in Figure 4. In the model,
residential floor area per resident -ratio and population
amount are drivers for demand for residential floor area,
which creates demand for new construction. Mortality
profile provides the probability for loss of a residential
building each year since the completion, which affects
the existing building stock through mortality of build-
ings. In this context, mortality is considered a broader
concept than merely physical demolition of buildings.
Mortality also potentially increases the need for new
construction as lost buildings must be replaced with
new construction if there is local demand. Still, the
minimum new construction rate is set to be 0.2% of
the local residential building stock size. The repairs
and renovations in the existing residential building
stock are defined in the renovation profile, which pro-
vides probability for a building to be in need of specific
repairs or renovations in relation to their age. Finally,
the empty housing units exist when the size of the

Capital Region Growing centers

10000 -
RS | | | [ | ERpeSSST | TS
% Other growing Steady
€ 10000 1
g8 m-mlnln |__sxllisEs
‘8 Shrinking Rapidly shrinking

10000 -

RN [ R | .

0D DD OO D DD DD DO DD DO
PP PR LS ERD PP LSS IO
SESES FEPEE SEEE S P LSS

N

N D D QS DO SEENANEIRIRNES
RICHCICACICX RICICICHCICOX S

v
. Single-family houses and duplexes . Rowhouses . Blocks of flats

Figure 2. Constitution of the Finnish residential building stock
by municipality categories in 2020 (OSF, 2022b).



local stock is greater than the local demand for residen-
tial floor area (Figure 3).

Modelling procedure

To understand the modelling procedure, it is important
to notice that so called convolution operator from Sar-
tori et al. (2016) is used below in Equation (4) and
Equation (7). In Equation (1), convolution is a math-
ematical operator between two functions f and g,
describing how much these functions overlap when
one function is shifted over another. Convolution
between fand g is denoted as f*g and the whole equation
is formally defined as follows:

(fxg)(n) = 3_f(m) - g(n —m) (1)

Now, the modelling procedure may be shortly described
through Equations (2)-(7) as follows. Modelling is per-
formed per each year and notation (t) refers to respect-
ive years in the modelling procedure.

p

Sp=—
D Py

(2)

Equation 2: The state of residential building stock in
the beginning of the first year of the modelling pro-
cedure is the starting point for the modelling procedure.
To define the municipal residential building stock size
in floor area (Sp), ‘permanently occupied floor area’ is

Minimum
construction rate

Mortality
profile

Renovation
profile

RESIDENTIAL
BUILDING STOCK

Repairs and

. Mortalit
renovations sl

Figure 3. lllustration of the dynamic modelling framework.
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first divided by ‘number of residents living within the
municipal borders’. Next, leaning on empirical obser-
vations from previous years, projections of municipal
residential floor area per resident ratios are estimated
until the year of 2050. Pp, is calculated by taking inverses
of the projected floor space parameters, i.e. ‘population
within the municipal borders” divided by ‘persons per
permanently occupied residential floor area’. Then,
these parameters are input into the model. Finally, resi-
dential building stock size in floor area (Sp) is computed
by dividing ‘population (P)” by ‘persons per floor area
(Pp)’.

ASD(t) = S(t) - S(t - 1) = Dnew(t) - Ddem(t) (3)

Equation 3: Changes in the residential building stock
size in year t are dependent on new housing construc-
tion (Dy,,) ja mortality of the existing residential build-
ing stock (Dgem). New construction is determined based
on the change in demand for residential floor area. Mor-
tality of residential floor area is replaced by new con-
struction based on the market demand. Still, the
annual minimum rate of new construction is 0.2% of
the local housing stock.

Ddem(t) = DO(t) + (PDEM*DneW)(t) (4)

Equation 4: The basic version of Equation (4) equals
to Sartori et al. (2016). Mortality of residential floor area
in year ¢ (D g (t)) is a convolution of mortality function
(ppem(t)) and new construction (D, (t)). Moreover,

Residential floor

area / population Population
EMPTY DEMAND FOR
HOUSING RESIDENTIAL FLOOR
UNITS AREA
New construction Change in
demand
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Mortality profile for residential buildings

1004

Mortality rate [%)]
3 o

N
[$2]
1

100 150 200
Age

Figure 4. Empirically based mortality profile for residential buildings.

mortality of residential buildings that existed already
before the beginning of the study period is accounted
for in the initial value (Dgy(t)).

In this research, the distribution-based mortality
function is replaced with the approach from Kurvinen
et al. (2021), where empirical observations from pre-
vious years are used to iterate a mortality matrix,
which depicts mortality probability of residential build-
ings at specific ages. For a simplified analysis, also Eq.
(4) may be applied.

L =1— CDM(ppem) (5)

Equation 5: Based on the year of construction, lifetime
profile (L) provides probability for a residential building
to be further in use each year since completion. More
precisely, lifetime profile is constructed of complements
to 1 of mortality probability matrix (mortality profile)
values.

K
PREN,, = kZ pren(k) - L(7) (6)
-1

Equation 6: The basic version of Equation (6) equals
to Sartori et al. (2016). Repairs and renovations may
occur several times during the lifetime, whereas mor-
tality only occurs once. Renovation profile (pren,,,) is
constructed based on cyclical repetitions (k) of renova-
tion function (prpyn), which are weighed in relation to
lifetime profile that has been shifted with 7 years
(L(7)). The shift is performed to ensure that the model
does not target renovations to buildings, which will
not soon be in use anymore. The lifetime after a renova-
tion is at minimum expected to be as long as the reno-
vation cycle, i.e. T equals to the length of the renovation

cycle.

In this research, the renovation function is replaced
with evidence-based renovation cycles that are compu-
tationally defined. This approach is based on rehabilita-
tion degree model from Saari (1998). For a simplified
analysis, also equation (6) may be applied.

Dyen(t) = Ro(t) + (preN,, 4 *DNew) (1) (7)

Equation 7: The volume of repairs and renovations in
year t (Dyn(t)) is a convolution of renovation profile
and new construction in the previous years of the
study period. Moreover, repairs and renovations of the
residential buildings that existed already before the
beginning of the study period are accounted for in the
initial value (Ry(2)).

Differentiating between obsolescence and
market demand based renovation need

As the risk for underutilization of the residential building
stock is increasing in many Finnish municipalities (Min-
istry of Environment, 2020; Figure 1), it is important to
differentiate between different types of renovation
needs. In this paper, obsolescence-based renovation
need refers to repairs and renovations, which should be
performed because of technical or functional obsoles-
cence. When such renovation needs occur in locations
where the residential building stock is underutilized or
is in the risk of soon becoming underutilized, these obso-
lescence-based renovation needs may not be fully feasible
in market terms. To address this, market demand based
renovation need is used to refer to that proportion of
obsolescence-based renovation need, which may also
be considered feasible when the local demand for resi-
dential floor area is taken into account.



The concept of a natural vacancy rate should provide
a good reference point for defining which share of the
renovation need is market demand based. It is widely
accepted that housing markets have their natural
vacancy rates, which seem to differ between areas and
points of time (e.g. Wheaton, 1990). Thus, fluctuation
around the natural vacancy rate reflects changes in
supply and demand in the local housing market. For
example, Rosen and Smith (1983) reported that natural
vacancy rates vary between 5 and 15 percent in the US
housing markets. In Finland, the level of natural
vacancy rates resulting from the housing market rigid-
ities alone has been estimated to be some 5 percent of
the housing stock (Laakso & Loikkanen, 2004; Paavilai-
nen, 2020). Therefore, notably higher vacancy rates in
the Finnish context potentially refer to dysfunction in
the housing market, which may be attributable to dras-
tically falling demand or excessively high volumes of
new housing construction (Paavilainen, 2020). In this
research, the market demand based need for repairs
and renovations is linked to the estimated natural
vacancy rate so that only renovations on residential
units within the 5 percent vacancy threshold are con-
sidered market demand based.

Results
Mortality profile

The mortality profile is a central input for the model. As
there are different types of mortality, including (A)
demolition, (B) alterations to purpose of use, and (C)
merger of spaces, it is important to explain what mor-
tality of building stock means in the context of this
paper. As the model operates with floor areas, the
types of mortality that are included are limited to
types A and B. This is simply because of data limitations,
as demolition of buildings and switching to another
purpose of use are visible in statistics while merger of
spaces is not. Still, types A and B cannot be separated
from each other as only the total changes are reported
in the official statistics.

To predict the mortality of the existing residential
building stock, mortality functions were constructed
based on the official statistics from Statistics Finland.
The collected data account for the size of the stock for
different types of buildings by year built at different
cross-sectional years (1950, 1960, 1970, 1980, 1990,
2000, 2010, 2018), allowing for the construction of sep-
arate mortality functions for each completion decade.
Finally, these separate functions, describing the mor-
tality rates of buildings from their respective decades
at different cross sections of time, were merged into
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an integrated mortality profile for all residential build-
ings. The mortality profile that is used in the modelling
procedure is presented in Figure 4.

Renovation profile

As statistics on repairs and renovations are insufficient
to provide a comprehensive view of the current state
of the residential building stock, the starting point
for the analysis cannot lean on these data. Instead,
this was addressed by using computationally defined
empirical repair and renovation packages. These
packages were included in the MFA model as repair
and renovation profiles, while statistics on repairs
and renovations were used when validating the mod-
elling approach.

Construction of repair and renovation packages
leans on empirical knowledge of lifetimes of different
technical building systems and structural components,
and on the rehabilitation degree that corresponds to
replacing these items (Table 1). Rehabilitation degree
describes the cost of renovation in relation to new
construction cost of similar building and spaces
(Saari, 1998). To calculate the costs for repair and
renovation packages, TAKU™ Target Costing soft-
ware was used (Rowley et al., 2018). Then, if rehabili-
tation degree is 50%, the renovation cost is half of the
target cost of constructing a new building. Thus, reha-
bilitation degree provides an intuitive measure to clar-
ify the magnitude of the renovation project in relation
to a totally new building.

The repair and renovation packages were separately
calculated for residential blocks of flats and single-
family houses. The single-family house packages
were also applied to rowhouses, as their spatial struc-
ture is similar. Therefore, one rowhouse can be con-
sidered to comprise of several concatenated housing
units, which spatial structure equals to small single-
family houses. The major differences between repair
and renovation packages for blocks of flats and
single-family houses are that there are no shared
spaces in single-family houses and the proportion of
building envelope in relation to floor area is greater
in single-family houses than in blocks of flats. As a
result, rehabilitation degrees are different depending
on the building type.

In addition to rehabilitation degree that depicts the
magnitude of renovations, another central dimension
in the modelling procedure is the length of renovation
cycles. Those indicate at what age the renovations are
typically performed. In the base scenario, a light facelift
repair is performed in 25-year cycles, a regular renova-
tion in 50-year cycles, and a heavy renovation in 100-
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Table 1. Rehabilitation degrees for different repair and renovation packages (BoF = block of flat ja SH = single-family house), repair

age and description of the package.

Rehab
Package Degree Age of repair Description
Light facelift BoF: 16% 25,75, 125, Renovation of surfaces, fixtures and appliances
renovation SH: 17,5% 175y - New energy-efficient household appliances reduce electricity consumption.

- New water-saving taps and water fixtures reduce consumption of domestic hot water.

Renovation of surfaces, fixtures and appliances; renovation of HVAC systems; light renovation of building

- All energy saving measures in light facelift renovation also apply to regular renovation.

- Renewal of HVAC systems to meet the requirements for new construction (e.g. heat recovery and smart
HVAC control system) reduce heating energy consumption

- Renewal of windows to meet the requirements for new construction reduce heating energy

- Replacing roof cladding and adding more roof insulation when technically possible reduces heating

- Renovating cladding and changing/adding insulation to external walls reduces heating energy
consumption (one third of renovated buildings reach the insulation level of new construction).
- Installing LED light fixtures with occupancy sensors in outdoor and common areas reduces electricity

Regular renovation  BoF: 64% 50,150 y
SH: 74% envelope
consumption.
energy consumption.
consumption.
Heavy renovation BoF: 82% 100, 200 y
SH: 91% building envelope

Renovation of surfaces, fixtures and appliances; renovation of HVAC systems; thorough renovation of

- All energy saving impacts of light facelift renovation and regular renovation also apply to heavy

renovation.

- Renewal of roof cladding and insulation to meet the requirements for new construction reduce heating

energy consumption.

- Renewal of external wall structures and adding insulation reduce heating energy consumption.

year cycles. Here, the more thorough renovations also
include the lighter repairs. Moreover, it is recognized
that in real world the repair and renovation cycles do
not strictly follow the cycles, and this has been included
in the modelling procedure through renovation cycle
deviation parameters.

The repair and renovation packages are directly
linked to improvement of energy efficiency in connec-
tion with renovations and maintenance, which is men-
tioned as one of the three primary means of
improving building stock sustainability in the Finnish
Long-Term Renovation Strategy 2020-2050 (LTRS)
(Ministry of Environment, 2020). The packages include
all other measures that are listed in the LTRS but decar-
bonization through switching to a more sustainable
heating system is excluded. A detailed description of
the energy efficiency measures included in the packages
is provided in Table 1. The repair and renovation
packages and cycles reflect the idea that energy
efficiency improvements should be realized in connec-
tion with other repair and renovation actions to allow
ecological efficiency and cost-effectiveness, which is
recognized as an important trigger point in the Finnish
LTRS.

Renovation costs

Renovation costs vary with location and these locational
price differences have been considered for each

renovation package by using HAAHTELA Tender
Price Index (Haahtela, 2022). It is a price index for
building construction that describes the development
of tender prices in various index regions. In this
research, the Finnish municipalities are divided into
six categories and the following HAAHTELA Tender
Price Index values are used for them:

e (i) capital region (index value: 110)

e (ii) growing major municipalities and (iii) other
growing municipalities (index value: 104)

¢ (iv)steady municipalities and (v) shrinking munici-
palities (index value: 92)

e (vi) rapidly shrinking municipalities (index value: 87)

In Table 2, the average costs of each renovation pack-
age are presented per living floor area for different
building types (BoF = block of flat ja SH = single-family
house) and municipality categories. The costs are
reported according to the tender price level in January
2021 including VAT 24%, and the share of new con-
struction cost equals to the rehabilitation degree of
each package.

Dynamic evolution of residential building stock
2020-2050

The modelled dynamic evolution of the entire Finnish
building stock spanning from 2020 to 2050 is presented



Table 2. Average costs of renovation packages [€/sqm] for
different building types (BoF =block of flat ja SH=single-
family house) and municipality categories.

Municipality Category

(i) Capital (i), (iii) (iv) Steady and  (vi) Rapidly
region Growing (v) shrinking shrinking

Tender Price 110 104 92 87
Index Value

BoF: Light 574 543 480 454
facelift
renovation

BoF: Regular 2248 2125 1880 1778
renovation

BoF: Heavy 2929 2770 2450 2317
renovation

SH: Light 658 622 550 520
facelift
renovation

SH: Regular 2774 2623 2320 2194
renovation

SH: Heavy 3467 3278 2900 2742
renovation

Notes: The costs are reported according to the HAAHTELA Tender Price Index
regional price levels in January 2021 including VAT 24% (in Finland).

in Figures 5 and 6. The flows including new construc-
tion, mortality, and renovation (obsolescence based
need for repairs and renovations) are depicted in Figure
5 while the changes in the stock size and constitution are
shown in Figure 6. In Figure 5, building types are differ-
entiated so that solid lines denote blocks of flats and
dash-dotted lines indicate low-rise buildings including
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single-family and duplex houses, and rowhouses. New
construction of both blocks of flats and low-rise build-
ings has a decreasing trend in the modelling period
while the volume of renovations is trending upwards.
In terms of blocks of flats, annually renovated floor
area overtakes annual new construction around 2035.
In terms of residential low-rise buildings, the annual
volume of renovations is notably higher than the
volume of new construction during the entire modelling
period. New construction of blocks of flats is faster than
the mortality during the entire modelling period, result-
ing in growing stock of blocks of flats, even if the growth
pace is decreasing towards the end of the modelling
period. Mortality of residential low-rise buildings is
higher than new construction volumes for almost the
entire modelling period, resulting in decreasing stock
of low-rise buildings. Based on the modelling, some
75 percent of the residential building stock in 2020 is
still remaining in 2050, and approximately two thirds
of the new construction have replaced mortality of old
buildings. To allow better understanding of the stock
development in terms of geographical heterogeneity,
the results are also presented by municipality categories
in Figures 7 and 8.

Figure 7 reveals differences in the new construc-
tion, mortality, renovation flows by municipality

New Construction, Renovation and Mortality

Floor Area by Residential Building Type
30009 i

=]
(=]
(=]
[a=)
1

Floor area (1000 sgm)

2030 1

=== Construction (BoF)

== Mortality (BoF)
* ' Construction (SF and RH) * * Mortality (SF and RH) = *

2040 1
2050 A

Year

Renovation (BoF)
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Figure 5. Dynamic evolution of the residential building stock, 2020-2050.
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Development of Residential Building Stock 2020-2050

All Residential Buildings, entire Finland

3004
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Figure 6. Cumulative development of the residential building stock, 2020-2050.

categories. In Capital Region the highest volumes of
activities are related to blocks of flats, which is also
the case in growing centres. In these two municipal-
ity categories, it also takes longer before renovation
volumes takeover the volumes of new construction.
In Capital Region this happens some years before
2040 and in the category of growing centres around
2035. In all the other municipality categories, where
the residential low-rise buildings dominate, also the
renovation need for renovation activities of single
family and duplex houses, and rowhouses create the
greatest flows. In shrinking and rapidly shrinking
municipality categories, the mortality of old buildings
outstrips the volumes of new construction. Still, some
new construction occurs in all municipality
categories.

Figure 8 shows the geographical differences in the
stock changes, revealing that the total size of residential
building stock is increasing in Capital Region, growing
centres, and other growing centres. In the municipalities
with steady population amount, the stock size remains
about the same through the modelling period while
notable decreases in the stock size occur in shrinking
and rapidly shrinking municipalities, where the mor-
tality of old buildings is not fully replaced with new
construction.

Annual cost of obsolescence based need for
repairs and renovations

In Figure 9, annual average need for obsolescence based
repairs and renovations is presented in monetary terms.
The highest volume of repairs and renovations occurs is
shrinking and rapidly shrinking regions. Each of these
two categories represent approximately one fifth of the
annual repairs and renovations in the Finnish housing
stock. The average need for repairs and renovations in
the capital region is about one sixth of the repair and
renovation need in the entire stock, annually. Growing
centres and other growing regions both represent
approximately 12% of repair and renovation need.
The lowest volume of repairs and renovations is in
regions with steady population amount that represent
approximately 8% of the need.

When scrutinizing the modelling results in terms of
residential building types (Figure 6), it is observed that
the capital region is the only municipality category
where need for repairs and renovations is notably higher
in mid- and high-rise buildings than in low-rise build-
ings as is the case in all the other municipality cat-
egories. In growing centres, the proportions of repairs
and renovations in low-rise buildings and mid-rise
buildings are close to each other while, in other
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New Construction, Renovation and Mortality
Floor Area by Residential Building Type and Municipality Category
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Figure 7. Dynamic evolution of the residential building stock by municipality categories, 2020-2050.
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Annual need for repairs and renovations per building type
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Figure 9. Average annual obsolescence based need for repairs and renovations per different residential building types and munici-

pality categories.

municipality categories, the share of repairs and renova-
tions in low-rise buildings is notably higher than the
share of high-rise buildings. The most important factor
behind the results is the different distribution of differ-
ent residential building types within different munici-
pality categories.

Market demand based or not?

As defined in this research, market demand based need
for repairs and renovations equals to functional obsoles-
cence based need in capital region, growing centres, and

in other growing regions. At the same time, demand
based need for repairs and renovations is lower than
obsolescence based need in steady, shrinking, and
rapidly shrinking regions (Figure 10).

In regions with steady population amount, the
demand based need for repairs and renovations is 95%
of the obsolescence based need. In shrinking regions
and in rapidly shrinking regions the proportions are
92% and 85%, respectively. The total volume of demand
based repair and renovation need is the greatest in
shrinking regions (1.5 billion euros annually). Nex
greatest volume is in the capital region (1.4 billion
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Figure 10. Functional obsolescence based and market demand based need for repairs and renovations. The rasterized part of the
column is the difference between obsolescence based and market demand based need.



euros annually) as in rapidly shrinking regions the mar-
ket demand for residential buildings is notably lower
than the functional obsolescence based need for repairs
and renovations. It is also good to notice that the market
based need for repairs and renovations notably
increases in the capital region during the modelling
period. The increase is clearly faster than in shrinking
regions, which results in that, at the end of the model-
ling period, the greatest volume of repairs and renova-
tions is in capital region. Third greatest volume of
market based need for repairs and renovations is in
rapidly shrinking regions (1.3 billion euros annually).
However, during the modelling period, the market
based need in steady regions grows higher (1.2 billion
euros annually) than in rapidly shrinking regions. The
smallest volume of market based need is in growing
centres and in other growing regions (approximately
one billion euros annually). Apart from rapidly shrink-
ing regions, in all other municipality types there is an
upward trend in the volume of market demand based
need for repairs and renovations.

Validation of the modelling approach

To validate the modelling approach, the need for repairs
and renovations was modelled in a past period from
2014 to 2020. Then, the modelling results were com-
pared to the official statistics for the same period
(OSF, 2020). The time frame from 2014 to 2020 was
selected for the comparison as there are no major
changes in the compilation of the statistics in this
period. The comparison is demonstrated in Figure 11,
showing that the modelled results are of the same
order as the numbers in annual statistics that follow

Cost of repairs and renovations
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the costs of repairs and renovations in residential build-
ings. This confirms that the used modelling approach
provides appropriate results when the modelling attri-
butes are accurate enough.

At the same time, it is critical to remember that both
the modelling procedure and compilation of statistics
involve numerous uncertainties and minor differences
that may result in biases. Those include but are not lim-
ited to that (i) the actual costs may be different to those
selected for the modelling, (ii) the volume of actual
repairs and renovations may be different to the mod-
elled need for repairs and renovations that is dependent
on the population projection, (iii) do-it-yourself repairs
and renovations are not included in the statistics, (iv)
people answering queries that are used for compilation
of the statistics may have different understandings of
what is included in different cost items, (v) those who
are more active in repairs and renovation may also be
more active in answering queries (bias is possible even
if statistics involve a calculation based correction for
this), (vi) there may be regional differences in answering
the queries (bias is possible even if statistics involve a
calculation based correction for this), and (vii) minor

annual repairs (performed by professionals) are
included in the statistics but excluded from the
modelling.
Discussion

The purpose of this paper is to provide an alternative
approach to vague assumptions about the residential
building stock development with a focus on the long-
term need for repairs and renovations. To address the
first research question (RQ1) about how we can
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Year
== Modeled repairs and renovations == Repairs and renovations in residential buildings (OSF)

Figure 11. Modelled market demand based need for repairs and renovations (green line), and repairs and renovations from the

Official Statistics of Finland (2020) (blue line).
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dynamically model the long-term development of the
Finnish building stock with a focus on repair and reno-
vation needs, a transparent framework for modelling
development of residential building stock is introduced.
The modelling methodology is based on Dynamic
Material Flow Analysis (MFA). The modelling frame-
work is built upon the previously reported work from
Sartori et al. (2016), which is complemented by the
empirically based building mortality approach from
Kurvinen et al. (2021) and the building rehabilitation
model from Saari (1998). Our contribution through
these amendments allows a context-tailored modelling
approach where the history and characteristics of local
housing stocks are taken into consideration as opposed
to previous literature with a more straightforward cre-
ation of distribution based mortality and renovation
profiles. Another distinct advantage of the incorporated
building rehabilitation model is that it also allows
expressing the repairs and renovations in monetary
terms. As the modelling framework is developed using
Finnish statistics, updating the analysis should be rela-
tively effortless when new data becomes available. This
also allows wide applicability to other geographical
locations where adequate statistical data are available.

To answer the second research question (RQ2) about
how the Finnish residential building stock will develop
in terms of new construction, mortality, and repairs
and renovations in the study period from 2020 to
2050, the use of the modelling framework is demon-
strated by modelling the development of Finnish resi-
dential building stock spanning from 2020 to 2050.
Even if the Finnish building stock and energy renova-
tions have been examined in various previous studies,
to our knowledge, this is the first journal contribution
to present dynamic modelling of the Finnish building
stock development, including new construction, mor-
tality of buildings, and need for repairs and renovations.
For conciseness, the focus of this article is in the base
modelling scenario, and a detailed description of the
sensitivity analysis' will be presented in a follow-up
paper.

The average annual obsolescence based need of
repairs and renovations is 4.1 million square metres of
residential floor area, equalling to 1.8% percent of the
entire housing stock, which is notably higher than the
average realized European retrofit rate of 0.2% (Ibafiez
Iralde et al., 2021). Instead, our modelled renovation
rate is of same magnitude, even though slightly higher
than what Sartori et al. (2016) have modelled for Nor-
way and Sandberg et al. (2016) for 11 European
countries (Finland is not included). They also observed
that only minor increases in renovation rates are
expected, which is also reinforced by our results.

Moreover, our modelling also confirms findings from
Sandberg et al. (2014), suggesting that renovation rates
of 2.5-3% are not reached through natural renovation
cycles. In monetary terms, the modelled annual need
for repairs and renovations is 7.8 billion euros. Result-
ing from the aging housing stock, the need increases
through modelling period. Some 70% of the obsoles-
cence-based need for repairs and renovations occurs
in low-rise buildings (row houses and single-family
homes), and the proportion of repairs and renovations
in mid- and high-rise buildings is greater only in the
capital region.

On average, the annual mortality of residential build-
ings is 1.9 million residential square metres (0.8% of the
existing residential building stock). The average mor-
tality rate is slightly higher than what Sandberg et al.
(2016) have reported for Norway (0.5-0.6%) but well
within the variation of the 11 European countries they
have studied (0.2-1.2%). The modelled annual mortality
of buildings equals to about half of the residential floor
area that is annually in need for repairs and renovations.
As a result of the aging building stock, there is an
upward trend in mortality of residential buildings. The
annual volume of new housing construction is, on aver-
age, 2.2 million residential square metres (1.0% of the
residential building stock). Sandberg et al. (2016) report
in their study the construction rate in Norway to be 1.2-
1.5%, while rates in all 11 studied countries vary from
0.3% to 2.0%. In our study, the annual new construction
is about one half of the annual obsolescence-based need
for repairs and renovations. As opposed to renovations
and mortality of buildings, the annual volume of new
construction has a downward trend in the modelling
period. Therefore, the total size of the housing stock
hardly increases but rather starts decreasing towards
the end of the modelling period. At the same time,
repairs and renovations form yet increasing share of
the construction market. New housing construction
still occurs also in regions where population amount is
decreasing to address changing needs in the housing
markets.

Finally, to address the third research question (RQ3)
concerning if the modelled need for repairs and renova-
tions in line with the Finnish national Long-Term Reno-
vation Strategy 2020-2050 (LTRS) (Ministry of
Environment, 2020), the modelling results are discussed
in relation to the national strategy. Implementing the
empirically based renovation packages and cycles
allow considering various renovation measures and set-
ting the modelling results in perspective relative to the
Finnish LTRS. The introduced modelling approach
addresses two of three primary means of improving sus-
tainability that are recognized in the Finnish LTRS.



Those include (1) building loss and improvement of
energy efficiency, (2) improvement of energy efficiency
in connection with renovations and maintenance
while the third mean (3) abandoning fossil energy
sources in energy production is outside the scope of
this research. In the LTRS, it is emphasized that invest-
ments in energy efficiency improvements should be
combined with renovations that occur based on other
compelling reasons. This principle is in line with the
empirically based renovation packages and cycles that
are the basis for the renovation profile that is
implemented in the modelling procedure. Also, the
cost efficient energy efficiency measures listed in the
LTRS are mostly included in the renovation packages.
Further, it is recognized in the LTRS that underutiliza-
tion of the building stock is becoming more common
in many locations in Finland. Therefore, the LTRS
suggests removing all vacant buildings from the build-
ing stock to be profitable. Still, it is estimated that 70%
of the 2020 building stock will remain in 2050 while
our modelling results suggest that 75% is remaining.
However, in the modelling procedure, the underutiliza-
tion aspect is in addition to mortality also addressed by
differentiating between obsolescence based and market
based renovation need, and in the entire Finnish hous-
ing stock some 95% percent of obsolescence based need
for repairs and renovations is considered market
demand based. As this is reduced from the original esti-
mate of 75%, the final approximation is very well in line
with the Finnish LTRS. In terms of market demand
based need for repairs and renovations, geographical
heterogeneity is notable. In growing municipalities,
there is a market demand for the entire existing housing
stock (excluding the annual mortality of residential
buildings), while in regions with steady population
amount, shrinking regions, and in rapidly shrinking
regions the proportions of market demand based repairs
and renovations are 95%, 92%, and 85%, respectively. In
general, our modelling results suggest that the Finnish
residential building stock is on the way towards 2050
emission goals.

The available statistics on repairs and renovations
provided an important reference line for validation of
the modelling results. The comparison between the
modelling results using history data and the statistics
supported the view that the modelling approach is
well suited for modelling the long-term need for resi-
dential repairs and renovations. Still, it is critical to
understand that modelled results are always simplified
approximations. Even if the presented modelling attri-
butes have an empirical basis, the future development
may be unexpected and different. As it is known, new
construction, mortality, and repair and renovations
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activities are many times dependent on the decisions
of private people and companies. Particularly, in terms
of repairs and renovations, this may have resulted in
accumulation of backlog of undone works from years
before the beginning of the modelling period. And, it
is good to notice that such potential previous backlog
is not included in the modelling results.

Lastly, as the focus has been on modelling develop-
ment of residential building stock, the modelling results
should not be directly generalized to other building
types, such as office, commercial, and industrial. For
example, Kurvinen et al. (2021) have reported that mor-
tality of other building types is faster than mortality of
residential buildings, which should also be linked with
renovation strategies and new construction activities
of these other building types. Therefore, more research
on development dynamics of other building types is
necessary before valid conclusions may be drawn.

Conclusion

This paper aims to provide a solid and transparent
approach for modelling residential building stock devel-
opment with a focus on the long-term need for repairs
and renovations. The modelling methodology is based
on Dynamic Material Flow Analysis (MFA). Our main
contribution is the incorporation of the empirically
based mortality model and building rehabilitation
model in the MFA modelling framework. The use of
the modelling framework is demonstrated by modelling
the development of Finnish residential building stock
spanning from 2020 to 2050. The average annual obso-
lescence-based need of repairs and renovations is 4.1
million square metres of residential floor area, equalling
to 1.8% percent of the entire housing stock. In monetary
terms, this means 7.8 billion euros annually.

In the LTRS, it is emphasized that investments in
energy efficiency improvements should be combined
with renovations that occur based on other compelling
reasons. This principle is in line with the empirically
based renovation packages and cycles. Also, the cost
efficient energy efficiency measures listed in the LTRS
are mostly included in the renovation packages. Further,
it is recognized in the LTRS that underutilization of the
building stock is becoming more common in many
locations in Finland, and it is estimated that 70% of
the 2020 building stock will remain in 2050.

Based on the results, it is concluded that:

¢ The model is widely applicable to other geographic
locations where adequate data is available.

e As opposed to renovations and mortality of build-
ings, the annual volume of new construction has a
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downward trend in the modelling period, and the
total size of the residential building stock slightly
starts decreasing towards the end of the modelling
period.

o The share of repairs and renovations increases in the
construction market.

 In the entire Finnish residential building stock, some
95% of obsolescence based need for repairs and reno-
vations is considered market demand based, but the
share notably varies between regions.

e The modelling results are in line with the LTRS,
supporting the view that the Finnish residential
building stock is on the way towards 2050 emission
goals.

For future work, it would be useful to incorporate a
population projection model into the modelling frame-
work. This would allow a more detailed analysis within
the cities if the official population projection could be
distributed from municipality level to residential neigh-
bourhoods. Also, including non-residential buildings
into the model should serve the objective of sustainable
management of the built environment. Further, a possi-
bility to report the modelled flow measures also in num-
bers of housing units would be an informative addition
to the model.

Notes

1. In addition to the base modeling scenario, the sensi-
tivity of the results was modeled in relation to (i) faster
and more slowly smoothing growth trends of floor area
per person, (ii) faster and slower mortality rates of resi-
dential buildings, and (iii) faster repair and renovation
cycles. The smoothing pace of floor area growth trend
had the greatest impact on the volume of new housing
construction while the impact on the obsolescence-
based need for repairs and renovations and on mor-
tality was relatively small. However, floor area per per-
son ratio directly affects housing demand and,
therefore, it has greater impact on the financial feasi-
bility of repairs and renovations, particularly in shrink-
ing regions. Also, faster and slower mortality rates
mostly affect the volumes of mortality and new housing
construction as the impact on the obsolescence-based
repairs and renovations is relatively small. Instead,
impact on the market demand based share of needed
repairs and renovations is notable, particularly in
shrinking regions. As opposed to other sensitivity
checks, faster repair and renovation cycles had a direct
impact on the volume of needed repairs and renova-
tions while only had a minor impact on the mortality
and the volume of new housing construction. For con-
ciseness, the focus of this paper is on the modeling
approach and the base modeling scenario. A deeper
analysis of the sensitivity checks will be presented in a
separate paper.
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