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a b s t r a c t

A variety of climate mitigation strategies is available to mitigate climate impacts of buildings. Several
studies evaluating the effectiveness of these strategies have been performed at the building stock level,
but do not consider the technological change in building material manufacturing. The objective of this
study is to evaluate the climate mitigation effects of increasing the use of biobased materials in the
construction of new residential dwellings in Sweden under future scenarios related to technological
change. A model to estimate the climate impact from Swedish new dwellings has been proposed
combining official statistics and life cycle assessment data of seven different dwelling typologies. Eight
future scenarios for increased use of harvested wood products are explored under different pathways for
changes in the market share of typologies and in energy generation. The results show that an increased
use of harvested wood products results in lower climate impacts in all scenarios evaluated, but re-
ductions decrease if the use of low-impact concrete expands more rapidly or under optimistic energy
scenarios. Results are highly sensitive to the choice of climate impact metric. The Swedish construction
sector can only reach maximum climate change mitigation scenarios if the low-impact building typol-
ogies are implemented together and rapidly.
© 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Further increases in the global anthropogenic greenhouse gas
(GHG) emissions as in current patterns will most likely cause
irreversible environmental impacts (Field et al., 2014). The con-
struction sector is responsible for nearly 19% of the global GHG
emissions, making it a climate hot-spot that requires urgent miti-
gation measures (Edenhofer et al., 2014). It is estimated that about
8% of the global GHG are caused solely by the production of cement,
the main component of concrete (Olivier et al., 2016). The concrete
and cement industry contribute to a significant share of the global
greenhouse gas emissions, but still are not expected to reduce
significantly their climate impact intensity (Science Based Targets
of Sweden, Eklandagatan 86,
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Initiative [SBT], 2015). The substitution of concrete with wood
and harvested wood products (HWP) has been considered as a
strategy to reduce the climate impacts of buildings, showing sig-
nificant potential for mitigation (Weiss et al., 2012). This is specially
the case for Sweden, where in contrast to most other countries
there is an extensive amount of forest area with steady growth,
available for harvesting. Life cycle assessment (LCA) has been
extensively used for the evaluation of the climate mitigation po-
tential from this and other strategies at the material and building
level (Buyle et al., 2013). However, the inconsistency of LCA practice
in the building sector suggests that additional approaches are
needed to support decision-making (S€ayn€ajoki et al., 2017). What is
more, few studies have investigated the effects of mitigation al-
ternatives at a broader level, or taken into account future variations
in the climate impact of processes.

The environmental performance of building stocks has been
increasingly studied in several publications, but mostly with a focus
on energy aspects and lacking a life cycle perspective (Mastrucci
et al., 2017). Still, some interesting efforts exist, such as the
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Abbreviations

GHG Greenhouse gas
LCA Life cycle assessment
HWP Harvested wood product
MFA Material flow analysis
HFA Heated floor area
IPCC Intergovernmental panel for climate change
GWP Global warming potential
GTP Global temperature potential
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review carried out by Condeixa et al. (2017) illustrates. The present
and future material flows in the Norwegian building stock have
been estimated to identify future developments and challenges
concerning the fate of PCBs in building materials (Bergsdal et al.,
2014). Using dynamic material flow analysis, Holck-Sandberg and
Brattebø (2012) calculated the energy intensity and carbon emis-
sions of the Norwegian dwelling stock for the coming 50 years.
Pauliuk, Sj€ostrand & Müller (2013) combined Material Flow Anal-
ysis (MFA) and LCA to assess potential pathways for reaching 50-
year climate targets in the residential dwelling stock in Norway. A
more recent study combined bottom-up and top-down approaches
to model the embodied energy and GHG implications of different
retrofitting pathways, and suggest that material manufacturing will
become more relevant with the surge of energy efficient dwellings
(Seo et al., 2018). Condeixa et al. (2017) proposed a static frame-
work to estimate future waste flows from the building stock of Rio
de Janeiro, aiming to support decision-makers. Finally, Reyna and
Chester (2014) have proposed a framework to model the current
building stock of Los Angeles based on past trends, and warn on
path dependency and risk of lock-ins with long-lasting building
types. No study to date focused on the Swedish dwelling stock has
estimated the long-term climate impacts using similar approaches.

The climate long-term effects of increased use of HWPs in
construction and other sectors have been somewhat studied. For
example, Lundmark et al. (2014) assessed the net carbon emissions
of biomass harvesting for forest products in Sweden under different
forest management scenarios, concluding that increasing the in-
tensity of harvesting practices to substitute non-biobased products
would result in net climate benefits. Cintas et al. (2015) explored
the long-term effects of increasing the harvest of forest biomass in
Sweden to obtain higher output of products, and concluded that
methodological choices such as spatial perspective, reference sit-
uation, location, harvesting practices and displaced technology
have significant influence in this type of analysis. Suter et al. (2016)
assessed the environmental benefits of wood product use in
Switzerland through a model that also combines MFA and LCA.
Nepal et al. (2016) estimated the carbon savings in the coming 50
years from increased use of wood products in the United States and
found out that increasing the use of wood would lead to net long-
term carbon savings. Among all similar studies concerning the ef-
fects of increased use of HWPs, none has accounted for the effects
of technological change in GHG emissions from manufacturing
processes in the long-term. These effects should not be under-
estimated, since the GHG emissions from energy generation and
material manufacturing are expected to decrease in Sweden in the
coming twenty years (Swedish Environmental Protection Agency
[EPA], 2017).

The objective of this study is to evaluate the climate change
mitigation effects of an increased use of HWPs in the Swedish
dwelling stock under different future scenarios analysing the ma-
terial consumption. A scenario-based model is used to estimate the
amount of building materials for construction of new residential
dwellings. The operational energy use is not accounted for, but the
energy use for material manufacturing is widely studied in the
study. Using these amounts and dynamic factors for GHG emissions
from LCA studies, the climate impact of material production for the
Swedish dwelling stock is estimated for the coming 100 years. The
scenarios investigated explore how different pathways for tech-
nological change in material manufacturing and energy production
affect the climate impact of new residential construction in
Sweden.

2. Methods

A combination of scenario-basedmodelling and LCAwas used to
forecast the climate impact from the construction of new residen-
tial dwellings in Sweden for the coming one hundred years
(2017e2117). This time period was selected in order to capture
long-term impacts of sustained changes in the building stock. To
handle the different plausible directions of societal and market
development, a number of scenarios were constructed following
different levels of increase in the use of biobased materials in new
dwellings and different development pathways for energy and
material manufacturing. The impacts from the operational energy
use of the buildings have been excluded from this study in order to
focus on aspects that are related to the material choice in buildings.

2.1. Estimating the material flows for new dwellings

A scenario-based stock model of the heated floor area (HFA) of
new residential dwellings per year is suggested (Fig. 1). The starting
point of the model is to forecast the yearly amount of new heated
floor area that will be required in Sweden (in m2/cap.yr), based on
historical trends for the last 20 years. These trends were obtained
using values for population growth (Statistics Sweden [SCB], 2016a)
and new built heated floor area (SCB, 2013) from official Swedish
statistics. Based on this data, an average yearly decline rate for HFA
per capita of 0.22% was estimated, which was then used to estimate
a yearly HFA per capita factor for the studied period. Based on this
factor and the population size projections from the official Swedish
statistics (SCB, 2016b), a projectionwasmade for the annual growth
of HFA in Sweden. The historical data from statistics used is illus-
trated in Fig. 2; with Fig. 2a showing population growth and Fig. 2b
displaying the growth of HFA in Sweden.

The next step was to estimate the amount of new dwellings that
would be required to provide this additional yearly HFA and the
flows of materials for this. The HFA output and material input per
dwelling depends greatly on the construction system used, so it
was necessary to establish dwelling typologies. These typologies
were selected using two criteria; the typologies in available sta-
tistical data for new construction of dwellings in Sweden and the
availability of LCA data for each typology. The parameters that differ
between typologies are the dwelling size, the building materials
and the building concept. The dwelling typologies used in this
study are 1e2 family house, three types of timber-based multi-
family dwellings (prefabricated volume elements, massive ele-
ments and column-beam), three types of multi-family dwellings
with concrete structure (on-site casted, VST and low-impact) and
one type of steel structure. More detailed descriptions can be found
in Table 1, including the literature reference used to estimate the
material amounts. Each of these references used different system
boundaries, thus different exclusions that affect the comparability
of their LCI data. Therefore, adjustments to the data were necessary
so the same exclusions are applied to each typology in the present
article. As a result, the only building components included here are
the foundations, building structure, internal walls and floor



Fig. 1. System boundaries for the model used to estimate the net GHG emissions from the Swedish building stock per year. The figure shows processes (manufacturing, electricity
generation, construction, and waste management), material stocks, and GHG emissions and uptakes.

Fig. 2. Graphical outline of the population size (a) and heated floor area (HFA) demand
(b) data used in this article. Population size is presented in total number of inhabitants
and includes both historical data and future projections (SCB, 2016a), while HFA is
presented in millions of square meters and features only historical data (SCB, 2013).
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elements, façade and exterior walls and roof. Detailed information
about the adjustmentsmade to the original data can be found in the
Table 1
Outline of the eight dwelling typologies used, all compliant with passive house standard

Typology Short description

1-2 family house 2-storey house considered represent
Prefabricated volume elements Modular prefabricated volume eleme
Massive elements, CLT Massive timber CLT element structur
Column-beam, LVL Structure of LVL and glulam beams a
Traditional on-site casted concrete Modern ZEB building design.
VST concrete system Prefabricated remaining formwork w
Low-impact concrete A concrete building type with severa
Steel Due to the lack of studies in Sweden
supplementary material (Appendix A).
With a set of typologies defined, it was necessary to estimate the

percentage of new residential dwellings of each typology built each
year historically and for the coming one hundred years. The his-
torical distribution among typologies starts by the distribution of
new residential dwellings by size, meaning the share of multi-
family and 1e2 family dwellings. For this, data from official
Swedish statistics was used (SCB, 2016c). Based on this data, it was
calculated that the share of multi-family dwellings tends to in-
crease by 0.04% every year, to the expense of 1e2 family dwellings.

The present market shares of each multi-family dwelling ty-
pology and their historical changes were also obtained from official
statistics; as the percentage of new dwellings built during the last
ten years with timber, concrete and steel structures (Swedish
Federation of Wood and Furniture Industry [TMF] & SCB, 2016).
From this, it was estimated that of new residential dwellings built
in the last ten years 9.1% were built in timber, 89% in concrete and
1.4% in Steel. From the same data, a yearly increase of 0.2% in timber
construction to the expense of concrete was found, while the steel
construction remained fairly constant. These yearly increases,
representing the continuation of “business as usual” trends, will be
used later on for the baseline scenario (see section 2.3). As for the
1e2 family dwellings, it was assumed that 100% of the new
dwellings are timber houses. This assumption is made for
simplicity, and based on the fact that the average share during the
last ten years of applied building permits for timber 1e2 family
houses with respect to the total applications is approximately 95%
(Swedish Federation of Wood and Furniture Industry [TMF], 2017).
It was also assumed that the three building types using timber
structures share equally the market of the timber dwellings, simi-
larly to the distribution between the two concrete typologies. This
rather simplified approach is not considered as a factor that
significantly affects the study's outcome given that the difference in
climate impact from typologies using the same structural material
are minor and the fact that this question is beyond the scope of this
article. The changes overtime in the market shares of different
.

LCA data reference

ative for Nordic single houses. Dokka et al. (2013)
nts transported and mounted at the site. Pe~naloza et al., 2013
e
nd columns, including a concrete staircase.

Sinha et al. (2016)
ith in-situ casted concrete Liljestr€om et al., 2015
l climate mitigation strategies implemented. Kurkinen et al., 2015
, a case study from China was used as proxy. Su and Zhang, 2016
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building types are illustrated in Fig. 3.
Since timber construction is not the only alternative available

for climate impact mitigation of buildings, a new dwelling typology
was introduced. The concrete building type from Kurkinen et al.
(2015) achieved significant reductions by different means such as
function-based choice of concrete mix recipe for each element, use
of hollow elements, and use of fly ash as filler to reduce the use of
cement and increased use of renewable energy for manufacturing.
This building type is assumed to be representative for emerging
low-impact concrete technologies that are under development or
are already available in other countries but considered novel in
Sweden such as the use of fly ash. This does not necessarily mean
that the system in Kurkinen et al. (2015) will be widely-used in the
future, especially since constraints like the availability of fly-ash to
supply the demand of concrete could apply if this was the case. The
low-impact concrete system fromKurkinen et al. (2015) is currently
available, but it is assumed that in the coming years more alter-
native low-impact systems will be introduced to the market.

The major actor in Swedish cement industry has established a
“Zero vision” future strategy, where climate neutrality for concrete
will be achieved by year 2040 (Cementa, 2017). However, in order
to achieve this goal, half of the climate impact reductions will be
achieved via carbon capture and storage, which is not accounted for
in this study, since the point in time for its implementation is highly
uncertain. The remaining half of the impact reductions expected to
reach this “Zero vision” will be achieved by measures that fall
within the scope of this study; energy efficiency, use of renewable
energy, new types of cement and carbonation. Based on this vision,
it has been assumed that conventional high-impact concretewill be
phased out by low-impact concrete in the year 2040. No major
changes in manufacturing are accounted for other structural ma-
terials such as HWPs or steel besides the changes in energy supply
which affect all materials. The focus on steel buildings in the
explored scenarios is low given the low market share of the ty-
pology and LCA data scarcity.

2.2. GHG emissions and uptakes from new dwellings

The model was completed by calculating the material flows
within the system. Inventory data from LCA studies was used to
obtain the type and amount of construction materials that each
dwelling typology requires per unit of HFA delivered. The material
input per square meter of HFA for all the studied dwelling typol-
ogies including their literature references can be found in the
supplementary material (Appendix B). Statistical data for the age of
Fig. 3. Yearly changes in the market share of new dwellings for different building types
throughout the studied period. The figure corresponds to the baseline scenario.
demolished buildings in Sweden was used to estimate an average
age at the moment of demolition of 58 years (SCB, 2017a). There-
fore, it was assumed that starting from year sixty, a share of the
studied dwelling stock leaves the system to either renovation or
demolition. This share was estimated by calculating an average
percentage of the dwelling stock that has been renovated or
demolished between 1990 and 2008 based on official statistics (no
statistics are available before or after this period), obtaining a result
of 1,24% (SCB, 2017a; SCB, 2017b).

LCA data was used to calculate the yearly GHG emissions from
the studied system for the 100-year studied period. Data for net
GHG emissions per material unit have been obtained from com-
mercial LCA databases, Environmental Product Declarations (EPDs)
and previous studies of the processes in the model (see Fig. 1);
material manufacturing, energy supply for material manufacturing
construction of the dwellings and waste management. The GHG
emissions used for material manufacturing processes and their
sources are presented in the supplementary material (Appendix C).
To account for temporal changes in the energy supply, it was
necessary to estimate the percentage of the GHG emissions from
each material's manufacturing process that could be attributed to
electricity and heat generation. These percentages were obtained
from Ecoinvent (the percentage for each material can be found in
the supplementary material, Appendix C), and were used to
calculate yearly variations in the GHG emissions for each process
following changes in the energy supply system over time (see
section 2.3). A detailed account of the evolution of the GHG emis-
sion factors for each material due to advances in the energy supply
system is presented in the supplementary material (Appendix D).

The carbon dioxide sequestered by trees during growth
(commonly referred to as biogenic carbon) is temporarily stored in
HWPs throughout their service life and then released back to the
atmosphere. It has been demonstrated that biogenic carbon storage
(defined as temporary or permanent changes in the biogenic car-
bon stocks of the technosphere) can influence significantly the LCA
results of HWPs and timber buildings (Helin et al., 2015; Pe~naloza
et al., 2016). On the concrete side a somewhat opposite phenom-
enon occurs, as the carbon dioxide emitted during clinker calci-
nation as part of the manufacturing of cement is re-absorbed when
the concrete is exposed to air, both during its service life and end-
of-life phases. This phenomenon, known as concrete carbonation,
can also affect LCAs of buildings and construction but only to a
limited extent (Wu et al., 2014; Collins, 2010). In order to capture
the dynamic effects of these two phenomena, a dynamic LCA
approach has been used in this study (see section 2.4). To enable
this, the values for biogenic carbon content and yearly carbonation
of concrete were required. Information about the biogenic carbon
content of HWPs was obtained from the same sources as the
emission factors (see Supplementary material, Appendix C). In the
model, the biogenic carbon dioxide is sequestered (accounted as a
negative emission) when the product is manufactured, and is
emitted (accounted as a positive emission) when the material goes
into end-of-life. On the other hand, it was established that concrete
takes up 6% of the GHG emissions from manufacturing (or calci-
nation) in the form of carbon dioxide throughout the life span of the
building, based on the results obtained by Kurkinnen et al. (2017).
This total uptake was then distributed through the 60 years of
service life of the building, obtaining a yearly carbonation factor per
square meter of living area for each concrete typology based on its
respective manufacturing emissions. The concrete carbonation that
takes place after end-of-life has been excluded because the sec-
ondary life cycle of the recycled concrete (i.e. road construction)
occurs during processes that are outside the system boundaries of
this study.

Previous studies have demonstrated that an increase in the
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intensity of biomass harvesting from Swedish forests would lead to
net climate benefits in the long-term (Cintas et al., 2015; Eliasson
et al., 2013). Other studies however have pointed out the risks of
creating long-term carbon debts with increased harvesting under
certain conditions (Holtsmark, 2012), or the risk of unsustainable
increases in the harvesting of forest biomass for bioenergy (Schulze
et al., 2012). Even as these studies raise very relevant concerns, the
increased harvesting scenarios they analyse are aimed towards the
use of biomass for bioenergy, implying the biogenic carbon dioxide
is immediately emitted to the atmosphere after harvesting. Since
the increased use of HWP implies a long-term storage of biogenic
carbon in products that compensates to some extent for the long
harvesting periods of biomass from boreal forests, a conservative
assumption of a steady state in the Swedish forest carbon stock has
been made for this study. This steady state means that each mass
unit of embodied carbon that enters the system in the form of
HWPs is treated as an equivalent mass unit of carbon dioxide that is
sequestered from the atmosphere. Meanwhile, biogenic carbon has
been accounted for at end-of-life, leading to a zero biogenic carbon
mass balance when recycled, energy recovered or combusted
(within the same product system). Still, the climate impacts of
biogenic carbon dioxide are accounted for when radiative forcing is
used as metric, resulting in a net climate benefit due to biogenic
carbon storage in HWPs. This approach follows standard practice
for attributional LCA, and is used to avoid double-counting.

2.3. Scenario analysis and variables

Eight different future scenarios have been defined to analyse the
climate effects of increasing the amount of HWP in Swedish
dwellings at different scales and under different circumstances
regarding technological change. These scenarios, explained in
Fig. 4, have been established by modifying four key variables that
represent changes in technology and sectorial practices. The sce-
narios have been selected with two purposes. The first group of
scenarios was established to test the effects of increased use of
HWPs in connection to pessimistic or optimistic assumptions for
energy supply. The second group of scenarios was established to
test the influence of the four key variables as a whole, capturing the
importance of technology changes.

The four key variables used for the scenario analysis are the
growth rate of the share of timber multi-family dwellings, the
yearly change in the distribution between 1 and 2 family dwellings
and multi-family dwellings, the growth share of dwellings built
using low-impact concrete building types, and the temporal change
in GHG emissions from energy supply for material manufacturing.
The choice of variables and scenarios obey to those that represent
technological or market development pathways that could affect
the effectiveness of the climate mitigation strategies studied in this
article; increased use of biobased materials and low-impact con-
crete dwellings.

One baseline scenario has been established as a reference point,
in which past trends are continued through the years following
“business as usual” changes and with a moderate implementation
of climate mitigation strategies. Three other scenarios are deter-
mined by the level of implementation and success of climate
impact mitigation strategies; one optimistic scenario where low-
impact building types grow rapidly and GHG emissions from en-
ergy supply decrease rapidly, one pessimistic scenario where low-
impact building types grow slowly and GHG emissions from en-
ergy supply decrease slowly, and the strictest scenario where every
variable has a value for maximal climate mitigation results. Finally,
four additional scenarios are studied focusing on the growth rate of
timber construction, where moderate and optimistic growths are
assumed under pessimistic and optimistic conditions for energy
supply change.
The annual growth rate of the market share for timber dwellings

represents the hypothetical increase in the use of HWP in the
Swedish dwelling stock. It varies between the “business as usual”
value of 0.2% annual growth based on historical trends and lower
(0,1%) or greater (1% or 2%) increase assumptions in other scenarios.
The second variable, the yearly change in the distribution between
1 and 2 family and multi-family dwellings, captures the possible
scenarios for urbanisation. Sweden is a country with a considerable
amount of land available for urbanisation, so densification is not a
necessity for now. Also, 1e2 family timber houses have higher GHG
emissions per living area for material production than multi-family
dwellings. This is illustrated by the LCA references for each typol-
ogy described in Table 1, where the study of Dokka et al. (2013)
reports 208 kg CO2 per square meters of living area while the
timber-based typologies in Pe~naloza et al. (2013) report values
between 120 and 153 kg CO2. Therefore, the market share of 1e2
family houses could have a significant effect in the climate impact
of future scenarios. A “business as usual” annual growth in multi-
family dwellings of 0,4% following past trends is used in the base-
line scenario, while a more rapid growth is assumed in optimistic
scenarios and a decrease is assumed in pessimistic scenarios.

The third variable used in the scenarios is the growth of the
market share for the low-impact concrete typology. As discussed in
section 2.2, this typology is assumed to represent not only the
climate-optimised design described in Kurkinen et al. (2015), but
also all other low-impact concrete building types that may be
introduced to the market.

The fourth variable, the changes in GHG emissions for energy
supply, is also aimed to capture technological change. For this, the
four scenarios identified by the study ‘Four Futures’ (“Fyra fram-
tider” in Swedish) by the Swedish Energy Agency (2016) were used
as a source for the data used concerning yearly reductions in the
climate impact from energy generation, and therefore its contri-
bution to the climate impact from manufacturing processes in the
future. The study identified four possible futures for the Swedish
energy system, as well as the potential reductions in GHG emis-
sions and energy demand. These possible futures are:

� “Forte”, where policies have a strong focus on economic growth,
used for pessimistic scenarios.

� “Legato”, where policies have a strong focus on environmental
sustainability, used for the climate strictest scenario.

� “Espressivo”, where policies focus on local energy generation,
used for the baseline scenario due to its moderate results.

� “Vivace”, where policies have a strong focus on research and
innovation for climate smart energy solutions, used for opti-
mistic scenarios.

These futures are used to estimate annual reductions in the GHG
emissions from manufacturing of building materials and yearly
changes in the emission factors for each dwelling typology. Each of
these possible futures was assigned to at least one scenario.

2.4. Climate impact assessment metrics

The final product of the scenario analysis was a net yearly flow
of GHG emissions to the atmosphere from all the processes within
the scope, but these GHG emissions still need to be translated into
climate impact. Some studies have obtained different results con-
cerning the importance of the choice of metrics (Cintas et al., 2015;
Guest and Strømman, 2014). The IPCC global warming potential
characterisation factors with a 100-year time horizon (GWP100) is
one of the metrics applied to assess the cumulative climate impact
of the Swedish dwelling stock for the coming one hundred years.



Fig. 4. Description of the eight future scenarios and their features in relation to the four key variables under study.
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For this metric, biogenic CO2 emissions and concrete carbonation
have been included, generating a zero impact over the life cycle
since no landfill is applied at end of life. However, given the
aforementioned importance of biogenic carbon sequestration in
HWP and concrete carbonation, and the dynamic nature of the
model and its changes, dynamic characterisation factors have been
used as an alternative metric.

The dynamic approach used as alternative metric is based on a
method proposed by Levasseur et al. (2010), where the character-
isation factor used for each pulse emission varies with respect to
the time of occurrence and with a time horizon established by the
practitioner. After this time horizon, climate impacts are not
accounted for anymore. The characterisation factors measure the
climate impact caused by any given year's net emissions during the
time interval between the given year and the time horizon estab-
lished as limit. Therefore, the time horizon is established as a
studied period for impact assessment, during which the impacts in
the atmosphere are measured. The resulting indicator is a cumu-
lative value for radiative forcing, which is the final consequence of
GHG emissions on the environment that causes climate change.
This approach suits to capture the long-term nature of carbonation
and biogenic carbon sequestration, since even after the 100 years
period of the projections the impacts from the GHG emissions will
continue. What is more, even after year 2117 the dwelling cohorts
from the last 60 years will still generate some end-of-life biogenic
carbon emissions and concrete carbonation, which can only be
captured with a time horizon longer than 100 years. A 300-year
time horizon has been established for this second metric, as pre-
vious results have suggested that a horizon of 300 years is long
enough to capture climate impact of biogenic carbon flows
(Pe~naloza et al., 2016). The net emissions used for this metric
include also the biogenic carbon sequestration and emissions, as



Fig. 5. Cumulative climate impact for the four scenarios focused on increased use of
HWP in the Swedish building sector. Fig. 5(a) shows the results obtained using
GWP100 including only fossil emissions, while Fig. 5(b) shows the results obtained
from using the dynamic characterisation factors with a 300-year time horizon.
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well as the carbon dioxide sequestration from concrete
carbonation.

3. Results and discussion

The aim of this article was to study the effects that an increased
use of HWPs would have in the climate impact mitigation of
Sweden's building stock, and how these effects differ under
different future scenarios. In order to do so, a model was created to
estimate the building material flows and GHG emissions for con-
struction of new dwellings in Sweden during a one hundred years
period, based on data from official statistics and single-dwelling
LCA studies of different dwelling typologies. Eight future sce-
narios were constructed for this analysis with assumptions for the
growth rate of the market share of typologies with lower climate
impact (dwellings with high HWP content and low-impact con-
crete), as well as changes in the energy production system and a
shift to a larger share of multi-family dwellings. The results should
provide an illustration of the climate impact mitigation potential of
an increased use of HWP in Sweden, and the way this potential
changes if different assumptions about the future are made.

In summary, the results indicate that increasing the use of HWPs
in dwellings can contribute to future climate mitigation of Swedish
construction. The extent of this contribution depends significantly
on the choice of climate metric and the assumptions concerning
other developments, mostly related to energy supply and the share
of multi-family and single-family dwellings. Results also demon-
strate the considerable importance of accounting for technological
change in future studies related to climate impact of the dwelling
stock, as different assumptions for climate impact of energy gen-
eration and concrete manufacturing yield considerably different
results. Finally, the overall results suggest that the choice of metric
can affect substantially the outcome of the analysis, especially if a
time-dynamic metric is applied (such as the cumulative radiative
forcing) that accounts for biogenic carbon flows and storage or
concrete carbonation.

Fig. 5 presents the results for the 100-year cumulative climate
impact for the four scenarios focused on increased use of HWP in
the Swedish building stock; using all possible combinations be-
tween moderate or optimistic increase rates for use of HWP in
dwellings and optimistic or pessimistic climate impact mitigation
in energy production. The results in Fig. 5(a) are for the GWP100
metric and Fig. 5(b) for the dynamic characterisation factors with a
time horizon of 300 years. Every scenario studied where an
increased use in HWP use is assumed results in lower climate im-
pacts than the business as usual scenario established as baseline.
This outcome suggests that using more HWPs in dwellings can
reduce climate impacts in most possible future contexts. This is
illustrated by the results in Fig. 5(b), where a difference can be
observed in the cumulative impact obtained with different growth
rates for HWP use but similar assumptions for the other variables
(see Fig. 4). On one hand, the energy optimistic scenario with
optimistic increase of HWP use resulted in around 2% lower cu-
mulative impact than that obtained with an energy optimistic and
HWP moderate scenario. The difference is less noticeable between
the two scenarios with pessimistic energy assumptions, as the
scenario with optimistic HWP growth has around 1% lower cu-
mulative impact than with the HWP pessimistic. These observa-
tions are however less evident in Fig. 5(a) when GWP100 is used,
where a 1% difference between scenarios with optimistic and
pessimistic HWP use.

Fig. 6 presents the cumulative climate impacts for three sce-
narios with different levels of implementation of climatemitigation
strategies compared with the baseline scenario. Again, Fig. 6(a)
presents the impacts measured with GWP100 and Fig. 6(b)
measured with dynamic characterisation factors with a time hori-
zon of 300 years. Fig. 6 reveals the influence that assumptions
concerning technological developments have in the long-term
climate impacts of the Swedish building stock. The scenario with
the strictest setting of assumptions for climate impact mitigation
results in around 30% lower cumulative climate impacts if
compared with the “business as usual” baseline scenario, no matter
themetric used. On the other hand, a scenariowith a pessimistic set
of assumptions results in approximately 6% higher cumulative
impacts than the baseline scenario. Even if the HWP growth and
energy production assumptions are modified while the other var-
iables are left constant, the difference in result is significant. The
fact that such different results are obtained with different as-
sumptions related to changes in GHG emissions from single pro-
cesses over time demonstrates the relevance of these assumptions
for climate impacts forecasting studies.

A summary of the cumulative climate impacts obtained for all
the scenarios studied (and shown in Figs. 5 and 6) and their dif-
ference with those in the baseline scenario is presented in Fig. 7,
including the net GHG emissions (with biogenic carbon dioxide and
concrete carbonation), the impact from fossil emissions using
GWP100 and the cumulative radiative forcing calculated with dy-
namic characterisation factors and a 300 year time horizon. As can
be observed in Fig. 7, the results obtained with the two different
metrics appear very different. The reason for these differences is
that the effects from introducing time-dynamic emissions and
uptakes when using the dynamic approach (Figs. 5(b) and 6(b))
such as biogenic carbon and concrete carbonation have different



Fig. 6. Cumulative climate impact for the five scenarios focused on climate impact
mitigation in the Swedish building sector. Fig. 6(a) shows the results obtained using
GWP100 including only fossil emissions, while Fig. 6(b) shows the results obtained
from using the dynamic characterisation factors with a 300-year time horizon.

Fig. 7. Summary of the results of all the studied scenarios, direct comparison of all
scenarios with the baseline under all the analysed metrics.

Fig. 8. Disaggregated cumulative climate impacts for two scenarios using GWP100.
Each function corresponds to the contribution from each building typology in the
model to the total impact of each scenario. Fig. 8(a) shows the disaggregated results for
the baseline scenario, while Fig. 8(b) shows the disaggregated results for the climate
strictest scenario.
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effects in the climate impact behaviour, especially if it is measured
at different points in time. Given that the biogenic uptakes are
stored for a period of time and then emitted back to the atmo-
sphere, it takes years for their effects to compensate each other in
terms of climate impact. Meanwhile, the concrete manufactured
continues taking up carbon dioxide even after the end of the 100-
years period during which the material flows are measured.
Therefore, with more or less uses of HWP and concrete, the effects
from biogenic carbon and concrete carbonation will have larger
influence over the outcome.

The influence of the choice of metrics in the outcome of the
analysis is lower for the scenarios related to climate change, but
much more noticeable in the scenarios related to HWP as can be
seen in Fig. 7. In those scenarios where HWP was in focus, a higher
difference with the baseline scenario was obtained if dynamic
characterisation factors were used instead of GWP100. This may be
due to the fact that in all the future scenarios studied the market
will be dominated mostly by timber and low-impact concrete
dwellings; two typologies that will reach comparable climate im-
pacts per HFA in the future if biogenic carbon and concrete
carbonation are excluded. This future equivalence is caused by the
climate impact reductions achieved in energy supply. This outcome
of the significance of the climate metric choice aligns with results
obtained in previous research where it was demonstrated that such
time-related aspects matter for climate impact assessment at the
single-dwelling level (Fouquet et al., 2015; Pe~naloza et al., 2016).

A disaggregation of the contribution from each building typol-
ogy to the total cumulative climate impact of the baseline and
climate strictest scenario is presented in Fig. 8 to show the influ-
ence of the different assumptions. The figure features the results of
the GWP100 metric only. It can be observed that all the building
typologies have significantly lower cumulative impact, which can
be explained by the difference in the assumptions for energy sup-
ply. The exception for this is the timber multi-family buildings,
which is explained by the fact that the climate strictest scenario
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contains significantly different assumptions for the market share
for this typology. In contrast, despite having a larger market share,
the contribution of low-impact concrete to the cumulative impact
is lower in the climate strictest scenario. This may occur because
low-impact concrete buildings are more benefited by the cleaner
energy supply assumptions than timber buildings. Still, both the
timber and low-impact concrete are considered the typologies that
need to be implemented as soon as possible in the strictest future
scenario, so the best result is obtained when both are up-scaled
simultaneously. Their higher share in the strictest scenario comes
mostly to the expense of 1e2 family dwellings and conventional
concrete, and as the results show a strict climate future can be
achieved with growth for both typologies.

It is challenging to compare the results of this article with those
from similar studies due to the differences in approaches for system
analysis and geographical contexts, since other studies include
different types of forest products or changes in forest stocks, but
some distinctions can bemade. The study by Lundmark et al. (2014)
features quite static yearly reductions of CO2 emissions due to
material and energy substitution with forest products (i.e. a
consequential LCA approach analysing marginal effects), which
lead to substantial climate impact reductions every year. In
contrast, the present study applies an attributional LCA approach
where the result can be directly compared to statistic information
and IPCC-type scenarios. This demonstrates that technological
change affects the benefits from substituting conventional concrete
with HWP, given that at some point in the future conventional
concrete will be substituted by concrete with lower impact.
Something similar can be said about the results obtained by Nepal
et al. (2016), who also apply a consequential LCA approach and
obtain significant savings between a baseline and high wood use
scenario in a 60-year period in the United States while using the
same substitution factor for the whole studied period. This obser-
vation also applies to the study carried out by Cintas et al. (2015).
The results presented in this article align with those reported by
Guest and Strømman (2014) where divergent results were obtained
using two different metrics with the same time horizon of 100
years; GWP and global temperature potential (GTP). In Guest and
Strømman (2014), a global cooling effect was obtained by using
GTP but a net warming resulted by using GWP. Given that the dif-
ference in results with different metrics is greater for those sce-
narios with a higher flow of HWP, it can be said that both studies
suggest that more attention should be given to the choice of metrics
if HWP are an important part of a given climate impact assessment.

Concerning methodology, the methodological approach of this
article aligns with that from previous studies with similar aims.
Reyna and Chester (2014) have also built their model using census,
prototypical buildings and LCA data normalized by HFA. However,
their model features a more thorough estimation of building ser-
vice life, and their resulting assumption is close to that made in this
article (sixty years). Seo et al. (2018) have also used a similar
approach for their model, but focusing on retrofitting options. On
the other hand, Bergsdal et al. (2014) used a top-down input-output
approach to model the building stock of a country (Norway), which
differs to the bottom-up approach used in this article. This can be
seen as a shortcoming of the present study, as the building stock of
a country may be too heterogeneous to use a bottom-up approach,
which has been used mainly for building stock models of cities.

The results of this study should not be interpreted as an accurate
forecasting of climate impact from new residential dwelling con-
struction, as there are some limitations with the model used that
should be pointed out. First, different typologies could have
different climate impacts caused by maintenance under different
service life assumptions. However, in the model this challenge was
solved in a similar way for all the typologies, a simplification that
may not necessarily correspond to reality. There are no robust
statistical values for service life of dwellings in Sweden, while there
is significant uncertainty about this parameter due to the difference
between theoretical service life and the actual period that the
dwellings last until they become obsolete or are displaced by
changes in urban planning. Secondly, it could be argued that the
exclusion of renovation activities not only leaves out a part of the
building material flows in Sweden, but also an important climate
mitigation strategy for the building sector. Nevertheless, these
flows are to a lesser extent HWPs, while the role of dwelling
renovation as a climate impact mitigation strategy is mostly related
to energy efficiency of dwellings and impacts from operation,
which is outside the scope of this study. What is more, the choice of
building type does not affect the choice of façade system, which is
usually selected independently from the type of structure and is the
main contributor to the additional maintenance and renovation
material flows.

Assuming a steady-state in the forest and thus equilibrium be-
tween carbon in harvested biomass for HWP and carbon uptake
from the atmosphere might be another oversimplification. This
issue has been central in previous studies where it has been
demonstrated that in the long-term, increased harvesting from
Swedish can result in net climate benefits, dismissing concerns
about negative effects of an increased demand of HWPs could have
in the forest carbon stocks (Cintas et al., 2015; Eliasson et al., 2013).
In contrast, similar studies in other countries have obtained
divergent conclusions (Holtsmark, 2012; Schulze et al., 2012),
which highlights the relevance of this assumption in the present
study. A simple exercise could shed some light on this issue, an
estimation of the highest yearly forest biomass demand in the most
HWP intensive of the scenarios studied. This estimation can be
made using values from official forest statistics (Swedish Forest
Agency, 2014) for average yearly site productivity (5.3m3/ha),
percentage of forest used for saw logs (46%) and total productive
forest in Sweden (approximately 23171 million ha). The result ob-
tained, which is not even half of the amount of biomass that
Swedish forests can produce, suggests that the yearly demand for
additional biomass in Sweden under the most HWP intensive
scenario can be easily supplied with current harvesting practices.
This supports the steady-state simplification of the forest system
made for this study, and the focus in other aspects such as tech-
nological change and development pathways. Still, it is worth
mentioning that since the construction industry is not the only or
primary user of forest biomass in Sweden, further research is
required to study future scenarios where multiple sectors increase
their demand of forest biomass, a subject that has been already
studied to some extent by Lundmark et al. (2014).

The work carried out for this article provides an overview of
certain future scenarios focused on specific aspects. One alternative
subject for future research could be to investigate additional sce-
narios related with changes in the manufacturing processes of
other materials. Process optimisation could reduce to a certain
extent the climate impact of all materials in the future. Meanwhile,
the present study concentrates on concrete and HWP
manufacturing as well as reductions gained by a shift to cleaner
energy production. Manufacturers of other highly relevant mate-
rials such as gypsum board, steel and mineral insulation will most
definitely improve their processes, and accounting for these im-
provements could affect the outcome of this study. In the present
study, these improvements were not accounted for because the
scope of the study was limited to the main two materials, and
because of data limitations. In addition, the lowmarket share of the
steel-based typology may shorten the relevance of steel
manufacturing optimisation. Concerning other materials, all the
studied typologies have comparable contents of them, meaning



D. Pe~naloza et al. / Journal of Cleaner Production 187 (2018) 1025e10351034
that reductions in the climate impacts from their manufacturing
processes may affect them equally and therefore make these re-
ductions less relevant in the context of this study.

Another course for future research could be to extend the sys-
tem boundaries of the model to include the emissions from con-
struction activities. The construction phase is tied with other life
cycle stages andwould vary for each of the typologies studied in the
present study, and excluding it from system studies could be an
obstacle for the use of these studies in decision-making (S€ayn€ajoki
et al., 2017). The often value-laden exclusion of certain processes in
systems analysis studies can be a significant source of uncertainty,
as previous studies have shown that excluded processes can
contribute as much as those included (Suh et al., 2004). Obtaining
data to model construction activities of timber-based dwellings
could be challenging for the Swedish context, given that the con-
struction techniques vary significantly depending on the
contractor. The contractor pool in Sweden consists mostly of small
companies, which limits the availability of data. Still, hybrid ap-
proaches commonly used in the LCA field to solve this problem
could also be applied to solve this issue (Suh et al., 2004).

This article demonstrates that the future developments of the
building and energy sectors in Sweden can affect significantly the
climate impact from material manufacturing and construction ac-
tivities. Therefore, researchers forecasting climate impacts from
dwellings are advised to be aware of this issue and use dynamic
data for GHG emissions from processes, rather than assuming that
the same technology will be displaced in the long-term and with
the same magnitude in substitution effects. In addition, it is rec-
ommended that the stakeholders in the building sector appreciate
the significant benefits that prompt implementation of climate
mitigation strategies would have. There is room for growth for any
building type as long as it presents a low-impact alternative, as
what needs to be substituted is not a specific material but rather
building types with high climate impact per living area. As the
results from this study show, the maximum climate impact miti-
gation is achieved only if all mitigation alternatives are imple-
mented simultaneously and as fast as possible. The increased use of
HWPs is only one of many strategies needed to mitigate climate
impacts from dwellings, and as discussed before this role becomes
more relevant in pessimistic futures.

4. Conclusions

The results from this study indicate that the assumptions for
technological change can significantly affect the results of long-
term climate impact assessment at the building stock level. These
assumptions are the future GHG emissions of building material
manufacturing, the type of dwellings that dominate themarket and
changes in the impacts from energy production. The results also
suggest that the choice of climatemetric is significantly relevant for
future scenarios that feature higher flows of HWP and thus forest
biomass. Therefore, it is recommended to use at least two different
climate metrics when estimating future climate impacts of dwell-
ings, and also to account for technological change in the models,
adopting dynamic data for GHG emissions of future processes
within their system boundaries.

This study indicates that an increased use of HWPs in Swedish
new dwelling construction can contribute to mitigate the climate
change impacts of the building stock in the long-term. Every sce-
nario where a faster growth in HWP use in dwellings is assumed
resulted in lower long-term cumulative climate impacts. Moreover,
the scenarios with the lowest cumulative impact are those where
HWP use and other climate impact mitigation strategies are
implemented rapidly and simultaneously; strategies such as use of
low-impact concrete, shift to low-carbon energy sources for
manufacturing and increased construction of multi-family dwell-
ings. Stakeholders in the construction sector are advised to work
towards a substitution of high-impact building types with as many
different approaches as possible simultaneously in order to obtain
optimal climate mitigation results.
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