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Forests can help mitigate climate change in different ways, such as by storing carbon in forest ecosystems, and by
producing a renewable supply of material and energy products. We analyse the climate implications of different
scenarios for forestry, bioenergy and wood construction. We consider three main forestry scenarios for Kronoberg
County in Sweden, over a 201-year period. The Business-as-usual scenario mirrors today’s forestry while in the
Production scenario the forest productivity is increased by 40% through more intensive forestry. In the Set-aside
scenario 50% of forest land is set-aside for conservation. The Production scenario results in less net carbon di-
oxide emissions and cumulative radiative forcing compared to the other scenarios, after an initial period of
30-35 years during which the Set-aside scenario has less emissions. In the end of the analysed period, the
Production scenario yields strong emission reductions, about ten times greater than the initial reduction in the
Set-aside scenario. Also, the Set-aside scenario has higher emissions than Business-as-usual after about 80 years.
Increasing the harvest level of slash and stumps results in climate benefits, due to replacement of more fossil fuel.
Greatest emission reduction is achieved when biomass replaces coal, and when modular timber buildings are
used. In the long run, active forestry with high harvest and efficient utilisation of biomass for replacement of
carbon-intensive non-wood products and fuels provides significant climate mitigation, in contrast to setting aside
forest land to store more carbon in the forest and reduce the harvest of biomass.

1. Introduction

The question of how forests could best be managed to mitigate
climate change is discussed more intensively as society grows more
concerned with anthropogenic climate disruption. Forest ecosystems
store vast amounts of biogenic carbon, and management activities could
focus on preserving and enhancing this reservoir to prevent the stored
carbon from entering the atmosphere. On the other hand, forests can
produce a renewable supply of material and energy products, which
could be sustainably used in place of carbon-intensive materials and
fossil fuels. Researchers have developed integrated analysis techniques
to clarify connections and potential trade-offs between different forestry
strategies, where both biogenic carbon storage in forests and the out-
comes of using wood to substitute carbon intensive products in tech-
nological systems within society are included.

Early efforts to understand the carbon dynamics of managed forest
systems include Dewar’s 1991 exploratory accounting of trees, soil and
wood products [1], and Nabuurs & Mohren’s 1993 comparison of car-
bon flows in different forest types [2]. Schlamadinger & Marland
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provided a strong theoretical foundation for integrated analyses in 1996,
with system modelling that considered carbon changes in forest eco-
systems, wood products and fossil fuels [3]. Their focus was to under-
stand the dynamic relationships of the various carbon stocks and flows,
while using best generic estimates of system parameter values. Borjesson
& Gustavsson advanced the state-of-the-art in 2000 with specific esti-
mates of wood product substitution benefits from a Swedish case study
[4].

A growing number of concrete analyses were conducted in the early
21st century, based on forestry and substitution data specific to United
States in 2004 [5], Sweden in 2007 [6] and Switzerland in 2010 [7].
More recently, improvements in data availability and modelling so-
phistication have enabled robust and comprehensive analyses of the
climate mitigation effectiveness of different large-scale forestry strate-
gies in Sweden in 2017 [8] and Canada in 2018 [9]. Generally, such
analyses have consistently found that the greatest climate benefits come
from strategies aiming at high forest productivity and harvest level, as
well as efficient utilisation of harvested woody biomass to substitute
carbon intensive energy and materials.
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The potential for wood substitution of fossil energy is large, because
more than 80% of global primary energy is from fossil fuels, with the
largest dominance in the transportation sector where about 92% of all
energy supply was from fossil fuels in 2018 [10]. Building systems also
represent large wood substitution potentials, as building construction
activities largely use non-renewable materials and about 60% of global
raw material use is connected to such activities [11].

Bioenergy and wood construction systems can be designed in many
different ways to substitute many types of non-wood construction and
energy systems [12]. Such opportunities give a large range of climate
change mitigation effects that may vary for different forest management
systems [8]. Hence, the substitution effects vary broadly with how we
use the harvested woody biomass, what non-wood systems we replace,
and the type of forest management that is used [13].

Here, we estimate the climate effects of different silvicultural sce-
narios for Kronoberg County in Sweden, combined with different sub-
stitution scenarios. We analyse the climate effects over 201 years of
directing forest management towards enlargement of the set-aside area
in forests, or towards increased forest production, relative to the current
forest management. We quantify the substitution effects of replacing
concrete buildings with wood buildings and fossil energy with bioenergy
in a lifecycle perspective. We estimate the net CO5 emission of the forest
and technological systems over a 201-year period, and the resulting
climate effects in terms of radiative forcing. Our objective is to under-
stand the short- and long-term climate implications of alternate path-
ways for forest management and the built environment. The novelty of
the study is the linking of different system models, and applying them to
enrich knowledge about different long-term management and substitu-
tion possibilities for the forest-rich geographic area of Kronoberg County
in Sweden.

2. Methods, scenarios and data

We developed a computer model integrating forestry, energy,
building and climate components, and driven by a range of scenarios
(Fig. 1). The forestry scenarios include the Business-as-usual (BAU)
scenario that mostly reflects today’s forestry practices, the Production
scenario with 40% higher productivity achieved through more intensive
forest management, and the Set-aside scenario with half of all
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productive forest land set-aside for conservation. Each scenario and
assumed harvest level provides a supply of forest biomass to be used for
buildings and energy. The building construction scenarios include
modern prefabricated concrete, modular timber, and cross-laminated
timber building systems. The energy scenarios include modern large-
scale high-efficiency energy and transportation systems based on
biomass, fossil coal, gas or oil.

For each scenario combination, we estimate the annual fossil CO5
emissions from forest operations, biomass harvest and transport, the
avoided CO, emissions from using biomass to substitute fossil fuels and
materials, and the carbon stock changes in living trees, wood products
and soil. We then use a simple climate system model to estimate the
annual decay of atmospheric CO5 concentration, the resulting annual
changes in instantaneous radiative forcing, and the build-up of cumu-
lative radiative forcing that drives global climate change.

The same forest land area is included in all scenarios, and the same
amount of pulp wood, energy and housing services are delivered to so-
ciety. The scenario with least pulpwood (Set-aside) steers the amount of
pulpwood in other scenarios, and surplus of pulpwood in other scenarios
(BAU and Production scenarios) is used for energy. The maximum har-
vest of timber steers the potential for wood buildings, and in scenarios
with less timber, more concrete buildings are constructed to give the
same amount of housing service. Hence, in the Production scenario,
more biomass is harvested compared to the BAU, increasing the poten-
tial production of timber buildings and use of bioenergy. In the Set-aside
scenario, the harvest is lower compared to BAU, decreasing the potential
production of timber buildings and use of bioenergy. With fewer timber
buildings and less bioenergy, the construction of concrete buildings and
the use of fossil fuels both increase to deliver the same amount of service
to society.

In fields such as forestry with century-long growth cycles, it is
necessary to conduct modelling over time scales sufficient to capture
these long-term patterns. In addition, the climate dynamics of cumula-
tive radiative forcing take a long time to distinguish. Still, short- and
medium-term climate implications are of great interest to society,
including policy makers. Hence, it is useful to consider climate change
over many different time horizons. This work builds on previous
research using dynamic [14] system [15] modelling [5], to understand
the climate effects associated with different scenarios over 201 years
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Fig. 1. Flowchart diagram of modelling methodology. Numbers in parentheses indicate the article section describing the component.
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within the spatial area of Kronoberg County. A life cycle system analysis
approach is used and the long time horizon of our analysis enables us to
show the short-, medium- and long-term climate implications of the
various options, even though the uncertainties increase strongly in the
long run. Hence, within this long 201-year period, short- and
medium-term events and patterns are also evident.

2.1. Forest area and forest management scenarios

This study focuses on Kronoberg County in southern Sweden, based
on initial forest conditions in 2016. Kronoberg County has a total area of
8466 km? and a total population of about 200,000 people. The county is
abundantly forested, with 6500 km? of productive forest land area.
There is another 290 km? of set aside forest, including forest protected in
the European Union’s Natura 2000 land protection network. About 75%
of the trees are Norway spruce and 25% are Scots pine. The production
forests of Kronoberg County have a standing volume of about 91 million
m? of timber, and a mean annual volume increment of 5.9 m? (over
bark) per hectare per year. The forest in Kronoberg County was heavily
affected by the severe storm Gudrun in January 2005 [14], damaging
about 70 million m® of the Swedish forests, mostly spruce trees [15]. The
storm had a significant impact on the age structure of the forest in
Kronoberg County.

The Swedish Forest Agency performs forest impact studies on a
regularly basis of the Swedish forest, considering different ways to
manage the forest over 100 years. The studies are used to strategically
analyse the consequences of different forest management approaches,
including the potential trade-offs between diverse societal goals. Ana-
lyses of the current and expected future timber balances and their
drivers should enable deeper understanding of the economic, ecological
and social consequences of management decisions. Data from the latest
forest impact study (SKA 15) [16] are used for our forest scenarios,
which are summarized in Table 1.

The BAU scenario reflects today’s Swedish forestry, with the stem
harvest in final fellings almost equal to forest growth in production
forests excluding set aside land. Annual felling volumes from Swedish
forests have steadily increased during the past 45 years [17], and the
current felling level is close to the forest growth level but also depends
on the age structure of the forest. The Production scenario uses higher
management intensity such as species selection and fertilization to in-
crease forest growth level by 40% after 100 years. In all scenarios, the
forest productivity remains constant after 100 years until the end of the
201-year study period. The Set-aside scenario is somewhat extreme
where 50% of the productive forest land area is set aside at the starting
point of the forest modelling. In the BAU and Production scenarios,
11.3% of forest land is set aside.

In all scenarios almost all annual stem wood growth in non-set-aside
production forest area is harvested. We also estimate the climate im-
plications of harvesting forest residues, corresponding to 80% of slash
(branches and treetops) and 40% of stumps from final fellings. In a
sensitivity analysis we consider the forest management scenarios Pro-
duction20 (80/40) with an increased production of 20% instead of 40%,
the Set-aside32 (80/40) scenario with 31.8% of forest land set aside
instead of 50%, and a Set-aside + Production (80/40) with 50% of forest
land set aside and increased forest productivity of the non-set aside area
as in the Production scenario. The set-aside area of 31.8% is equal to the
relative set-aside area in the environmental scenario in SKA 15 [16]. All
forest management scenarios are based on future climate change cor-
responding to the Representative Concentration Pathway (RCP) 4.5
[18].

2.2. Forestry modelling
The Heureka Regwise simulator [19] is used to model forest devel-

opment and harvest. The tool contains simulation models for growth,
mortality and ingrowth of the tree layer. Height growth is modelled of
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Table 1
Forest management scenarios.
Name Descriptions
Reference
BAU Set-aside forest area is 11.3%. In non-set-aside forest

areas, management is similar to current Swedish forestry
practices, with annual stem wood harvest nearly equal to
annual stem wood growth but without harvest of slash or
stumps.
Main analysis
BAU (80)
BAU (80/40)

BAU plus 80% slash harvested from final fellings.

BAU plus 80% slash and 40% stumps harvested from final
fellings.

Set-aside forest area is 11.3%. In non-set-aside forest
areas, production increases to 40% higher volume
production during the first 100 years compared to BAU
and then the productivity remains constant, the annual
stem wood harvest is nearly equal to annual stem wood
growth, and no slash or stumps are harvested.
Production plus 80% slash harvested from final fellings.
Production plus 80% slash and 40% stumps harvested
from final fellings.

Set-aside forest area increases so 50% of forest land area
is not harvested. In non-set-aside forest areas, the forest
productivity is the same as BAU scenario, the stem wood
harvest is nearly equal to annual stem wood growth, and
no slash or stumps are harvested.

Set-aside plus 80% slash harvested from final fellings.
Set-aside plus 80% slash and 40% stumps harvested from
final fellings.

Production

Production (80)
Production (80/40)

Set-aside

Set-aside (80)
Set-aside (80/40)

Sensitivity analysis
Production20 (80/40) Set-aside forest area is 11.3%. In non-set-aside forest
areas, production increases to 20% higher volume
production during first 100 years compared to BAU and
then productivity remains constant, the stem wood
harvest is nearly equal to annual stem wood growth and
80% slash and 40% stumps are harvested from final
fellings.

Set-aside forest area increases so 31.8% of forest land
area is not harvested. In non-set-aside forest areas, the
forest productivity is the same as BAU scenario, the stem
wood harvest is nearly equal to annual stem wood
growth, and 80% slash and 40% stumps are harvested
from final fellings.

Set-aside forest area increases to 50% (as in the Set-aside
scenario). In non-set-aside forest areas, forest
productivity increases by 40% (as in the Production
scenario), the annual stem wood harvest is nearly equal
to the annual stem wood growth, and 80% slash and 40%
stumps are harvested from final fellings.

Set-aside32 (80/40)

Set-aside + Production
(80/40)

individual trees in young stands with a mean height less than 7 m, and
basal area is modelled of individual trees in established stands with a
mean height greater than 7 m. The tool also models the management,
harvest, climate change effect, storm fellings, and carbon storage in soil
and dead wood. Soil carbon stock estimates are based on the Q model
[20]. Measured data from the Swedish national forest inventory (NFI)
[21] were used as input data for the forest simulations. NFI plots are
divided into various categories including protected forests like nature
reserves, retention patches and voluntarily set-aside forests, as well as
productive forests in non-protected areas. Forestry simulations for each
scenario were conducted with five-year time steps starting in year 2016
and ending in 2216 and translated to annual values by linear interpo-
lation and used as input for further analysis.

The specific fossil emissions from different activities of forest man-
agement are summarized in Table 2. Estimates of fossil CO, emissions
from forest establishment include the activities of seed production, soil
scarification, regeneration and cleaning [22,23]. Emissions from fertil-
izer production and application activities include CO,, CH4 and N,O
converted to COze using GWP over a 100-year time horizon [24,25].
Emissions from forest thinning activities are based on a two-machine
system using diesel fuel [26]. Emissions from final harvesting activ-
ities are based on data specific to the southern region of Sweden [22,23].
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Table 2

Specific fossil CO, emissions from forest management.
Activity Specific emissions (tC ha™') Reference
Establishment 0.0465 [22,23]
Fertilizer production 0.0357 [23]
Fertilizer application 0.0009 [24]
Thinning 0.6327 [26]
Harvesting 0.7836 [22,23]

Modeling calculations are made per hectare of operation of each activity
in each year of the forest rotation.

2.3. Uses of forest products — building systems

The building systems analysis is based on a prefabricated concrete
building constructed in Vaxjo city in Kronoberg county in Sweden,
remodelled to the energy-efficiency level of the Swedish passive house
criteria. The building is further redesigned in detail with prefabricated
modular timber and cross-laminated timber (CLT) frame systems. Each
of the analysed building versions contains 24 apartments in six storeys,
with a heated building floor area of 1686 m2. Fig. 2 shows the floor plan
and section of the building. The building designs are according to reg-
ulations of the Swedish and European construction standards [27], and
designs of the timber building systems were carried out in cooperation
with the relevant Swedish companies.

The external wall framing of the concrete building consists of two
layers of concrete panel elements with expanded polystyrene (EPS)
insulation in between. The load-bearing internal walls of concrete and
the external walls support the intermediate concrete floor slabs with
laminated wood flooring. The roof has a concrete slab, stone wool
insulation, wooden trusses and aluminium roofing sheets over asphalt
layers.

The framing of the modular building system consists of separate
light-frame timber volume elements, manufactured in a factory and
delivered for assembly on site. The external walls have ventilated facade
plaster, glass wool insulation between timber studs, and gypsum boards
as internal finishes. The internal walls have timber stud elements clad
with gypsum panels while the intermediate floors have laminated wood
flooring over particleboards supported by glulam beam elements, with
glass wool insulation and plywood below. The roof has stone wool
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insulation, wooden trusses and aluminium roofing sheets over asphalt
layers.

The structural framing of the CLT building system consists of CLT
panel elements. The external walls have ventilated fagade plaster, stone
wool insulation between timber studs, and CLT panels with gypsum
boards as internal finishes. The inner CLT load-bearing walls are clad
with gypsum. The intermediate floors have laminated wood flooring
over CLT panels and glulam beams with stone wool insulation and
finished with gypsum boards below. The upper floor consists of stone
wool insulation with wooden trusses and aluminium roofing sheets over
asphalt layers.

For all the analysed building systems, the partition walls comprise 95
or 145 mm timber studs with 600 mm gaps, finished with gypsum
boards. The ground floors are made up of layers of drained gravel, EPS
insulation and concrete slabs with laminated wood flooring. The ground
floors of the timber building systems have been adjusted considering
their lighter weight compared to the prefabricated concrete system. The
windows and external doors for all three building alternatives consist of
three panes of clear glass and wood frames with external protective
aluminium profiles and have an overall U-value of 0.8 W m 2 K. The
U-values of the other envelope elements for the building systems are
0.11 W m2 K for the ground floors, 0.11 for the external walls and
0.05 for the roofs. For more information about the analysed building
systems see Ref. [28].

The full lifecycle impacts of the building systems are considered
excluding the operation phase, as all the building versions are modelled
to have the same operation energy use, thus impacts from the operation
phase will be the same for all three buildings. We consider full material
chains, covering extraction, processing, and transport of the materials
needed for the construction of the buildings, including material losses.
We also consider calcination and carbonation carbon flows related to
cement materials. The energy chains include the efficiencies of fuel
cycles, conversion and distribution systems.

The service life of each building system is assumed to be 80 years. At
the end-of-life of the buildings, steel is expected to be recovered and
recycled for the manufacture of new steel products. The demolished
concrete is crushed into aggregate and exposed over four months to
increase carbonation and subsequently used as below-ground filling
material, while the demolished wood is recovered and used for energy.
Cement calcination emissions and carbonation uptake analyses are
based on [29]. Fig. 3 shows the emissions from calcination during
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Fig. 2. Floor plan (left) and section (right) of the reference prefabricated concrete building.
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Fig. 3. Calcination emissions (left) and carbonation uptake (right) of cement-based materials in the analysed building systems.

cement manufacture, as well as cumulative carbon uptake due to
carbonation of the cement-based materials in the analysed concrete and
timber building systems.

Table 3 summarizes the resources used for different building systems
based on [30] and data from Refs. [31,32]. The differences between
wood-based and concrete-based building systems are used to evaluate
the climate effects of different scenarios. In the main analysis, modular
wood buildings replace concrete buildings, and in a sensitivity analysis
CLT buildings replace concrete buildings, to show the effects of different
timber building systems.

Production systems for building materials and construction change
over time, giving variations in energy demands between processing
materials using state-of-the-art facilities and those processed in older
industries [33]. Hence, a spatial variation exists, as technological
changes diffuse across countries. When comparing different materials,
we consider the relative differences between producing them. If the
processes for different materials have the same speed of development,
the relative differences between them will remain about the same.

2.4. Uses of forest products — energy systems

Despite significant efforts to reduce GHG emissions in Europe, coal,
fossil gas and oil provided respectively 14%, 24% and 33% of the EU
primary energy supply in 2018 [10], and fossil fuels are likely to remain
a dominant energy source for a long time. The share of renewables was
15.6%, comprised of 10.3% bioenergy, 1.8% hydro and 3.5% others. In
comparison, of the total global primary energy use in 2018, fossil fuels,
biomass and nuclear constituted about 81%, 9.5% and 5.0%, respec-
tively, giving a fuel dependence of 95.5% [10]. Increased use of bio-
energy could reduce the dependence on fossil fuels and facilitate the

Table 3
Resources used for constructing one building and available wood residues with
the different building systems.

Parameter (per building) Concrete  CLT Modular
Year of construction
Stem wood (dry tons) 103 750 331
Fossil fuels used for building material 1136 517 556
production (MWh)
Bioenergy used for building material production 86 401 220
(MWh)
Electricity used for building material production 242 214 238
(MWh)
Fossil fuels used for logistics (MWh) 9.32 76.8 32.0
Wood residues available for fuel substitution 164 2103 736
(MWh)
Year of demolition
Fossil fuels used for logistics (MWh) 2.85 13.5 7.52
Wood residues available for fuel substitution 288 1359 761
(MWh)

integration of intermittent wind and solar in renewable energy systems.

Today, average conversion efficiency of standalone power plants in
the EU is relative low [10,34] and use of combined heat and power
(CHP) technologies are being promoted due to their better overall
conversion efficiency and the simultaneous demand of heat and elec-
tricity in existing energy system. Beside the existing energy conversion
technologies, emerging bio-based technologies based on gasification are
of interest since a wide range of primary fuels can be used. Also, the
produced syngas can be used directly for heat and electricity production
as well as to upgrade to different types of motor fuels [35-40].

Residues from harvested forests, wood processing and end-of-life
wood construction materials are here assumed to be used for energy
purposes. The energy from such residues is used to replace that from
fossil-based energy systems to provide the same energy service. Hence,
each scenario of using bioenergy has a corresponding scenario of using
fossil energy. Biomass is assumed to be mobilized and used in places
where they can give greater benefits, because costs and emissions for the
transportation of biomass for long distance are relative low [41]. In all
the scenarios in this study, we include an international transport dis-
tance of 1000 km for forest biomass to be used for energy purposes.

In this analysis, we consider the use of biomass in large-scale CHP
conversion facilities, including CHP plants using steam-turbine tech-
nology (CHP-BST), CHP plants using emerging gasification technology
with combined cycle (CHP-BIGCC) and stand-alone production of
methanol biomotor fuel (MF-MeOH). We consider three energy sce-
narios: (i) CHP-BST replaces efficient conventional coal-based CHP
plants (CHP-CST), (ii) CHP-BIGCC replaces high-efficiency fossil gas-
based CHP plants using combined cycle technology (CHP-FGCC) and
(iii) MF-MeOH replaces gasoline in transportation. Conversion effi-
ciency details of these considered technologies are given in Table 4.

2.5. Climate scenarios

Atmospheric CO5 concentration has increased by 40% since pre-

Table 4
Conversion efficiencies of energy systems.
Conversion Main product Coproduct Reference
technology Type Efficiency  Type Efficiency
Combined heat and power system
CHP-BST Heat 57% Electricity  31% [42]
CHP-BIGCC Heat 47% Electricity 43% [42]
CHP-CST Heat 57% Electricity 31% [43,44]
CHP-FGCC Heat 47% Electricity 50% [43,44]
Motor fuel system
MF-MeOH MeOH 41% Electricity 6% [45]
Stand-alone electricity system
BST Electricity 45% - - [44]
BIGCC Electricity 50% - - [46,47]
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industrial times, primarily due to fossil fuel emissions, which has led to
climate change [18]. Global mean surface temperature has increased by
0.85 °C between 1880 and 2012, and depending on future emission
levels is expected to further increase by 0.3 °C-4.8 °C by 2100 [18].

During the decade 2002-2011, the average land temperature in
Europe was 1.3 °C warmer than that during the period 1850-1899 [48].
The annual average temperature in Sweden is projected to increase
between 2 °C and 6 °C by 2100, relative to the period 1961-1990. The
greatest change is expected to occur in winter, though all seasons are
likely to be affected [49]. In addition to temperature, solar radiation,
precipitation, humidity and wind are expected to change.

Many factors will determine future climate conditions, such as
population change, economic and social activities, governance policies,
energy use, land use and technological changes. A number of different
plausible emissions scenarios are used to model global climate systems,
representing varying levels of GHG concentration in the atmosphere.
The IPCC AR5 assessment report details four representative concentra-
tion pathway (RCP) scenarios that are named after their radiative
forcing expected in 2100 relative to preindustrial levels. The RCP2.6
scenario has 2.6 Wm™2 of forcing in 2100, while RCP4.5 has 4.5 W m~2,
RCP6.0 has 6.0 W m’z, and RCP8.5 has 8.5 W m 2 [18]. These four RCPs
represent atmospheric concentrations of 450, 650, 850, and 1370 ppm
CO4, equivalent by 2100, respectively [18,50].

In this study, all estimates of climate change effects on forest growth
are based on the RCP4.5 scenario, which characterises climate change
mitigation efforts that are currently feasible and that stabilise radiative
forcing without overshoot after 2100 [51].

2.6. Changes in atmospheric CO; concentration and radiative forcing

The analysis of climate effects of forestry and forest products is
complex, due to multiple stocks and flows of carbon that change over
different time periods. Hence, the time horizon that is considered has a
strong impact on the calculated climate benefits of biomass substitution
[52]. The most common approach to analysing the climatic aspects of
forestry is the carbon balance method, where net carbon emissions are
summed up without regard to when they occur during the analysed
period. In such an approach, systems with lower net emissions at the
conclusion of the analysed period are suggested to have smaller climate
implications, compared to systems with greater net emissions. However,
such a method does not consider the atmospheric dynamics of GHG
emissions and their effects on climate change.

A more suitable indicator is cumulative radiative forcing (CRF),
which considers the energy added to or reduced from the earth system,
and is a proxy measurement for surface temperature change. By using
CRF instead of the carbon balance method, the effects of temporal dy-
namics of GHG emissions and uptakes on climate change can be
considered. Other factors that give climate effects such as albedo
changes, can also be expressed in terms of cumulative radiative forcing,
enabling a comparison between different mechanisms that result in
climate effects.

In our modelling, changes of atmospheric CO2 concentration are
calculated annually for 201 years, considering: (1) The net ecosystem
exchange (NEE) of CO5 between the forest system and the atmosphere
based on changes in carbon stored in living trees, dead wood, soil as well
as their natural growth and decay processes, and (2) material and fuel
substitution effects of forest product and biomass use in the energy and
building sectors. The NEE (in units of tons of C) during year t is calcu-
lated by using Equation (1):

NEE, = (LTB,_, — LTB,) + (SC,_, — SC,) — HB, (€8]

where LTB is the living tree biomass (tons of C), SC is the soil carbon
(tons of C), and HB is the harvested biomass (tons of C).

The emission effects compared to the reference case of material and
fuel substitution by forest product use is calculated by using Equation
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(2):

AEmissions = ANEE + ABuilding + ABioenergy + AFossil + AOperations
(2)

where ANEE is the NEE of the selected scenario minus that of the
reference scenario, ABuilding is the building-related emissions of the
selected scenario minus that of the reference scenario, ABioenergy is the
emissions from bioenergy of the selected scenario minus that of the
reference scenario, AFossil is the emissions from fossil energy of the
selected scenario minus that of the reference scenario, and AOperations is
the emissions from forest operations of the selected scenario minus that
of the reference scenario.

Natural removal of CO3 from the atmosphere is estimated by using
Equation (3) [53,54],

(CO,), = (CO,), % [0,217 +0.224¢%7 4 0.2826%5 + 0.276¢750 3)

where t is the number of years since the emission occurred, (CO2)y is the
mass of CO5 that is initially emitted, and (COy), is the mass of CO5 that
remains in the atmosphere at year t.

We then convert the time profile of mass of CO5 in the atmosphere to
atmospheric concentration of CO», based on the mass of the atmosphere
as well as the molecular masses of CO3 and air. Based on the resulting
changes in CO, concentration in the atmosphere, we calculate the
marginal changes in instantaneous radiative forcing using Equation (4)
[54-56],

4

A
Feo, =535 x ln{l + COZ}

COsp

where Fgo is the instantaneous radiative forcing in units of W m~2
ACO; is the change in atmospheric concentration of CO2 (ppmv), and
COgy is the reference atmospheric concentration of CO, based on the
RCP4.5 scenario. The resulting values of instantaneous radiative forcing
are annual and global averages, which we then integrate across time and
area to determine aggregated impacts. For each year through 2216, we
estimate the CRF in units of MJ of heat accumulated within the Earth
system, per m? of surface area of the troposphere (MJ m~2).

3. Results
3.1. Forest growth, harvest and carbon balance

Fig. 4 presents the mass of carbon in living tree biomass, in forest soil
and dead wood, and in total for the three scenarios over the 201-year
modelling period. All the 3 scenarios show increasing trends in forest
carbon storage. The Production and BAU scenarios somewhat continue
to increase the living tree biomass during the full 201-year period and by
the final year the difference in standing biomass between the Set-aside
and Production scenarios is rather small. Total carbon storage is high-
est in the Set-aside scenario during much of the time, while the Pro-
duction and Set-aside scenarios each have roughly the same total
amount of carbon storage by the end of modelling period, while the BAU
scenario has significantly less carbon stored.

Fig. 5 shows the cumulative harvested saw logs and pulp logs of the 3
main scenarios. Saw logs are predefined in the Heureka modelling
software based on the diameters of the stem wood and are used to
produce lumber and other mechanical wood products, while pulp logs
have smaller diameters and used to produce lower value pulp and paper
products. The Production scenario has the greatest harvest of both saw
and pulp logs, together more than twice as much as the Set-aside sce-
nario after 201 years. In the Production scenario more saw logs are
harvested than pulp logs, while in the other 2 scenarios more pulp logs
are harvested than saw logs. This is likely due to the differences in
management regime and species selection that result in a higher pro-
portion of large-diameter saw logs in the Production scenario.
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Fig. 4. Carbon storage in living tree biomass (above and below ground), in soil and dead wood, and in total, for the three forest scenarios.
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Fig. 5. Cumulative harvested biomass divided in saw logs and pulp logs for the three forest scenarios.

Fig. 6 shows the cumulative harvest in the three Production sub-
scenarios, differentiating between stem wood (including saw logs and
pulp logs), slash, and stumps. The difference in cumulative harvest of
stem wood is very small between the Production sub-scenarios, and is a
result of the slightly reduced forest growth due to the nutrient loss from
harvesting slash and stumps. The harvest of stem wood is about ten
times higher than that of slash. When slash and stumps are both har-
vested (Production (80/40), roughly the same amount of biomass in
slash and stumps are harvested. The harvest of forest residues is based on
practical potential based on current technologies and not on theoretical
potentials, and 80% slash and 40% stumps are assumed to be harvested
from final fellings.
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Fig. 7 shows the cumulative harvest of the 3 main scenarios including
slash and stumps, distinguishing between the harvest of logs (both pulp
and saw logs) and residues (both slash and stumps). The Production
scenario has substantially greater harvest of both logs and residues,
compared to the other two forest scenarios. Biomass harvest in the
Production scenario is more than double that of the Set-aside scenario.
In all scenarios, the amount of harvested logs is about 5 times greater
than the harvested residues.

3.2. Climate effects

To estimate the climate effects of changes in forestry practices, the
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Fig. 6. Cumulative harvest divided in stem wood (including saw and pulp logs), slash and stumps for the three Production sub-scenarios.
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Fig. 7. Cumulative harvest divided in stem wood (including saw and pulp logs) and residues (including slash and stumps) for the BAU (80/40), Production (80/40)

and Set-aside (80/40) scenarios.

carbon flows of the Production and Set-aside scenarios are compared to
the flows of the BAU scenario. Fig. 8 shows the cumulative CO, emis-
sions for the different scenarios, relative to the BAU scenario which is
the zero line. The collected forest residuals, by-products from wood
processing and construction, and incremental pulp wood are used for
heat and electricity production using CHP-BST technology to replace
heat and electricity from CHP-CST technology. Saw logs are used to
make buildings with modular timber frames, which replace concrete
frame buildings. For the first 30-35 years the cumulative emission is
lowest for the Set-aside scenarios (top figure). Over the full 201-year
period (bottom figure), the Production scenarios yield strong emission

10

reductions and the Set-aside scenarios result in increased emissions. This
is because the Production scenario continues to produce large biomass
harvests that substitute for carbon intensive fuels and materials, while
the carbon storage in the Set-aside scenario gradually stabilizes as the
set-aside forest stands mature. The Production scenarios have less cu-
mulative emissions than BAU after about 20 years while the Set-aside
scenarios have greater emissions than BAU after about 80 years.

Fig. 9 shows the CRF for the same scenarios as in Fig. 8. The long-
term pattern of CRF is about equal to the cumulative emissions, with
the Production scenarios having strong reductions in climate forcing,
while the Set-aside scenarios have greater forcing than BAU. However,
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Fig. 8. Differences in cumulative CO, emissions for different forest management scenarios compared to BAU (zero line) when CHP-BST plants and modular timber
frame buildings replace CHP-CST plants and concrete frame buildings, respectively, during first 50 years (top) and full 201-year period (bottom).
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Fig. 9. Differences in cumulative radiative forcing from different forest management scenarios, compared to BAU (zero line) when CHP-BST plants and modular
timber frame buildings replace CHP-CST plants and concrete frame buildings, respectively.

the difference between the scenarios is very small during the first 50
years.

Fig. 10 and Fig. 11 show the cumulative total CO, emissions and the
CREF, respectively, for the different forest scenarios relative to the BAU
scenario, when the collected forest residuals, by-products from wood
processing and construction, and incremental pulp wood are used for
heat and electricity production using CHP-BIGCC technology to replace
that from CHP-FGCC technology, and saw logs are used to make build-
ings with modular timber frames that replace concrete frame buildings.
The figures show patterns that are similar to Figs. 8 and 9, but the
magnitude of the differences between scenarios is smaller because the

carbon intensity of the replaced fossil fuel system is lower.

Figs. 12 and 13 show the cumulative total CO, emissions and CRF,
respectively, for the different forest scenarios relative to the BAU sce-
nario, when the collected forest residuals, by-products from wood pro-
cessing and construction, and the extra pulp wood are used for motor
fuel production replacing gasoline, while buildings with modular timber
frame replace concrete frame buildings. The figure shows similar pat-
terns as the previous figures, but the magnitude of the differences be-
tween scenarios is much smaller, and the effects of harvesting slash and
stumps is much smaller. This is because the conversion efficiency of
biomotor fuel production is quite low (see Table 4) so less fossil fuel is
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Fig. 10. Differences of cumulative CO, emissions for different forest management scenarios compared to BAU (zero line) when CHP-BIGCC plants and modular
timber frame buildings replace CHP-FGCC plants and concrete frame buildings, respectively, during first 50 years (top) and full 201-year period (bottom).
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timber frame buildings replace CHP-FGCC plants and concrete frame buildings, respectively.

Cumulative CO, emission (Mt CO,)

Set-aside
= = = = Set-aside (80)

= = -Set-aside (80/40)

BAU
= = = BAU (80)

- == BAU (80/40)

Production
= == = Production (80)

= = - Production (80/40)

2016 2026 2036

2046

2056 2066

T

200 -

-200

-400 -

Cumulative CO, emission (Mt CO,)

-800

HG00 -l

Set-aside
= = = = Set-aside (80)

= = -Set-aside (80/40)

BAU
= = = BAU (80)

- == BAU (80/40)

Production
= == = Production (80)

— — - Production (80/40)

2016 2036 2056 2076

Year

2096 2116 2136 2156 2176 2196 2216

Fig. 12. Differences of cumulative CO, emissions for different forest management scenarios compared to BAU (zero line) when biomotor fuels and modular timber
frame buildings replace gasoline and concrete frame buildings, respectively, during first 50 years (top) and full 201-year period (bottom).

replaced per unit of biomass harvested.

3.3. Sensitivity analysis of forest management

Fig. 14 shows the cumulative total CO, emissions for the sensitivity
analysis of varied forest scenarios, relative to the BAU scenario which is
the zero line. These scenarios follow the same patterns as the main
scenarios, in proportion to their scale of implementation. The Produc-
tion 20 scenario, with 20% increase in forest growth, shows reduced
cumulative emissions similar to the main Production scenario (which

10

has a 40% increase in growth), but of smaller magnitude. The Set-aside
32 scenario, with 32% of forest land set aside, shows increased cumu-
lative emissions similar to the main Set-aside scenario (which has 50%
of forest land set aside), but of smaller magnitude. The Set-aside +
Production scenario, in which set-aside area is as in the Set-aside sce-
nario and the forest productivity for non-set aside area is as in Produc-
tion scenario, shows initial reduction in emissions but over time
becomes similar to the BAU scenario.

Fig. 15 shows the CRF for the sensitivity analysis scenarios, relative
to the BAU scenario which is the zero line. Similar to the above figures
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Fig. 13. Differences of cumulative radiative forcing from different forest management scenarios compared to BAU (zero line) when biomotor fuels and modular
timber frame buildings replace gasoline and concrete frame buildings, respectively.
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Fig. 14. Differences of cumulative CO, emissions for different forest management scenarios compared to BAU (zero line) when CHP-BST plants and modular timber
frame buildings replace CHP-CST plants and concrete frame buildings, respectively, during first 50 years (top) and full 201-year period (bottom).

showing cumulative emissions, the sensitivity analysis scenarios follow
the same patterns as the main scenarios, in proportion to their scale of
implementation. The Set-aside + Production scenario has slightly
reduced CRF compared to BAU.

3.4. Sensitivity analysis of building systems

Figs. 16 and 17 show the cumulative CO, emissions and CRF,
respectively, relative to the BAU scenario which is the zero line, when
saw logs are used to produce CLT buildings or modular buildings, that
replace concrete buildings. The effect of the type of wood-framed
building system is significant, but smaller than the effect of the type of

11

energy system (Figs. 8-13). Using CLT building systems results in
slightly less climate benefits compared to using modular building sys-
tems, when replacing concrete buildings. This is because CLT building
systems require more specific wood use than the modular building
systems, thus for a given amount of wood harvest, fewer concrete
buildings can be replaced by CLT buildings than by modular buildings.

4. Discussion

In this study, the climate implications of forestry, bioenergy and
wood construction are considered in a holistic life-cycle system
perspective. The analysis is based on a detailed description of forest
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Fig. 16. Differences of cumulative CO, emissions for different forest management scenarios compared to BAU (zero line) when modular or CLT building systems
replace concrete building system and when CHP-BST plants replace CHP-CST plants.
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Fig. 17. Differences of cumulative radiative forcing for different forest management scenarios compared to BAU (zero line) when modular or CLT building systems
replace concrete building system and when CHP-BST plants replace CHP-CST plants.

systems and technical systems, where a landscape perspective is used to
assess the dynamics of productive forests in Kronoberg County in Swe-
den. All annual net CO, emissions are considered, but not other climate
effects such as albedo. The timespan of 201 years appears to be long
enough to establish robust trends, as multiple consecutive forest rotation
periods are included in the analysis, although long-term technological

12

development may strongly influence the results.

Key factors steering the results are forest management intensity,
amount and use of harvested biomass, replaced non-wood products and
fuels, and timespan of the analysis. The most important single factor is
the forest management intensity, which leads to significant long-term
climate benefits in the case of Production scenario, and climate
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impacts in the case of Set-aside scenario (Figs. 8-15). The amount of
harvested biomass is a critical parameter, and climate benefits are
increased as the amount of slash and stump harvest increases (Figs. 8-9).
The type of fossil energy that is replaced is also important, as replace-
ment of coal results in larger reduction of net CO, emission than if fossil
gas or oil is replaced (Figs. 8-13). Scenarios with more set-aside land
show greater climate benefits over short time horizons of several de-
cades, while scenarios with more forest productivity show greater
climate benefits over medium to long time horizons.

The Production scenario consistently results in lower net CO2 emis-
sions and CRF compared to the BAU and Set-aside scenarios, after an
initial period of 30-35 years when the Set-aside scenario has less CO,
emissions. The main reason is because the Production scenario gives
greater sustained harvest of forest biomass that can be used to substitute
carbon-intensive fuels and materials. The Set-aside scenario shows
short-term climate benefits as growing forests sequester additional car-
bon, but eventually leads to greater net emissions and climate forcing as
the set-aside forests mature and carbon uptake diminishes. Over the full
201-year period, the Production scenario yields strong emission re-
ductions, about ten times greater than the initial reduction in the Set-
aside scenario, while the Set-aside scenario shows increased emissions.

The type of energy system has an important effect, and a large
reduction of COy emissions and climate forcing is achieved when
biomass replaces coal-based energy systems. A much smaller reduction
is achieved when gasoline is replaced, due to the low efficiency of
converting woody biomass to liquid fuel. During a transition to renew-
able based societies, fossil coal may be replaced first and then fossil gas
for electricity and heating, by using suitable biomass-based energy-
efficient technologies, like highly efficient CHP plants producing elec-
tricity and heat. Such dispatchable plants will also help to integrate large
scale intermittent electricity such as solar and wind energy.

Our results show that if gasoline is replaced instead of fossil coal, the
CO4 emission benefits of BAU scenario, compared to the Set-aside sce-
nario, is delayed by about 35-38 years and the cumulative CO, reduc-
tion over the full simulation period is reduced by about 110 to 160 Mt
COy. This is in line with the results given by Ref. [57] that it may take
30-40 years to get net CO, emission reductions of biomotor cars using
forest residues compared to gasoline cars. Also, bioenergy-based electric
cars give much higher net CO, emission reductions per unit of consumed
biomass than biomotor fuel cars in the long run [57]. This is due to the
high instantaneous biogenic CO, emission per driven distance for bio-
motor cars.

In contrast, electric cars with electricity from CHP plants using forest
residues give almost immediate net CO5 emission reduction compared to
fossil alternatives. The need for biomotor fuels may be avoided or at
least strongly reduced by electrification of the transportation sector.
There is also an issue of lock-in effects, as the construction of large-scale
infrastructure for biomotor fuel production may take at least 10 years,
and such investments may have a lifespan of 30-50 years. Hence,
following a biomotor fuel path may help to continue the lock-in of
combustion engine technology and may hinder the electrification of the
transportation sector.

A basic assumption in this study is that forest products play a central
role in a global society based on renewable resources. If other solutions
appear in the future, forest products and the forest industry may not be
needed, but transforming production forests to conservation forests and
phasing out the forest products industry may be difficult. The reverse, to
transform conservation forests to production forests and to develop new
forest industries, may be even more difficult.

In a sustainable society, the use of fossil energy and carbon intensive
materials will decrease, and the substitution effects will change
compared to the current situation. However, even if very little fossil
energy is used, the specific substitution effect would still be high when
substituting the remaining part of fossil energy. In a future energy
supply without fossil energy, the calculation of energy substitution is
less relevant, but woody biomass may still play important roles as both
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fuel and material in a society based on renewable resources.

The type of wood-based building system that is used to replace
concrete buildings is found to be less significant than the type of
replaced energy system, though modular timber buildings give greater
climate benefits compared to CLT buildings. However, CLT construc-
tions may have a broader application than light timber construction, and
the light timber construction may not be an alternative in some contexts.
Off-site building production in large-scale centralized facilities may also
bring other advantages including lower cost, higher quality control, and
more rapid construction than on-site construction. The assumed build-
ing lifetime of 80 years is rather short, and a longer lifetime will support
a sustainable built environment as the natural resources are more effi-
ciently used. Also, with a longer building service life, the carbon in the
buildings is locked in for a longer time, giving some climate benefits.

As with any future-oriented study, there are substantial uncertainties
regarding our analysis. The models we used, though relatively sophis-
ticated, are necessarily an incomplete representation of reality, and are
limited by the methods, assumptions and data that were used. For
example, our modelling assumes that future climate change will follow
the RCP 4.5 trajectory, with moderate temperature rise. Other climate
trajectories are possible, depending on the success or failure of global
mitigation efforts, which may strongly affect forest ecosystems. Even
under the RCP 4.5 scenario, there is uncertainty about future forestry
conditions and the emergence of drought, wildfires, insect infestation
and other major forest disturbances. Another inherent uncertainty is the
extent of future technology advances in both the energy and building
sectors, which could increase or decrease the climate benefits of wood
substitution. The long time horizon of this study (201 years) increases
the significance of such uncertainties.

Our results are in line with other studies that have compared the
climate effects of different forest management strategies [3,5-9]. While
trends and conclusions are largely consistent between studies, variations
could be due to differences in geographical areas, methods and as-
sumptions. For example, the harvest of forest residues in relation to
harvest of pulp and saw logs are much higher in Ref. [5] compared to
this study, giving higher climate benefits per forest land area. The reason
for this may be the geographic differences between studies and the
corresponding differences in tree species, management regimes and the
logistics of biomass harvest.

Generally, holistic system analyses have found that as the time ho-
rizon of interest increases, it becomes more climatically beneficial to
actively manage forests and use renewable forest-based fuels and
products. In the short term, however, conserving forests to maintain
carbon storage typically provides some climate benefits compared to
other alternatives. While modelling studies can illuminate these tem-
poral trade-offs of alternate forest management practices, the decision of
which practices to implement will depend on several factors including
time perspectives and societal preferences.

5. Conclusions

In this study we found that the Production scenario consistently
resulted in less net CO5 emissions and CRF compared to the BAU and Set-
aside scenarios, after an initial period of 30-35 years when the Set-aside
scenario had slightly lower emissions. Forest management intensity
critically affects the climate effects of a forest system, and climate
benefits increase as the amount of biomass harvest including slash and
stumps increases. The type of fossil energy that is replaced is also
climatically important, and replacing coal results in larger reduction of
net CO; emission than if fossil gas or oil is replaced.

The Set-aside scenario showed initial climate benefits as the growing
forests sequestered additional carbon. After several decades, however,
this carbon sink saturated as the set-aside forests matured and carbon
uptake diminished, leading to greater net emissions and climate forcing
due to the use of carbon-intensive fossil fuels and materials. By the end
of the full 201-year modelling period, the cumulative emissions of the
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Set-aside scenarios are greater than those of BAU. The Production sce-
nario after 201 years had an emission reduction about ten times greater
than the initial temporary reduction in the Set-aside scenario.

The finite area of global forest land makes forest products a limited
resource, thus the energy and material chains may be selected so they
give high specific service to the society and be as efficient as possible.
For example, using biomotor fuel from woody biomass results in much
higher specific biomass use than using electric vehicles with electricity
from woody biomass [57]. Similarly, the specific woody biomass use is
higher for cross-laminated timber building systems than modular timber
building systems [28].

In the long run, active forestry with high harvest levels and efficient
use of harvested biomass to replace carbon-intensive non-wood products
and fuels provides significant climate mitigation, in contrast to setting
aside forest land to store more carbon in the forest and reduce the
amount of harvested biomass. This general conclusion may apply to
other regions with similar boreal forest conditions as Sweden and with a
large proportion of the forest area under management.
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CHP-BST Combined heat and power plant using biomass-fired steam-
turbine technology
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cycle
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