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ABSTRACT

The use of timber can foster climate change mitigation through long-term carbon storage, and through
substitution of fossil products and fossil fuels. Inclusion of drought tolerant hardwood species in the
production of high-quality long-lived wood products gains an increasing importance with the ongoing
climate change. In our study we assessed the climate change mitigation potential of increasing industrial
wood assortments of hardwood species in Hungary. For the estimation we used the harvested wood
product module of the Forest Industry Carbon Model (FICM-HWP) which is based on the
methodological guidance of the Intergovernmental Panel on Climate Change (IPCC). The model
combines the IPCC wood product model and the IPCC waste model. Both models are used in the
Hungarian Greenhouse Gas Inventory as well. The FICM-HWP model is a substantially newly
developed version of the two IPCC models as it is supplemented with a waste-route selection and a
recycling module. It also contains a product and energy substitution tool to evaluate the magnitude of
avoided emissions through substitution effects. The model is able to estimate carbon storage of wood
products, end-of-life emissions and avoided emissions, thus, contributing to informed decision making
and circular economy goals. In this study we assumed increased industrial wood assortments from
hardwood species, increased product half-lives and upscaled recycling. This way we could estimate the
climate change mitigation aspects of a developed and intensified Hungarian wood industry which relies
on hardwood species and generates long-term carbon storage, at the same time enabling emission
reductions in other sectors through product substitution. According to our results increasing the
industrial processing of currently underutilized hardwood species can lead to a six times higher carbon
sequestration by 2050 as compared to the Business as Usual (BAU) level. While increasing product
lifetime and improving waste management together with increasing industrial hardwood assortments
leads to an eleven times higher carbon sequestration in the HWP pool as compared to the BAU level.

INTRODUCTION

The Paris Agreement and the European Green Deal relies on the forestry and timber sector, collectively
referred to as the forest industry to achieve climate neutrality by 2050 (Verkerk et al. 2022, IPCC 2022,
Borovics and Kiraly 2022). The forest-based sector can contribute to climate change mitigation efforts
through four methods: on-site carbon storage in forests, off-site carbon storage in long-lived wood
products, material substitution of emission-intensive products, and energy substitution of fossil fuels
(Verkerk et al. 2022, Borovics 2022). These four climate mitigation pathways define conflicting
objectives of timber usage. Increasing wood harvests reduces the amount of carbon sequestered and
stored in forests, at least for decades, resulting in a trade-off between carbon sequestration in forests and
carbon storage in harvested wood products (HWPs) and substitution (Helin et al. 2013). To design the
most suitable climate mitigation strategy for a region or country, it is crucial to evaluate the outcomes
of various harvesting and wood processing scenarios and quantify the climate benefits of HWP carbon
storage, as well as that of product and energy substitution. Carbon storage and greenhouse gas (GHG)
emissions from the HWP pool of a country can be modelled using different tools and approaches
(Brunet-Navarro et al. 2016, 2018, Kiraly et al. 2023). The WoodCarbonMonitor model (Riter 2016) is
based on IPCC (2006, 2013) methodology, CO2FIX (Schelhaas et al. 2004), LANDCARB (Krankina
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et al. 2012), and CAPSIS (Fortin et al. 2012) models also handle recycling in wood product emission
modelling. The HWP-RIAL model (Kiraly et al. 2022, 2023a,b) was created in the frame of the
ForestLab project (Borovics 2022) and later it was merged with the DAS forest model (Kottek 2023,
Kottek et al. 2023) to create a complex carbon accounting tool, the Forest Industry Carbon Model
(Borovics et al. 2024). The HWP module of the Forest Industry Carbon Model (FICM-HWP) combines
IPCC methodology for HWP emission estimation (IPCC 2006, 2019) with the IPCC Waste model (IPCC
2006) and it is also supplemented with a recycling and waste routing module and a product and energy
substitution module (Kiraly et al. 2024).

Amidst the ongoing climate change, forests encounter escalating risks of disturbance (Verkerk et al.
2022). Modelling the distribution of tree species reveals that in the forthcoming decades, nearly all major
European tree species will see reductions in their suitable areas, particularly in eastern and southern
Europe (Verkerk et al. 2022). These processes underline the crucial need for innovation in the wood
industry, as the utilization of drought-tolerant species for industrial purposes appears inevitable in the
future. Many doubts and uncertainties accompany the resource potential of hardwoods and their
potential to substitute softwoods in material applications (Auer and Rauch 2020). Recently, there has
been a renewed interest in heat treatment processes due to the diminishing production of high-quality
timber and the growing demand for sustainable building materials (Boonstra 2008, Esteves and Pereira
2009). Numerous studies investigate methods to enhance the wood technological properties of drought-
tolerant tree species, highlighting the necessity to provide additional information on the characteristics
and performance of species with less industrial use and lower durability timber (Esteves and Pereira
2009, Todaro 2012). Encouraging outcomes have been reported regarding the potential enhancement of
Turkey oak (Quercus cerris) wood properties through hydrothermal treatment, opening new possibilities
for industrial applications (Todaro et al. 2012, 2013, Cetera et al. 2016). In addition to innovative
hardwood products, technological advancements can also enhance wood processing efficiency,
minimize waste generation (Li et al. 2022), and promote recycling (Wilson 2010, Kiraly et al. 2023).
The aim of this study was to estimate the impact of increasing industrial utilization of hardwood species
in Hungary using the FICM-HWP module. We also intended to assess the impact of possible wood
industry innovations on the Hungarian HWP carbon balance.

MATERILAS AND METHODS

In order to calculate the carbon storage and emissions from the Hungarian HWP pool we used the FICM-
HWP module (Kiraly et al. 2022, 2023a,b, 2024) which is based on IPCC (2006, 2019) methodology
and also handles recycling of HWPs and product and energy substitution (Figure 1).

CH, recovery

m Incineration
rate
composition

HWP production Incineration

from domestic
harvest

Disposal in SWDSs

v Disposal
rate

uonMIRSANSs PNPoIJ

o

Product and energy substitution

Fuelwood

production @

Figure 1: Flowchart of the FICM-HWP module. HL1 and HL2: half-life, SF1 and SF2: substitution factors,
SWDS: solid waste disposal site. (Source: Kiraly et al. 2024)
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As input data we used the Business as Usual (BAU) harvest projection of Borovics et al. (2024) also
modelled with the FICM. In this study we modelled three scenarios. In the BAU scenario the assortment
composition and the wood product half-life and recycling parameters were all unchanged. In the second
scenario we assumed that industrial wood assortments of hardwood species are increased, and all other
parameters remain unchanged. In the third scenario we assumed that apart from increasing industrial
wood assortment of hardwood species also significant wood industry innovation is carried out. This
meant that half-lives of wood products, recycling, and methane-recovery on landfills were increased. In
this scenario the parameters of the FICM-HWP module were set as described in Kiraly et al. (2024).
The used wood assortment data is described below (Table 1).

Table 1: BAU (2017-2021 average) and increased industrial wood assortments

O
: g
@ n ]
3 3 =
E E |2 |8 |8 |2 g
o
= |2 2| |2 |5 |8 |2
2 ~ S E =t [ E 2 g @ 8
< 5 3 S 3 = > | © = = £
o) = ) T o o) T = = o) a
BAU
Sawlog 25% | 2% | 23% | 2% | 10% | 10% | 55% | 38% | 11% | 20% | 26%

Pulpwood for boards | 6% | 4% | 16% | 10% | 10% | 8% 31% | 23% | 54% | 14% | 39%
Pulpwood for paper 0% [1% |[1% |[0% |0% | 0% 5% | 20% | 2% | 1% 21%

Firewood 69% | 93% | 59% | 88% | 80% | 82% | 8% | 18% | 33% | 65% | 14%
Increased industrial wood assortments from hardwood species
Sawlog 50% | 40% | 40% | 20% | 40% | 30% | 55% | 38% | 11% | 20% | 26%

Pulpwood for boards | 20% | 20% | 30% | 30% | 10% | 30% | 31% | 23% | 54% | 14% | 39%

Pulpwood for paper 5% | 5% | 5% | 5% | 0% |5% 5% | 20% | 2% | 1% 21%
Firewood 25% | 35% | 25% | 45% | 50% | 35% | 8% | 18% | 33% | 65% | 14%

RESULTS AND DISCUSSION
According to our results the carbon stored in HWPs in use is slightly increasing under the BAU scenario,

and it reaches 15,700 kt C by 2050. In the scenario characterised by increased industrial hardwood
assortments the carbon stock of the HWP pool is projected to reach 27,100 kt C, while assuming
increased industrial wood assortments and improved half-lives and waste management results in an

increased carbon storage reaching 34,000 kt C by 2050 (Figure 2).
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Figure 2: Carbon stored in HWPs in use under the three modelled scenarios

The modelling of the HWP net removals highlight that increasing the industrial processing of currently
underutilized hardwood species can lead to a six times higher carbon sequestration by 2050 as compared
to the BAU level. While increasing product lifetime, recycling, and methane recovery in landfills
together with increasing industrial hardwood assortments leads to an 11 times higher carbon
sequestration as compared to the BAU level (Figure 3). According to our results the more long-lived
high quality HWPs are produced the better the carbon balance will be.

Product and energy substitution effects in Hungary are in the same order of magnitude as the net carbon
removals of Hungarian forests (NIR 2023, Kirdly et al. 2024). Thus, adding product and energy
substitution effects to the modelling increases the net climate benefits of timber utilization up to -9,500
kt CO; eq in the scenario characterised with improved wood assortments, product lifetime, and waste
management (Figure 4).
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Figure 3: Projected net carbon dioxide removals of the HWP pool under the three modelled scenarios.
(Negative numbers indicate carbon dioxide removals, while positive numbers indicate emissions in line with
IPCC conventions)
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Figure 4: Projected net carbon dioxide removals of the HWP pool plus product and energy substitution effects
under the three modelled scenarios. (Negative numbers indicate carbon dioxide removals, while positive
numbers indicate emissions in line with IPCC conventions)
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CONCLUSIONS

According to our results the increased industrial processing of hardwood species can significantly
improve the HWP carbon balance of Hungary. While the modelled product and energy substitution
effects are in the same order of magnitude as the annual carbon sequestration of Hungarian forests. This
suggests that the Hungarian wood industry possesses significant climate change mitigation potential
through well-designed measures, even without an increase in harvest rates. Consequently, it can play a
crucial role in achieving the climate goals set for 2050.
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