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Abstract
In July 2025, the European Commission (EC) proposed an EU climate target for 2040 that would reduce net greenhouse gas (GHG) emissions by at least 90% relative to 1990, before reaching climate neutrality in 2050. 
Unilateral EU climate mitigation may generate international spillover effects through changes in global production, trade, and emissions. One major concern is carbon leakage, whereby emission-intensive production is displaced to non-EU regions in response to domestic climate policies. This analysis broadens the EC’s impact assessment underlying the 2040 climate target proposal beyond impacts within the EU and more granularly evaluates consequences for global forest and agricultural markets. For this purpose, the global forest sector model TiMBA is linked with the computable general equilibrium model MAGNET. A joint baseline is constructed under SSP2 assumptions, and two policy scenarios are implemented. In a higher-ambition scenario, forestry contributions to LULUCF mitigation targets and agricultural non-CO₂ GHG reduction targets follow Scenario 3 of the EC’s impact assessment while in a lower-ambition scenario, reduction pathways for forestry and agriculture are consistent with corresponding Scenario 2. In both cases forestry provides 75% of the required LULUCF mitigation. The analysis evaluates changes in production, trade patterns, and emissions at the country and sectoral level and quantifies potential leakage effects. 
Introduction
In July 2025, the European Commission (EC) proposed an EU climate target for 2040 that would reduce net greenhouse gas (GHG) emissions by at least 90% relative to 1990. The target proposal assumes novel pathways on the desired sectoral contribution of GHG reductions in agriculture and in the Land Use, Land-Use Change and Forestry (LULUCF) sector (European Commission 2024). For the LULUCF-sector, the target proposal therefore extends policy commitments already set for 2030: the EU-LULUCF-Regulation, in force since May 2023, sets an EU-wide target of at least 310 Mt CO₂-equivalent in net removals by 2030. It assigns a mitigation role to forestry and land-use systems by strengthening land-based sinks to offset residual emissions from hard-to-abate sectors (European Union 2023).
A complementary EC impact assessment evaluates pathways to deliver the proposed 2040 climate target consistent with the European Climate Law and the goal of climate neutrality by 2050. It assesses four scenarios (S1, S2, S3 and LIFE) and provides EU-wide outcome projections (European Commission 2024). Our analysis builds on this impact assessment but extends it by complementing the focus on EU-only outcomes with impacts on countries outside the EU, examining global changes in production and trade flows as well as analyzing unintended leakage effects. Thus, we contribute to existing literature by explicitly quantifying leakage at the country or regional level and by delivering a more granular assessment of production and trade effects at the sectoral level. Here, we focus on forestry and agriculture and ask how much emissions and production may shift to non-EU regions through the implementation of EU climate policies. For this undertaking, we develop a modelling approach that represents forest and agricultural sectors in detail while capturing economy-wide and global interactions.
In the analysis we combine the two models TiMBA (Timber market Model for policy-Based Analysis) and MAGNET (Modular Applied GeNeral Equilibrium Tool). TiMBA is an open-source global partial equilibrium model for forest product markets (TI-FSM et al 2025). It covers production, consumption, trade, and prices for multiple wood-based product groups in 180 countries. MAGNET is a computable general equilibrium model based on the GTAP framework (Woltjer and Kuiper 2014), specialized for global policy evaluations in bioeconomic sectors. It captures interactions across agriculture, land use, industry, services, and international trade across 141 regions. We couple the two models iteratively through the exchange of key parameters. First, a joint baseline is constructed under SSP2 assumptions on population and macroeconomic development. During construction of the integrated baseline, TiMBA provides projections for forest production, while MAGNET provides land allocation and economy-wide adjustments. Model outputs are exchanged in 5 iterations until the baselines converges. Based on Delzeit et al. (2018), break conditions for the iterations are defined at regional and global level. On a global level, convergence is reached if the difference in the relative changes over the simulation period in the exchanged parameters between two consecutive iterations falls below 1%. The break condition is increased to a deviation of 5% on a regional level. Two policy scenarios are then implemented relative to this baseline: 
In accordance with the EC’s impact assessment and scientific literature (Pilli et al. 2022, we assume that forestry provides 75% of the mitigation required under the EU-LULUCF-Regulation. Emissions reductions in the forest sector are implemented by introducing an carbon price on forest biomass that incentivizes carbon storage and is iteratively calibrated to ensure that each Member State achieves its required emission reduction target. Thus, the implicit carbon price acts as a control variable to force compliance. This approach rewards mitigation contribution through additional storage of carbon in forest biomass. In the lower ambition scenario, for the post-2030 period, TiMBA assumes further LULUCF mitigation drawing on the EC’s impact assessment Scenario 2 on the 2040 climate target, while aiming at 332 Mt CO₂-equivalent net removals by 2050 (European Commission 2024). MAGNET implements an agricultural mitigation pathway consistent with Scenario 2 of the same impact assessment, including reductions in methane by 24% and nitrous oxide emissions by 18% until 2040 relative to 2015. The reductions are realized through an agriculture sector-wide shadow price on methane and nitrous oxide emissions, reflecting cost-inducing effects of climate policies implemented to reach the desired targets. We additionally allow for the adoption of costly mitigation technologies for livestock, soils, and rice based on marginal abatement cost curves. In a higher ambition policy scenario, forestry is again assumed to deliver 75% of the LULUCF mitigation requirement of the EU-LULUCF-Regulation while modelling the Scenario 3 pathway of the EC’s impact assessment, and MAGNET follows an agricultural mitigation pathway consistent with Scenario 3 of the EC’s impact assessment where we reduce methane by 26% and nitrous oxide by 39% until 2040 relative to 2015. Country-specific targets for the post-2030 period implemented in TiMBA are determined using country-specific weights calculated based on the adopted target of the EU LULUCF regulation (European Commission 2024).
The remainder of this paper proceeds as follows: Section 2 presents related studies both on agricultural and forestry-related leakage evaluations. Section 3 introduces to the models used, as well as to scenario construction and model coupling procedures. In the results-related Section 4, we evaluate changes in production and trade patterns, as well as emissions on the country and sectoral level and show potential leakage effects. The paper concludes in Section 5 with a discussion of mitigation design options and how model frameworks like the established TiMBA–MAGNET link can be used for subsequent scenario analysis. 
Literature
Carbon leakage describes the relocation of emission-intensive production to regions with laxer environmental regulation as a reaction to a tightening of domestic climate policies. Such relocations may induce a geographical shift in emissions and dampen net global emission mitigating effects (Grubb et al 2022). Mainly, carbon leakage operates through a ‘competitiveness’-channel. A domestic adoption of climate policies involving carbon pricing is expected to increase relative prices of goods produced domestically to goods produced abroad, inducing households to substitute to relatively cheaper foreign products. Assuming foreign production to be less efficient in terms of GHG emissions, domestic emission savings would be counteracted by foreign emission expansion. The magnitude of carbon leakage thus depends on the implicit carbon price differential between domestic and foreign legislations, the differential of GHG efficiency in domestic vis-à-vis foreign production, as well as on substitutability both for final commodity demand as well as for production intermediates. Other transmission channels of carbon leakage, although often neglected in modelling, operate via world energy market prices, capital markets, and strategic free-riding in global climate policy (Fournier Gabela et al 2024).
Given the absence of large-scale carbon pricing of agricultural non-CO₂ emissions, the evidence base on carbon leakage in this sector is necessarily ex-ante and model-based, relying predominantly on global partial equilibrium models such as CAPRI or GLOBIOM, as well as on CGE frameworks like MAGNET. A consistent finding is that unilateral carbon pricing of agricultural non-CO₂ emissions in the EU or OECD induces non-negligible leakage through competitiveness effects, though estimated rates vary substantially with carbon price levels, mitigation technology availability, and assumptions on international policy coherence (Arvanitopoulos et al 2021). Under moderate carbon prices (50-100 EUR/USD t CO₂-eq.), leakage rates typically range from 7% to 31% of gross domestic mitigation when technological abatement options are available (Himics et al 2018; Pérez-Domínguez et al 2025; Stepanyan et al 2023). In these settings, approximately half of domestic mitigation is attributed to the uptake of such emission-reducing technologies, which dampens production relocation and associated leakage. Rates increase substantially under higher carbon prices or without mitigation technologies, for example reaching 40% under a carbon price of 245 USD/t CO2-eq. consistent with a 1.5°C pathway (Frank et al 2021) and up to 64% in the absence of technological adoption (Henderson and Verma 2021). Fragmented or asymmetric policy designs, such as Member State-specific targets, can even amplify leakage to as high as 91% (Fellmann et al 2018). Leakage declines substantially under scenarios in which other regions adopt comparable mitigation efforts (Frank et al 2021, Henderson and Verma 2021), and is effectively eliminated under globally coordinated carbon pricing regimes, albeit at the cost of potential food security risks at high carbon prices (Jansson et al 2024). Border carbon adjustment mechanisms, increasingly discussed for agriculture (Fournier Gabela et al 2024) are found to reduce leakage significantly, for example, from 76% to 36% of gross mitigation under an EU carbon tax scenario (Jansson et al 2024). Across studies, production effects, and thus leakage risks, are most pronounced in the livestock subsector, particularly for ruminants, reflecting their high emission intensity (Arvanitopoulos et al 2021). At the same time, most simulations indicate that even in the presence of leakage, unilateral carbon pricing in EU agriculture yields net global emission reductions, provided mitigation technologies are available and carbon prices remain within a moderate range. Overall, the literature consents on three main findings: (i) unilateral carbon pricing of agricultural non-CO₂ emissions entails a significant carbon leakage risk through competitiveness effects; (ii) the availability and uptake of mitigation technologies is a key moderator of the magnitude of carbon leakage; and (iii) international policy coherence and domestic border adjustment measures mitigate carbon leakage, whereas fragmented or asymmetric policy designs can amplify it. 
Studies on market leakage in the forest sector investigates the displacement of certain commodities resulting from, e.g., conservation efforts in one location (production leakage), or the displacement of carbon emissions from this production movement (carbon leakage) (Murray 2008). Leakage is, similar to studies with agricultural focus, often estimated using models based upon predictive simulations (Jonsson et al 2012). The literature on market leakage in the forest sector has a decades-long tradition and is largely based on global partial equilibrium models, including GFPM, GLOBIOM, and EFI-GTM. Jonsson et al (2012) found evidence that efforts to reduce forest-based GHG emissions or to increase forest carbon sinks in one region can induce leakage effects in both tropical and non-tropical countries. Li et al (2008) conclude that eliminating illegal logging would shift wood production from developing to developed countries. Conversely, Sohngen et al (1999) show that increasing forest protection in Europe or North America may lead to higher timber production in other regions. More recently, Kallio et al (2018) analyzed the introduction of enhanced carbon sequestration targets in European and Norwegian forests and found that domestic production declines, resulting in increased production in the rest of the world. These findings are supported by Schier et al (2022), Di Fulvio et al (2025) and Kallio and Rannestad (2025), who demonstrate that increased forest protection reduces roundwood harvest within the EU while inducing production and carbon leakage through higher harvesting in other global regions. However, none of these studies place their results within a broader macroeconomic context, as they rely exclusively on partial equilibrium modelling frameworks.
Methods
Model characteristics
To allow for an integrated, ex-ante economic evaluation of the novel mitigation GHG mitigation pathways for forestry and agriculture, we combine the two models TiMBA and MAGNET. TiMBA is an open-source, global, partial economic equilibrium model to simulate interdependencies and developments of the global forest products market for 180 countries and 16 forest-based products (TI-FSM et al 2025). The model determines the market equilibrium by ensuring market clearance, balancing raw material needs with the manufacturing and demand of wood products while imposing constraints on trade, following principles similar to those of Samuelson (1952). TiMBA recursively calculates the market equilibrium for each country and product endogenously over a given period by maximizing social surplus in the global forest sector. Scenario simulations are driven by both exogenous and endogenous parameters and assumptions about future market dynamics and policy directives. The model’s output includes detailed information on production, consumption, trade volumes, cost and prices, as well as forest area and stock developments. Main model’s input include forest product statistics and forest resource data provided by the Food and Agriculture Organization (FAOSTAT 2025, FRA 2025). The carbon module extends these functionalities to quantify and price carbon stocks and fluxes based on TiMBA’s forest sector projections (Honkomp 2026).
MAGNET is a global, multi-sector, multi-region, recursive dynamic computable general equilibrium (CGE) model (Woltjer and Kuiper 2014), built around the economic architecture of the Global Trade Analysis Project (GTAP) model (Hertel 1997, Corong et al 2017). MAGNET allows for global ex-ante policy evaluations, by capturing interactions across agriculture, land use, industry, services and representing international trade responses across 141 regions. Key model properties include a nested constant elasticity of substitution (CES) production function, private household demand with a constant differences of elasticities (CDE) utility specification, and international trade represented by Armington elasticities (Armington 1969). MAGNET is specialized to inform policy analyses in fields such as agricultural economics, bioeconomy and climate mitigation; for which it features expansion modules to standard GTAP, for example on endogenous land supply, greenhouse gas accounting, and biofuels (Philippidis et al 2018). Similar climate policy evaluating studies are informed by MAGNET calculations due to these focal features (Henderson et al 2019, Frank et al 2021, Henderson and Verma 2021, Fujimori et al 2022). MAGNET draws on the GTAP 11 database (Aguiar et al 2022), and further disaggregates bioeconomic sectors, in total featuring 141 countries, 113 sectors as well as 127 commodities and byproducts. The underlying GTAP 11 database is founded on social accounting matrices and satellite data sources. As for greenhouse gas emission data, GTAP 11 bases CO2 combustion-based emissions on the GTAP-E volume using the Tier IPCC method (IPCC 2006, 2019); for non-CO₂ emissions, data is sourced from FAOSTAT (FAO 2026) and EDGAR v.7.0 (Branco et al 2022) (Chepeliev 2024). To enable technological mitigation of greenhouse gas emissions in agriculture, MAGNET utilizes US EPA (2013) and Ragnauth et al (2015) data on marginal abatement cost curves (MACCs), calibrated for MAGNET by Henderson et al (2019). These MACCs are based on a bottom-up (farm-level) engineering cost approach, through which break-even prices for mitigation technologies were determined based on the present value of their respective costs and benefits. For emissions due to enteric fermentation and manure management in the livestock-subsector, improved feed conversion, antibiotics, bovine somatotropin, propionate precursors, antimethanogenic feed additives and intensive grazes were considered as mitigation technologies. For soils-related N₂O emission, no till, reduced fertilization, split nitrogen fertilization, nitrification inhibitors and residue incorporation were assessed. For rice production and associated CH₄ and N₂O emissions, a range of management regimes were evaluated, varying in flooding, tillage and fertilizer-use patterns. Aggregate MACCs for livestock, cropland and rice were mapped to corresponding MAGNET sectors as described in Henderson et al (2019). A key simplification and deviation from related literature is that MAGNET linearizes the typically non-linear MACCs and thus relates percentage reductions in emission intensity as a function of rising shadow prices on certain GHG emissions.
Scenario construction and model-linkage
The two models are coupled iteratively through the exchange of key parameters. For the reference scenario until 2050, we draw on demographic and macroeconomic projections of the Shared Socioeconomic Pathways 2 (SSP2), the “middle of the road” scenario (IPCC 2021). Specifically, we employ population projections from the IIASA-WiC POP dataset, GDP (in bn. constant 2017 USD, PPP) projections from the OECD ENV-Growth dataset, both sourced from IIASA’s SSP Scenario Explorer (IIASA 2025); and labour-force projections by occupation that are natively included in MAGNET. Based on these SSP2 assumptions, joint results are constructed via a soft-linkage exchange of key parameters: TiMBA provides projections for forest production that are used to overwrite endogenous forest production in MAGNET. MAGNET provides data on land allocation across eight land-use categories and economy-wide adjustments in GDP. We applied an end-point linkage approach, whereby the trajectories of these key variables in both models are required to converge at the end of the simulation horizon (2050). Inter-period variability over the period from 2020 to 2050 is not explicitly considered within this framework. Convergence in the iterative coupling procedure is assessed using predefined termination criteria, and model outputs are exchanged until these termination criteria are met (Delzeit et al 2020): the deviations between successive iterations (i.e., current versus previous run) must remain below 1% at the global level and below 5% at the regional level for more than 95% of the global aggregate. These criteria are evaluated for relative forest area development, production growth in the forestry sector, and, under the policy scenario, GDP growth. Consequently, minor deviations in small regions that exceed the 5% threshold do not prevent convergence, provided the overall threshold (95% of the global total) is satisfied. Population projections are held constant throughout the coupling procedure. 
Two policy scenarios are implemented relative to the baseline. In both scenarios, forestry provides 75% of the emission reductions required under the EU LULUCF Regulation. This is implemented by introducing an implicit carbon price on forest biomass. The carbon price is calibrated iteratively so that each Member State achieves its required national emission reduction target. The approach rewards mitigation through additional carbon storage in forest biomass. For the period after 2030, TiMBA assumes further LULUCF mitigation based on the EC’s impact assessment. In the lower ambition scenario, the implemented national emission reductions follows the pathway specified in Scenario 2 of the impact assessment; in the high-ambition scenario, the reductions are based on Scenario 3. Both scenarios display close net removal targets for the forest sector with -249 Mt CO2 for Scenario 2 and -249.75 for Scenario 3. However, the development of targeted net removals in the forest sectors until 2050 differ greatly.
In MAGNET, agricultural non-CO₂ GHG emissions follow a mitigation pathway aligned to the same Scenarios 2 (low-ambition) and 3 (high-ambition). These mitigation pathways prescribe a reduction in agricultural methane emissions by 24% or 26% and nitrous oxide emissions by 18% or 38% compared to 2015 levels by 2040, respectively. By 2050, both scenarios converge at the same targets, i.e., a 31.5% reduction in CH₄, and a 44.5% reduction in N₂O emissions compared to 2015 levels (European Commission 2024). We impose these targets to MAGNET’s GHG accounting module and let a shadow price on CH₄ and N₂O emissions adjust endogenously. Without the adoption of mitigation technologies, reductions in combustion-emissions are realized via lower demand for intermediate fuel inputs. For non-combustion emissions, such as enteric fermentation in livestock farming, reductions transmit via lower sectoral output. In both cases, reductions in emission intensity due to technological mitigation set in as a function of the endogenous shadow prices. To capture the additional costs of technology adoption, MAGNET applies a Hicks-neutral total factor productivity shock to the top of the nested CES production function, requiring affected sectors to use additional factor inputs to produce the same level of output as before the shock.
[image: ]Figure 1: Framework of MAGNET-TiMBA model linkage.
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