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The Paris Agreement implies human society to limit global temperature increase to 1.5°C or no more than 2°C, and this goal is confirmed in the 2021 United Nations Climate Change Conference. Many milestones have been set to reach this goal, for example France has announced that it will reduce its greenhouse gas (GHG) emissions by 40% before 2030 and that it will reach carbon neutrality before 2050. All of these climate goals are driving our society to develop methods to remove GHGs from the atmosphere and avoid the increased use of fossil carbon.

Plants utilize CO2 through photosynthesis, which is considered a natural CO2 capture. Inspired by this, this thesis proposes the concept of "biopump" to induce negative emissions and mitigate the global warming. The biopump is a plant that can convert some of the C captured by photosynthesis into soil organic carbon stocks (SOC). Once the plant matures, the harvestable parts are transformed into bio-based products, so that the carbon from this part of the biomass is conserved in the technosphere. These materials have a life span and end of life that will influence the carbon stock in the technosphere. Meanwhile, bio-based products replace fossilbased products with similar functions, which can contribute to climate change mitigation.

Therefore, the biopump can capture carbon from the atmosphere in two sinks, the soil and the technosphere, while avoiding the production of fossil-based products, which can contribute to climate goals.

To remove more CO2, biopumps should be planted in areas that are least disruptive to current agricultural and human activities, yet have high potential for additional carbon storage in the soil. These lands are referred to as "carbon vulnerable lands" (CV-lands). It is estimated that there are up to 24,000 km2 of CV lands in France. Planting biopump on these lands could increase by 0.23 to 0.49 Mt carbon stocked as SOC annually, which represents 0.19% to 0.41% from the 2015-2018 French annual carbon budget. If the carbon contained in the biomass is kept in anthropogenic products, it could represent up to 13.07% of the French annual carbon budget, proving the feasibility of the biopump strategy in general.

After the feasibility was confirmed, two specific case studies were conducted. Hemp and black locust were chosen as annual and perennial biopumps, respectively. Carbon fluxes were accounted for annually, consequential life cycle assessment (LCA) was conducted to assess the environmental effects of the biopump introduction in new value chains. Hemp and black locust were considered to be grown for 100 years without interruption. The change in SOC during cultivation was simulated based on the soil characteristics of the identified CV-lands, and the C inputs of the selected biopumps. The results were considered in the life cycle inventory from cultivation to disposal of the bio-based products, with different lifetimes. Since the systems under study have different temporalities and there are different climate milestones (e.g., 2030, IV 2050), it is necessary to estimate the effect on climate change with temporal parameters, using the dynamic LCA approach.

Compared to initial vegetation grown on CV-land, the results show that biopumps could not only induce more C stored in the soil, and mitigate the climate change, but also perform better in most environmental aspects (e.g., human health, eutrophication), partly due to the replacement of fossil products. In terms of timing, perennial wood biopumps allow higher carbon stock and reduce global warming more efficiently in the short-/ mid-term than annual herbaceous biopumps, while the duration of this benefit strongly depends on the lifetime of the bio-based products. This work could be validated further by multiplying the case studies, or even by experimental approaches.
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Introduction

The well-mixed greenhouse gas (GHG) concentration in the atmosphere has been increasing for around 250 years. In 2019, CO2, CH4, and N2O were three major GHGs in the atmosphere, with concentrations of 410 ppm, 1866 ppb, and 332 ppb, respectively (IPCC, 2021). These GHGs absorb the thermal radiation emitted by the earth's surface, raising the temperature of the earth, this effect is called global warming. The increasing concentration of GHG in the atmosphere leads to higher temperatures, the global mean surface temperature is 1.09 °C higher in these last ten years than 1850-1900, especially over continents (1.59°C) (IPCC, 2021). The higher temperature has severe and wide-ranging impacts on the natural environment, which in turn affects the human society and the economy. For example the reduction of agricultural products (like rice) due to the sea level rise, resulted in annual welfare losses ranging up to US$10.59 billion, affecting people all over the world [START_REF] Chen | Climate change, sea level rise and rice: Global market implications[END_REF].

Reacting to global warming, 196 Parties adopted the Paris Agreement in 2015. The Paris Agreement is a bridge between today's policies and climate-neutrality before the end of the century. In short, it agrees(UNFCCC, 2015):

1) A long-term goal of keeping the increase of global mean temperature to well below 2°C with respect to the pre-industrial level; 2) To limit the GMT increase to 1.5°C; 3) To reach the peak of global emission as soon as possible (i.e., to decrease global emissions as soon as possible); 4) To achieve a balance between emissions and removals in the second half of the century Although controlling the GMT rise under 2°C is one of the targets, limiting it to under 1.5°C would limit the risk of irreversible damages, like the disappearance of the Arctic continent and increasing the sea level rise, which could save US$ 1.4 trillion per year (Jevrejeva et al., 2018).

To achieve the objectives of the Paris Agreement, the French government fixed as objective to reach the carbon neutrality by 2050 and strive to limit the temperature increase to 1.5°C at the end of this century (Boudet et al., 2021), which required to reduce 40% of GHG emissions by 2030 compared to 1990 level. Several solutions were drafted to reduce the GHG emissions, such as no longer produce hydrocarbon energy by 2040, stopping sales of GHG-emitting vehicles by 2040, etc. Nevertheless, establishing approaches for lowering GHG emissions is necessary but far from sufficient to meet climate change targets on time. For instance, achieving carbon neutrality needs to reduce carbon emissions to one-sixth of what they are now and double the carbon (C) stock in 2050.

The Paris Agreement targets imply two key challenges. On the one hand, it implies to induce additional carbon dioxide removals or so-called negative emissions (Masson-Delmotte et al., 2018;Tanzer and Ramírez, 2019). The potential of soil carbon sequestration as a negative emission strategy has attracted increased attention because of its considerable potential, up to 13 Gt CO2-eq year -1 , as reported in the literature (Shukla et al., 2019).

The second challenge is to transit towards a low fossil C economy. Fossil CO2 represented more than 65% of global GHG emissions in 2016 (World Resources Institute, 2020). If efforts are deployed to decarbonize the energy sector, the total elimination of C form the economy is not possible because many sectors are dependent on like materials and chemicals. While some products and services can be supplied without any C (e.g., wind or solar electricity, which can in turn supply heat or transport services), other sectors of the economy (e.g., materials, chemicals) cannot be decarbonized and will require new C sources. For a low fossil C economy, biomass is the most abundant and accessible C source (Gautam et al., 2019;Office for National Statistics, 2019), at least until the large-scale deployment of technologies allowing to directly capture atmospheric carbon (so-called direct Direct Air Capture) and the use becomes a reality.

Therefore, this thesis focuses on strategies that use plants for C capture and storage in soil and in anthropogenic products and investigates the effectiveness of such solutions for global warming mitigation.

Involved project

This thesis is part of the project Cambiocop "Carbon Management & Bio-resources Strategies for Scoping the Transition towards low fossil Carbon" (https://cambioscop.cnrs.fr), financed by the French National Research Agency, Programme Investissement d'Avenir (Make Our Planet Great Again) and Region Occitanie, with a thesis grant from the Chinese Scholarship Council. This project aims to build an approach for the establishment of geo-localized, dynamic and sustainable strategies for the development of the bioeconomy in France, aiming at optimizing the circularity of carbon. In the project frame, the possibilities of carbon storage in soils, and various biomass conversion chains are studied to produce a variety of innovative products (liquid hydrocarbons, proteins, biomaterials, etc.), with a time perspective by 2050, in France. Removing CO2 from the atmosphere by increasing terrestrial vegetation has become a global strategy to mitigate climate change [START_REF] Barton | Does growing grain legumes or applying lime cost effectively lower greenhouse gas emissions from wheat production in a semi-arid climate?[END_REF][START_REF] Meyer-Aurich | Cost efficient rotation and tillage options to sequester carbon and mitigate GHG emissions from agriculture in Eastern Canada[END_REF][START_REF] Patel | Energy balance, GHG emission and economy for cultivation of high biomass verities of bamboo, sorghum and pearl millet as energy crops at marginal ecologies of Gujarat state in India[END_REF]. The first section of chapter 2 illustrated the potential CO2 abatement capacity of biomass cultivation, and the influence of this extra cultivation on the bioeconomy.

Chapter II. Bibliography review: the role of biomass in climate change mitigation and the corresponding evaluation methods
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AGB

Carbon capture and greenhouse gas (GHG) release by biomass cultivation

The scope of biomass herein refers to crops and forests. There are 286601 km 2 croplands in France, occupying 52% of the land area (Food and Agriculture Organization, 2018). These lands consist of 63% of cereal and forage crops, 34% grass, and 3% perennial crops (Minstère de l'agriculture et de l 'alimentation, 2015). The cultivation of cereal and forage crops is a GHG intensive process, globally taking responsibility for 10% of N2O, 7% of CH4, and 12% of anthropogenic GHG emissions (World Resources Institute, 2020). Agricultural management plays a vital role in these emissions, especially soil management (fertilization) and enteric fermentation take the most responsibility for N2O and CH4 emission, respectively [START_REF] Schahczenski | Agriculture, climate change and carbon sequestration[END_REF]. Fertilizers and pesticide (e.g., herbicide, insecticide, and fungicide) used to augment the yield also emit high amount of GHG. The production of 1 t N-fertilizer and fungicide would cause 814.08 kg C and 4825.68 kg carbon (C) emission respectively, not to mention the subsequent emission due to the application [START_REF] West | A synthesis of carbon sequestration, carbon emissions, and net carbon flux in agriculture: Comparing tillage practices in the United States[END_REF]. According to the model of N2O emission from the N-fertilizer adopted by IPCC, 1% of N from applied N-fertilizer is lost as N2O [START_REF] Hergoualc'h | N2O emissions from managed soils, and CO2 emissions from lime and urea application[END_REF]. Besides these direct emissions, a part of the N that is leached in the form of nitrate is converted to N2O and ammonia, as indirect emissions. Although the application of fertilizers and pesticides could increase the yield, and the increased yield means more captured CO2, this extra captured CO2 will soon be released because of the fast consumption of downstream products (e.g., consuming food). Not to mention in some cases, the extra captured CO2 could not even compensate the emission from fertilizers and chemicals [START_REF] Benton | Effects of Corn Moisture and Length of Ensiling on Dry Matter Digestibility and Rumen Degradable Protein[END_REF]. On the other hand, improving agricultural management could reduce GHG emissions. For example, using biochar amendments in the soil helps at decreasing the N2O emissions by 54% and 53% during the rice and wheat seasons, respectively, without other effects on ecosystem respiration but increasing with around 15% the yield for both crops, attributing to this the nitrate retention in soils (Wang et al., 2012). In the actual agricultural work, the emissions need to be calculated comprehensively. West et al. compared the reduced tillage to the conventional tillage strategy in soybean cultivation. The reduced tillage strategy needs less water for irrigation and fossil fuel for machines, but more herbicide and fertilizer than traditional tillage. For instance in a soybean cultivation, if the soybean is fully irrigated, the reduced tillage could alleviate the C emission by 15.22 kg ha -1 compared to the conventional tillage since reduced tillage needs less water. Nevertheless, emit 5.78 kg C ha -1 more if there is no irrigation [START_REF] West | A synthesis of carbon sequestration, carbon emissions, and net carbon flux in agriculture: Comparing tillage practices in the United States[END_REF].

Another major kind of crop is the grass used for bioenergy. Typical bioenergy crops like the giant reed (Arundo donax L.), miscanthus (Miscanthus x giganteus), and ryegrass (Lolium perenne L.), could capture 8. 78, 12.11, 11.22 Mg C ha -1 year -1 respectively, have relatively high yields and could be planted in poor land (Hamelin et al., 2012;[START_REF] Schmidt | Life Cycle Assessment of Bioenergy and Bio-Based Products from Perennial Grasses Cultivated on Marginal Land in the Mediterranean Region[END_REF]. They differ to annual crops which grow and are harvested in one year, and the yields are similar every year. The perennial biomass has less or even no yield in the first (several) years after seedling, while the yield increases after that and becomes stable till the end of the plant's lifespan [START_REF] Hamelin | Carbon management and environmental consequences of agricultural biomass in a Danish renewable energy strategy[END_REF].

The forest is known as a major component of the global C cycle, which stores 90% of the world's terrestrial carbon, namely 350 Pg of C [START_REF] Patil | Biological carbon sequestration through fruit crops (perennial cropsnatural "sponges" for absorbing carbon dioxide from atmosphere)[END_REF]. Unlike crops with similar C absorption every year, forest sequestrates C increasingly over the time and age of trees until they are mature. For example pine plantations of 90 years could accumulate 2.5 Mg C ha -1 annually on average, the Mediterranean oak forests could absorb 340 t CO2 ha -1 in a 120 years rotation [START_REF] Cañellas | Silviculture and carbon sequestration in Mediterranean oak forests[END_REF][START_REF] Heath | Carbon pools and fluxes in US forest products[END_REF]. Studies also focused on woody species with fast growth rates to balance the harvested biomass and harvesting frequency to accelerate providing harvested biomass to the market. Landgraf et al. measured the growth rate of 37 different poplar varieties, found they could yield from the lowest 0.8 to the highest dry mass(DM) 14.6 t ha -1 per year after a three-year rotation [START_REF] Landgraf | Biomass yield of 37 different src poplar varieties grown on a typical site in north eastern germany[END_REF].

Part of the C captured is stored in soils mainly in form of organic matter. The soil organic carbon (SOC) is the result of residues decomposition belowground and aboveground. During the cultivation, tillage is an essential factor of SOC change, because it would disturb the soil, further oxidizing the SOC then emitting GHG. Thus reduced tillage, converting plowing to use disks or chisels, or even no-tillage strategy, is always adopted to protect the SOC [START_REF] West | A synthesis of carbon sequestration, carbon emissions, and net carbon flux in agriculture: Comparing tillage practices in the United States[END_REF]. Less tillage would also leave more biomass residues covered after planting, increasing the C inputs to the soil. Converting conventional tillage to reduced tillage and no-tillage is estimated to gain the SOC in 300 and 500 kg ha - 1 per year respectively in the Canadian prairie region [START_REF] Follett | Soil management concepts and carbon sequestration zin cropland soils[END_REF]. It should be noticed that which kind of tillage strategy is conducted needs to consider crop species and site specifically, extensive tillage means more fertilizer and chemicals demand, which might reduce the benefit from extra stored SOC or even emit more GHG.

Carbon involved in bioeconomy

Carbon is absorbed by biomass through photosynthesis, and, whatever crops or woods, the C content in the dry biomass ranges in 47-59% DM [START_REF] Lamlom | A reassessment of carbon content in wood: Variation within and between 41 North American species[END_REF]. Crops planted for food are not regarded as carbon store, since food would be consumed in a short time, resulting in C emitted to the atmosphere (for a mature organism). Thus, concerning the crops, the key action for climate mitigation is improving agricultural management (e.g., adding biochar amendments as mentioned above). Meanwhile, things are different if crops are converted into bioenergy or bio-based products. Though bioenergy would also be used in a short time, the difference is that it avoids using fossil fuel. There exists a vast potential for bioenergy crops in offsetting fossil fuel emission, 1 kg of C in biomass could offset 0.6 kg of C in fossil. Thus planting bioenergy crops in degraded soils is a promising option, with C sequestration rates ranging from 0.6 to 3.0 Mg C ha -1 yr -1 , further to 1631 Tg C yr -1 if expanding to the whole degraded soils in the world [START_REF] Lemus | Bioenergy crops and carbon sequestration[END_REF]. Crops like flax have high cellulose content, they have been widely used in textile since ancient [START_REF] Rohit | A review -future aspect of natural fiber reinforced composite[END_REF], the textile could keep the C within it for several years (Manda et al., 2015). Due to the lightweight and good insulation characteristics, the fiber of these crops is extracted and processed in different products like panels or boards used in vehicles and structures, with C retention for decades (Andersson and Björhagen, 2018).

For woody biomass, short rotation copice (SRC) behaves similarly to the crops cultivated for bioenergy.

The mitigation effect on climate change mainly comes from the avoided fossil energy rather than from the C stocked in the biomass itself: 36 g CO2-eq could be avoided per 1 MJ bioenergy from SRC [START_REF] Gerssen-Gondelach | Competing uses of biomass: Assessment and comparison of the performance of bio-based heat, power, fuels and materials[END_REF]. In contrast, the trees planted in long rotations are considered as C stocks. The biomass is partitioned in aboveground and belowground. The aboveground biomass(AGB) referes to stem, branch, bark, while the belowground biomass(BGB) refers to all live roots except fine roots of sizes< 2mm diameter. During the long rotation, parts of biomass is lost due to the selective thinning or natural falling. Unlike grass crops, C contained in these woody residues would not emit back to the atmosphere in one or two years, but would slowly emit with a negative exponential tendency. According to the half-life decay value that depends on woody species and compartments, the emission could last for decades (Albers et al., 2019b).

For hundreds of years, logged roundwoods have been carpentered for buildings, in structures or in furniture, which could last fifty to hundred years (Dodoo et al., 2014). Combined with the long cultivating rotation, the life cycle of wood-building products could delay the C emission for around a hundred years, contributing to the mitigation target at 2100. In addition, at the end of the building's lifetime, landfilling and incineration are two critical options. Woody products decay slowly in the landfilling, the overall degradability of waste during 100 years is merely 1.5%, which means the C would be further kept out of the atmosphere for a long time (ecoinvent, 2020). However, landfilling demands a lot of areas, and would cause other pollutants like leachate [START_REF] Swati | Scenario of Landfilling in India: Problems, Challenges, and Recommendations[END_REF], thus incineration is the most common disposal way. Burning 1kg of wood could recover 3.5 MJ heat and 0.5 kWh electricity, with 0.164 kg CO2-eq (ecoinvent, 2020) emissions.

the harvested biomass can be transformed into different kinds of bio-based anthropogenic products. These bio-based products broadly cover fuels, chemicals, materials, food, and feed, and replace fossilbased products, which could avoid C emission from fossil sources. Also, bio-based products could keep the biogenic C into the technosphere for a certain period, depending on the products' lifetime. For instance, the average impact of a building with 1 ton of wood instead of the same amount of concrete could reduce 2.1 t CO2 over the whole life cycle, including use and disposal stages [START_REF] Hurmekoski | How Can Wood Construction Reduce Environmental Degradation?[END_REF].

Industrial biotechnologyis one of the cornerstone of the bioeconomy, improving the conversion efficiency of these plant-derived resources into a wide range of anthropogenic products and maximizing the valorization of the biomass [START_REF] Vanholme | Towards a carbon-negative sustainable bio-based economy[END_REF].

Besides biomass and bio-based products, the soil is another potential C tank. C stocked in soils could be assessed from soil organic carbon (SOC) changes. Kim et al. tracked the C flows of kenaf fiberreinforced composite from cradle-to-grave, reported a 62 g C increase in the soil during the kenaf cultivation (Kim et al., 2008).

Carbon in soil and biomass

C in the soil

Soil carbon is the solid carbon stocked in the soil, including organic and inorganic carbon (SIC). The majority of carbon in most soils is stored in the form of soil organic matter(SOM) [START_REF] Scharlemann | Global soil carbon: Understanding and managing the largest terrestrial carbon pool[END_REF]. The SOM is the lifeblood of soil, generated from the decomposition of biomass residues, roots, soil organisms, whether living or dead. The SOM consists of humic, fulvic acids, and humin, containing functional groups such as R-COO-, R-C=O, R-COH, R-SH, and others, possessing cation exchange properties [START_REF] Bianchi | Relationship between the mass of organic matter and carbon in soil[END_REF]. This is similar to clay particles adsorbing metal cations on their surfaces, the difference is that the surface area and adsorptive capacity of SOM are much greater than those of clay. The clay percentage in the soil is critical in estimating the SOM. Clay particles and aggregates can reduce losses of SOM by physically protecting organic matter from decomposition. Particles of organic matter can become adsorbed to clay surfaces, coated with clay particles, or buried inside small pores or aggregates. These processes make it difficult for microorganisms to come in contact with organic matter. Therefore, the amount of SOM stored in soil tends to increase with increasing clay content. In contrast, in sand soil microorganisms can more easily access SOM. The SOM is evaluated by the determination of the SOC, the common practice in estimating the C change in the soil is directly estimating the situation of the SOC, the most cited indicator of soil quality in environmental assessment [START_REF] Milà I Canals | Method for assessing impacts on life support functions (LSF) related to the use of "fertile land" in Life Cycle Assessment (LCA)[END_REF]. The SOC could switch to the SOM by the van Bemmelen factor, which equals 1.724, based on the average C content of 58% in the organic matter [START_REF] Pribyl | A critical review of the conventional SOC to SOM conversion factor[END_REF]. If this factor needs adjustment to fit a local case, it needs to measure the percentages of humic and non humic substances in the soil.

It is estimated that there is 950 Pg SIC in global soils (Fig. , the form of SIC is carbonate minerals. It is the mineral form of C, predominately consisting of primary or lithogenic carbonates, and secondary or pedogenic carbonates. The SIC derives through two pathways [START_REF] Lal | Carbon management in agricultural soils[END_REF]:

1) Weathering of parent mineral ores;

2) Dissolution of CO2 existing in the pores to form carbonic acid, then re-precipitating with Ca 2+ or Mg 2+ added into the soil as amendments or from other sources.

Fig. II-1 illustrates the C cycle between biomass, soil, and atmosphere, data were collected from [START_REF] Lal | Carbon management in agricultural soils[END_REF]. Biomass exchanges C with the atmosphere through photosynthesis and respiration. The term of soil C sequestration implies the transfer of atmospheric CO2 into soil C pool through (i) humification of crop residues and other bio-solids added to the soil, and (ii) formation of secondary carbonates or leaching of bicarbonates into the groundwater such that CO2 thus captured is not immediately re-emitted (not shown in the figure). The pathway (ii) is not affected by biomass, it is not a strict soil C sequestration as the CO2 could re-emit in a few weeks in the shortest situation [START_REF] Lal | Carbon management in agricultural soils[END_REF]. Pathway (ii) is not considered in this thesis. The relationship between land use (LU) and agricultural management is a twoway arrow since the C is sequestrated or emitted depending on different LU and management ways. Also, anthropogenic activities such as cultivation could accelerate the soil erosion and would break the C sequestration.

Potential of the SOC in global warming mitigation

The SOC is recognized as the largest stock of terrestrial carbon. There is 125.8E8 ha soil in the world from 90 • N to 60 • S (Nachtergaele et al., 2012). The amount of the SOC varies among different estimations. For example, Scharlemann et al. counted recent 27 studies and determined a total average stock of 1500 Pg C, with a range from 504 to 3000 Pg, reflecting the disparity in sampling period, intensity and spatial resolution of the soil profile databases, and differences in calculation approaches [START_REF] Scharlemann | Global soil carbon: Understanding and managing the largest terrestrial carbon pool[END_REF]. According to the same database including the soil area, 1417 Pg SOC stock was counted in the upper 1 m of soils over the world (Nachtergaele et al., 2012). This amount of the SOC is twice the C in the atmosphere and three times those in the biomass, indicating a high potential of the soil C sink. [START_REF] Lal | Carbon management in agricultural soils[END_REF].

The worldwide SOC distribution is depicted in Fig. II-2. A large area fraction of deserts obviously reduces the continental average SOC stock, whereas a large fraction of frozen organic soil increases the continental average SOC stock, with the highest SOC deposit area in 50-60 • N, namely Canada, Eastern Europe, and Russia (Fig. b), because of the vast boreal climate lands.

Based on such a high potential of C sequestration by the soil, at the Paris Climate Summit in 2015, an initiative named '4 per 1000' was launched. The name of this initiative is based on the premise that if the SOC in global agricultural lands increases 0.4% per year(the first 30-40 cm), the soil could sequestrate 2.5 Gt C that can offset annual anthropogenic C emission from fossil sources (Minasny et al., 2017). This estimation is criticized because of intrinsic data and model uncertainty, but it represents a clear goal towards climate stabilization (Albers et al., 2021a).

A particular drawback in current SOC studies is the lack of standardized carbon values to be reported. Ledo et al. counted 1605 ID entries in 180 studies, concluded that 70% of data use carbon stocks (Mg/ha), while 30% of studies use SOC concentration values (g/kg) (Ledo et al., 2019). SOC concentration values and stocks could be converted to each other through the equation ( 1)

𝑆𝑂𝐶 𝑠𝑡𝑜𝑐𝑘 = 𝑆𝑂𝐶 𝑐𝑜𝑛 * 𝐵𝐷 * 𝑑𝑒𝑝𝑡ℎ * (1 -𝑟𝑜𝑐𝑘 𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛) * 10 (1) 
where 𝑆𝑂𝐶 𝑠𝑡𝑜𝑐𝑘 is the SOC stock(Mg ha -1 ), 𝑆𝑂𝐶 𝑐𝑜𝑛 is the SOC concentration in g/kg, 𝐵𝐷 is the soil bulk density in g/cm 3 , 𝑑𝑒𝑝𝑡ℎ is the depth measured or simulated soil depth in cm, and 𝑟𝑜𝑐𝑘 𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 is the rock fragment percentage of the total soil. Though the 𝑆𝑂𝐶 𝑠𝑡𝑜𝑐𝑘 and the 𝑆𝑂𝐶 𝑐𝑜𝑛 could be transformed each other, extra information is needed, which would induce uncertainty of the data.

Further, not all researches would provide this additional information. From the statistics work of Ledo et al.,only 43% and 51% of the studies provided the values of the soil texture and bulk density respectively (Ledo et al., 2019).

The role of biomass in SOC formation

The humification of the biomass is an important source of SOC (Fig. II-1). There is 560 Pg C in the live biotic pool and 60 Pg C in the residues [START_REF] Lal | Carbon management in agricultural soils[END_REF]. It is estimated that the average biomass of global [START_REF] Köchy | Global distribution of soil organic carbon -Part 1: Masses and frequency distributions of SOC stocks for the tropics, permafrost regions, wetlands, and the world[END_REF].

croplands could increase the SOC by 0.21-0.26 Mg ha -1 yr -1 in the future 50 years (Poeplau and Don, 2015).

The two main processes in the biomass-SOC relationship are mineralization and humification. Microorganisms help to decompose the biomass as organic matter, and emit back GHG (e.g., CO2 and CH4) to the atmosphere, which is called mineralization. In the humification process, the fraction that is not mineralized is transformed into concatenations of organic polymers which become the SOC. The humification is more efficient in cool and humid climates than warm and dry regions, thus the SOC stock in high altitudes is higher than in other areas (Fig. ). The two major parameters of these two processes are microorganisms and C inputs (i.e., here from plant-based biomass but may also derive from external sources such as organic fertilizers). Fig. II-3 illustrates how microorganisms and C inputs influence the relationship between the SOC and biomass. First, plants fix/assimilate the inorganic C (mainly from CO2) via photosynthesis and convert it into organic C which then goes into the soil as Cinputs from death organic matter of the plant. The soil is separated into AGB and BGB fractions (section 2.1.2). The AGB typically refers to the litter layer, where the organic matter is mineralized by earthworms and microbes, or oxidized partially via microbial extracellular enzymes. The BGB, on the other hand, is often assimilated by the microbes only, and undergoes biosynthesis, turns over prior to SOC incorporation. Around 25% of the BGB is released into the soil environment via the root rhizodeposition [START_REF] Jones | Carbon flow in the rhizosphere: Carbon trading at the soil-root interface[END_REF]. The C deriving from BGB contributes approximately six times more C to the soil, as compared to the AGB, and may make up to 75% of total SOC [START_REF] Jackson | The Ecology of Soil Carbon: Pools, Vulnerabilities, and Biotic and Abiotic Controls[END_REF]. There are several direct and indirect pathways responsible for the incorporation of C into the bulk of SOC. Direct mechanisms include exudate sorption to mineral surfaces and root litter protection in aggregate interiors, while indirect mechanisms include root-associated microorganisms or mycorrhizae [START_REF] Pett-Ridge | Using stable isotopes to explore root-microbe-mineral interactions in soil[END_REF][START_REF] Sokol | Microbial formation of stable soil carbon is more efficient from belowground than aboveground input[END_REF].

The zoomed-out window in the upper right of Fig. II-3 represents the microbial activity and physical protections of SOC. The SOC mineralization process is fostered by certain root exudates of protective mineral associations. Microbial processes increase the solubility and potential for protecting the organic C compounds (Pett-Ridge and Firestone, 2017). Physical protection takes place in the fine pores of soil microaggregates (0.053 mm < diameter (Ø) < 0.25 mm) in which anoxic conditions prevail or which are inaccessible to, or spatially separated from, microbial decomposers [START_REF] Rasse | Is soil carbon mostly root carbon? Mechanisms for a specific stabilisation[END_REF]Six et al., 2002).

The creation of micrometer-scale pores and aggregates by mycorrhiza and root-hair activities enhances the physical protection of root-derived C from microorganisms (Stockmann et al., 2013).

Microaggregates are often formed and stabilized within macroaggregates (Ø > 0.25 mm), the formation of which is fostered primarily by roots (Ge et al., 2018;[START_REF] Rasse | Is soil carbon mostly root carbon? Mechanisms for a specific stabilisation[END_REF]. Both microbial and physical protections could reduce the probability of decomposition, slowing the decay rate, and creating the capacity of soil to sequester C [START_REF] Lehmann | The contentious nature of soil organic matter[END_REF].

From the discussion above, the relationship between biomass and SOC is complex, plants could increase the SOC or not during the cultivation, depending on many factors. The same species might contribute to the SOC increase in one region but decreases it in another region (Shen et al., 2022b).

Understanding the mechanism of how biomass changes the SOC is essential. Based on a deep understanding of the mechanism, it is possible to build and simulate the SOC change in a future perspective. 

2.2.4

The SOC simulation

AMG model

Because of the complex relationship between biomass and SOC, the SOC change tendency under plants cultivation cannot be judged simply by the species. The measurement records are not always available, or even impossible when we want to know the future situation. Therefore, SOC simulation is a useful tool. The SOC simulation model provides a clear mathematical framework incorporating assumptions for soil processes, supporting hypothesis testing by predicting SOC dynamics in space and time. Because of the regional nature of the SOC simulation, researchers tend to propose and adjust the simulation tools by themselves based on their measurement data. There are more than seventy SOC simulation models published from 2000 to 2010 [START_REF] Manzoni | Soil carbon and nitrogen mineralization: Theory and models across scales[END_REF]. In this section, two models used in this thesis are introduced, AMG (Shen et al., 2022a) and C-Tool (Shen et al., 2022b, and chapter V).

AMG is a model simulating SOC at annual time steps, first proposed by Andriulo in 1999 [START_REF] Andriulo | Modelling soil carbon dynamics with various cropping sequences on the rolling pampas[END_REF]. It was proved to have satisfactory simulation results compared with measurement results, and was adopted to design innovative cropping systems [START_REF] Autret | Alternative arable cropping systems: A key to increase soil organic carbon storage? Results from a 16 year field experiment[END_REF][START_REF] Saffih-Hdadi | Modeling consequences of straw residues export on soil organic carbon[END_REF]. AMG model is continuously updating, the version adopted in this thesis is AMGv2, which is calibrated for French users [START_REF] Levavasseur | The simple AMG model accurately simulates organic carbon storage in soils after repeated application of exogenous organic matter[END_REF]. We use this version to illustrate how AMG simulates the SOC, based on the work of (Clivot et al., 2019).

AMG model considered three SOC components: the fresh SOC (FOC), active SOC (CA), and stable SOC(CS). The FOC comes from the biomass residues and organic amendments(e.g., biochar) that would experience mineralization or humification. The humified FOC might be mineralized and allocated to CA, while CS is resistant to mineralization. The SOC is described by formulas shown as below:

𝑆𝑂𝐶 = 𝐶 𝐴 + 𝐶 𝑆 (2) 
𝑑𝑆𝑂𝐶 𝑑𝑡 = ∑ 𝑚 𝑖 ℎ 𝑖 -𝑘 𝑖 𝐶 𝐴 ( 3 
)
where 𝑆𝑂𝐶 is the SOC stock in Mg C ha -1 . 𝐶 𝐴 and 𝐶 𝑆 are C in active and stable SOC pool, respectively, both in Mg C ha -1 . 𝑚 𝑖 is the annual C inputs from source 𝑖 (e.g., residues, manure), unit in t ha -1 , and ℎ 𝑖 is the corresponding humification coefficient, which is dimensionless. 𝑘 is the mineralization rate in the CA, unit in yr -1 , calculated using environmental functions as follow:

𝑘 = 𝑘 0 * 𝑓(𝑇) * 𝑓(𝐻) * 𝑓(𝐴) * 𝑓(𝐶𝑎𝐶𝑂 3 ) * 𝑓(𝑝𝐻) * 𝑓(𝐶 𝑁 ⁄ ) (4) 
where 𝑘 0 is the potential mineralization rate in yr -1 , 𝑓(𝑇), 𝑓(𝐻), 𝑓(𝐴), 𝑓(𝐶𝑎𝐶𝑂 3 ), 𝑓(𝑝𝐻), and 𝑓(𝐶 𝑁 ⁄ ) are functions of temperature(°C), water input(mm)(including precipitation and irrigation), clay content, CaCO3 content, soil pH, and C/N ratio, respectively. Among these factors, (𝑇), 𝑓(𝐻), 𝑓(𝐴), 𝑓(𝐶𝑎𝐶𝑂 3 ), 𝑓(𝑝𝐻), and 𝑓(𝐶 𝑁 ⁄ ) come from soil texture and meteorological data of the aim region, the detail function could be found in appendix A of (Clivot et al., 2019), 𝑘 0 is calibrated according to the French environment and provided by AMG.

To use this model, besides the soil texture and meteorological data, C from biomass(or other sources) are entered the tool as aboveground 𝐶 𝐴𝐺 and belowground 𝐶 𝐵𝐺 .

𝐶 𝐴𝐺 = 𝑌 * 𝐶% (5) where 𝑌 is the biomass DM left on the ground in t ha -1 , like stubble or residues, the harvestable part is not included here, and 𝐶% is the C content in the DM.

The calculation of 𝐶 𝐵𝐺 is a little bit complex, it consists of C in the root (𝐶 𝑅 ) and C in the extra-root materials (𝐶 𝐸 ) that refer to the SOM due to root-turnover and root exudates. 𝐶 𝑅 could be measured directly, or calculated by the shoot-to-root ratio (𝑆𝑅) like below:

𝐶 𝑅 = ( 𝑌 𝑡 (𝑆𝑅 * 𝐻𝐼) ⁄ ) * 𝐶% (6)
where here 𝑌 𝑡 is the DM yield in t ha -1 of the whole crop (including the harvested part), 𝐻𝐼 is the grain to aerial biomass, called harvest index, 𝐶% is the C content in the DM.

𝐶 𝐸 = 0.65 * 𝐶 𝑅 (7) The ratio between 𝐶 𝐸 and 𝐶 𝑅 is assumed by [START_REF] Bolinder | An approach for estimating net primary productivity and annual carbon inputs to soil for common agricultural crops in Canada[END_REF]. After that, 𝐶 𝐵𝐺 is calculated:

𝐶 𝐵𝐺 = 𝐵𝐺 𝐹 * (𝐶 𝑅 + 𝐶 𝐸 ) (8) 𝐵𝐺 𝑑𝑒𝑝𝑡ℎ = 1 -𝛽 𝑑𝑒𝑝𝑡ℎ (9)
Here 𝐵𝐺 𝑑𝑒𝑝𝑡ℎ is the cumulative belowground input fraction from surface to the aim soil depth (𝑑𝑒𝑝𝑡ℎ in cm), and 𝛽 is the root distribution parameter, different for every plant but could be searched in the database.

After the user input 𝐶 𝐴𝐺 , 𝐶 𝐵𝐺 , and other soil texture and meteorological data, AMG would output the results in the aimed time period and soil depth range (from surface to the desired depth).

C-Tool model

Although AMG fits well for French soil cases, because it regards 𝐶 𝐵𝐺 is the same every year, thus it does not support simulating the SOC change under perennial plants (Clivot et al., 2019). Therefore, to put the SOC change due to both annual and perennial plants under the same frame, C-TOOL is used. C-TOOL is proposed by (Taghizadeh-Toosi et al., 2014), and calibrated according to European situations.

The illustration here of the mechanism of C-TOOL in simulating the SOC change is based on the work of (Taghizadeh-Toosi et al., 2014).

Similar to AMG, C-TOOL separates the soil in topsoil(0-25cm) and subsoil(25-100cm), accounting for 47% and 53% of the SOC of 1 m, respectively. Both topsoil and subsoil have three SOC pools: FOM, humified C(HUM), and C in the resistant organic matter(ROM) (Fig. II-4). In HUM pool, C experienced the microbial transformation and became stable in the soil, which is ascribed a decadal scale half-life.

For organic amendments, like manure, part of it would undergo microbial activity, calculated by fHUM(for biomass, fHUM =0 since it begins at FOM). The recalcitrant C to the microbial mineralization is in the ROM pool, accounting for 25% of the initial SOC [START_REF] Barré | Quantifying and isolating stable soil organic carbon using long-term bare fallow experiments[END_REF]. The turnover of the C in this pool could be super slow, there is evidence that the SOC could survive 3300 years under aerobic conditions (Thomsen et al., 2008).

The C turnover in each pool is described in equation ( 10)

𝑑𝐶 𝑖 𝑑𝑡 = -𝑘 𝑖 𝐶 𝑖 𝐹 𝑇 (𝑇) (10) 
in the pool 𝑖, 𝑘 𝑖 is the mineralization coefficient(yr -1 ), 1.44 yr -1 in the FOM pool, 0.0192 yr -1 in the HUM pool, and 4.63E-4 yr -1 in the ROM pool. 𝐶 𝑖 is the C amount in this pool (Mg ha -1 ), 𝐹 𝑇 (𝑇) is the function of temperature(°C), which is the same for all three pools, default in 10°C but could be calibrated according to the local temperature as follow:

𝐹 𝑇 (𝑇) = 7.24𝑒𝑥𝑝 [-3.432 + 0.168𝑇 (1 - 0.5𝑇 36.9 )] (11) 
here 𝑇 is the local temperature in °C.

The humification coefficient ℎ is calculated according to the soil clay content,

ℎ = 1 [1.67(1.85 + 1.6𝑒𝑥𝑝(-7.86𝑐𝑙𝑎𝑦))] + 1 (12) 
𝑐𝑙𝑎𝑦 is the clay content in the soil in kg kg -1 .

Biomass first decomposes in the FOM pool, then a certain proportion of the C (tf=0.03) is transported to the subsoil. The rest C (1-tf) would be humified, the humified C (h) is allocated to the HUM pool, others (1-h) emits back to the air as CO2(Fig. . After that, fROM proportion (fROM =0.012) of the C is allocated to the ROM pool, part of C(fCO2=0.628) turns over back as CO2, the rest (1-fROM-fCO2) is transported to the subsoil. In the ROM pool, undergoing the decomposition, a certain proportion of C(fCO2) is emitted as CO2, the rest (1-fCO2) moves to the subsoil. Parameters like tf are collected from the 14 C labeled experiments, and are exhibited in the (Taghizadeh-Toosi et al., 2014).

To use C-TOOL, besides soil texture and meteorological data, C are provided as C in topsoil 𝐶 𝑡𝑜𝑝 and in subsoil 𝐶 𝑠𝑢𝑏 .

𝐶 𝑡𝑜𝑝 = 𝐶 𝐴𝐺 + 𝜉𝐶 𝑅 [START_REF] Araucaria | [END_REF] 𝐶 𝑠𝑢𝑏 = (1 -𝜉)𝐶 𝑅 (13) where 𝐶 𝐴𝐺 and 𝐶 𝑅 are same from equations ( 5) and ( 6) respectively, 𝜉 is constant, equals to 0.7-0.9 depending on the land type.

As discussed in section 2.2.3, C inputs and microbes are two critical parameters in the SOC and biomass relation. However, the SOC models used now, such as CENTRUY, RothC, including two models introduced here, omit the function of microbial parameters, this shortage was also noticed by other users [START_REF] Lehmann | Persistence of soil organic carbon caused by functional complexity[END_REF]. Now, some researchers proposed potential ways to include that in the simulation [START_REF] Woolf | Microbial models with minimal mineral protection can explain longterm soil organic carbon persistence[END_REF]. However, these microbial included tools are not mature enough. The inputs of these novel models were not unified, leading to specific data requirements that are difficult to apply universally [START_REF] Sulman | Microbe-driven turnover offsets mineral-mediated storage of soil carbon under elevated CO 2[END_REF][START_REF] Wieder | Integrating microbial physiology and physio-chemical principles in soils with the MIcrobial-MIneral Carbon Stabilization (MIMICS) model[END_REF][START_REF] Woolf | Microbial models with minimal mineral protection can explain longterm soil organic carbon persistence[END_REF]. Therefore, since the AMG and C-TOOL have already been proved widely by the measurement data, here we still adopted these two in this thesis.

Marginal lands

Biomass has high potential in global mitigation, however, the land of intact and near intact ecosystems available for agricultural conversion is limited, even continues to shrink due to the increase of the population. Therefore, in global mitigation, effective land management for biomass must consider marginal landscapes.

The importance of marginal lands

With the growing demand for biomass, there is an increasing demand for corresponding lands. In the United States, biomass is the largest renewable energy source, coming from growing dedicated energy crops on agricultural lands [START_REF] Langholtz | Billion-Ton Report: Advancing Domestic Resources for a Thriving Bioeconomy (Executive Summary)[END_REF]. These increasing demands of energy crops squeezed the space of traditional agricultural products, causing the price surged in 2007 and 2008 [START_REF] Haberl | Global bioenergy potentials from agricultural land in 2050: Sensitivity to climate change, diets and yields[END_REF]. A common theme of why biomass is sustainable is that it should be cultivated in a sustainable way that is inextricably linked to its requirement for land for production. However, increasing demand for biomass inevitably leads to an increased demand for land on which energy crops could be grown.

The extensive spatial footprint of bioenergy is problematic, and exploring areas where biomass can be planted and harvested sustainably has become the top priority (Thomas et al., 2021).

The land which might be converted, because its value under present usages are less than ideal, could have better values available in another context, is called marginal land [START_REF] Richards | Reporting on marginal lands for bioenergy feedstock production: a modest proposal[END_REF]. The context here means climate change mitigation. In cropland mineral soils, 30-50% of C has been lost due to degradation, which could be improved through converting land cover types (Albers et al., 2021b).

Exploiting marginal lands could valorize their soil quality (e.g., soil fertility, soil structural stability) to a better C sequestration, because of the biodiversity conservation and eventual socio-economic development. Saha et al. estimated that 42130 t of biomass could be produced on marginal lands around Boston, the USA, further could yield 830 TJ bioenergy per year, equal to 8.1E7 kg CO2-eq(ecoinvent, 2020; Saha and Eckelman, 2015).

Marginal lands identification

The importance of marginal lands is widely admitted, but the land cover type range of 'marginal land' has been used loosely without a concrete definition. Thomas et al. proposed that marginal lands should benefit the carbon debt, not compete for food security, have no negative effects on ecosystem services and biodiversity quality (Thomas et al., 2021). Compared to agricultural crops (e.g., wheat, rice), bioenergy or biomaterial crops (e.g., miscanthus, willow) can adapt to various soil types, thus making them highly tolerant to multiple environmental conditions. In a general consensus, areas are marginal for conventional crops but not marginal for biofuel crops or other functions, based on economic, soil health, and environmental criteria, could be chosen as marginal lands. According to this rule, research has focused on identifying land that are unsuitable for food production but potentially suitable for nonfood crops in the past decades. Table II-1 reviews the principle of marginal land selection by different researchers. Some studies simplified the selection process but focused on the land type, which means all specific types of land would be regarded as marginal land [START_REF] Niblick | Using geographic information systems to assess potential biofuel crop production on urban marginal lands[END_REF]Saha and Eckelman, 2015). Meanwhile, the criteria of most papers focus on three aspects, i.e., meteorology, geology, and soil characteristics. The temperature and precipitation could provide a suitable environment for plants, even for bioenergy/material plants that are adapted to various conditions, the extreme climate would cause less yield and decrease the amount of captured CO2. Similar reasons for soil characteristics, if there is insufficient soil or the quality is not suitable for plants, it would be difficult to cultivate crops on these lands. In Table II-1, for example (Albers et al., 2021b) identified 2714 million ha marginal areas, but only 28 million ha could be used for growing plants for the C sequestration sake, because of the extreme climate and lousy soil conditions. The slope of the land is also frequently mentioned, because a gentle slope could minimize runoff and erosion, while the steep slope would lead to difficulty in agricultural management, commonly should not exceed 30% (Saha and Eckelman, 2015).

Table II-2 reviewed the main land cover types considered for marginal lands. Abandoned agricultural, degraded, and fallow lands are commonly selected since they have been proved for plants to live, though the yield of crops might not be satisfied. However, 'productivity' differs based on the land covers, these low 'productivity' lands might be well suited for bioenergy/biomaterial plants like sunflower (Saha and Eckelman, 2015). Converting low crop productivity lands to bioenergy/biomaterial plants fits the definition of marginal land from an economic point of view, which declares that certain lands have a comparably higher value if located in proximity to essential resources (Lewis and Kelly, 2014). Shrub, forest, and grassland are selected by many studies, while these studies also mentioned that the premise to choose these lands is excluding the natural reserve [START_REF] Zhang | Switchgrass-based bioethanol productivity and potential environmental impact from marginal lands in China[END_REF]. On behalf of shoal and bottomland, Wetland could not only be used for plants like giant reed, but also for cultivating algae (Saha and Eckelman, 2015). Idle and bare lands are considered widely are chosen since they are empty at present, while their availability needs to be further checked, especially in the economic aspect, since these lands could be part of the urban area, on commercial properties, thus the land values and labor costs could be high (Saha and Eckelman, 2015). 

Environmental impact evaluation

With the rising demand and use of biomass, regulating and controlling the environmental impacts of biomass utilizations has become a necessity. Life cycle assessment (LCA), including variants as social assessment or cost assessment, has continuously evolved and gained increasing recognition as an approach for evaluating the environmental impacts of anthropogenic activities.

Principles of the LCA method

LCA method accounts for all resources consumed and emissions associated with an anthropogenic product along its whole life cycle. These elementary flows form the life cycle inventory (LCI). LCI is further translated into several impact categories, like climate change, human toxicity, and eutrophication, credits to different life cycle impact assessment methods (LCIA).

A product's life cycle could be roughly divided into four phases: raw material extraction, product manufacturing, product use, and disposal. An LCA that includes all these four phases is called 'cradleto-grave', while if a study considers only intermediate phases like manufacturing, it is called 'gate-tograve'; similar, there are 'cradle-to-gate', or 'gate-to-gate' boundaries, depending on the assessment objective.

According to ISO standards 14040-14044 (International Organization for [START_REF] Standardization | Environmental management: life cycle assessment; Principles and Framework[END_REF]International Standard Organization, 1997), there are four steps to conduct an LCA study: 1) goal and scope definition, including the definition of the system's function and functional unit, 2) LCI building, based on the knowledge of inputs and outputs related to each process in the life cycle system under study; 3) impact calculation by using appropriate LCIA methods; 4) result interpretation and conclusions.

Concerning impact calculation, different methods are available, based on either a mid-point (an environmental problem) or end-point (damages on the targets) evaluation. For example, CML and Environmental Footprint initiative (EF) are mid-point methods, while ReCiPe evaluates both. In this thesis, the EF method was chosen because it is recommended by the European Commission, for further standardization and homogenization of LCA in Europe [START_REF] Albert | The time dimension in the environmental assessment of biomass products: Dynamic carbon modelling[END_REF].

Attributional and consequential are two main analytical approaches in LCA. Commonly, they are distinguished by different estimation targets: attributional LCA (ALCA) aims to describe all environmental flows within the designed life cycle, including flows from subsystems, answering 'what share of environmental impacts belong to a product system'; on the other hand, consequential LCA (CLCA) is a forward-looking approach, describing how flows will change in response to possible decisions in environmental impacts, aiming to answer 'what are potential environmental consequences of a product system' [START_REF] Finnveden | Recent developments in Life Cycle Assessment[END_REF]. The difference between ALCA and CLCA is not only to the goal of the study but also the dataset choices and the way to deal with multifunctionality.

In general, when a production system has more than one type of product, it is a multifunctional process. How to quantify the total functional outputs of the multi-productions system and then reflect the environmental burdens is a problem. The CLCA considers how the environmental burdens are affected by the multifunctional process, not only the outputs but also the flows of inputs, emissions, and wastes are included. Whenever these flows are affected, the system should be expanded to comprise the involved process. Therefore, the by-products production is affected by the change of the main product, which needs to be included in the CLCA. The by-product is typically assumed to substitute the product's manufacture with a competitive relationship in the market. The use of the by-product would not affect the main product production, but affect the marginal, alternative use of the by-production, which should be included in the CLCA (Ekvall, 2019). However, sometimes if the by-products are not utilized, like a residual material is disposed as waste, then the use of by-products does not affect the alternative service, just adding the disposal process in the CLCA. The system expansion is not endless, if ignoring an involved process is not significant for the results and conclusions, the system expansion could be stopped. A cut-off criterion needs to be made to judge this situation.

Face to multifunctionality, ALCA allocates the share of inputs and outputs belonging to the investigated product, hence estimating the corresponding environmental burdens of the product. Price is commonly used as the allocation basis, because it can be consistent in the whole life cycle for products and functions (e.g., energy cannot be quantified in mass, vice versa). However, using price as the basis would bring uncertainty to LCA, because results would vary with the price over time and region.

Another major difference between ALCA and CLCA is the background dataset. For a substance used in the production system (e.g., resin in plastic production), the targeted product's environmental impact share comprises the production system of this substance with the same share (e.g., 80% flows belong to plastic, then 80% impact of resin should be included in the plastic investigation). As the goal of CLCA is to evaluate the environmental performance change of producing the target product, the product replaced must be chosen, these data are called marginal data.

Although ALCA and CLCA are different as discussed, the strict difference is ambiguous. In the ISO standard, there is no specific definition of these two approaches, thus there is no obvious way to recognize which approach is adopted by a LCA case (International Organization for [START_REF] Standardization | Environmental management: life cycle assessment; Principles and Framework[END_REF]International Standard Organization, 1997). ALCA also adopts system expansion to deal with multifunctional systems, and in the system with only one output, there is no need to make an allocation [START_REF] Douziech | Guidelines to the Rittershoffen Geothermal Heat Plant. ecoinvent[END_REF].

LCA of bio-based anthropogenic products

LCA has already been applied in assessing biomass and the corresponding bio-based anthropogenic products. Brassard et al. estimated pyrolyzing biomass from forest residues into biocrude oil, wood vinegar, biochar, and gas. Compared to the reference flow, pyrolyzing 1 t biomass could reduce 900 kg CO2, and present trade-offs in cancer human effect and other five environmental impacts [START_REF] Brassard | Framework for consequential life cycle assessment of pyrolysis biorefineries: A case study for the conversion of primary forestry residues[END_REF]. Tonini et al. evaluated cultivating 1 ha of willow (Salix viminalis) and Miscanthus giganteus to produce bioenergy, resulting in 82 and 45 t CO2-eq reduction respectively, referring to the fossil energy. Bioenergy from ryegrass (Lolium perenne) would increase the GHG emission due to a 310 t CO2-eq emission from 1 ha indirect land use change. At the same time, aquatic eutrophication of P and N should be noticed due to the fertilization [START_REF] Tonini | Bioenergy production from perennial energy crops: A consequential LCA of 12 bioenergy scenarios including land use changes[END_REF].

Once the bioenergy is used, the C within biomass would emit to the atmosphere immediately, without the C sequestration function. The major negative emission effect comes from the avoided fossil fuel.

For biomass commonly grown in marginal lands, like vigorous herbaceous crops (e.g., flax, switchgrass) and SRC (e.g., willow, poplar), plant cell walls make up around 70% of the biomass. Further, 75% of cell walls are polysaccharides, and cellulose is the major polysaccharide of the cell wall, also considered as the world's most abundant biopolymer [START_REF] Vanholme | Towards a carbon-negative sustainable bio-based economy[END_REF]. Because of that, bio-based reinforcement materials have attracted lots of attention. [START_REF] Hottle | Biopolymer production and end of life comparisons using life cycle assessment[END_REF] evaluated four bio-based plastics made from sugar cane, pointed out that bio-based plastic production emits roughly 50% CO2eq of fossil-based, and the disposal process is the main burden in climate change and fossil fuel depletion categories, recycling 1 kg of the bio-based plastic rather than landfilling or compositing would increase 0.81-1.09 CO2-eq and 1-1.68 MJ surplus in climate change and fossil fuel depletion respectively, mainly because of the international shipping process. On the opposite, La Rosa et al. (2013) concluded during the disposal of hemp fiber composite, there was no significant change in resource depletion(including fossil fuel depletion impact) but recycling behaviors double better than landfilling in human health impact(including climate change). In addition, because hemp fiber is lighter than conventional glass fiber, when adopting hemp fiber in car panels, hemp fiber composites not only emit a quarter of GHG of conventional glass fiber composites during the production but also save 0.3-0.5 L 100km -1 100kg -1 gasoline and sequester 91 g CO2 per 820 g composite for 10 years in the use stage. While in Campos et al.'s research, 1 m 2 of flax fiber textile could keep 1250 kg CO2 for around 25 years but would emit overwhelming GHG because this biocomposite is heavier than the conventional aramid fiber panel, increasing the diesel consumption during the use phase [START_REF] Gomez-Campos | Natural Fibre Polymer Composites -A game changer for the aviation sector?[END_REF], 2020).

The long timespan trees are traditional raw materials for bio-based products , widely used in building for hundreds of years (Dodoo et al., 2014). In general, wood-based products have a longer lifespan than grass fiber composite, 1 m 3 properly installed wood board could keep around 800 kg CO2 for 50 years in default, or even reach over 100 years in European service classes 1 and 2 (Stora Enso, 2020). Furthermore, erecting a building with wood boards instead of traditional materials like brick or concrete could save at least 30% energy consumption, and the same during the demolition (Jayalath et al., 2020).

In conclusion, there are many LCA on biomass and downstream anthropogenic products. A major part is about bioenergy, which could not keep C in the technosphere for a long time. For herbaceous crops and SRC, most studies before 2010 are attributional, allocated environmental impacts based on mass or economic values based on the old ISO standard [START_REF] González-García | Life cycle assessment of raw materials for non-wood pulp mills: Hemp and flax[END_REF]Norton et al., 2008), the different allocation rules from different studies induced subjectivity into the LCA results. Some studies adapted consequential analytical modeling but not on the whole life cycle, lacking the use and disposal stages [START_REF] Chen | Comparative life cycle assessment of fossil and biobased polyethylene terephthalate (PET) bottles[END_REF]Zampori et al., 2013). Some studies included the entire product's life cycle, focusing on GHG emissions but not assessing all environmental impacts (Andersson and Björhagen, 2018;Chen et al., 2019). Two critical shortages of biomass-anthropogenic products studies yet are observed. The first is not considering the consequence of crops grown on expanded or substituted lands.

The second is the lack of involving SOC change during the cultivation in the inventory. For studies object to long lifespan wood, the frontiers start with the biomass harvesting, namely gate-to-grave or even gate-to-gate (Corradini et al., 2019;Piekarski et al., 2017). If the growth period is skipped, it is impossible to know the C absorbed by year, since the growth is not constant and takes decades, and further also the C change in the soil is ignored. The disadvantage of not including the use phase is that some flows may be missed, like CO2 absorption during the use of hemp concrete, or different energy consumption because of different thermal conductivity of the wood boards and bricks (Liu et al., 2016;Pretot et al., 2014). Different disposal ways might change the conclusion, incineration would emit biogenic C of products immediately while landfilling or recycling would delay the emission. Furthermore, lacking the disposal phase might overestimate the negative emission of biomass, since all biogenic C would back to the atmosphere eventually. A common way to avoid this mistake is taking neither C captured through photosynthesis nor C emission at the end of life in account to be balanced, ignoring the biogenic C but only considering the fossil-source C in estimating climate change.

Nevertheless, the function of delaying C emission through keeping C in the technosphere is not assessed.

To overtake this shortage, a dynamic method is expected.

Dynamic LCA

In static LCA, climate change is estimated by Global Warming Potential (GWP). GWP is the integrated radiative forcing(RF) of an impulse, unitary emission of a GHG, over a fixed time horizon, divided by the same parameter of CO2. GWP provides a metric for comparing the global warming effects of different GHG, in CO2-eq, widely used in the LCA method. However, it is calculated based on the pulse emission, while in the real world, GHG are emitted with various temporalities. Moreover the behavior of CO2 is specific as it is the only GHG with infinite time residence in the atmosphere. Then, the lifetime of GHG in the atmosphere, whether long-lived or short-lived, is ignored, concealing the intrinsic behaviors and contributions of distinct types of GHGs. Last, calculating GWP needs to fix the time horizon(TH), commonly at 100 years, albeit other values are adopted like 20 or 500 years. These time horizons are arbitrarily chosen, without a scientific base (Smith, C., Z.R.J. Nicholls, K. Armour, W. Collins, P. Forster, M. Meinshausen, M.D. Palmer, 2021).

So far, there is no unified metric in dynamic climate change assessment. Similar to absolute GWP, some works proposed bio GWP for biogenic GHG, based on the integration of radiative efficiency of biogenic GHG in a temporal period that integrates CO2 radiative efficiency as the baseline [START_REF] Cherubini | CO2 emissions from biomass combustion for bioenergy: Atmospheric decay and contribution to global warming[END_REF]. Cardellini et al. adapted the best-first graph traversal to calculate the inventory of a glued laminated timber product, developed software to assess the dynamic climate change, proving the climate change results differed a lot between static and dynamic approaches (Cardellini et al., 2018). All examples above evaluate climate change differently, they are still based on GWP, with fixed TH of 20, 100, or 500 years. Levasseur et al. proposed using absolute GWP value (or integrated radiative forcing of a impulse emission) in dynamic LCA, calculating the reminding gas amount after emission by a first-order decay equation, then multiplying the amount of reminding gas at time 𝑡 with the initial emitted amount, as the climate change metric.

One of the physical parameters which measure the climate change effect is the change of the global mean surface temperature of the planet. The global mean temperature change(GMTC) can be used as an impact metric (in temperature units). The GMTC distinguishes systems with different temporalities, evaluates mitigation scenarios, as reported in previous studies [START_REF] Negishi | Evaluating climate change pathways through a building's lifecycle based on Dynamic Life Cycle Assessment[END_REF]Shimako et al., 2018a). Moreover, the method based on GMTC can include climate objectives and evaluate climate neutrality, in terms of temperature and time, as reference points for the analysis of a system's performance (Tiruta- Barna, 2021). This method is based on the modelling approach recommended by IPCC in 2013 (Thomas F. Stocker et al., 2013).

The first step of modeling GMTC is to know the amount of emission, for example, we refer to a GHG as 𝑠, and 𝑔 𝑠 means the amount of emission of 𝑠 at a certain time (𝑡), in kg year -1 . The concentration of 𝑠 in the atmosphere in the function of time depends on the gas properties, i.e., its partitioning between the Earth compartments, chemical reactions and other bio-physical interactions. For example, in the case of CO2, its behavior can be modeled by the Bern model [START_REF] Den Elzen | The Brazilian proposal and other options for international burden sharing: an evaluation of methodological and policy aspects using the FAIR model[END_REF].

The complex behavior of gases can be represented by impulse response functions (IRF), obtained by simplified modeling, as taken from the IPCC report [START_REF] Shimako | Contribution to the development of a dynamic Life Cycle Assessment method[END_REF]Thomas F. Stocker et al., 2013). IRF describes the concentration in the function of time of 𝑠 emitted at the time 𝑡 0 (impulse emission). Therefore, for any emission 𝑔 𝑠 (𝑡), the atmospheric burden (𝐵 𝑠 ) is calculated by the convolution of 𝑔 𝑠 and 𝐼𝑅𝐹 𝑠 .

𝐵 𝑠 (𝑡) = ∫ 𝑔 𝑠 (𝑡 ′ ) 𝑡 𝑡 0 𝐼𝑅𝐹 𝑠 (𝑡 -𝑡 ′ )𝑑𝑡 ′ (14) 
Then 𝐵 𝑠 is converted to RF by multiplying it with the radiative efficiency 𝐴 𝑠 (W m -2 kg -1 , the RF of 1 kg 𝑠, in W m -2 ).

𝑅𝐹 𝑠 (𝑡) = 𝐴 𝑠 (𝑡)𝐵 𝑠 (𝑡)

If the burden is small, 𝐴 𝑠 could be regarded as time-invariant. Then summing up the RF of all involved GHG into one obtained the dynamic global RF(W m -2 ).

𝑅𝐹(𝑡) = ∑ 𝑅𝐹 𝑠 (𝑡) 𝑆 (16) 
GMTC (in temperature units, K) is calculated similarly through the convolution of calculated RF and the temperature impulse response function (𝐼𝑅𝐹𝑇), which is also provided from IPCC report (Thomas F. Stocker et al., 2013).

𝐺𝑀𝑇𝐶 𝑠 (𝑡) = ∫ 𝑅𝐹 𝑠 (𝑡 ′ ) 𝑡 𝑡 0 𝐼𝑅𝐹𝑇 𝑠 (𝑡 -𝑡 ′ )𝑑𝑡 ′ (17) 
Then summing up the GMTC of all GHG obtained in the function of time 𝑡.

𝐺𝑀𝑇𝐶(𝑡) = ∑ 𝐺𝑀𝑇𝐶 𝑠 (𝑡) 𝑠 (17) 
The cumulated GMTC, called here 𝑖𝐺𝑀𝑇𝐶(𝑇𝐻) (K year), is defined by:

𝑖𝐺𝑀𝑇𝐶(𝑇𝐻) = ∫ 𝐺𝑀𝑇𝐶(𝑡)𝑑𝑡 𝑇𝐻 𝑡 0 (18) 
where (t0 -TH) represents the time interval of interest for the case under study.

Unlike the static LCA, there is no unified method for all impacts in dynamic LCA, thus in this work, only climate change is evaluate with a dynamic approach. The GHG included in this work are the GHG present in the ecoinvent database (ecoinvent, 2020).

Only few studies used the dynamic LCA as application for long-life bio-based products. In a recent work, a detailed model about perennial growth that included the SOC change, assessed the bioenergy production in the dynamic way, and highlighted the mitigation due to the C sequestration in the rhizome fraction (Albers et al., 2019a). Cherubini et al. estimated the dynamic emission for wood used for combustion, undertook a complete consideration of all C components and biogeochemical sinks, and proposed a method based on GWP to integrate the effect of biogenic CO2 in static LCA [START_REF] Cherubini | CO2 emissions from biomass combustion for bioenergy: Atmospheric decay and contribution to global warming[END_REF]. However, the CO2 emissions from C pool other than aboveground vegetation (like SOC and residues) were not considered. Cardellini et al. did a cradle-to-grave for wood-glulam production, estimated 50-years lifetime glulam under the TH of 500 years GWP metric (Cardellini et al., 2018).

Besides the fixed TH metric, in studies of both Cardellini and Cherubini, the biomass growth rate was not modeled, which would affect the absorbed C amount every year. Indeed the tree growth is not the same every year; the mature trees diminish their CO2 absorption (Rédei et al., 2012). In addition, the residues of herbaceous biomass could be decomposed in a short period, while the decomposition of woody residues could take much more time. The half-time life of the woody residue decay varies from 10 years to 30 years, depending on the species (Albers et al., 2019b), delaying the C emission towards the atmosphere.

Limitation of current evaluation about biomass

From the bibliography survey, one can identify several shortages of current analyses of biomassanthropogenic products.

In biomass evaluations, SOC was often ignored or assumed to be maintained, which does not suit the actual situation, missing a part of C stock or C emission that depends on crops typology.

Not all studies, a lot of which dealt with C footprint, evaluate all environmental impacts and identified the trade-offs between the impact results, with a view to respect all areas of protection.

Traditional biomass evaluation treats biogenic C as neutral, considering inputs and outputs of biogenic C are balanced thus do not need to be included in the inventory (da Costa et al., 2018). This is not a wrong way to handle biogenic C in the static situation but is suspected when considering a long time scale. Herein, because the milestones of achieving carbon neutrality and limiting the GMT are both in the future, it is necessary to be prospective and include temporal characteristics into the biomass evaluation.

There is no comprehensive research using dynamic LCA with temperature evaluation to investigate the C delay effect of bio-based anthropogenic products (compared to bioenergy), by assessing the whole life cycle including SOC change, biomass growth, and residue decomposition in the timeline.

Whether in static LCA or dynamic LCA, when assessing the plant-product process, plants are regarded to grow on existing lands, which means land use (LU) and land use change (LUC) are not properly included in the inventory and dynamic timeline.

To the best of authors' knowledge, this is the first work identifying French marginal lands, and assessing the whole life cycle of biomass-anthropogenic products with plants grown on identified marginal lands, through consequential and dynamic LCA, to investigate the biomass performance in global warming mitigation and other environmental impacts.

Research objectives and thesis structure

In this work we ambition to propose a strategy for climate mitigation based on a nexus "plant-landproduct'. The difference with the current literature is that the product is not the goal per se but a mean to induce mitigation, and that the nexus must be regarded as a whole.

The thesis aims to answer three scientific questions:

1) Is it possible to select plants that could play the role of biopump ?

2) Which will be the environmental performances of such strategy ?

3) How effective will be the climate mitigation effect ?

Considering the shortages discussed from the literature review, the thesis aims to answer the three scientific questions and provide a framework to evaluate the environmental impacts of activities comprehensively involving biomass, especially for climate change that is assessed under a long timescale.

The thesis is composed of seven chapters and supplement information (chapter III, IV, and V) with detailed information and results. The report organization is schematically presented in Fig. II-5.

Chapter I: Introductionthe context of this research.

Chapter II: Literature review, about how biomass could help us mitigate global warming, the current evaluation methods, and the aim of this thesis.

Chapter III: The definition of biopump, identification of lands suitable for planting biopump, identifying potential biopump candidates, and demonstrating the feasibility of using biopump as negative emission.

Chapter IV: Application of the concept to annual plants, with hemp as example.

Chapter V: Application of the concept to perennial plants with black locust as example.

Chapter VI: Synthesis of the results and comparison of the different scenarios investigated in chapters IV and V.

Chapter VII: Final conclusions and perspectives. The target of the Paris Agreement is to limit the temperature rise at the end of this century within 1.5°C, or 2°C at most. There are two main challenges in the way of reaching this target. One is inducing additional CO2 removal to lower the CO2 concentration in the atmosphere, the other is reducing the fossil carbon (C) involved in our economy.

The plants capture CO2 through photosynthesis, thus are regarded as natural CO2 removals. Valuable parts are harvested for humans, while the rest is left as the residue. With the decomposition, a part of the C in the residues is emitted back to the atmosphere, while a part of C goes into the soil, is humified with the microbial activity, and is stored as SOC. When valuable biomass is transformed into bio-based products, the C in these products can be stored in the technosphere if the lifetime of these products is sufficiently long. Another part is lost during the manufacturing. The timespan of keeping C in the technosphere depends on the product lifetime, and on the end of life strategies.

Based on the two C sinks mentioned above (soil and anthropogenic products), the concept 'biopump' is defined: a plant that can to induce high C storage in soils (SOC) and, after harvesting and manufacturing, can keep another part of absorbed C in anthropogenic bio-based products.

In this chapter, we proposed and defined 'biopump' as the core concept of the thesis, and answer the scientific questions as follows: The Paris Agreement calls for stabilizing the global mean surface temperature increase to well below 2°C above pre-industrial level(UNFCCC, 2015), a threshold that has endured in science to represent dangerous climate change [START_REF] Sanderson | What would it take to achieve the Paris temperature targets?[END_REF]. This target implies two key challenges. On the one hand, it implies to induce additional carbon dioxide removals (CDR, or so-called negative emissions) (Masson-Delmotte et al., 2018;Tanzer and Ramírez, 2019), at a rapid and large-, or more modest-, deployment scale, depending on the ambition with regards to the well below 2°C [START_REF] Hilaire | Negative emissions and international climate goals-learning from and about mitigation scenarios[END_REF]. The potential of soil carbon sequestration as a negative emission strategy has attracted increased attention because of its considerable potential, up to 13 Gt CO2-eq year -1 , as reported by (Shukla et al., 2019). In comparison, China's net emission was 12 Gt CO2-eq in 2018 (Climate watch, 2021). Examples illustrating this potential include the study of Bastin(2019), where a total of 900 million ha of marginal land suited for re-and afforestation worldwide was reported, with a potential to store up to 42.5 Gt C in total (carbon in soils and biomes) (revised figure from the comment (Veldman et al., 2019)). Similarly, Poeplau and Don(2015) estimated, from their meta-analysis results, that through implementing cover crops on fallow land on just 25% of the global cropland area, a soil organic carbon (SOC) increase corresponding to 0.21-0.26 Mg ha -1 year -1 (an accumulated sequestration corresponding to 11. 77-14.12 Mg in total) could be obtained after 50 years. This could compensate, according to the authors, ca. 8% of direct annual greenhouse gas (GHG) from agriculture. The review of [START_REF] Paustian | Soil C Sequestration as a Biological Negative Emission Strategy[END_REF] on the negative emission function of SOC highlights that a near complete adoption of 'best management practices' for building up SOC stocks on current agricultural lands could lead to an upper sequestration potential of 4-5 Gt CO2-eq year -1 . Minasny et al. (2017) suggest, considering a global SOC stock estimate of 2,400 Gt (2m depth) [START_REF] Batjes | Total carbon and nitrogen in the soils of the world[END_REF], an annual global SOC increase target of 4‰ per year in order to offset global fossil carbon (C) emissions, estimated to 8.9 Gt C year -1 by the authors. Estimations performed for France revealed that as much as ca. 28,500 ha lands could be suitable for an increase of 4‰, corresponding to an upper limit of 2.9-5.7 Tg C stored per year in the future 30 years [START_REF] Rodrigues | Achievable agricultural soil carbon sequestration across Europe from country-specific estimates[END_REF].

SOC changes are mainly due to changes in the balance between the input and output of C to soils [START_REF] Amundson | The carbon budget in soils[END_REF]. On vegetated soils, plants capture and store C from the atmosphere through photosynthesis, shed part of the accumulated biomass-C as above-and below-ground residues [START_REF] Karan | Crop residues may be a key feedstock to bioeconomy but how reliable are current estimation methods?[END_REF], and may be subjected to external C amendments (e.g., manure, compost, biochars) [START_REF] Paustian | Soil C Sequestration as a Biological Negative Emission Strategy[END_REF]. Part of the C in the above-and below-ground biomass residues undergoes microbial activity, humified to humic substances, allowing it to become part of the soil structure [START_REF] Buscot | Microorganisms in soils: roles in genesis and functions[END_REF]. The other part, also the most important share is, through mineralization and then converted to inorganic C, essentially ending as carbon dioxide (CO2) emissions to the atmosphere. Both humification and mineralization are highly governed by climatic factors (soil temperature and moisture). Any changes in this input-output balance induce a temporary perturbation to the long-term SOC stock that will result in either SOC losses or gains until a new equilibrium is reached.

The second challenge implied by the Paris Agreement target is to transit towards a low fossil C economy. Fossil CO2 represented more than 65% of global GHG emissions in 2016 (World Resources Institute, 2020). While some products and services can be supplied without any C (e.g., wind or solar electricity, which can in turn supply heat or transport services), other sectors of the economy (e.g., materials, chemicals) cannot be decarbonized and will require new C sources. In the low fossil C economy, biomass is the most abundant and accessible C source (Gautam et al., 2019;Office for National Statistics, 2019), at least until the large-scale deployment of technologies allowing to directly capture atmospheric carbon (so-called direct Direct Air Capture) and the use becomes a reality.

With the emergence of bio-based materials (e.g., as new textiles, in the construction sector), the C contained in the biomass and subsequently in these anthropogenic products represents another potential C pool. Among the bio-based sectors, C storage in wood-based products is one of the most studied.

Despite this, several challenges remain to achieve consistent biogenic C accounting and ensure a proper inclusion of delayed emissions [START_REF] Finkbeiner | Life cycle assessment of decarbonization options-towards scientifically robust carbon neutrality[END_REF], which essentially depends on product durability and land management. In the study of [START_REF] Head | Dynamic greenhouse gas life cycle inventory and impact profiles of wood used in Canadian buildings[END_REF], the potential for climate mitigation of wood-based products was assessed through dynamic life cycle assessment (DLCA), including C capture by trees, emissions from product manufacturing and end-of-life considerations, through different time horizons. The temporality of such scenarios (i.e. when the different processes emit and capture CO2) is a key parameter: the benefit of C capture by trees could be lost sooner or later, depending on the product's lifetime.

This study aims to demonstrate an integrated concept simultaneously addressing these two challenges of negative emission (CDR) and emission mitigation (reduction), for climate change mitigation. We refer to this concept as CSAAP: Carbon Storage in Arable land and Anthropogenic Products. In a nutshell, it consists of inducing an additional net long-term biophysical removal of C from the atmosphere towards the soil, while using the produced biomass as a renewable C source to supply society's demands for hydrocarbons. The plant species allowed to meet (in a given geographical context) this double challenge are here referred to as biopumps. To qualify a CSAAP strategy as sustainable (i.e. a combination of biopump, bio-based product, and its use up to end-of-life), the vision is to ensure that (1) the cultivation of biopumps does enhance SOC stocks, while ( 2) not inducing competition for arable land nor adverse environmental trade-offs and ( 3) that biopumps are a source of C for anthropogenic products with a long lifetime, thus allowing for a net CDR for a time horizon as important and relevant as possible. To implement a CSAAP strategy on territory, we propose a methodology with several steps: (i) identification of suitable plants at the light of criteria (1) and selection of adapted biopumps for the studied territory; (ii) assessment of the lands with potential for SOC increase, and (iii) assessment of the climate mitigation potential of the whole chain, from CO2 capture by biopumps to bio-based products in the technosphere and their end-of-life.

This concept proposes, thus, the implementation of specifically selected plants on specifically chosen carbon-poor lands, at large territorial scale (e.g., country), and their use in long-lived products, with a primordial goal, to mitigate the climate change by simultaneously inducing CDR (negative emissions) and GHG mitigation. A comprehensive methodology is proposed for systematic investigation and assessment of coupled C pools, from soil to biopumps and products in the technosphere, in order to quantify the effect on actual mean surface temperature. The novelty of the concept and methodology lies in the 'nexus biopump-land-product', combining the local natural potential to induce negative emissions with the product demands in the economy while creating temporal C sinks in bio-based products and reducing GHG emissions with the replacement of petrochemical products, over tailored periods (in line with the climate targets).

Further, it remains unclear to which extent and under which local conditions such concept could effectively lead to controlling temperature changes below 2°C. In an endeavor to understand the potential importance of CSAAP for climate mitigation and bioeconomy strategy, we here applied and scaled the concept to France. The case of Miscanthus (Miscanthus x giganteus) as biopump was considered for illustration, with a representation of the atmospheric C flow induced in soils and maintained in the technosphere and its evaluation in time, as well as the related effect on global mean temperature change as an indicator for climate change.

2 Materials and methods

Identification and ranking of biopump candidates

Assessing the specie-dependent potential to enhance SOC

The key determinant for labeling a plant as a biopump is its ability to induce net C sequestration in agricultural soils, reflected here by its ability to increase SOC over a long period, typically considered as 100 years in SOC-related studies [START_REF] De Jong | Using dynamic relative climate impact curves to quantify the climate impact of bioenergy production systems over time[END_REF]Hamelin et al., 2012).

In order to pinpoint the plant species that could qualify as biopumps, the literature was screened in an endeavor to generate a database compiling the plants reported to increase SOC over time, the yield of these plants along with the key parameters upon which their sequestration performance depends on. The recent work of Ledo et al (Ledo et al., 2019) represents the most comprehensive attempt to collect a comparable dataset on SOC changes induced by the cultivation of perennial plants. The authors summarized SOC measurements (with standard deviations) before and after cultivation for 61 crop types on 709 sites all over the world, with harmonized documentation of site properties, including key parameters highlighted by [START_REF] Sanderman | Soil carbon debt of 12,000 years of human land use[END_REF] (climate, relief, lithology, and previous land use) as well as additional ones like soil depth, plantation lifetime, and agricultural management. For these reasons, the present work builds essentially upon the study of Ledo et al (Ledo et al., 2020(Ledo et al., , 2019)). All the crops reported by Ledo et al (Ledo et al., 2019) were classified here as 'woody' or 'grass', and the average annual SOC change (ΔSOC) was calculated from the concentration (i.e. data in g C kg -1 soil) and/or stock data (i.e. data in t C ha -1 ), considering the reported duration between the current and previous land use. This is summarized in table s1& s2 (supplement information I), along with additional parameters extracted from Ledo et al (Ledo et al., 2019) database, such as the soil depth for SOC measurements, or the location and number of plots. Among the 61 crop types presented in this database, 42 had a negative average annual ΔSOC. These were excluded from further consideration as candidates for biopumps. To this remaining list of crops, 10 additional plants were added, collected from a selection of 38 articles from recent literature (2005 -2019).

Ranking the candidates

A semi-quantitative scoring framework adapted from(COWI A/S and Utrecht University, 2019) was built in order to rank the biopumps identified in the previous step, in the perspective of achieving the highest performance in terms of C sequestration, biomass yield, agricultural intensity, and risk of invasion, and to ensure suitability in a given geographic context (Table III-1). Accordingly, five specific criteria were defined. Each criterion was associated with a score ranging from 0 to 3, where each score corresponds to a quantitative or qualitative value. The SOC increase potential considered for the scoring is based on the screening work of section 2.1.1 potential can be addressed both in terms of concentration or stock (depending on data availability). When data were available both in SOC concentration and stock, the highest value was chosen for ranking. In order to supply quantitative data for all other criteria, an extensive literature review was made (supplement information I, table s5).

The rationale used for the yield criteria was to assign the top score to a threshold yield necessary to ensure SOC sequestration with a target of 4‰ increase annually ('4 per 1000' initiative), which roughly translates in a global average sequestration rate of 0.6 t C ha -1 annually (Minasny et al., 2017). On this basis, and considering plant's anabolism to 15% (the portion of the overall plant-C that is retained in soil) as well as an average plant-C content corresponding to 45% of the dry matter (DM) (Hamelin et al., 2012;[START_REF] Nguyen | Rhizodeposition of organic C by plants: mechanisms and controls[END_REF], the biopump yield must reach at least 9 t DM ha -1 year -1 (score 3 set for yield >10 t DM ha -1 year -1 ). It should be noticed that all the biopump candidates reported in tables S1-S2 englobe several sub-species, as further detailed in table s3 (supplement information I, for example, blueberry includes the following sub-species: Vaccinium corymbosum, Vaccinium angustifolium L, Vaccinium darrowii Camp, Vaccinium virgatum Aiton, Vaccinium elliottii Chapm).

The agricultural intensity criterion was divided into 3 sub-criteria to reflect the capability of the biopumps to grow with a minimal need for additional water, fertilizer, and pesticide input. For fertilizers, we only regarded nitrogen, due to its importance on global warming (N2O emissions) and our concern for GHG neutrality. The average of the three sub-criteria was used as the final score for 'agricultural intensity'. The risk of invasiveness of the biopump candidates was also assessed based on qualitative scoring. It was determined based on databases like Invasive Species Compendium (CABI, 2021) and Global invasive species database in France(Invasive Species Specialist Group, 2020). Finally, the overall score by biopump was obtained by summing the five criterion scores. Proved to be noninvasive a The background data used for the quantification are presented in table s5 (supplement information I).

Possible utilization of biopumps

The aboveground biomass can be transformed into bioeconomy products depending on the plant key components, classified as cellulose, hemicellulose, lignin, proteins, sugars, and lipids, with various other specific molecules that can be extracted, separated, and further processed. The main product categories include materials, chemicals, energy, and food/dietary supplements. In the perspective of CSAAP, the lifetime of the final product (and eventual co-products) should be as long as possible, to keep a maximum of C out of the atmosphere for as long as possible. While materials may have a use phase greater than 10-20 years, energy, food, and most feedstock chemicals are produced and used rapidly, typically with a turnover of a year or less [START_REF] Bataille | Physical and policy pathways to net-zero emissions industry[END_REF]. As an illustration, a non-exhaustive inventory of 29 plant-to-bioeconomy products is presented in the supplement information I, table s6, including the main transformation process, product lifetime, and replaced conventional products.

Scaling up the potential to a country: available and suitable lands for biopump cultivation

The extent of available areas for biopump cultivation shapes both the negative emission and GHG mitigation potential at the scale of a territory. These areas will here be referred to as target areas (Albers et al., 2021b), and should be selected at the light of both environmental considerations and biophysical considerations (i.e. ensuring that the selected biopumps can grow on these lands). On the basis of [START_REF] Guénon | Carbon and nutrient dynamics in short-rotation coppice of poplar and willow in a converted marginal land, a case study in central France[END_REF]Thomas et al., 2021;[START_REF] Zhang | Modeled spatial assessment of biomass productivity and technical potential of Miscanthus × giganteus, Panicum virgatum L., and Jatropha on marginal land in China[END_REF], two main guiding principles are considered, namely (i) minimizing disruption of existing activities and (ii) excluding unsuitable areas.

The vision of CSAAP is to grow biopumps exclusively on areas with low SOC content. Using Food and Agriculture Organization's Global SOC data (FAO, 2019), the soils were classified into five SOC classes, namely <40, 40-50, 50-60, 60-70, and >70 t C ha -1 . A threshold can then be selected as a cutoff for 'C-rich' and 'C-poor' soils. Here, on the basis of (Albers et al., 2021b), we propose the generic threshold of 50 t C ha -1 to distinguish between both. However, depending on the specific national context, a different threshold may be considered.

Besides this C-poor criteria, another key criteria is to prevent competition for arable land. As a general principle, this involves preventing biopumps are cultivated directly on arable land, where another crop is already grown. One exception to this, as further detailed in [START_REF] Gylling | The + 10 million tonnes study increasing the sustainable production[END_REF][START_REF] Hamelin | Harnessing the full potential of biomethane towards tomorrow's bioeconomy: A national case study coupling sustainable agricultural intensification, emerging biogas technologies and energy system analysis[END_REF][START_REF] Larsen | Possibilities for near-term bioenergy production and GHG-mitigation through sustainable intensification of agriculture and forestry in Denmark[END_REF], is the case where the use of arable land would not translate to additional land demand as the result of specific agricultural intensification measures, or in the framework of a larger bioeconomy strategy where demand and supply are balanced. For example, [START_REF] Larsen | Possibilities for near-term bioenergy production and GHG-mitigation through sustainable intensification of agriculture and forestry in Denmark[END_REF] describes the case of a grass biorefinery established on Danish rapeseed areas, producing both energy and a protein concentrate, the latter compensating for the rapeseed meal no longer produced in Denmark. In that specific case, it was also highlighted that only 60% of the rapeseed areas are currently connected to the food market, the remaining being used for the production of European biodiesel, a demand that may no longer exist in the future, as also highlighted by (Ekvall, 2019).

Plant species naturally growing on lands covered by shrubs or grasses (includes dense-, moderate, and spare grasslands) are often grazed. Yet, in many regions of Europe, North America, and Oceania, a significant surplus grass is available on these lands [START_REF] Prochnow | Bioenergy from permanent grassland -A review: 1. Biogas[END_REF], among others due to a decline in the number of ruminants (in these regions), as well as to animal performances improvements. The tendency documented in [START_REF] Prochnow | Bioenergy from permanent grassland -A review: 1. Biogas[END_REF] holds true today but has stabilized in the last five years (FAOSTAT, 2022; details in supplement information I, table s7). These areas of "surplus grass" could instead be used to grow biopumps with higher yields and SOC sequestration potential.

There is also the case of unused arable land, that is not put into production either because of economic reasons (land allowing better yields is available elsewhere; [START_REF] Richards | Reporting on marginal lands for bioenergy feedstock production: a modest proposal[END_REF] or because of organizational/societal reasons (e.g., abandoned land; Lewis and Kelly, 2014). Such lands are often referred to as marginal lands. These are the main target considered herein for biopump plantations.

It could be argued that other land types, such as urban areas or forests, could be converted for biopump implementation. Here, both options are disregarded, in the light of economic considerations for the former [START_REF] Ackerman | The potential for urban agriculture in New York City: Growing capacity, food security, and green infrastructure[END_REF][START_REF] Chin | Urban farming in Boston: A survey of opportunities[END_REF]Saha and Eckelman, 2015) and environmental considerations for the latter [START_REF] Müller-Wenk | Climatic impact of land use in LCA-carbon transfers between vegetation/soil and air[END_REF].

Finally, it must be ensured that the selected biopumps can grow on target areas, i.e. that the environment in which they are grown lies within their tolerances to a variety of abiotic factors (e.g., in terms of soil pH, slope, temperatures in can tolerate, etc.), as further detailed in (Albers et al., 2021b).

Carbon flow accounting

The CSAAP concept involves a strong time component of crucial effect on climate when emission and capture processes are combined. To investigate the viability of CSAAP, C flows are tracked from biopump cultivation through producing bio-based products, to the disposal. The potential benefit of biopump cultivation and utilization is ultimately determined by the net C capture and storage over time.

The CO2 from the atmosphere is photosynthesized in biomass (plant), part of which is decomposed on/in the soil and stored as SOC accompanied by CO2 release. The other part is harvested and enters the technosphere. From the technosphere, the biogenic C can be released into the atmosphere in different amounts depending on the anthropogenic products manufacturing and use. The global biogenic C balance can be written as:

𝑑𝐶 𝑎𝑖𝑟 + 𝑑𝐶 𝑠𝑜𝑖𝑙 + 𝑑𝐶 𝑝𝑙𝑎𝑛𝑡 + 𝑑𝐶 𝑡𝑒𝑐ℎ = 0
(1) where 𝑑𝐶 𝑖 is the variation of C quantity in compartment i. Finally, the biogenic C stored 𝑑𝐶 𝑠𝑡𝑜𝑐𝑘 is given by:

𝑑𝐶 𝑠𝑡𝑜𝑐𝑘 = 𝑑𝐶 𝑠𝑜𝑖𝑙 + 𝑑𝐶 𝑝𝑙𝑎𝑛𝑡 + 𝑑𝐶 𝑡𝑒𝑐ℎ
(2) With:

𝑑𝐶 𝑠𝑜𝑖𝑙 = 𝐶 ̇𝑡𝑒𝑐ℎ,𝑠𝑜𝑖𝑙 + 𝐶 ̇𝑝𝑙𝑎𝑛𝑡,𝑠𝑜𝑖𝑙 -𝐶 ̇𝑠𝑜𝑖𝑙,𝑎𝑖𝑟 (3) 
𝑑𝐶 𝑝𝑙𝑎𝑛𝑡 = 𝐶 ̇𝑎𝑖𝑟,𝑝𝑙𝑎𝑛𝑡 -𝐶 ̇𝑝𝑙𝑎𝑛𝑡,𝑠𝑜𝑖𝑙 -𝐶 ̇𝑝𝑙𝑎𝑛𝑡,𝑡𝑒𝑐ℎ (4) 𝑑𝐶 𝑡𝑒𝑐ℎ = 𝐶 ̇𝑝𝑙𝑎𝑛𝑡,𝑡𝑒𝑐ℎ -𝐶 ̇𝑝𝑙𝑎𝑛𝑡,𝑎𝑖𝑟 -𝐶 ̇𝑡𝑒𝑐ℎ,𝑠𝑜𝑖𝑙

(5) The C released into the atmosphere: 𝑑𝐶 𝑎𝑖𝑟 = -𝑑𝐶 𝑠𝑡𝑜𝑐𝑘 With:

𝑑𝐶 𝑎𝑖𝑟 = 𝐶 ̇𝑎𝑖𝑟,𝑝𝑙𝑎𝑛𝑡 -𝐶 ̇𝑝𝑙𝑎𝑛𝑡,𝑎𝑖𝑟 -𝐶 ̇𝑠𝑜𝑖𝑙,𝑎𝑖𝑟 (6) 
Where 𝐶 ̇𝑖,𝑗 are the C flows (t year -1 ) from compartment i to compartment j. Compartments include technosphere (tech), the entire biopump (plant), atmosphere (air), soil and subsoil (soil), C captured from the atmosphere by photosynthesis (air, plant), C released by bio-based product at end-of-life (plant, air), C released from the soil (soil, air), the portion of the plant remaining on/in soil (plant, soil), biogenic C from the technosphere possibly added in the soil, e.g., waste biomass used as fertilizer (manure) (tech, soil), and the biogenic C harvested (fraction of the biopump), transformed and used in the technosphere (plant, tech).

Result and discussion

Selected biopumps

Identified candidates

Tables S1 andS2 report both the minimum, maximum, and average SOC changes observed for the inventoried biopump candidates, along with additional information such as the number of measurements reported, their duration, location, associated soil depth, as well as the expected plantation lifetime. Although SOC changes are intrinsically tight to site-specific physical and managerial conditions [START_REF] Sanderman | Soil carbon debt of 12,000 years of human land use[END_REF] (hence why some biopumps show indications of both SOC increases and decreases), tables S1 and S2 nevertheless provide indications of which biopumps may inherently lead to greater transfers of C from the atmosphere to the soil than others. For instance, it can be noticed from table s1 (supplement information I) that only acerola (Malpighia glabra L.), araucaria (Acacia mangium), and blueberry were not associated with dataset reporting SOC losses. Furthermore, olive (Olea europaea L.), blueberry, and araucaria can be highlighted as the woody species associated with the greatest SOC changes (supplement information I, table s1), while hemp (Cannabis sativa L.), ryegrass (Lolium perenne L.), and opuntia ficus-indica (Opuntia ficus-indica (L.) Mill) can be highlighted from the herbaceous species (supplement information I, table s2). Tables s1 and s2 also highlight that some biopump candidates have been much more studied than others; Miscanthus (Miscanthus x giganteus), switchgrass (Panicum virgatum L.), and willow (Salix spp.) notably present much more measurements data than the other candidates.

Selected biopumps for France

The results of the semi-quantitative selection criteria matrix (Table III-1) applied to France and on the basis of biopumps presented in table s1& s2 (supplement information I), are presented in Table III-2. Accordingly, some species associated with high (or higher) SOC sequestration potential (tables S1-S2) do not figure on top of the list because of e.g., their low yield (e.g., opuntia ficus-indica, bungeana (Stipa bungeana)). As highlighted in Table III-2, the mean score for all woody and herbaceous candidates is similar, with 11.1 and 11.5 respectively (dimensionless, the maximum score being 15). The range of observed scores is greater for the woody candidates (8-14.3) than for herbaceous ones (6. 3-13.3). For the woody candidates, there are eight species with scores above the mean, these are all already found in France, except microphylla (Caragana microphylla), which grows in Eastern Europe [START_REF] Powo | Plants of the World Online[END_REF]. For the herbaceous candidates, eight presented scores above the mean, and these are all currently found in the French ecosystem.

The yield of woody candidates (varying from 4.13 to 63 Mg DM ha -1 year -1 ; supplement information I, table s5) is on average 38% higher than the yield of herbaceous candidates (varying from 1.6 to 40 Mg DM ha -1 year -1 ; supplement information I, table s5), and this is reflected in the scoring (average of 2.6 vs 2.2 for this criteria) since the top score was attributed for yields above 10 Mg DM ha -1 year -1 . The potential to enhance SOC was inventoried both in terms of concentration and stock, and concentration data were available for most candidates. The mean SOC concentration of woody candidates is similar to herbaceous candidates, and there are some species with outstanding values in both wood and grass (acacia and olive for wood, ryegrass for herbaceous). Hence woody and herbaceous candidates obtained the same score for the SOC criteria (Table III-2). In terms of agricultural intensity, the average score for herbaceous candidates is slightly higher (14%) than their woody counterparts, with korshinsk peashrub (Caragana korshinskii Kom) standing out from the woody candidates while Miscanthus and bahiagrass (Paspalum notatum Flüggé) for the herbaceous ones. Most candidates are already grown in France, while acacia is suitable for warmer regions, mostly reported in Latin America (CABI, 2021). Ramie (Boehmeria nivea L.) and bungeana grow in East Asia but are reported to be able to grow in even harder environments, thus are judged to be suited for French conditions (Xu et al., 2019;Yu et al., 2009). Woody and herbaceous candidates are similar in terms of invasion risk; though this information was missing for some wood species. Poplar (Populus spp) and alder (Alnus glutinosa) grow in France, but korshinsk peashrub does not, and invasiveness risk is unclear.

In summary, among the fourteen woody and thirteen herbaceous candidates, eight were proposed in each group as potentially suitable biopumps in France. It should also be highlighted that, among the selected woody candidates, some species supply a third service on top of C sequestration and biomass production, namely the production of marketable fruits (i.e., blueberry).

Bio-based products

The composition of the selected biopump candidates is presented in table s4 (supplement information I). For the woody candidates, the cellulose content varies between 20% and 60% of the dry matter, while for the herbaceous selected candidates, it varies between 20 and 76% of the dry matter, highlighting suitability for possible uses as long-lived fiber products. Table s6 (supplement information I) outlines a documented inventory of twenty-nine biomass-to-bioproducts conversion pathways mainly focusing on building materials, vehicle panels, packaging, and textiles, where the product's lifetime varies between days (e.g., fast-moving consumer goods such as food and energy) to potentially 100 years (e.g., hempbased plaster material for walls, often referred to as "hemp concrete" (de Bruijn et al., 2009;Ip and Miller, 2012)).

The identified biopumps could provide products with short lifetime e.g., fruits or energy materials (opuntia ficus-indica, poplar), or products with longer lifetime using extracted fiber or shives (e.g., transport pallet made from Miscanthus, panels for the automotive or construction sector made from hemp). Moreover, and despite not listed in table s6 (supplement information I), wood could be used in long-lived products as furniture or as chips included in particleboard, these potentially lasting for decades (Couret et al., 2017;[START_REF] Spitzley | Life cycle assessment of office furniture products[END_REF].

The end-of-life management of bio-based products is similar to the traditional products they replaced, but have the advantage to be biodegradable, though not always if they were mixed with petrochemical additives (e.g., [START_REF] Rahman | An overview of non-biodegradable bioplastics[END_REF]). Recycling technologies are also in development(La Rosa et al., 2013). Short s6), thereby preventing the extraction and refining of petrochemical resources, and associated GHG emissions.

Quantifying target areascase of France

For illustrative purposes, the methodology proposed herein was applied to the national case study of France. To screen land types with low initial SOC stock, the global soil organic carbon (GSOC) map of the FAO (FAO, 2019) was cross-referenced with French high-resolution land cover maps (the year 2018) [START_REF] Theia | Map of land use in metropolitan France -THEIA-LAND[END_REF] to identify the areas potentially suitable for biopumps (target areas). SOC values were extracted by masking the global map with the French boundary data obtained from the GADM database(GDAM, 2018). Three SOC stock ranges were considered (t SOC ha -1 ), namely <40, [START_REF] Dodd | The Measurement of Perennial Ryegrass Persistence[END_REF][START_REF]Forage Factsheet -Alfalfa[END_REF][42][43][44][45][46][47][48][START_REF] Li | Nitrogen and Phosphorus Resorption of Artemisia Scoparia, Chenopodium Acuminatum, Cannabis Sativa, and Phragmites Communis under Nitrogen and Phosphorus Additions in a Semiarid Grassland, China[END_REF][START_REF] Grandy | Land-Use Intensity Effects on Soil Organic Carbon Accumulation Rates and Mechanisms[END_REF][START_REF] Grandy | Land-Use Intensity Effects on Soil Organic Carbon Accumulation Rates and Mechanisms[END_REF][51][52][START_REF] Abbasi | Forage Production, Nitrogen Fixation, and Soil N Accumulation of White Clover in the Hill Farming System of Azad Jammu and Kashmir[END_REF][START_REF] Michalska | Bioactive Compounds of Blueberries: Post-Harvest Factors Influencing the Nutritional Value of Products[END_REF][START_REF] Yáñez | Processing of Acacia Dealbata in Aqueous Media: First Step of a Wood Biorefinery[END_REF][START_REF] Han | Properties of Nonwood Fibers[END_REF][START_REF] Mezadri | Journal of Food Composition and Analysis Antioxidant Compounds and Antioxidant Activity in Acerola ( Malpighia Emarginata DC .)[END_REF][START_REF] Prakash | an Untapped Functional Superfruit : A Review on Latest Frontiers[END_REF][59][START_REF] Antal | Attainment of the Theoretical Yield of Carbon from Biomass[END_REF].

After applying the selection rules (section 2.2), four out of twenty-three lands types of the French territory were identified as potential target areas, on the three SOC stock range categories. This includes lands currently used for rapeseed cultivation, natural grasslands, woody moorlands, and part of intensive grasslands (Table III-3). The case of rapeseed could be debated. Here, the rationale was, as detailed in section 2.2, that these can be considered, in part (here represented by the part grown on lands with <60 t SOC ha -1 ), as supplying a market (European biodiesel) foreseen to decline [START_REF] Staff | Rapeseed to decline in EU as biofuel wanes, exports to boost wheat: report[END_REF]. Of course, to respect the sustainability criteria detailed in 2.2, the portion of co-produced rapeseed meal no longer supplied must also be balanced, as detailed in e.g., [START_REF] Hamelin | Harnessing the full potential of biomethane towards tomorrow's bioeconomy: A national case study coupling sustainable agricultural intensification, emerging biogas technologies and energy system analysis[END_REF][START_REF] Larsen | Possibilities for near-term bioenergy production and GHG-mitigation through sustainable intensification of agriculture and forestry in Denmark[END_REF][START_REF] Gylling | The + 10 million tonnes study increasing the sustainable production[END_REF]. Natural grasslands are often characterized by low productivity grass (e.g., briar and heather), and woody moorlands are lands covered by spontaneous woody or semi-woody vegetation (Inglada et al., 2017). The biomass productivity on these two lands is low and typically not market-driven, accordingly they were selected as target areas. Intensive grasslands, on the other hand, cover a vast share of areas with SOC stock< 60 t C ha -1 . They are covered by dense grasses that are not under a rotation system. The vision is to use part (0-100%) of these (shares on areas with lower SOC stocks), for instead growing biopump species that have the potential to induce additional SOC compared to current grass.

It can be seen from Table III-3 that the proportion of available target areas will differ significantly depending on the SOC threshold considered to define C-poor lands, passing from 14,600 km 2 (SOC < 40 tC ha -1 ), to 98,108 km 2 (SOC< 50 tC ha -1 ) and 98,191 km 2 (SOC< 60 tC ha -1 ). There is, thus, little addition (barely 83 km 2 ) by considering the areas in the category 50-60 tC ha -1 . On this basis, a threshold of SOC < 50 tC ha -1 was selected. Accordingly, the target areas are dominated by natural grasslands (42.7% of the target areas), followed by rapeseed lands (41.8%) and woody moorlands (15.5%). Depending on the extent to which intensive grasslands are considered (0-100%), the overall target areas amount to either 11,187 km 2 (0% intensive grassland) to 24,007 km 2 (100% intensive grasslands), equal to 11.4%-24.5% of total areas with SOC< 50 t ha -1 in France. The spatial distribution of target areas over France is presented in Fig. III-1. 

Dynamic carbon flows and climate mitigation potentialillustrative case

Case study of Miscanthus cultivation in French target areas

Miscanthus, one of the biopumps identified in Table III-2, is used as an illustrative biopump to illustrate the CSAAP concept, based on the available data on the above-and below-ground C flows for this plant. Miscanthus also has the interest that its rotation (ca. 20 years; Hamelin et al., 2012)) is in between those of herbaceous and woody plants. In France, Miscanthus is widely grown (6500 ha in 2019 with a growth rate of ca. 10% per year), leading the European Miscanthus cultivation [START_REF] Ben Fradj | Miscanthus in the European bio-economy: A network analysis[END_REF]France Miscanthus, 2019).

SOC simulation and C sequestration

A continuous plantation from 2020 to 2100 was considered, with a rotation time of 20 years, the first year being dedicated to land preparation and second and third years being the establishment phase (no harvest the first two years, a harvest corresponding to 60% of yield the third year; Hamelin et al., 2012). This corresponds to four rotations. The evolution of SOC over the chosen time horizon was modeled with the C-TOOL software (Taghizadeh-Toosi et al., 2014). The SOC model used in this software considers two soil compartments, i.e. topsoil and subsoil, each of them with three C pools: fresh organic matter, humified organic matter, and resistant organic matter. Transformation and fate of C between these compartments and pools are endogenously modeled, including mineralization to gas, with calibrated first-order reaction kinetics, depending on temperature and clay content. The main output of C-TOOL is the yearly evolution of the soil stock. The key input includes: (i) the annual input of C to soil (farming practices dependant), (ii) soil clay content (retrieved from Harmonized World Soil Database for 1-m depth; Nachtergaele et al., 2012), (iii) soil C: N ratio (11) (Clivot et al., 2019;Launay et al., 2021), (iv) initial SOC stock (FAO, 2019), (v) year per year average monthly air temperature (SICLIMA data of DRIAS CERFACS, IPSL, last updated May 2013, for the RCP4.5 climate trajectory, downscaled by the model CNRM-CERFACS-CM5/CNRM-ALADIN63).

According to the C-TOOL simulation, after four rotations, the SOC increased from 42.35 (initial SOC) to 58.52 Mg ha -1 , which represents a 4.8‰ annual increase, slightly above the 4‰ objective advocated in Minasny et al. (2017). Scaling this to the target areas of Table III-3 and equally distributing the sequestration over the 100 years, there could be 0.23 (0% intensive grasslands) to 0.49 Mt C year -1 (100% intensive grasslands), translating to 0.83 to 1.78 Mt CO2 year -1 sequestered in France as a result of the Miscanthus cultivation. This figure covers only the Miscanthus production and disregards the sequestration that would have happened otherwise (e.g., as a result of rapeseed cultivation). These amounts nevertheless represent 0.19% to 0.41% of CO2 emissions annually from the 2015-2018 French carbon budget (431 Mt CO2-eq)(The High Council on Climate, 2019). This offsetting effect is here slightly overestimated (as foregone sequestration is disregarded), but would likely be more important when the whole biopump lifecycle is considered, as analyzed hereafter.

Dynamic C flows accounting

The case study aims at illustrating the partitioning of biogenic C between soil, technosphere, and atmosphere, considering 1 ha of the target area, and a 100-year time scope (2020-2120), encompassing the biopump cultivation and the anthropogenic products lifetime, with a 1-year time step. The biogenic fraction of the C from the harvested biopump (F) ending up stored in the anthropogenic products, as well as the anthropogenic products lifetime (L) are two key parameters. In this illustrative example, we consider three abstract narratives defining different F and L, namely:

-F100L100: the whole biogenic C harvested is stored in anthropogenic products with very long lifespan (e.g., a bio-based composite wall for buildings) and with multiple recycling loops, i.e. an overall storage time of more than 100 years. No biogenic C is lost as gas.

-F100L1: the whole harvested C is used as anthropogenic products with short lifespan (1 year), with incineration as end-of-life (e.g., a biofuel). -FxLy/Fx'Ly': part of biogenic C harvested is lost during the manufacture, with C fractions Fx and Fx' in the product and lost, respectively. All biogenic C is emitted as CO2 at the product end-of-life (e.g., incineration). Several combinations are considered for this example, with different lifetimes and carbon content (Fig. III-2; additional combinations in supplement information I, fig. s3). For tractability, manufacturing losses are considered to occur in year 1.

The year per year flows of biogenic C involved, from/to the atmosphere, were calculated through a mass balance. The actual year per year effect on global mean temperature change (GMTC) was calculated based on the impulse response function approach recommended by IPCC (Thomas F Stocker et al., 2013) and using the Python-based CCI-tool software (Tiruta-barna, 2021) developed in a previous study (Shimako et al., 2018b). For tractability reasons, it was considered that there are no differences in terms of CO2 and other GHG emissions from the background activities (e.g., electricity, fertilizers) among the narratives illustrated herein. Therefore, the focus is maintained on the differences in biogenic C flows induced by different L and F only.

The evolution of the annual stocks is shown in 
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The behaviors vary between two extreme situations: F100L100, i.e. all the harvested C is embedded in a product with a very long lifespan, and F100L1, i.e. all the harvested C is immediately released to the atmosphere due to the end-of-life of very short-lived products. While the former allows for significant stocks over the entire time horizon (except the inter-rotation periods), the latter, on the contrary, retains relatively little C and even offsets a part of the SOC stock formed after two rotations. For the other three intermediate situations, we observe a reduction of stock formation in time, highlighting the importance of the product lifetime. For example, F70L50/F'30L'1 creates stocks until about 2070, when end-of-life emissions start for the first products; at this time, the biogenic C embedded in the products is released as CO2, and the process replicates each year for the subsequent products. The positive peaks (stocks) observed (especially in the case of F70L10/F'30L'1) correspond to years where no product reaches the end-of-life (no emissions). Then, the C fraction incorporated into the long-lived products affects the stock amount, visible on the plateau values for F100L100 and F70L50/F'30L'1. It can be concluded that the higher the fraction stored and the longer the lifetime, the longer the time horizon over which the stocks are effective, and the lower the overall CO2 flow (supplement information I, fig. s2).

Fig. III-2b

represents the effect of biogenic C balance (for 1 ha of land) on GMTC. Negative values indicate a beneficial effect (temperature decrease) and can be considered as targets. This representation clearly indicates that the short-lived products with end-of-life emissions occurring <1-year (e.g., F100L1) have little mitigation capacity, which vanishes after two rotations. On the contrary, the more the end-of-life emissions are postponed (or suppressed), the greater the beneficial effect. Here also a negative GMTC peak is observed, corresponding to the lifespan of the first products manufactured, and postponed by several years due to thermal inertia of Earth (e.g., in 2077 for F70L50/F'30L'1). After this time, the benefit diminishes until circa 80 years when the biopump culture and transformation into products are stopped. Till 2100, all scenarios except F100L1 are negative in GMTC, contributing to mitigating climate change. After 2100, the end-of-life effect is observed with a positive spread of GMTC over time until the last product disappears from the technosphere. Within the time boundary 2020-2120, C in F70L10/F'30L'1 is released to the atmosphere, causing GMTC to rise above 0 K; the same happens in F70L20/F'30L'1 but later. The benefit of suppressing the end-of-life emissions can be countered by a lower utilization fraction F in long-lived products, and trade-off situations between parameters L, L', F, and F' can occur (additional examples are given in supplement information I, fig. s3). Many other parameters influence the C stocks and their evolution in time, therefore detailed analyses are necessary before the practical implementation of a biopump. For example, the effect of initial SOC (100 Mg ha 

Perspective and limitations

This study endeavored to propose and demonstrate the concept of CSAAP and biopump, further investigating the possible candidates and climate mitigation potential. Some limitations and perspectives can be highlighted:

 The list of potential biopumps obtained herein is based on available studies, mainly captured in Ledo et al.(2019)' meta-study on perennial plants, but more comparative data on both the species already documented and eventual additional ones (e.g., annual plants) would enhance the statistical robustness of this list. Moreover, the suitability for cultivating these on a studied territory was here determined based on a qualitative scoring matrix: this could be refined by cross-referencing spatially-explicit data on biopump tolerances and pedoclimatic data, among others.

 The equal weight given to the selection criteria could be challenged, and be considered in a more spatially-explicit manner, tailored to the specificities of each biopump-target area combination. One additional aspect that could be considered is the potential biodiversity impacts occurring as one land use is converted to biopump cultivation. These impacts will differ according to the type of initial land use being converted and could be considered according to different methodologies and metrics [START_REF] Feest | Nitrogen deposition and the reduction of butterfly biodiversity quality in the Netherlands[END_REF].

 Albeit the focus is here on CO2 emissions, other greenhouse gases and emission flows need to be fully considered in order to fully address the trade-offs (if any) between negative emissions and overall environmental mitigation.

 The goal at this stage was not to determine the optimal biopump-anthropogenic product combination, but to present a methodology to do so, and to assess the magnitude of CSAAP as a strategy for controlling global warming. The real benefit of the implementation in the real world must be evaluated by integrating the entire anthropogenic system with associated technological GHG emissions and petrochemical product substitutions (e.g., fossil-based), by DLCA methodology for instance (e.g., Beloin-Saint-Pierre et al., 2020). Also, demonstration sites with actual biopump cultivation on relevant target areas would, as for most soil-based solutions for negative emissions [START_REF] Romanenkov | Soil organic carbon dynamics in long-term experiments with mineral and organic fertilizers in Russia[END_REF], be useful to validate the simulation results of this study.

Conclusions

In this study, the concept of storing carbon in both arable lands and anthropogenic products (CSAAP) has been demonstrated, in order to meet the challenges of inducing additional CDR (negative emissions) and CO2 mitigating effect. It builds upon the biopump concept, i.e. plants able to induce a net transfer of C from the atmosphere to the soil that are grown on "low-impact" lands, and used as long-lived biobased products in the technosphere. Here, we presented and demonstrated a 4-steps framework that can be applied to any region. The framework is composed of four steps and builds upon publicly available data and simulation tools: i) identification of biopump candidates, ii) selection and ranking of biopumps for the region of interest, iii) identification and selection of target areas suitable for sustainable biopump plantation, iv) assessment of the mitigation potential over time. The case study confirmed the relevance of CSAAP as a climate mitigation strategy, as it was shown to lead to net long-term reductions of GMTC after 100 years, under ideal conditions (100% conversion of biomass C to the bio-based product, having a 100-year lifetime). Less ideal conditions were also shown to lead to GMTC reductions in the shorter term, the extent of which was essentially shaped by the product lifetime. For greater flexibility towards climate mitigation, CSAAP strategies considering shorter/longer product lifetimes need to be assessed along with other mitigation strategies (e.g., methane emission reduction) themselves having different temporalities in terms of GMTC reductions achieved. In France alone, we identified 11,187-24,007 km 2 of potential target areas, expecting to stock the equivalent of 0.23-0.49 Mt SOC per year, over 100-year.

Introduction

In response to global warming, many governments, including France, signed the Paris Agreement, calling for limiting global warming to well below 2 °C above pre-industrial levels by 2100, and further committing to achieve carbon neutrality before 2050 (Boudet et al., 2021;UNFCCC, 2015). These climate targets imply to increase and safeguard carbon (C) sinks such as soils and plants. . This requirement inspired the concept of simultaneous Carbon Storage in Arable land and Anthropogenic Products (CSAAP), a strategy to use plants that could store additional C in the soil as soil organic carbon (SOC) during the growth phase, and in the technosphere as bio-based products obtained from the harvestable biomass (Shen et al., 2022). Accordingly, CSAAP implies inducing negative emissions and emission mitigation simultaneously. In order to avoid risks like hampering food security, plant (referred to as biopumps) cultivation needs to be conducted on lands not otherwise supplying products to the market, and where SOC can be increased. These are here referred to as carbon vulnerable lands (CV-lands). Carbon vulnerable lands are part of marginal lands that do not compete with crops or with other existing activities, and have low SOC stock, i.e. lower than 50 t ha -1 . The choice of land type in the French landscape was explained previously (Shen et al., 2022). This previous work identified up to 2,400,000 ha CV-lands potentially adapted for conducting CSAAP in France, with eight woody species and eight herbaceous plants. As a list-top, hemp (Cannabis sativa L.) is proposed in this work to apply and evaluate the CSAAP for France (Shen et al., 2022). France leads hemp cultivation in Europe, accounting for 40% of the European production, corresponding to 16,000 ha arable land [START_REF] Carus | The European Hemp Industry: Cultivation, processing and applications for fibres, shivs, seeds and flowers[END_REF][START_REF] Moussa | Bio-based and recycled-waste materials in buildings: A study of energy performance of hemp-lime concrete and recycled-polyethylene terephthalate façades for office facilities in France and Italy[END_REF]. However, hemp could also grow on CV-lands.

Unlike most fiber crops (e.g., flax), additional carbon storage in the SOC pool has been observed during hemp cultivation, .. Previous studies reported that 100 to 300 kg CO2 ha -1 year -1 is potentially stored into soils cultivated with hemp in France [START_REF] Boutin Marie-Pierre | Étude des caracteristiques environmentales du chanvre par l'analyse de son cycle de vie (Study of the environmental chracteristics of hemp using a life cycle analysis[END_REF]. Similarly, annual SOC increases of 0.14 to 0.15 g/ kg have been reported in China (Li et al., 2012).

Hemp can be used in a variety of materials and products, the construction materials and the automotive industry being two sectors with the greatest growth potential (Hemp benchmarks, 2021). Using hemp instead of conventional materials could not only supply the same functions but also bring additional benefits like reducing the weight of composites. For instance, Audi has implemented hemp fiber to make side panels in one of its model(A3), instead of acrylonitrile butadiene styrene(ABS) plastic, which reduced the weight of vehicles and consequently the fuel consumption (Akampumuza et al., 2017). If 50% of glass fiber is replaced by natural fiber in the North American automobile market, then 3.07 million tonne CO2 and 1.19 million m 3 crude oil could be saved (Pervaiz and Sain, 2003).

However, the relevance of cultivating and using hemp at large scale must be evaluated to demonstrate the mitigation potential for climate change and to anticipate potential adverse effects. Previous studies used the Life Cycle Assessment (LCA) method to assess the environmental impacts of hemp-based products. These studies used different allocation methods for the produced co-products, allocating the impacts by mass or economic value (Deng, 2014;[START_REF] Sinka | Comparative life cycle assessment of magnesium binders as an alternative for hemp concrete[END_REF], or excluded important co-products like shives (Andersson and Björhagen, 2018). Moreover, very few LCAs of hemp bio-products consider a detailed assessment of the emissions occurring at the cultivation stage, including those associated to SOC changes, being essentially focused on the manufacturing stage (e.g., Senga Kiessé et al., 2017).

To the best of authors' knowledge, no previous research has evaluated the climate mitigation potential and overall environmental impacts of a hemp-based CSAAP strategy for a country. To bridge this gap, the goal of this work is four-fold and aims to (i) quantify the long-term sequestration performance of hemp grown on French CV-lands; (ii) assess the overall environmental consequences of converting CVlands for the cultivation of hemp and subsequently transforming the harvested hemp to long-lasting biobased products, thereby replacing petrochemical counterparts; (iii) uncover the trade-offs of this hempto-bioeconomy products concept, both between the different environmental impacts, but also between C sequestration in soils and climate change mitigation; and (iv) assess in time the effect of this CSAAP system on global temperature change.

To this end, the hemp cultivation on CV-lands and use in two different bio-based products with different lifetimes was investigated through three scenarios. Whereas all scenarios involve the cultivation of hemp and harvest of hemp seeds with subsequent production of hempseed oil, they differ with regards to the use of the straw (or hemp stem): scenario (i) incorporation of hemp straw to soils; scenario (ii) harvest of hemp straw to produce thermal insulation for buildings; scenario (iii) harvest of hemp straw to produce car panels.

Methods

Overview of the step-wise approach used

To determine the environmental performance of cultivating hemp on CV-lands, the SOC change in the soil was first simulated based on a state-of-the-art SOC model. The result was fed into consequential life cycle inventories, together with inputs and outputs from all other involved processes (Fig. IV-1), which was translated, through life cycle impact assessment (Fazio et al., 2018), to net environmental impacts, for all three scenarios. The effect of the temporality of the carbon emission and capture processes over the whole life cycle was evaluated, for the climate change impact, by a dynamic LCA approach. As required by the ISO standards for LCA (ISO 14040, 2006;ISO 14044;[START_REF] Skupień | Chemical Composition of Selected Cultivars of Highbush Blueberry Fruit (Vaccinium Corymbosum L.)[END_REF], sensitivity and uncertainty analyses were conducted to explore the robustness of the results.

Assessing SOC changes associated to converting CV-lands to hemp cultivation

French CV-lands were identified (Shen et al., 2022) as areas currently under the following land covers (in % of the total CV-land area): (i) rapeseed cultivation (20%), (ii) intensive grasslands (53%), (iii) natural grasslands (20%) and (iv) woody moorlands (7%). This, thus, represents the reference management of the CV-lands prior to their conversion to hemp. Here, a few simplifications were made to ensure tractability. First, heather (Calluna vulgaris) was selected as a representative biomass specie for both natural grasslands and woody moorlands, based on the definitions provided in the literature (Inglada et al., 2017). Similarly, ryegrass (Lolium perenne L.) and rapeseed (Brassica napus L.) were chosen as representative species of intensive grassland and rapeseed cultivation, respectively (Kirwan et al., 2007). Accordingly, a representative hectare of 'French initial CV-land management' is here defined as 20% rapeseed cultivation, 53% perennial ryegrass cultivation and 27% heather natural growth.

The 100-year SOC changes associated with these three CV-land management, and with hemp cultivation (with and without harvest of the harvestable straw) was quantified with the AMG soil simulation model (detailed in Clivot et al., 2019), calibrated to estimate topsoil (<30 cm) SOC changes under French conditions. Inputs to AMG include meteorological data (mean yearly temperature, precipitation and evapotranspiration), soil characteristics (clay and rock percentage, C/N ratio, topsoil depth), agricultural management (tillage type and depth, amount of water supplied by irrigation), and carbon input from both biomass (above-and belowground) and eventual other sources (manure, compost, etc.). The model runs year by year, here from 2022 till 2122. For simplicity, the agricultural management parameters were considered not to vary through the 100 years studied. Similarly, the same starting point in terms of initial SOC stock (42.35 t ha -1 ) and soil characteristics (supplement information II, table s1) were considered for all CV-lands. These figures represent weighted average for the four types of CV-lands and were derived from data extracted from the Harmonized World Soil Database (v1.2; FAO, 2021) (Nachtergaele et al., 2012). Because there is not such level of information for the C/N ratio, three C/N ratios were tested for the hemp scenarios (both with and without straw harvest), namely 11, 17, and 22, based on available French data (Clivot et al., 2019;Conen et al., 2008;Delmas et al., 2015). For the initial CV-land management, however, only a default C/N value of 17 was considered. All soil characteristics (except SOC) were considered to remain constant over the 100 years period. Future yearly meteorological data averaged for the whole France were retrieved from SICLIMA(DRIAS CERFACS, IPSL, last updated May 2013), for the RCP4.5 climate trajectory (Representative Concentration Pathway (Chen et al., 2021)), downscaled by the model CNRM-CERFACS-CM5/CNRM-ALADIN63. These projections were not available beyond 2100. For the period from 2101 and 2122, average values from the last decade (i.e., from 2091 to 2100) were thus used.

The above-and belowground carbon inputs from hemp were calculated considering a harvest index of 0.9, a shoot/root ratio of 3.78 (Clivot et al., 2019) and a yield of 9.19 t ha -1 dry matter (DM). This value is the average of a compilation of yield data from hemp grown in France and neighboring countries, as further detailed in supplement information II, table s2. It should also be noted that AMG considers, for hemp straw, a technically harvestable rate of 100%. Yields of 8 and 2.2 t DM ha -1 year -1 were considered for ryegrass and rapeseed, respectively, with shoot/root ratios of 1 and 3.26, and harvest indexes of 1 and 3.26, respectively (supplement information II, table s15). Unlike hemp, ryegrass and rapeseed, heather is not included within AMG, which was calibrated for cultivated plants. Therefore, SOC changes consisting of a 10% SOC increase in the topsoil after 100 years were considered (Pehme et al., 2017) to represent the system of "heather left as heather". This is to be seen as a conservative assumption for the system modelled herein, where hemp is to be cultivated instead of natural heather, for this specific case.

As a result of this step, the 100-year SOC difference between hemp cultivation and each initial CV-land management could be calculated.

Assessing environmental consequences of selected CSAAP scenarios: static LCA

The environmental consequences of the CSAAP scenarios studied herein were assessed through LCA, a standardized (ISO 14040, 2006;ISO 14044;[START_REF] Skupień | Chemical Composition of Selected Cultivars of Highbush Blueberry Fruit (Vaccinium Corymbosum L.)[END_REF] and leading environmental assessment methodology, recognized as a suitable tool to anticipate the consequences of long-term investment decisions (change-oriented study; Brandao et al., 2017;[START_REF] Sala | The evolution of life cycle assessment in European policies over three decades[END_REF][START_REF] Weidema | Data quality guideline for the ecoinvent database version 3[END_REF]. The consequential assessment implies that multi-functionality is handled with system expansion, and marginal suppliers are considered (i.e. those reacting to a demand change). Moreover, full elasticity of supply was considered for product substitution [START_REF] Weidema | Data quality guideline for the ecoinvent database version 3[END_REF], involving 1:1 substitution ratios. This implies that short-term effects induced by price changes are not included.

The functional unit (FU) to which all input and output flows were related is the annual management of 1 ha of representative CV-land. The annualization technique was used for all processes involving releases happening over several years, i.e. these emissions were linearly distributed over the corresponding period to generate an annual emission. Because of this 1-year temporal scope, we refer to this assessment as "static LCA". Unless otherwise specified, inventory data were based upon a compilation of data retrieved from a comprehensive literature review; either averages or median of these compilations were used, as further detailed in the SI. The induced changes in SOC were retrieved from the AMG simulations (section 2.2). The amounts of all end-products generated in the three scenarios were linked to the FU through the yield of hemp, taken to 9.19 t DM ha -1 with 0.83 t DM seeds ha -1 and 8.37 t DM straw ha -1 (Ventura and Kiess, 2015), considering an annual fertilization rate of 107, 51, 90 kg N, P and K ha -1 , respectively (supplement information II, table s3). For all scenarios, hempseed meal is produced and used as a source of carbohydrate, protein and lipid, and accordingly prevents marginal proteins, carbohydrates and lipids to be produced. These were considered to be soybean meal, maize, and palm oil, respectively (Tonini et al., 2016).

Three scenarios of hemp use corresponding to different anthropogenic bio-based products are considered and assessed:

1) Scenario SL (straw left): only seeds are harvested, where 50 kg (fresh weight) of harvested seeds are used for being re-sown for the next rotation (Ventura and Kiess, 2015), and the remaining 925 kg seeds are used for extracting 296 kg hemp oil, avoiding the production of the same amount of palm oil. The seed meal after oil extraction is used for animal feed, thereby replacing marginal feed ingredients. The corresponding substitution in terms of avoided soybean meal, maize and palm oil was calculated on the basis of the methodology presented in (Tonini et al., 2016). The hemp oil is assumed to be consumed in the year following its production, and all carbon in the oil was assumed, for tractability, to be emitted as CO2 only. Straw is left to decay on the ground.

2) Scenario IB (insulation board): both seeds and straw are harvested. Harvested seeds go through the same pathway as the SL scenario. The harvested straw is then processed for fiber separation.. Besides fiber (circa 30% of straw DM), shives (65%) are obtained as a by-product with lower economic value, and the remaining 5% is lost as dust (Norton et al., 2009). Shives can be further mixed with lime blender and water to produce hemp concrete, which is considered in this scenario (in proportions of 17.9% shives, 32.9% lime and 49.3% water, , for 1 m 3 hemp concrete; supplement information II, table s9). Because of the lower strength of hemp concrete in comparison to traditional concrete, this product is assumed to replace gypsum board, based on their similar densities (Jiménez Rivero et al., 2016). During its use, hemp concrete absorbs CO2 by a carbonation mechanism. Here, we considered 77 kg CO2 absorbed per m 3 during the whole lifespan, based on (Pretot et al., 2014). The separated hemp fibers, on the other hand, are mixed with additives to ensure fire retardant and then undergo thermocompression, resulting in the production of the insulation boards; these processes were modeled based on data from (Andersson and Björhagen, 2018;Stapulionienė et al., 2016)(supplement information II, table s10). The thermal conductivity properties considered for the produced boards are detailed in the supplement information II, section 2.8. Moreover, a lifetime of 40 years was considered for the boards produced (Andersson and Björhagen, 2018). The produced hemp insulation boards aims to avoid the production of conventional insulation material like mineral wool (Uihlein et al., 2008). At the end-of-life, the boards are considered to be landfilled in installations without CH4 recovery (Norton, 2008). This is a conservative assumption. We considered that all biogenic carbon will eventually degrade, with 19.98% degrading in the first 100 years (of which 87% as CO2 and 13% as CH4) according to (IPCC, 2019). On this basis, we considered, for the static LCA, that 2.6 % of the biogenic carbon contained in the board ends up emitted as CH4, and the rest as CO2.

3) Scenario CP (car panel): both seeds and straw are harvested and processed as in the IB scenario. The separated hemp fibers are used to produce lightweight structure car panel, as the main product of this scenario, with a lifetime of 12 years (La Rosa et al., 2013;Wötzel et al., 1999). During the use stage, the new lighter material allows for lower fuel consumption in vehicles in comparison to the conventional glass fiber panels (Deng, 2014). Here a consumption of 2.35 L gasoline per kg car panel over the panel lifetime was considered (supplement information II, section 2.11). It was considered that 30% of hemp car panels will be incinerated with power recovery at the end-of-life, while 70% will be landfilled (no CH4 recovery), based on (Gueudet, 2016). Landfilling emissions are calculated as in scenario IB.

The conventional CV-land management was modelled distinctively for the three types of land cover chosen. For ryegrass, it was considered that it would have been used as cattle silage. This implies that the nutritional service no longer supplied has to be provided from elsewhere, thereby inducing an additional demand for animal feed ingredients. This was modelled with the method of (Tonini et al., 2016), as for hempseed meal. For rapeseed, it was considered that it would have been used to produce rapeseed oil and meal. Here, palm oil is considered to be the marginal vegetable oil reacting to the rapeseed oil no longer supplied [START_REF] Schmidt | Shift in the marginal supply of vegetable oil[END_REF] and this was modelled by the use of the consequential Ecoinvent database (supplement information II, table s17; market for palm oil dataset, which already embeds interactions with the meal). The changed management from both rapeseed and ryegrass to hemp thus involves land use changes, and the emission flows related to these were modelled according to the method described in (Tonini et al., 2016, supplement information II, table s20). The heather from natural grasslands and woody moorlands are, on the other hand, considered to be left unharvested and simply decay on-site (supplement information II, table s18-s19).

The system boundaries considered for the three scenarios are summarized in (Fig. IV-1) while the corresponding inventory tables are available in the SI . Background data (e.g., electricity, fertilizer production, machines used in manufacture) were extracted mainly from the Ecoinvent v3.5 consequential life cycle inventory database. Foreground data were estimated based on published literature and simulations, as described above.

On the basis of a recent European Commission Recommendation (EC, 2021), the Environmental Footprint (EF) v2.0 life cycle impact assessment method (Fazio et al., 2018) was used to evaluate the environmental impacts of the scenarios, which assesses 16 impact categories (supplement information II, table s22). The LCA was facilitated with the SimaPro software, version 9.1.1. 

Dynamic inventory for GHG flows and assessing related temperature changes

The analyzed systems are characterized, among others, by distinct temporalities of the processes it involve, which has significant effects on the climate change impact. In dynamic LCA, the extent of global warming is described in a metric called global mean temperature change (GMTC), based on the impulse response function approach recommended by IPCC (Thomas F. Stocker et al., 2013). This indicator is calculated in function of time and depends on the GHG nature and emission dynamics. Herein, GMTC is calculated with the CCI-tool (Tiruta- Barna, 2021;Shimako et al., 2016) available online (Tiruta- Barna, 2021).

The time scale of the functional unit (i.e. 1 ha of land) is set at 100 years of continuous hemp cultivation, starting in 2022. The time scale of the inventory is much larger because of the products' lifetimes (e.g., 40 years for thermal insulation) and because of the duration of end-of-life processes (e.g., emissions from sanitary landfilling). Notably, for bio-based products, natural degradation can take several decades (IPCC, 2019). For the temporal inventory and for GMTC calculation, a time step of 1 year is adopted, considered as sufficient.

Since hemp is an annual crop, cultivation (including plant' carbon uptake and agricultural processes) and harvesting happen in the same year. The SOC change simulated in section 2.2 was merged in the corresponding year annually, till the end of cultivation. The land use change might be changed again after the hemp cultivation, but as the functional unit is hemp cultivated on 1 ha CV-land, activities on CV-land after the 100-years hemp cultivation are out of the scope. Similarly, SOC changes after 100years of hemp cultivation are not included. The manufacturing and above-ground residue decay is assumed to finish in the second year, thus the product's use stage begins in the third year (Fig. IV-2). The delay between consecutive manufacturing unit processes was assumed to be negligible. After the product's lifetime, disposal is considered. If products are incinerated, GHG are emitted to the atmosphere immediately. In case of landfilling, GHGs (mainly CH4 and CO2) are released gradually following the first-order decay kinetics (IPCC, 2019). For hemp concrete, landfilling is the most common practice, while there is no decomposition of the material at the end-of-life, which means no GHG emissions (Pretot et al., 2014). The timeline of the three scenarios is presented in Fig. IV-2. The temporal LCI was obtained from the consequential LCI by spreading the processes with their inventories on the timeline. The temporal LCI for each scenario was then used for time dependent GMTC calculation over a time horizon of 241 years, for all the GHGs existent in the Ecoinvent database (supplement information II, table s23).

Fig. IV-2

Timeline considered in dynamic LCA for the three scenarios. For Scenario SL, "residues" refer to the whole straw, while for Scenarios IB and CP, it refers to the un-harvestable above-ground portion only.

Sensitivity and uncertainty analysis

Sensitivity analyses were performed to test the results sensitivity to two modeling hypotheses: (i) the use of fertilizers and (ii) the type of fuel being used for personal cars in the long-term. It could be argued that biopumps grown on CV lands (with the intention to increase SOC and mitigate overall environmental performance) belongs to a "low-input" type of agriculture. Here, this is considered with a zero fertilization sensitivity analysis. Fertilizers generate GHG not only from their production, but also during the use phase, e.g., extra N2O emissions due to the extra available N through microbial nitrification and denitrification [START_REF] Hergoualc'h | N2O emissions from managed soils, and CO2 emissions from lime and urea application[END_REF]. If fertilization is excluded in hemp cultivation, these GHG emissions could be avoided, however, the yield would be reduced as well, leading to less captured CO2 and less amount of biomass for downstream manufacturing processes. The sensitivity analysis permits to investigate the relationship between fertilizers, yield, and environment. Here, a yield reduction of 60% compared to the default case [START_REF] Aubin | Industrial Hemp Response to Nitrogen, Phosphorus, and Potassium Fertilization[END_REF][START_REF] Vera | N, P, and S fertilization effects on industrial hemp in Saskatchewan[END_REF] was considered for this zero-fertilization sensitivity analysis.

The second sensitivity analysis is based on the French government announcement that thermal combustion engine cars will not be sold anymore after the year 2040, and will be replaced by cars using less GHG-intensive energy ("Climate Plan," 2017). Therefore, from year 2040, the saved gasoline consumption in the CP scenario is replaced by saved electricity consumption, in both static and dynamic LCAs.

The uncertainty analysis was conducted according to the Global sensitivity analysis (GSA) method proposed by Bisinella et al (Bisinella et al., 2016). GSA unifies the concepts of uncertainty and sensitivity (i.e. for small variations of parameters, 10%). In a first step, the parameters with high contribution on the environmental impacts were selected based on the contribution analysis results from the static LCA (supplement information II, fig. s4-s6). Then, a perturbation analysis was performed, in a one-at-thetime (OAT) fashion, considering how a variation of 10% of each of these parameters affects the normalized results (the approach is further described in supplement information II, section 5.1). A probability distribution (triangular, normal) was assigned to each parameters, which allowed using the analytical method proposed by Bisinella et al. (2016) to calculate the contribution each parameter has on the overall system uncertainty, impact per impact. The coefficient of variation was used to represent, for each impact, the overall system uncertainty. [START_REF] Xiao | Dendroecological Assessment of Korshinsk Peashrub (Caragana Korshinskii Kom.) from the Perspective of Interactions among Growth, Climate, and Topography in the Western Loess Plateau, China[END_REF]. If annualized, it corresponds to 0.0126 and 0.537 Mg C ha -1 year -1 , which corresponds to what was observed in previous studies (e.g., increases of 0.36 -0.4 Mg ha -1 year -1 reported in Li et al., 2012, where straw is left unharvested). Yet, a CSAAP strategy implies harvesting (and using) the hemp straw. Fig. shows that when hemp is grown on CV-lands and fully harvested, a 100-y SOC increase of just 4.68 (straw harvest, C/N 17) -11.56 Mg C ha -1 (straw harvest, C/N 22) is obtained. This is rather small, in comparison to the increase of 27.84 Mg C ha -1 (C/N 17) observed on average CV-land (Fig. IV-3b). In other words, when considering the SOC evolution that would have otherwise happened over the 100-y period, the hemp CSAAP strategy is rather uncompetitive on French CV-land, leading to a net SOC change of -27.68 Mg C ha -1 (i.e. no additional sequestration). This would be exacerbated with greater proportions of intensive grasslands and rapeseed lands in the CV-land mix. This is, among others, explained by the important belowground carbon input of ryegrass, being three times higher than those of hemp (2.77 and 0.89 Mg ha -1 respectively, supplement information II, table s 2&s15), and by the very minor share (ca. 25%) of above-ground biomass harvested in the rapeseed system.

Results and discussion

SOC simulation by AMG

Whether hemp straw is harvested or not, the higher C/N ratio leads to higher SOC increases. This reflects that when C/N ratio increases, mineralization decreases (among others due to more immobilization by soil microbiota), leading to slower decomposition of soil organic matter (Clivot et al., 2019). This result is consistent with experimental measurements [START_REF] Clivot | Quantifying in situ and modeling net nitrogen mineralization from soil organic matter in arable cropping systems[END_REF]. The C/N ratio is thus a sensitive parameter for which high data quality is important, with regards to assessing the sequestration performance of a CSAAP strategy.

Environmental performance of the three hemp scenarios

The environmental performance of the three scenarios compared herein is presented in Fig. IV-4, with a breakdown per process, for four impact categories. The LCA results of all other impact categories are available in supplement information II, section 3.2), along with the contribution analysis. In Fig. IV-4, all processes above the abscissa represent contributions to the environmental impact studied, while those below abscissa (negative) are avoided impacts. The dots represent the net scenario performance. Fig.

IV-4 illustrates that scenarios IB and CP allow, for all impacts presented in the figure, a net negative overall impact. This means that there are higher benefits to implement these scenarios as compared to leaving the system as it would have otherwise been (conventional CV-land management and production of petrochemical products). for the climate change (net 971.18 kg CO2-eq ha -1 ) and freshwater eutrophication impact (net 1.74 kg Peq ha -1 ).

-100 freshwater-and (d) marine eutrophication impacts, with a breakdown per process contribution For tractability reasons, only the most significant processes are depicted. For this reason, the breakdown categories "others (+)" and "others (-)" are introduced, aggregating all remaining positive and negative contributions, respectively.

In scenario SL, the 1 ha soil of CV-land could store carbon equal to 1.35 t CO2 (Fig. IV-4), which is even higher than the net climate change result in this scenario. However, this SOC increase is at the expense of less carbon going into downstream processes, as well as higher CO2 and N2O emissions during residue decomposition (18.1 t CO2 and 1.49 kg N2O in scenario SL, and 4.81 t CO2 and 0.46 kg N2O in scenario IB&CP). In scenario IB&CP, because straw is harvested, there is more straw-C ending up in the technosphere than in the soil, therefore the benefit from SOC enhancement (-170 kg CO2-eq) is not as important as in scenario SL.

Fig. IV-4 highlights the importance of the avoided petrochemical countered products in the IB (mineral wool insulation boards; in yellow) and CP (glass fiber car panels; light green) scenarios, for all impact categories. The avoided wool-based boards is beneficial to climate change, non-cancer human health, freshwater-and marine eutrophication (-13.32 t CO2-eq, -0.001 CTUh, -5.97 kg P-eq, -14.17 kg N-eq respectively, per FU, which represents 29.12%, 11.84%, 94.9%, and 31.55% of the negative scores).

The avoided car panels is also beneficial to the same impacts (-31.96 t CO2-eq, -0.004 CTUh, -5.97 kg P-eq, -23.72 kg-N eq respectively, per FU, which represent 47.75%, 26.25%, 28.16%, 29.4% from the negative scores). The high contribution of the avoided products means that the manufacturing of hempbased materials performs better than the conventional materials from the environmental point of view, which is in agreement with previous studies (Ardente et al., 2008;Kim et al., 2008;Norton, 2008;[START_REF] Tadele | A comparative life-cycle assessment of talc-and biochar-reinforced composites for lightweight automotive parts[END_REF]Zampori et al., 2013). Of course, these benefits exist as long as the substitution of petrochemical counterparts is possible, which seems to be the case for the upcoming 10 years (Grand view research, 2021(Grand view research, , 2019)). Considering that the time scope of this study is 2022-2262, it is hard to predict the development for the replaced products in such a long-term future, while it could be expected that with the development of new technologies, the emissions from producing insulation boards and car panels, whether based on new or conventional materials, could be significantly reduced (Jiménez Rivero et al., 2016;Schwarz et al., 2021).

Compared to avoided wool-based boards, the negative score in climate change of the avoided car panel is primarily due to the extraction and manufacture of materials (explaining 75% of the negative impact), rather than the direct use of energy (25% of the impact). Moreover, the fiber content in the car panel is half of that in insulation board (40% vs 88%), therefore more additive (polypropylene here) is required and results in higher climate change impact: 605 in scenario IB vs 6,752 kg CO2-eq per FU in scenario CP. The lower fiber content and increased polypropylene demand also lead to more car panels produced than insulation boards, from 1 ha land, namely 5.33 t and 2.88 t respectively (supplement information II, table s10& s12). More products require more energy consumption in processing. Thus, though thermoforming is adopted in both insulation boards and car panels manufacturing, the emission from car panels production is triple that from insulation production (3,638 vs 1,092 kg CO2-eq). Furthermore, fibers need to be spun into mats before mixing with polypropylene, which also emits 5,788 kg CO2-eq per FU due to the energy consumption, and it is especially important in freshwater-and marine eutrophication due to the PO₄³⁻ and NOx emissions from fossil fuel (e.g., coal and lignite) respectively (supplement information II, fig. s6). 4.41, 23.71, 55.55, and 31.4% of negative scores, for climate change, non-cancer human health, freshwater-and marine eutrophication impacts, respectively. The energy consumption in the matting process is responsible for positive impacts in these four impacts. At the end-of-life, since one third of car panels are incinerated, the generated heat substituting marginal heat allows for benefits in all four impacts, and especially accounts for 18.19% of negative scores in freshwater eutrophication.

The use of lime binder for hemp concrete is responsible for a high amount of GHG (7,637 kg CO2-eq per FU) due to the limestone decomposition and fuel use for binder production (e.g., coal and heavy fuel oil) (supplement information II, fig. s5). During the hemp concrete use phase, CO2 is fixed by lime permanently through carbonation, therefore hemp concrete could be considered as a real carbon sink. However, the emitted CO2 in the production stage is not 100% compensated in the use stage, depending on the environmental conditions [START_REF] Andersson | Calculating CO2 uptake for existing concrete structures during and after service life[END_REF]. In IB and CP, CO2 bound in the use stage is half of the GHG emission from binder production (-4,667 kg CO2-eq per FU). Here, we considered a 100% return of the hemp concrete carbon at the end-of-life, hence its overall net positive score (6,598 kg CO2-eq per FU, from manufacture till concrete disposal). Today, the most common disposal practice for concrete is landfilling (Pretot et al., 2014). Here, a slow biomass decay was assumed; if no decomposition is considered, hemp concrete could have a net negative score (Ip and Miller, 2012;[START_REF] Sinka | Comparative life cycle assessment of magnesium binders as an alternative for hemp concrete[END_REF], contributing to climate mitigation in the future (Lecompte et al., 2017).

Avoiding initial CV-land management brings positive emissions in climate change and freshwater eutrophication mainly from indirect sources like land use changes and extra crops needed to compensate for the reduction of ryegrass feed. On the other hand, transforming initial vegetation to hemp cultivation could avoid zinc accumulated in the soil due to the ryegrass silage, which explains the net negative results of non-cancer human health, for the three scenarios. Concerning marine eutrophication, maize and soybean cultivated for compensating the reduction of ryegrass feed need less nitrogen fertilizers than ryegrass; therefore avoiding ryegrass cultivation is shown to reduce emissions from nitrogen fertilizers in all three scenarios (Fig. IV-4 d).

Dynamic LCA

Fig. IV-5 shows the GMTC calculated for 250 years for the three scenarios, as a result from non-biogenic GHG emissions, biogenic GHG, and total result. Biogenic GHG are those of the foreground system and include CO2 captured by plants, emitted CO2 from the biomass during all the period considered (in manufacturing, decomposition, end-of-life), as well as CH4 and N2O emissions related to biomass (e.g., CH4 during landfilling). All other GHG flows including replaced or induced production were attributed to non-biogenic sources (e.g., C from induced biomass used as feed to compensate for the loss of silage ryegrass). Negative values indicate a mitigation effect (temperature decrease).

Both scenarios IB and CP show a net negative trend, GMTCs from both biogenic and non-biogenic GHG decrease continuously during hemp cultivation and become almost flat for the next 150 years. The negative GMTC of non-biogenic flows is mainly due to the avoided productions, i.e. glass wool insulation boards and glass car panels, which is consistent with the static LCA results. At short-term, GMTC of non-biogenic CO2 flow is positive in scenario CP, due to emissions from induced productions that correspond to intensive grasslands and rapeseed lands. Then, it decreases gradually with the hemp value chain implementation and perpetuation, becomes negative in the year 2038, and reaches the lowest value after the end-of-life of the final hemp car panel, owing to the avoided glass car panel and saved gasoline. GMTC of CH4 reaches the lowest value in the year 2124, then increases because the CH4 emission from the counter-flow ends at this time due to the end of cultivation; CH4 from panel disposal (both incineration and landfilling) is continually released. The situation of captured CO2 from avoided gasoline is opposite because part of avoided gasoline is made by bioethanol, thus the CO2 absorbed by the bioethanol-related biomass is avoided, showing a negative CO2 flow and resulting in a temperature rising. The captured CO2 is one of the main contributors of the negative non-biogenic GMTC because of the important contribution of the induced biomass cultivation for forage production. Due to the long timespan of CO2 in the atmosphere, after the final car panel is disposed of, the GMTC caused by the absorbed CO2 remains negative. The main contributor to the non-biogenic negative GMTC is the carbonation of concrete in its use stage. In both scenarios IB and CP, non-biogenic CO2 is the most critical GHG for climate mitigation, the negative GMTC decreases rapidly in the year hemp is growing, then slows down after all hemp is converted into insulation boards or car panels because it mainly benefits from avoided productions. In case of biogenic flows, CO2 and CH4 emissions lead to the GMTC increase, which mainly comes from above-ground residue decomposition and landfilling of products, respectively. The CO2 captured during cultivation reduces GMTC drastically, leading to a decreasing trend of total biogenic flow. Noticeably, in biogenic flows, the quantity of CO2 captured by hemp and CO2 emitted is not exactly matched, because of the actual disposal considered here (15.88% decomposition rate in landfilling in 100 years) (IPCC, 2019). For example, in scenario IB, for the hemp cultivated in the year 2022, 83.7% of carbon in harvested straw is stocked in the technosphere in the year 2024 as hemp concrete and insulation boards. Insulation boards would be landfilled in the year 2064 after 40 years of use, while there is no decomposition of hemp concrete. In the year 2163, the emission from landfilling is assumed to be over, and 78.4% of carbon from the initially harvested straw is stocked in the technosphere in IB scenario. Similarly, 70.8% of carbon from harvested straw is stored in the technosphere in scenario CP, and the small difference in negative emissions between IB and CP explain why the longer carbon delay effect of insulation boards (because of the longer lifespan) is not significant. Three major carbon pools exist in scenarios IB and CP, i.e. hemp insulation, car panel from fibers, and concrete from shives, while there is no such anthropogenic carbon pool in scenario SL. The negative values of both non-biogenic and biogenic lead to total negative GMTC in scenarios IB and CP, while the year with the lowest GMTC is slightly different due to the continuously avoided gasoline in CP and the difference between the products lifespans (hemp insulation versus car panel). According to the consequential LCA results, the avoided GHG emission is higher in avoided glass car panels (plus saved gasoline) than that in glass wool thermal insulation. Indeed, with the lower GMTC of nonbiogenic flows (but similar for biogenic flows), scenario CP could mitigate global warming better than IB. If the results are extrapolated from 1 ha to the total area of CV-lands in France (i.e. 2,400,000 ha; (Shen et al., 2022)) cultivating hemp instead of initial vegetation in scenarios IB and CP leads to a potential decrease of global mean temperature with respect to the business as usual situation, in 2100, by 0.0022 and 0.0028 ℃ respectively. At the end of the system, around year 2262, the global mean temperature decrease is still of 0.0028 and 0.0035 ℃ for IB and CP, respectively.

In case of scenario SL (Fig. , the non-biogenic flows raise the temperature in the first 100 years, due to the agricultural management and hemp oil extraction, similarly to IB and CP, but here the avoided products, i.e. palm oil and meal, cannot compensate this rising. Another important source of nonbiogenic flows is the induced products, the positive GTMC indicates that it is not wise to produce hemp oil rather than ryegrass feed and rapeseed oil in the future. When straw is left, carbon is released in short term after harvesting, and the lack of an anthropogenic carbon pool (in contrast with IB and CP) deprives this scenario of mitigation capacity. However, the GTMC due to the biogenic flows is still slightly negative, indicating that hemp has a better carbon capture capacity than initial vegetation, and the enhanced SOC stock also contributes to that. Because of SOC saturation, the SOC increases are modest with time (Fig. IV-3), affecting the biogenic flow which becomes stable before the end of the cultivation period. Scenario SL could not reach negative GMTC in the time boundary, and, when all French CVlands are considered, this scenario would increase the temperature by 0.000168 ℃ in 2262. 

Sensitivity analysis

Consequential LCA

Not using (nitrogen) fertilizers implies that all fertilization-related emissions do not occur: mainly N2O, NOx, NH3 to air, nitrate and phosphate losses to water, emissions from fertilizer production having important contribution in most categories (according to the contribution analysis in supplement information II, fig. s4-6). The lack of fertilizers leads to lower yield, thus the energy and material consumption in manufacturing will decrease. However, the reduced yield will reduce the amount of biobased products and petrochemical products replaced, shown as an important determinant of the environmental performance for most impact categories (Fig. IV-4). From Fig. IV-6a, the impact mineral and metal resources use (MU) is, for all scenarios, the one most affected by a change from conventional fertilization to zero-fertilizer. This is caused by sliver ore (Silver, Ag 1.5E-5%, Au 5.4E-4%) used in fertilizer lifecycle (all scenarios), titanium and strontium, due to the resulting lower share of avoided gypsum (IB&CP scenarios) and glass fiber consumption (CP), respectively. Due to its lower magnitude for most impact scores (case with fertilizers), the SL scenario is more sensitive to fertilizers than the two others. Fig. shows that no fertilizers benefit, for this scenario, all impacts except ecotocixity freshwater and land use. For IB, no-fertilization benefits five (out of 16 impacts), and for CP, it benefits only two impacts. Scenario SL benefits from the lower emission of less fertilization, however in scenario IB&CP, this benefit cannot compensate for the reduction of advantages brought by the yield and the petrochemical products it substitutes. Therefore, no-fertilization could be a compelling alternative for straw left on the surface, but if the straw is intended to be used in the technosphere, the yield benefit tends to compensate for the trade-offs of the fertilizers. Similarly to the no-fertilization sensitivity analysis, MU and cancer are two of the most sensitive impacts to the replacement of thermic cars by electric cars because of the metal used in photovoltaic panel production for photovoltaic electricity. For most impacts but these two, along with climate change, freshwater eutrophication, freshwater ecotoxicity and land use, the sensitivity analysis indicates, as it could be expected, an overall reduction of the benefits as electricity is replaced instead of gasoline. For climate change, this shift leads, however, to a slight improvement of the impact.. This is in part due to the high GHG emissions occurring from photovoltaic panel production, and in part because the gasoline contains a share of bioethanol (based on the LCI dataset used). According to this situation, the performance of electric vehicles for global warming impact needs to be further investigated, not only at the light of revised inventories for photovoltaic electricity but also at the light of eventual different electricity mixes in the specific case of France (e.g., a mix of only wind-and hydropower after 2060; Kassara et al., 2019). Moreover, it should be noted that this sensitivity analysis was performed on the basis of a simple substitution of a certain amount of energy from gasoline to energy from electricity, without considering the differences in terms of performance between a thermic and electric car. This would likely render the analysis a little more in favor of avoiding 100% gasoline.

Dynamic LCA

Since electricity is predicted to determine the car market in the future, the influence of consuming electricity instead of gasoline is analyzed dynamically here. The generic trends are similar between scenarios with gasoline cars only and the scenario with electric cars after 2040 (Fig. IV-5, Total, ELE), but the GMTC is even more negative for ELE, indicating, as observed with the static LCA, that avoiding electricity is more beneficial than avoiding gasoline. Indeed, as discussed in section 3.4.1, this is due to the consequential modeling of the gasoline market and electricity mix in France in the future. Thus an electricity mix with a lower photovoltaic electricity proportion (11.92%;absolute value for 2050 based on European Commission, 2016; versus 42% in the baseline), was taken as an additional sensitivity to be analyzed (Fig. Total,. This scenario still has a more negative GMTC than gasoline due to the electricity derived from natural gas this time. The way electricity is produced is pivotal in scenario CP. These results show a promising performance of scenario CP for climate mitigation in the future. However, it is difficult to foresee the effect of replacing the energy source for cars in this timespan.

Uncertainty analysis

According to the contribution analysis shown in Fig. 11,[START_REF] Araucaria | [END_REF], and 14 parameters are selected for GSA, for scenario SL, IB, and CP, respectively (supplement information II, table s28-s30), The uncertainty in scenarios SL&IB concentrates on five parameters (not the same ones), and that in scenario CP on three parameters. These parameters together explain at least 90% of the system uncertainty for a given scenario. The hemp yield is the only parameter that is important in all three scenarios and impacts analyzed (Fig. IV-7). Further, parameters related to initial vegetation highly affect the SL scenario, including P2, P3, and P4. Consistent with the discussion that replacing petrochemical products plays a key role in the environmental performance of scenarios IB and SL, it is also crucial in the uncertainty (P12 and P14, in scenarios IB and CP, respectively). Within manufacture processes (Fig. IV-1b) of the scenario CP, the matting is more significant than mixing in the contribution analysis, while mixing represents more uncertainty than matting, for all impact categories represented in Fig. IV-7 (P14, the polypropylene amount used in the mixing process).

For climate change, freshwater-and marine eutrophication, the results show that scenario CP is unequivocally better than IB, and IB is better than SL (Fig. IV-7). For non-cancer human health impact, the results obtained do not allow differentiating between SL and IB. Similarly, it is hard to conclude on whether there are differences between scenarios for cancer human health impacts, ecotoxicity freshwater, water scarcity, mineral and metals resource use (supplement information II, fig. s7). 

Overall implications, limitations and perspectives

According to the results of the consequential static LCA for climate change, the mitigation effectiveness of hemp product scenarios by replacing conventional materials is more important than the effect of negative emissions (carbon stored in anthropogenic products, as no additional C is stored as SOC in these scenarios). The increased SOC storage (negative emission) in scenario SL cannot compensate for the lack of mitigation (the climate benefit from SOC increase in scenario SL is equivalent to 10% and 4% of the climate benefit of avoided wool-insulation and avoided glass fiber car panel, respectively.).

The carbon in hemp-based products was assumed to be totally emitted in consequential static LCA, thus the benefit of storing carbon in the technosphere is not reflected. In contrast, dynamic LCA allows identifying the time periods when carbon storage is effective and gives a temporal dimension to the negative emissions: negative emissions due to soil storage occur for the whole cultivation period (100 years) while negative emissions due to carbon storage in anthropogenic products last for a longer period, i.e. the cultivation period plus the lifetime of the products. Shares of 78.4% and 70.8% of carbon from the harvested hemp straw were showed to be stocked in IB and CP scenarios, respectively. Together with net SOC changes, this contributes to a temperature decrease (GMTC) 0.00157 and 0.00147 ℃ respectively, in 2262 (reductions due to the biogenic flows only, if all French CV-lands are cultivated with hemp). In the case of the IB scenario, the level of GMTC for biogenic flows (i.e. SOC and technosphere sinks) is similar to that caused by non-biogenic sources (determined by products replacement). The CP scenario shows a similar trend with a more important contribution to total GMTC of non-biogenic flows (60% versus 40% for biogenic flows). This result indicates that both the negative emissions and the GHG reductions from mitigation are important in controlling climate change, and their effects remain important for a long time afterward. Finally, both static and dynamic LCA result in the same scenario ranking for the climate change impact (CP better than IB better than SL)

As aforementioned and discussed, using hemp as CSAAP may not benefit climate change and other environmental impacts in scenario SL. One possible reason is the consideration of intensive grasslands among the CV-lands, as these could store higher amount of carbon in soils, and the replacement would induce additional forage production and land use changes which emit large quantities of GHG. Therefore, the type (land cover) of selected CV-lands could be reconsidered (i.e. lower share of intensive grasslands being mobilized). Yet, this did not impact the actual CSAAP scenarios (IB and CP).

The replacement of petrochemical products by hemp-based products contributes heavily to the overall environmental performance in both static and dynamic LCA. Yet, one may challenge to which extent these products are actually demanded, also in the light of higher penetration of advanced recycling technologies in the future, or re-use practices. For instance, using all CV-lands in France, 5,114,840 t hemp fibers could be produced in a year. Yet, only 80,000 t natural fibers (including wood and other plants) are actually used in the European car industry per year (Euorpean Commission, 2018). Similarly, the production of insulation boards from the total CV-lands in France could attain 230,102,600 m 3 year - 1 , which represents as high as 85% of the European demand (269,300,000 m 3 in 2019; [START_REF] Pavel | Competitive landscape of the EU's insulation materials industry for energy-efficient buildings[END_REF], and 21% of the world demand foreseen for 2028 (1,098,600,000 m 3 year -1 ,(Fortune Business Insights, 2022; [START_REF] Pavel | Competitive landscape of the EU's insulation materials industry for energy-efficient buildings[END_REF]).

This study focused on annual plants, but the performances associated with perennial species, because of their ability to stock carbon in the soil [START_REF] Dobbratz | Inconsistent effects of species diversity and N fertilization on soil microbes and carbon storage in perennial bioenergy cropping systems[END_REF], may be more interesting and should be investigated in future studies.

Conclusion

This study investigated various CSAAP strategies based on hemp cultivated on CV-lands in France. Three utilization scenarios were investigated, differentiated by the products lifetime in the technosphere, namely no carbon storage (SL), storage in two products one being considered as an infinite sink in the technosphere (hemp-cement) and the other with shorter lifetime (car panel in CP with 10 years, thermal insulation in IB with 40 years). CV-land use change by cultivating hemp (replacing the current land cover type) with no utilization in long-lived products (SL) cannot mitigate climate change despite the negative emissions induced in the soil. In contrast, biomass utilization in long-lived products (CP and IB) acts as additional negative emissions by the technosphere, complemented by GHG mitigation through the displacement of conventional fossil-based products. Yet, no additional sequestration in the SOC pool could be obtained for these. The tendency is not the same for other impact categories, for example, water scarcity is increased in all scenarios indicating that at the light of this impact, it is better to keep CV-lands with initial vegetation rather than cultivating hemp.

This study considered that all C captured through photosynthesis is emitted at the end of life, thus the negative emission from storage in anthropogenic products is revealed by the delay of this release. While this could be captured in the dynamic calculation, it could not be reflected with the static LCA. In the long-term, the technosphere was shown to be a larger C sink than the soil for negative emissions. Climate mitigation was shown as slightly more important than negative emissions in the product scenarios, while the opposite conclusion is reached in scenario SL. If hemp is cultivated consecutively, till 2100, it could contribute to a temperature reduction of 0.0022 and 0.0028 ℃ in scenario IB and CP respectively, proved the feasibility of using hemp as CSAAP.

Supplement information

Supplement information III contains the inputs of all models, including AMG, LCA inventory, contribution analysis of LCA results, GHG in dynamic LCA, and uncertainty analysis.

Introduction

Achieving the climate objectives of the Paris Agreement and national policies in terms of emissions reduction and carbon neutrality by 2050 implies the implementation of drastic greenhouse gas (GHG) emission reductions and CO2 capture and storage actions. To this end, the concept of Carbon Storage in Arable land and Anthropogenic Products (CSAAP) has recently been proposed (Shen et al., 2022a(Shen et al., , 2022b)), consisting in cultivating plants, also called biopumps, that can induce a net increase of soil organic carbon (SOC) stocks while providing biomass for long-lasting anthropogenic products.

Putting CSAAP into practice needs solving two issues, namely defining the type of suitable biopump species and areas to grow them. According to previous research (Shen et al., 2022b), there are up to 2,400,000 ha of suitable land in France alone that could be available for planting biopumps for climate mitigation purposes. These lands are called 'carbon vulnerable lands (CV-lands)' as they present a high potential for SOC sequestration due to their current SOC stock being <50 t C ha -1 (Minasny et al., 2017). They were also selected to respect a set of specific sustainability criteria defined in Shen et al., (2022b). Among the list of 14 suitable woody biopumps presented in (Shen et al., 2022b), black locust (Robinia pseudoacacia L.) was identified not only because it could capture 31.5 kg CO2 per tree per year (supplement information III, section 2.1), but also for its capacity to convert part of the captured C in the soil as SOC (Wang et al., 2012). Furthermore, woody products have a relatively long lifetime, which could delay the C emission back to the atmosphere.

When analyzing how wood value chains affect climate change, the conventional theory considers biogenic C as neutral (balanced), thus neither C absorbed nor C emitted from biomass is included in the climate change impact calculation (Chen et al., 2019;da Costa et al., 2018). This approach is suitable for annual or short rotation coppice, while not proper in estimating forest mitigation potential because the effect of C storage and delayed emission is ignored. [START_REF] Guest | Global Warming Potential of Carbon Dioxide Emissions from Biomass Stored in the Anthroposphere and Used for Bioenergy at End of Life[END_REF] studied the relationship between the wood rotation and C storage in products on the biogenic global warming potential. They concluded in order to consider biogenic CO2 as neutral, the lifespan of wood products should be at least half of the wood rotation. Another common accounting approach is considering the forest as a permanent C sink, where the C captured through photosynthesis is counted while the emission of biogenic C is not (González-García et al., 2011). This approach shows the effectiveness of biomass as a C sink on a limited time scale, however, it is not correct under time scales encompassing the life cycle of biomass from cradle-to-grave. Albers et al. modeled the trees' growth and residue decomposition, showing that the tree's lifetime highly influences the mitigation potential, the shorter the lifetime, the lower the mitigation effect of converting forests to biofuels (Albers et al., 2019b). However, since biofuels are used at once with almost all C emitted immediately, there is no technosphere C sink. Lan et al. (2020) tracked the carbon flows from one rotation of pine forest cultivation to the end of wood products on a 100-year scale, and highlighted the difference between using residue for wood products or energy. They treated biogenic C as neutral, only considering the influence of fossil C emissions. Zieger et al. (2020) countered both biogenic C absorption by timber and wheat, and degradation of biobased walls including incineration and compost, with temporal factor. However, the belowground part of plants and the SOC were not included in these studies. Soil is an important C sink, not taking it into account results in C flows that are not correctly balanced (Hamelin et al., 2012).

Because wood and wood-based products have a relatively long lifespan, and biomass residues decay at different rates, the temporal factor is essential in assessing the wood-product system. Recent studies demonstrated a considerable difference between static and dynamic LCA approaches for wood-based products (e.g., Cardellini et al., 2018;[START_REF] Göswein | Dynamic life cycle assessment of straw-based renovation: A case study from a Portuguese neighbourhood[END_REF], especially for the quantification of biogenic C capture and release effects. Finally, most of the studies used CO2-eq as an aggregation metric for all GHG, whatever the time scale, which misleads conclusions (Barna, 2021;[START_REF] Saez De Bikuña | A comparison of land use change accounting methods: seeking common grounds for key modeling choices in biofuel assessments[END_REF]Zieger et al., 2020).

This work explores the mitigation potential for global warming, and overall environmental impacts, of an application case of the CSAAP strategy with perennial plantations, selected in the light of earlier work (Shen et al., 2022b). The case is the implementation of a 35-y plantation of black locust on CVlands in France, using the biomass for bio-based products intended for the construction. Objectives are to: 1) evaluate the C sinks induced over time, 2) investigate the overall environmental consequences of replacing current land covers and fossil-based products with the black locust and the related bio-based products, and particularly the global warming mitigation potential in order to contrast it with the sinks, and 3) investigate the effect on global mean temperature change in time. In the general endeavor to uncover environmentally-performant solutions towards both carbon dioxide removals and climate mitigation, this work proposes an original, comprehensive framework with adapted modeling tools to address all these questions.

Methods

Scenarios description

The point of departure of this analysis is one hectare of average French CV-land, to be either converted for black locust cultivation from the year 2022, over three rotations of 35-y each (BL Scenario), or maintained as CV-land for 105 y (reference scenario, from here onwards referred to as Scenario REF).

For the static environmental assessment, only 35 years (the time of one rotation) is considered, as further detailed in section 2.5.

Initial vegetation scenario on CV-land (REF Scenario)

This scenario considers that CV-lands remain CV-lands throughout the time covered by the analysis. The vegetation considered on average French CV-land stem from the work of (Shen et al., 2022a(Shen et al., , 2022b)). Accordingly, four types of initial land cover are considered with different shares in terms of the area they cover, namely intensive grasslands (53%), natural grasslands (20%), rapeseed lands (20%), and woody moorlands (7%) (details in Shen et al., 2022b). Ryegrass (Lolium perenne L.) and rapeseed (Brassica napus L.) represent the initial vegetation on intensive grassland and rapeseed lands, respectively, while heather (Calluna vulgaris) is selected to represent both natural grasslands and woody moorlands vegetation. On CV-lands remaining CV-lands, ryegrass and rapeseed are harvested annually and used for animal feed and oil production respectively, while heather is considered to decay on-site (Pehme et al., 2017). The rapeseed cake co-produced with rapeseed oil is also considered to be used for animal feed.

Black locust scenario (BL)

In this scenario, CV-lands are ploughed prior to black locust planting. Black locust is a nitrogen-fixing species and tolerates droughts (Nicolescu et al., 2020;Seserman et al., 2018). For this reason, and also in accordance with the CSAAP vision to favor systems with minimal inputs (Shen et al., 2022), no fertilization or irrigation is considered. To remove defective trees, selective thinning is conducted twice, in the 10 th year and 20 th year of the plantation's lifetime, where whole trees are removed (Keresztesi, 1983;Nicolescu et al., 2020). After the second selective thinning, extra branches are pruned to provide enough space for stem growth. After harvesting, black locust is delimbed and debarked. Barks are incinerated to provide heat for downstream manufacture (Silva et al., 2013), while branches are chopped into wood chips (Fig. V-1a). Stumps are crushed and left on the ground as residues during thinning operations and when black locust is logged.

The processes after logging are depicted in Fig. V-1b. First, there is the processing of stems. After delimbing and debarking, the stems are dried on open fields to meet a moisture content of ca. 15% (Żelazna et al., 2019). The dried stems are trimmed and sawn into panels, then laminated into several layers [START_REF] Sahoo | Life cycle assessment of forest-based products: A review[END_REF]. These high-value laminated panels, called 'cross-laminated timber' (CLT), are widely used in the building sector, as a more sustainable alternative than carbon-intensive materials [START_REF] Cadorel | Life cycle analysis of cross laminated timber in buildings: a review[END_REF][START_REF] Cowie | Applying a science-based systems perspective to dispel misconceptions about climate effects of forest bioenergy[END_REF]. Herein CLT is assumed to be used for exterior walls, with 50 years lifespan (Dodoo et al., 2014). After demolition, 45% of CLT is incinerated, 45% is recycled, while the remaining 10% is lost (regarded as open-landfills) (Jayalath et al., 2020). The recycled CLT is chopped into wood chips for further treatment.

Second, the branches from stem's trimming are cut into chips (to produce medium density fiberboard, MDF), then wood chips are washed to remove the dust. The clean chips are mixed with other wood chips obtained from branches, along with the woody material from 1 st and 2 nd thinning and recycled CLT. All these materials are softened in a steam-pressurized digester (the heat to generate steam commonly comes from burning barks), then mixed with urea-formaldehyde resin and additives in the resonating process, to improve the strength [START_REF] Puettmann | Cradle to Gate Life Cycle Assessment of North American Cellulosic Fiberboard Production[END_REF]. The mixture is pressed into boards (MDF) under 170 °C for 5 minutes using a mechanically controlled oil-heated press [START_REF] Yuan | Do green wooden composites using lignin-based binder have environmentally benign alternatives? A preliminary LCA case study in China[END_REF]. The produced MDF has multiple usages, but having a lower mechanical strength than CLT, it is more suitable for furniture and interior architecture (Piekarski et al., 2017). After 12 years of use, most MDF in Europe is incinerated with heat recovery, while a minor part is landfilled (Couret et al., 2017;ecoinvent, 2020). The scraps occurring through the MDF production process are considered to end in open-landfills. 

Overview of the methodology used

The methodology used to achieve the objectives of this study builds on material and energy flow calculation, from plant cultivation, to anthropogenic production and products' end of life, to finally evaluate the carbon pools and environmental impacts.

Fig. V-2 Calculation steps followed in this study

As shown in Fig. V-2, the first step calculates the growth of black locust to determine how much CO2 is captured by photosynthesis, how much biomass is produced in the function of time in the different parts of the plant (e.g., belowground, aboveground), and the quantity of residues destined to decay above-and below ground. The carbon in the residues is an input to a SOC model, whose evolution is simulated over the rotation time span. In this way, the yearly content of SOC is estimated (over 105 years), along with the CO2 releases from mineralization or native SOC losses, as detailed in section 2.4. The produced biomass determines the amount of products, associated by-products, and all related flows in the process chain, from harvesting to product manufacturing and end of life. These foreground flows are then used in three different LCA modeling approaches to respond to different questions as later detailed: static consequential LCA, dynamic LCA using the same consequential modeling of the inventory, and dynamic LCA using the attributional modelling of the background inventory with system expansion in the foreground part. Both dynamic approaches used temporal predictions for electricity mix based on either the absolute values or the rate of changes. In addition, sensitivity and uncertainty analyses were performed to explore the robustness of the results obtained.

Black locust growth rate

Black locust is a fast-growing tree species. After seedling planting, it reaches its fastest growth rate at year 20, then the growth rate slows down gradually till the end of the rotation (year 35) [START_REF] Ciccarese | Short rotation forestry and methods for carbon accounting. A case study of black locust (Robinia pseudoacacia L.) plantation in central Italy[END_REF]Nicolescu et al., 2018). The volume of biomass is estimated from the height and the diameter at breast height, all calculated in function of time (Rédei et al., 2014(Rédei et al., , 2012)). Then the wood volume was converted to the biomass with the wood density of 785 kg m -3 , DM (Adamopoulos et al., 2007) (supplement information III, 2.2).

The whole stand is assumed to grow at the same rate, thus other parts were calculated based on a fixed shoot/ root ratio in time, here taken to 1.73 [START_REF] Chen | Arbuscular mycorrhizal symbiosis mitigates oxidative injury in black locust under salt stress through modulating antioxidant defence of the plant[END_REF]. In order to calculate the biomass amount per ha in a specific year, a density varying between 560-2240 trees per ha was considered, according to the growth stage (Keresztesi, 1983;Nicolescu et al., 2018). Details and results of simulated annual biomass partition (above-and below ground; in standing biomass and residues; as woody and nonwoody portions) are presented in supplement information III, 2.2.

The foliage, pods, and seeds are considered jointly under the umbrella term 'aerial biomass', and are regarded as an annual input to soils from the 6 th year of a rotation (Stone, 2009;Warne, 2016). Similar to the root part, the aerial biomass increase in time with the tree growth [START_REF] Ciccarese | Short rotation forestry and methods for carbon accounting. A case study of black locust (Robinia pseudoacacia L.) plantation in central Italy[END_REF], here aerial biomass was estimated based on a fixed ratio (1.2% of wood biomass, DM).

2.4

Simulating SOC on CV-lands for both scenarios, and wood residues decay SOC in CV-lands cultivated with black locust or covered with initial vegetation was simulated with C-TOOL (Taghizadeh-Toosi et al., 2014). This model was adopted as one of the few models easily usable (i) with unconventional (non-agricultural) crops, (ii) for perennial systems, and (iii) calibrated for temperate areas [START_REF] Andrade | A review on the interplay between bioeconomy and soil organic carbon stocks maintenance[END_REF]. Among others, it has the advantage that the proportion of C incorporated in the different (virtual) soil pools (each with a different turn-over rate affected by clay content and temperature; C-TOOL considers three pools) is easily customizable (e.g., Hansen et al., 2020). This ease of customization also applies to the allometric equations used to define the proportion of aboveground residual biomass input to the soil annually. Different applications of the model with perennial crops include (Hamelin et al., 2012) and (Keel et al., 2017).

The simulation was conducted with a one-year time step, for a timespan of 105 years from 2022 to 2126, corresponding to three consecutive rotations of black locust. Meteorological conditions in France were predicted by SICLIMA (DRIAS CERFACS, IPSL, last updated May 2013) for the RCP4.5 climate trajectory (Representative Concentration Pathway (Chen et al., 2021)), downscaled by the model CNRM-CERFACS-CM5/CNRM-ALADIN63. In C-TOOL, only the monthly average temperature is required in terms of meteorological data input (supplement information III, fig. s1). The required soil characteristics include the soil clay content and the C/N ratio. The former was retrieved from the same database used for identifying CV-lands (GSOC; Food and Agriculture Organization of the United Nations, 2020), the latter, not included in GSOC, was set to 11 based on literature (Clivot et al., 2019;Launay et al., 2021). The average initial SOC content for the CV-lands was evaluated as 42.35 Mg SOC ha -1 (Shen et al., 2022a).

Finally, one other key input required by the model is the monthly C input from residual above-and belowground biomass. The aboveground resides includes aerial biomass (foliage, seeds, and pods), which fall down annually (except for the first five years), and stumps, which are crushed and left on the ground as residues during thinning operations and when black locust is logged (year 10 th , 20 th , 35 th of the rotation, respectively). Belowground residues consist of decaying roots and rhizodeposits. Decomposition rate coefficients of 0.12, 0.008, and 0.003 months -1 were set for aerial, abovegroundand belowground wood biomass, respectively (Taghizadeh-Toosi et al., 2014). To represent the slower decay of woody above-and below-ground residues, the simulation was conducted for an additional 100 years after the last rotation (the C not emitted after 100 years is considered as permanently stored).

For the initial vegetation, consisting of four different land types, the SOC of each land type was simulated individually, then aggregated together based on their respective shares in 1 ha CV-land (C input in supplement information III, table s19). A decomposition rate coefficient of 0.12 month -1 was used for the initial vegetation' residual biomass inputs to soil (aboveand below-ground), as used for the foliage and as used in e.g., Hamelin et al. (2012) and Taghizadeh-Toosi et al. (2014) (both on the basis of [START_REF] Petersen | CN-SIM -A model for the turnover of soil organic matter. I. Long-term carbon and radiocarbon development[END_REF].

Environmental impact assessment through consequential LCA

Goal, boundary, and functional unit

Consequential LCA is used to evaluate the environmental consequences of (i) cultivating black locust instead of the initial vegetation on the identified CV-lands in France and (ii) using the biomass in anthropogenic products while replacing conventional (fossil-based) products. This implies that multifunctionality was modeled with system expansion (Fig. V-3) and that the life cycle inventories for marginal suppliers were considered. The functional unit (FU) is defined as 'using 1 ha of CV-land in France for cultivating perennial crops over one full rotation, and using the biomass within the bioeconomy'. For the scenarios considered herein, this implies 35 years. The LCA framework follows the ISO 14040 and 14044 standards (Standardization, 2006a[START_REF] Standardization | Environmental management: life cycle assessment; requirements and guidelines[END_REF]. The system boundary considered for the consequential LCA is shown in Fig. V-3, both for the BL (here BLc) and REF (here REFc) scenarios. System BLc involves a variety of substitutions. The replacement of the initial vegetation by black locust in the long-term, may happen through two main reactions, namely expansion of nature for agriculture (deforestation) or intensification of agricultural land (Tonini et al., 2016), both considered herein under the umbrella term of indirect land use changes (iLUC). According to market reports and literature review, the bio-based CLT and MDF will replace light-clay bricks and polyvinyl-chloride boards (herein referenced as plastic boards) respectively (Onyeaju et al., 2012;Takano et al., 2014). Incineration, at all stages where it happens, is considered with heat recovery, which implies that this heat will not need to be generated the way it would have otherwise been. As a result, corresponding heat generation is avoided. Finally, the use of CLT in buildings in comparison to brick (replaced material) is associated to a 52% reduction of electricity consumption because of the lighter mass (Corradini et al., 2019;Guo et al., 2017), which was considered within this system. 

Life cycle inventory

Life cycle inventories for foreground processes (Fig. 1) were established on the basis of literature, models, and a variety of estimation proxies when necessary. These are comprehensively detailed in the supplement information (tables s3-s18). The displaced feed service (for the silage ryegrass and rapeseed cake of the initial vegetation) and its substitution by corresponding marginal carbohydrates, protein and lipid ingredients, along with the associated land use changes were modelled according to the methodology described in (Tonini et al., 2016). For landfilling processes (open-landfilling and landfilling of MDF at the end-of-life), 100% of the biogenic C was assumed to be emitted in the static LCA, while for the dynamic LCA (BLc and BLa), all emissions were estimated following the model provided in IPCC (2019) (around 14% C emitted as CH4, and 86% as CO2). All the background inventories were taken from Ecoinvent v3. 5 (ecoinvent, 2020), with the consequential model.

Life cycle impact assessment and interpretation

The environmental impact assessment was performed with the Environmental Footprint method (EF) (Fazio et al., 2018a). The latest IPCC report (Masson-Delmotte, V., P. Zhai, A. [START_REF] Masson-Delmotte | IPCC, 2021: Climate Change 2021-the Physical Science basis[END_REF] suggests updated factors for GHG to calculate the global warming potential, while these factors haven't yet been implemented in the EF method. Moreover, because all CO2 releases and adsorption are accounted, biogenic CO2 was considered with a global warming potential of 1 kg of CO2-eq per kg biogenic CO2 instead of the value of 0 used in (Fazio et al., 2018a).

For interpretation, a contribution analysis was performed for each impact category, where processes with negative and positive scores were analyzed separately in two groups. In each group, the processes contributing to at least 80% of the impact were selected for further in-depth analysis, e.g., identifying their sub-processes and substances contributing to the impact [START_REF] Fazio | Guide on Life Cycle Inventory (LCI) data generation for the Environmental Footprint[END_REF]. The LCA was facilitated with the SimaPro software, version 9.1.

Dynamic LCA for evaluating climate change impact

Given the long lifetime of the studied system, a time-dependent method is necessary to address the temporal dimension of the climate change impact. Dynamic LCA with the global mean temperature change (GMTC) as an indicator was applied herein. The method and computational tool used were presented in previous works (Tiruta -Barna, 2021;CCI-tool, 2021). The GMTC calculation used the recommended method of IPCC for the emission timing over the whole life cycle of scenarios (Stocker et al., 2013), for all GHGs included in the ecoinvent v3.5 database (Supplement information III, table s21).

In scenario BL, trees are cultivated on 1 ha of land for three consecutive rotations, from 2022 to 2126. The same time span is considered for the initial vegetation lasting on the CV-lands in scenario REF. The temporal inventory (limited herein to GHGs) was obtained by placing each process on the timeline shown in Fig. 4. For long-lasting biogenic GHG emissions (e.g., disposal of CLT and MDF), the longest emission time was set as 100 years because the C released after 100 years could be considered permanently stored(European Commission-Joint Research Centre., 2010). Therefore, the temporal scope spans over the implantation of the first rotation in 2022, up to the end of the emissions from the last MDF disposal in 2290, 267 years in total. The manufacturing processes were considered to occur in the year of biomass harvesting. The time step for the inventory calculation was set to 1 year, regarded as sufficiently fine for climate change impact calculation.

Two perspectives were adopted for the dynamic modeling, here referred to 'consequential' and 'attributional', despite not fully embracing all features attributed to these two types of modeling approaches (Brandao et al., 2017;[START_REF] Schaubroeck | Attributional & consequential life cycle assessment: Definitions, conceptual characteristics and modelling restrictions[END_REF]. These two perspectives imply two main differences. One is the system boundary, as illustrated in Fig. 3 for the consequential perspective and Fig. 5 for the attributional perspective. Both perspectives compare the black locust system to a reference situation. In the consequential perspective, the system expansion reactions (associated with both the products generated in the BL system and the consequences of the foregone use of CV-land) are placed in the BL system (or here BLc). Even the foregone use of CV-land as CV-land itself (emissions associated with growing ryegrass, rapeseed, and heather) could have been placed in this system for an entirely relative perspective, but was left as a reference (here REFc) for comparison purposes. Two realities are compared in what is here referred to as "attributional perspective". In one (BLa), black locust is grown on CV-land and used to produce heat, CLT, MDF (the latter two being in use for a number of years and disposed of at their end-of-life, the same way as in the BLc system), while vegetable oil is supplied by palm oil and feed by marginal feed ingredients. In the other system (REFa), CV-land is used as CV-land, but to make it equivalent, the alternatives to products generated in the BLa system (heat, bricks, plastic boards) are considered here. Strictly speaking, these two system boundaries are equivalent (and would typically be both labelled as "consequential"). The major difference between the two perspectives lies in the type of background data being used. The consequential perspective considered marginal data, e.g., those foreseen to react to a demand change in the long-term (concretely translating in the use of the so-called consequential processes), while the attributional perspective used average background data (cut-off processes). Moreover, for the foreground data requiring heat and electricity, the attributional perspective considered the absolute predictions made for France for different periods (2020-2030, 2030-2040, 2040-2050) 

Sensitivity and uncertainty analysis

Sensitivity analysis

In CLT disposal, the recycling rate is quite uncertain, and depends upon the country where it will be used (and disposed of). Since Europe is the largest current and future CLT consumer according to recent predictions, this study adopted a 45% recycling rate based on the European situation (Global Market Insights, 2021;[START_REF] Sahoo | Life cycle assessment of forest-based products: A review[END_REF]Stora Enso, 2020). Yet, as this study covers a time period running until 2290, a higher recycling rate, e.g., 100%, is assumed from the year 2108 as a sensitivity analysis. Similarly, light-clay bricks and polyvinyl-chloride boards have been considered as fixed displaced products of CLT and MDF. As a sensitivity analysis, concrete and plasterboard are considered as avoided products of CLT and MDF, respectively, on the basis of previous studies [START_REF] Brander | Comparative analysis of attributional corporate greenhouse gas accounting, consequential life cycle assessment, and project/policy level accounting: A bioenergy case study[END_REF]Liu et al., 2016). For MDF, an additional variant was taken into account by considering petrochemical polypropylene (PP) as the replaced product.

Uncertainty analysis

The uncertainty analysis was conducted according to the method proposed by Bisinella et al. [START_REF] Bisinella | Importance of waste composition for Life Cycle Assessment of waste management solutions[END_REF](Bisinella et al., , 2016)). The parameters contributing the most to the impact results were identified in the contribution analysis (as described in section 2.5.3). Then, a one-at-the-time perturbation analysis was performed to evaluate how 10% of each parameter's variation affects the impact of normalization results. The parameters have been assigned a probability distribution (triangular or normal), allowing each impact category to calculate the uncertainty due to each parameter and the parameter's contribution to the overall uncertainty. The calculated coefficient of variation represents the overall uncertainty of a given impact. The stepwise application of this method and result is described in section 5.1 of the supplement information III. 

Black locust growth and decay

Based on simulated height and diameter (supplement information III, fig. s5), the biomass amount on 1 ha CV-land is shown in Fig. V-6a, in different parts of black locust. During each thinning operation (year 10 th and 20 th ), half of the tree (in terms of dry matter, DM) is logged, in year 10 th and 20 th , producing 26 and 110 t of woody DM respectively, being further chipped to produce MDF. The final harvesting at year 35 produces 368 t DM of the stem used to produce CLT, and 136 t DM of branches used for MDF. Based on the different turn-over rate simulated by C-tool, 10% and 27% of the DM in above-and belowground wood residues is still undegraded after 35 years. This falls to 1.5% and 2.8% after 100 years of decomposition.

SOC simulation results

The simulation results with C-TOOL (Fig. V-6b) show that SOC increased at the end of the rotation with black locust while slightly decreasing with the initial vegetation. The black locust induces a SOC increase periodically with each rotation, by 92.04 Mg ha -1 at the end of the third rotation (the year 2126), and mainly during the first rotation with 73.65 Mg ha -1 . The SOC increase rate declines sharply for the subsequent rotations, being only 15.54 and 2.84 Mg ha -1 for the second and third rotation respectively, since the SOC gradually reaches saturation in soils [START_REF] Petersen | An approach to include soil carbon changes in life cycle assessments[END_REF]. Existing organic matter is more mineralized than humified by soil microbes, thus SOC declines are observed following every biomass removal event (harvest, thinning). Unlike the black locust system, the SOC in the initial vegetation system decreased from 42.35 to 40.68 Mg ha -1 during the cultivation. The main difference between black locust and initial vegetation is the C input. According to the literature data for vegetation yield and to the simulation results for black locust growth, the aboveground C inputs from initial vegetation is higher than that from black locust aerial biomass (foliage, seeds and pods) (1.27 and 0.91 t ha -1 year -1 respectively). The higher C input means more amount of C is humified; as a result, the SOC of the initial vegetation is higher than black locust until the year 2031. But at years 10, 20, and 35 of the rotation, there are extra C inputs from logged stems, especially from the belowground root part (4.65, 19.23, 65.24 t ha -1 from the first-, second thinning, and harvesting respectively), making the SOC of the black locust system being higher than the one of the initial vegetation. Meanwhile, compared to the initial vegetation residues, the gradual decomposition of black locust residues keep the C in the soils for a longer time, leading to the SOC of black locust exceeding the SOC of the initial vegetation system by the year 2041 (second thinning).

Considering the 105 years studied herein, an annual SOC increase of 0.71 Mg ha -1 is observed for the black locust system, corresponding to an increase rate of 16 ‰ per year, which can be compared to the 4‰ target reported by Minasny et al. (2017) to offset the global annual GHG emissions. Looking at each rotation in isolation, this yearly increase rate is 50‰ during the first rotation and 30.09‰ during the second, indicating that short-term cultivation might be more efficient. [START_REF] Ciccarese | Short rotation forestry and methods for carbon accounting. A case study of black locust (Robinia pseudoacacia L.) plantation in central Italy[END_REF] simulated one rotation of black locust with the Yasso model, and observed an annual SOC increase of 0.11 Mg ha -1 year -1 , which is half of our result (0.22 Mg ha -1 year -1 for the first rotation). [START_REF] Wang | Carbon sequestration of mature black locust standson the loess plateau, China[END_REF] reported, based on field measurements, an average annual SOC increase of 0.93 Mg ha -1 (over 25 years). They measured this increase to 2.2 Mg ha -1 annually from year 5-10 but only 0.29 Mg ha -1 from year 10-25. Both studies also highlighted the contribution of dead wood incorporated in soils.

It should be noticed that the high SOC at the end of harvesting does not last for a long time. Fig. s2 (supplement information III) shows that following stem harvest, the SOC decreases gradually since there is no extra C input anymore. After 51 years (2177), all increased SOC due to the black locust cultivation is lost, the SOC stock being equivalent to the initial level in 2022. In addition, the average annual SOC change of both black locust and the initial vegetation was used in building the inventory of scenario BLc and REFc for static LCA.

Environmental impact results from the static LCA

The LCA results are shown in Fig. V-7 (climate impact; global warming potential for a 100-y time horizon, GWP100) & Fig. 8 (all other impacts); the negative contributions represent avoided processes or emissions while positive contributions represent the processed induced by implementing the studied scenario. The difference between these represents the net impact of a given category and scenario. Results are expressed per functional unit.

Climate change

Both scenarios lead to a negative characterization impact (hence climate mitigation), but in different magnitudes: 2202 t CO2-eq mitigated for scenario BLc against 51 t CO2-eq for scenario REFc (Fig. V-7).

In scenario BLc, the tree cultivation and the avoided plastic boards determine the net negative score, respectively contributing with -1283 and -2509 t CO2-eq. The avoided plastic board category is an aggregation of several activities. About 61% of the impact is due to petrochemical plastic manufacture, while 24% stems from incineration at the end-of-life (supplement information III, fig. s6). The negative score of tree cultivation reflects the net 1305 t CO2 captured by black locust in one rotation, offsetting the (positive) GHG emission due to the iLUC in the same process (21 t CO2-eq).

The main processes with positive contributions are biomass harvesting and MDF disposal. The GHG emissions included in the harvesting process mainly (e.g., 93% of it) refer to the decomposition of residues composed of crushed stumps and roots. Here, CO2 and CH4 are respectively responsible for 68% and 26% of the CO2-eq of this process. Besides the direct production of the MDF from biomass, 45% of CLT is recycled to produce MDF at the end of life, thus the disposal of MDF plays a role that is more critical than the one of CLT disposal (554 versus 139 t CO2-eq respectively). Another critical process with positive impacts is resinating in MDF manufacture, emitting 129 t CO2-eq because of the petrochemical resin used as an additive.

For scenario REFc (Fig. V-7b), natural grasslands and woody moorlands are shown as net contributors to the climate change impact. This reflects the emissions of CH4 and N2O due to the on-site decomposition of residues, and the fact that the GWP100 of these substances is respectively 34 and 298 times the one of CO2. Intensive grasslands and rapeseed lands contribute to the total negative score with 68% and 32% respectively, reflecting the importance of avoiding palm oil and animal feed. However, these scores are less important than that in the scenario BLc because the palm oil and animal feed avoided come from plants that are no longer cultivated, and therefore, there is no more C absorbed in those plants. Based on the results in section 3.2, planting black locust increases, over the course of one rotation, the CV-lands SOC by an amount equivalent to 112 t CO2-eq, while maintaining the initial vegetation leads to SOC decreases corresponding to 2 t CO2-eq. Compared to the net results of the two scenarios, the effect of the C change in soils is relatively small, representing 5% and 4% of the net scores in scenario BLc and REFc respectively. Processes with contributions lower than 1% of the total impact (in absolute) were attributed to categories others (+) or (-) (e.g., process A has a contribution of 1 and process B of -1, then the contribution of process A is 1/(abs(1)+abs(-1))=50%).

Other environmental impacts

All impact results except climate change of scenario BLc and REFc are presented in Fig. V-8. Among fifteen impacts, scenario BLc shows four positive net impacts, while scenario REFc is positive in twelve impacts. Comparing scenario BLc to REFc, cultivating black locust instead of the initial vegetation benefits all environmental impacts except ionizing radiation, freshwater eutrophication, and land use.

In scenario BL, replacing conventional products is crucial, similar to climate change. The main negative contributor is the avoided raw materials production, especially due to the suspension polymerization operation in the plastic board production (supplement information III, fig. s6). However, the avoided use of plastic boards is not consistently scored in negative values. With their incineration at the end of life, heat and electricity are generated, inducing marginal heat and electricity production to compensate in the bio-based system. Hence, avoiding the disposal of plastic boards generates burdens in ionizing radiation, freshwater eutrophication, and land use, representing 13%, 81%, and 46% of the positive scores, respectively, because of the electricity produced from nuclear, plastic boards incineration, and induced heat from biomass. Because of this, BLc's net scores are positive in ionizing radiation and freshwater eutrophication. The replacement of brick brings fewer environmental benefits than the replacement of plastic boards. Most benefits come from the avoided straw (added for accelerating drying and improving the mechanical stability, less prone to breakage and more durable in time [START_REF] Snoeck | From straw in bricks to modern use of microfibers in cementitious composites for improved autogenous healing -A review[END_REF]) and energy use (heat in manufacturing and diesel in transportation). Similarly, the avoided energy consumption could be harmful to ionizing radiation. The heat generated in combined heat and power (CHP) plants would generate electricity at the same time, while the avoided bricks lower the heat demand, extra electricity needs to be generated, and electricity from nuclear would emit C-14 and radon-222, which explains 57% positive scores together. Unlike plastic boards, landfilling is more common for bricks at the end-of-life, which has few emission, hence the influence of brick disposal is not as important as that of plastic boards. Besides avoided products, the avoided energy by the energy recovered from CLT and MDF incineration also benefits the environment, especially in non-cancer human health and land use, together composing 31% and 70% of negative scores.

In the scenario BLc, positive scores in LCA mainly come from agricultural management and products manufacturing. Since there is no fertilizer and pesticide use, the influence of black locust cultivation is negligible except in land use. For scenario REFc, the land use score is lower than scenario BL, because rapeseed and silage ryegrass avoid palm oil and animal feed, further reducing the land needs to grow these. The major agricultural management activities are tree logging processes (first-and second thinning, harvesting). The diesel used in machines for logging and skidding trees to open-dry is the primary impact contribution source. The advantage of incinerating bark is similar to the CLT and MDF disposal, as a reasonable consequence of recovering heat. However, if the wood ash is left on the ground after incineration, the zinc contained in the ash would cause 36% of the total positive scores in noncancer human health. Concerning products manufacturing, CLT is less environmentally intensive than MDF because of the urea-formaldehyde (UF) resin additive in resinating and the energy demand in matting and steaming. The production of UF resin brings 38% and 46% of the positive scores in ozone depletion and mineral resources use, respectively. Opposite to the reason why avoiding the heat generated in incineration would damage ionizing radiation, here using heat in matting is beneficial (42% of negative scores). On the other hand, this heat consumption leads to 18% positive ozone depletion scores.

Fig. V-8

Characterized LCA results for BLc (left bar) and REFc (right bar) scenarios for all impact categories of the EF method, with the exception of climate change.

Dynamic LCA results

Dynamic LCA in consequential modelling

Since the consequential approach aims to evaluate the consequence of converting scenario REFc to BLc, the results for the two scenarios are compared in Fig. V-9. In the result analysis, distinction is made between the GHG (and related GMTC) stemming from the biomass (growth, decay, utilization, and end of life), noted as "bio", and the other GHG coming from anthropogenic processes referenced as "nonbio". The GMTC indicator has the property of additivity, thus the 'total' GMTC means the sum of GMTC from bio and non-bio contributors.

Concerning the REFc scenario, the GMTC (Total REFc) is positive during the cultivation period except the first five years due to the avoided products. During the cultivation, 76% of captured C is released in a short time from the residue decomposition. Moreover, the part of residues decomposed anaerobically emits CH4 for 3% of the total C emission, in the first ten years (2022-2031); the CH4 contribution in bio GMTC represents up to 25%, but decreases because of the short lifespan of CH4 in the atmosphere [START_REF] Masson-Delmotte | IPCC, 2021: Climate Change 2021-the Physical Science basis[END_REF]. For the same reason, the CH4 burden decreases sharply beyound the cultivation period, leading to the decrease of bio GMTC. Meanwhile, non-bio GMTC continuously decreases till the end of feedstock manufacturing, mainly because of the avoided CO2 emission from the replaced feedstock by ryegrass. The short lifespan of biogenic CH4 and the relatively long-term CO2 emissions from non-bio sources lead the non-bio GHG to dominate the trend of scenario REFc after the year 2150. Concerning BLc scenario, in the first years of cultivation, the C captured is low and SOC mineralization is relatively high (Fig. V-6b), making the bio GMTC positive (Fig. V-9, Bio BLc). Along with black locust growth, the C capture and increased SOC lead the bio GMTC to be negative, and hence the scenario BL turns to negative GMTC in the year 2028 (Fig. V-9, Total BLc). The GMTC due to CH4 emission represents a maximum of 9%, CO2 being the most contributor to overall results. The increase of bio GMTC (Bio BLc) after the last rotation is explained by the stop of C capture, and the bio GHG emissions from the end of life incineration of MDF and CLT (the stored biogenic C is released back to the atmosphere).

The GMTC of non-bio sources (Non-bio BLc) is positive at the beginning, due to the emissions from tree plantation and iLUC. After the second thinning (the year 2041), non-bio GMTC becomes negative and more and more important due to the plastic boards and bricks replacement by the bio-based products (MDF and CLT), involving manufacturing, use, and end-of-life processes. The biggest contributor is the avoided CO2 emission from the plastic board life cycle. The avoided plastic boards are counted at the time when MDF is produced, namely during first and second thinning and harvesting (the year 2032/2067/2102, 2042/2077/2112, 2057/2092/2127, 2108/2142/2178 respectively). The sharp decrease around 2057 is due to more plastic boards being avoided by more MDF being produced at the final harvest.

The non-bio GHG flows strongly determine the BL scenario result (Total BLc) after 2049 and finally, the net GMTC shows that replacing the scenario REFc by BLc can mitigate global warming. The mitigation effectiveness increases with the cultivation duration, and the negative peak on Net GMTC curve occurs several years later after the end of the cultivation, around 2135. The delay between the end of the cultivation and the GMTC peak is due to the thermal inertia of various environmental compartments (Shimako et al., 2016).

Dynamic LCA in attributional modeling

The GMTC results for the attributional (with average background processes) and system expansion modeling are presented in Fig. V-10, for REFa (top) and BLc (bottom) scenarios. The impact of each system is referenced as 'net' REFa and BLc, obtained by the aggregation of all system's contributors. In this modeling approach, only the CO2 capture processes result in negative GMTC, all other processes generate impacts, hence positive GMTC.

In REFa system, the bio REFa is the same as the bio REFc in 3.4.1 (it involves no background processes), and will not be detailed anymore. Non-bio GMTC remains at a higher level for long term due to the accumulation of CO2 (long lived gas) emitted during the whole time span. In the first decades, the impacts of agricultural management and later activities (Non-bio REFa), involving oil mill operation and ryegrass silage, are negligible compared to the GMTC from biogenic GHG flows. In REFa system, the biggest contributor is the plastic board (production, use, and end-of-life incineration), dominating the net REFa after 2043. CO2 and CH4, emitted as pulse in the year of MDF manufacture and disposal, are the primary contributors to GMTC., while conventional brick and heat production contribute little to the net GMTC result. The REFa system, despite slightly negative net GMTC during the first years, is definitely inadequate for global warming mitigation.

The net GMTC of the BLa system presents zones with negative GMTC. The bio contributor of BL scenario is the same as in consequential modeling and was analyzed in section 3.4.1. The non-bio GHG emissions stem from iLUC, wood logging operation, MDF&CLT production, disposal processes, and all related background processes, and always lead to positive GMTC. The GMTC from non-biogenic sources increases continuously, with sharp slopes when impulse emissions occur from these processes. At the end of anthropogenic activities, non-bio GMTC decreases slowly due to the CO2 accumulated during the activity period. Because the CO2 capture vanishes with the harvesting of woods, the net GMTC increases and becomes positive in 2072, then decreases sharply with the tree growth during the second rotation. Following the same trend, after the second rotation, the GMTC becomes positive for a while and continues to increase due to the non-bio contributors and additional processes. Concerning the additional products, feedstock affects the GMTC more than palm oil, CO2 emission during the agricultural management being the major contributor. 

Sensitivity analysis

Since the production and disposal of plasterboards and PP boards are less impacting than PVC boards, replacing plasterboards and PP boards instead of PVC boards would bring less environmental benefits, resulting in a negative percentage in most impacts ( resources is the most sensitive impact among them. In climate change, replacing plasterboards is more sensitive than replacing PP boards, since the plasterboard production is the least GHG intensive (especially for fossil CO2). Interestingly, for impacts that the scenario BLc was worse than scenario REFc, plasterboards and PP boards would lead to better results in land use and freshwater eutrophication. At the end-of-life, the open burning of PP boards would emit a high amount of vanadium to soils, bringing more profits in ecotoxicity freshwater when it is avoided.

If CLT replaces concrete bricks rather than clay bricks, the ranking in most environmental impacts does not vary considerably except in ionizing radiation. Compared to clay bricks, concrete bricks demand less heat but more electricity. When CLT substitutes concrete bricks, this higher electricity consumption is avoided, leading to lesser C-14 and randon-222 emissions (from nuclear electricity).

When CLT is 100% recycled, more MDF are produced from recycled CLT, hence more plastic boards are avoided, this scenario performs better in most impacts, except in freshwater eutrophication (from avoided plastic board incineration) and mineral resources use (higher metal demand, e.g., cadmium and lead, for UF resin used in MDF manufacturing). Avoiding more plastic boards cannot compensate for this disadvantage. Among the four sensitivity scenarios, recycling 100% CLT could provide more benefits in most environmental impacts. Future studies could investigate the design of the recycling approach, the different approaches could cause more than double the difference in CO2-eq [START_REF] Cascione | Integration of life cycle assessments (LCA) in circular bio-based wall panel design[END_REF]. 

Uncertainty analysis

The contribution analysis and sensitivity analysis identified ten parameters in total that play key roles in environmental impacts (supplement information III, table s26). Based on their representative of the In general, the uncertainty of all impacts for BLc is lower than 10% except for mineral resource use (12%) (supplement information III, table s27). Compared to BLc, the uncertainty of REFc is relatively higher, the freshwater eutrophication is the most uncertain impact (27%), due to the variance of the quantity of maize in the avoided feed (representative: 78%) (supplement information III, table s28).

Considering the ranges of impact scores could vary based on the analyzed results, the orders of the two scenarios observed in There are significant differences between BLc and REFc in the sixteen environmental impacts, planting black locust on CV-lands is beneficial for thirteen environmental impacts. 

Overall implications, limitations and perspectives

The time horizon scrutinized herein encompasses this century, having in mind the climate goals of neutrality by 2050 and keeping the global mean temperature increase below 2°C. In the last report (IPCC, 2022), the IPCC stresses the importance of "near-term actions that limit global warming to close to 1.5°C would substantially reduce projected losses and damages related to climate change", near-term being 2021-2040, while mid-term and long-term refer to 2041-2060 and 2081-2100 respectively.

The average annual SOC increase in black locust cultivation is 0.72 Mg ha -1 higher than that of initial vegetation. Furthermore, the SOC level after three rotations (circa 134 Mg ha -1 ) is higher than the average SOC in French lands covered by grass or forest(81-85 Mg t ha -1 , Pellerin et al., 2021). SOC deserves more attention and experimental investigation in order to validate/fit the simulation results.

Gathering the simulation results for the SOC, biomass growth, decay, and amount of products, allows calculating the total C stock and comparing it to the C captured during the whole period (Fig. V-12), the difference between the two being the biogenic C released into the atmosphere. The C stock in products is higher than in soil. The net stock also represents the negative emissions that the BL scenario could induce (81%, 39%, 15% of total captured C, in the year 2050, 2100, 2290 respectively. Supplement information III, fig. s11).

Annualizing the CO2 absorption to compare with annual grass, black locust could capture twice than the initial vegetation, similar to a vigorous energy grass (Hamelin et al., 2012). Compared to 14 wood species cultivated in France (Albers et al., 2019a), black locust could fix more C than the average of these species over the same period while attaining maturity well before the average maturity time of about 80 years. In the value chain proposed, bio-based products can replace fossil-based products with problematic environmental footprint at the level of their manufacturing and, significantly, of their end-of-life management.

The static LCA highlighted that replacing the initial vegetation with the black locust value chain is beneficial for the environment in 13 of 16 environmental impacts, mainly due to the fossil-based replacement. The use of resins/plastics in both bio-based and fossil-based products is critical in many impacts as figured out by LCA and confirmed by other studies (e.g., [START_REF] Nakano | Life cycle assessment of wood-based boards produced in Japan and impact of formaldehyde emissions during the use stage[END_REF], Silva et al., 2013, etc.), therefore less or no resin additive is matter of investigation (Kouchaki-Penchah et al., 2016;[START_REF] Puettmann | Cradle to Gate Life Cycle Assessment of North American Cellulosic Fiberboard Production[END_REF]. The high environmental impacts of plastic production could be mitigated by other choices for the board material, as highlighted by the sensitivity analysis. Further, with the development of plastic recycling and replacement, lesser GHG emissions could be expected from production and incineration (Deng, 2014;Schwarz et al., 2021;[START_REF] Ye | Life cycle assessment of polyvinyl chloride production and its recyclability in China[END_REF].

All conducted LCA modeling approaches indicate that black locust is better than the initial situation, either by measuring the consequence of this replacement as negative kg CO2-eq and negative net GMTC, or by measuring/comparing the actual impact. BLa scenario could be a negative emission strategy in the near-and mid-term (2030-2063) when net GMTC is negative. It is certainly a mitigation solution from 2026-2029, when the net GMTC is lower than that of REFa system but still positive (Fig. 10). The BL scenario alone satisfies the neutrality in this century ( 2027), but its implementation requires producing feedstock and oil elsewhere, hence attention must be paid to the net GMTC of the whole BLa system. Its increase in the second half of the century could be mitigated with appropriate solutions at the level of all manufacturing and end-of-life technologies, i.e. less fossil-based background processes and promoting wood material recycling instead of incineration. If the systems are scaled-up to the whole CV-lands in France, the REFa system increases the global mean temperature with 0.0020°C and 0.0056 °C by 2050 and 2100. BLa system decreases the temperature with 0.0006°C in the mid-term, but increases it by 2100 with 0.0002°C, with a peak in between which must be mitigated. Of course, these values are only orders of magnitude, to be relativized to the feasibility of using the whole CV-land potential.

Conclusion

This study investigated the relevance of using black locust as biopump to contribute to global warming mitigation following the CSAAP concept. A value chain was proposed from tree planting on CV-lands in France, to bio-based products manufacturing, use, and end-of-life, as an alternative to leaving the CVlands as they are presently. This system runs from the first year of cultivation to the end of life of products, encompassing three rotations (in total 267 years).

Simulation results of biomass growth, decay, and SOC changes showed, throughout three rotations, that black locust induces more C stock in soils (considered as negative emission) and in the harvestable biomass (wood) than the initial vegetation, for an annual average SOC increase of 16‰.

Replacing the initial state with the black locust value chain could mitigate global warming and is beneficial to the environment for 13 of the 16 impact categories evaluated through consequential LCA. Hence, improving climate change impact does not worsen the other environmental issues.

Considering the climate goals, black locust value chain implementation results in climate cooling effect by net negative emissions, in the near and mid-term, but with a GMTC overshot in the second half of the century, which must be mitigated. Therefore, this study highlighted the importance of emissions stemmed from manufacturing and end-of-life (all background processes), which offset the benefit of C capture, and the need to act on every component of the system to achieve the goal of neutrality.

Context

Based on the conclusion in chapter III, the biopump strategy could simultaneously contribute to stock carbon in arable lands and anthropogenic products (CSAAP). A list of potential biopumps suitable for growing in French carbon vulnerable lands (CV-lands), was recommended and ranked in chapter III.

Case studies were developed in chapters IV and V for hemp and black locust respectively, as these two plants ranked at the top of herbaceous and woody biopump recommendations. This chapter presents a comparison of the two systems: hemp and black locust, based on the results obtained in the previous chapters and their adaptation for this comparison. Although both chapters IV and V used the same methodology, based on SOC calculation, on life cycle assessment of the biopump system, and the dynamic climate change evaluation, the framework of these two cases are slightly different due to the particularities of the plants, for example, different rotations lead to different time scales.

To summarize, the scenarios studied are:

1) scenario SL: cultivating hemp but only seeds are harvested, same process diagram as the scenario SL in chapter IV;

2) scenario IB: cultivating hemp, harvesting both seeds and straw, the harvested straw is converted into thermal insulation boards and hemp-cement as co-product, same process diagram as the scenario IB in chapter IV;

3) scenario CP: cultivating hemp, harvesting both seeds and straw, the harvested straw is produced to be car panels and hemp-cement as co-product, same process diagram as the scenario CP in chapter IV; 4) scenario BL: cultivating black locust, the logged woody is manufactured as medium density fiberboards and cross-laminated timbers. Because the benefits of planting black locust in CV-lands have been confirmed in chapter V, and chapter VI aims to compare hemp and black locust, the initial vegetation system was merged with the black locust system as a negative input. The cultivation, manufacturing, and product disposal processes are the same as in scenario BL in chapter V.

As discussed in chapters IV and V, the biopump provides two functions in climate change abatement: negative emission (in soils and technosphere) and mitigation effect (by replacing the production and use of petrochemical products). This chapter focuses on these two functions for the four scenarios, in both static and dynamic ways. The trade-off for the other sixteen environmental impacts was also discussed, with corresponding uncertainties.

Introduction

The concept of using biopump to store carbon (C) in both arable lands and anthropogenic products (CSAAP) for global warming mitigation is proposed in chapter III. Based on the evaluation of potential biopump for French on carbon vulnerable lands (CV-lands), chapters IV and V present climate change and other environmental impacts for hemp and black locust scenarios, respectively. The function of global warming mitigation is attributed to GHG reduction and to CO2 negative emissions, which include soils and technosphere as two C pools. The global mean temperature change (GMTC) affected by different biopump strategies was estimated on different scales. Thus, this chapter aims to harmonize the obtained results in the same framework, analyzing the pros and cons of hemp and black locust.

Methods

To compare the performance of annual and perennial biopumps (represented by hemp and black locust, respectively), the results from chapters IV and V were harmonized into the same framework, following the route: soil organic carbon (SOC) simulation--> static LCA--> dynamic LCA, with proper uncertainty analysis.

SOC simulation

Because black locust has a lifespan of 35 years, the SOC simulation span is 105 years. To match the lifespan of black locust, the hemp cultivation, as well as the initial vegetation timespan, was set as 105 years too.

Different SOC simulation models were used for hemp and black locust, i.e., AMG and C-tool respectively. The AMG model was used because it was specially calibrated for the France conditions, and focuses on annual plants. Black locust needs various C inputs every year following the various growth rate. Though C-tool is not specially calibrated for France (but for Europe), it could handle these various inputs, and its reliability has been proven and admitted by many applications (Hansen et al., 2020;Keel et al., 2017;[START_REF] Taghizadeh-Toosi | Filling gaps in models simulating carbon storage in agricultural soils: the role of cereal stubbles[END_REF]. Herein, to harmonize the result in the same framework, the SOC evolution of CV-lands under hemp growth was simulated by C-tool, while that of black locust and initial vegetation were obtained from chapter V (C-tool).

There are two cases for hemp, one is only harvesting seeds thus straw is left on the ground, and the other is harvesting both seeds and straw. Carbon inputs for SOC simulation with C-tool are listed in Table VI-1, while the input data for black locust and initial vegetation are available in supplement information III, table s2& s19 of chapter V. Other inputs include soil characteristics and meteorological data which are the same for hemp, black locust, and initial vegetation since they grow in the same area, the French CV-land identified in chapter III. Again, soil data were extracted from the same database where CV-lands were defined, the Harmonized World Soil Database (v1.2; FAO, 2021) (Nachtergaele et al., 2012) (supplement information III, table s1). A variable parameter is N content in soils. In chapter IV, three C/N ratios have been tested (11,17,[START_REF] Xiao | Dendroecological Assessment of Korshinsk Peashrub (Caragana Korshinskii Kom.) from the Perspective of Interactions among Growth, Climate, and Topography in the Western Loess Plateau, China[END_REF] and the second (17) was used in simulations. Here, in order to use homogenous conditions for all scenarios, the C/N ratio was set as 11 based on the literature on the France condition since this parameter is not available in the database (Clivot et al., 2019;Launay et al., 2021). Future monthly meteorological data were averaged for France and predicted from 2020-2100, by SICLIMA(DRIAS CERFACS, IPSL, last updated May 2013), for the RCP4.5 climate trajectory (Representative Concentration Pathway (Chen et al., 2021)), downscaled by the model CNRM-CERFACS-CM5/CNRM-ALADIN63. These projections were not available beyond 2100. For the period after 2100, average temperatures from the last decade (i.e., from 2091 to 2100) were thus used (chapter IV, supplement information II, fig. s1, chapter V, supplement information III, fig. s1). The rate constant of the decomposition of hemp in the C-Tool is set as 0.12 month -1 (or 1.44 year -1 ) as default, since hemp is a herbaceous plant (Hamelin et al., 2012). The decomposition constant of black locust aerial biomass (foliage+seeds+pods) and the initial vegetation residues were 0.12 month -1 too, but for above-and belowground wood residue, it was set as 0.008 month -1 and 0.003 month -1 respectively due to the different rates as stated in chapter V (section 2.4).

Life cycle assessment (LCA)

In order to homogenize the LCA results analysis, the functional unit was adapted to match all studied scenarios as 'biopump cultivation on 1 ha of CV-land for 35 years, use and end of life of the bio-based products'. The time corresponds to one rotation of black locust, and 35 rotations of hemp.

Similar to chapter IV, hemp is objected to producing insulation boards (IB) and car panels (CP) when the straw is harvested, while just hemp oil if the straw is left and only seeds are harvested (SL), referring to scenario IB, CP, and SL respectively. The black locust is used to produce two main products, i.e., medium density fiberboards and cross-laminated timber, named scenario BL. The process diagrams of hemp (scenario SL, IB, and CP) and black locust (scenario BL) are the same as in chapters IV and V respectively, they were not shown here to avoid repetition. Since this LCA study aims to compare the environmental consequences of using hemp and black locust, the initial vegetation scenario is considered a negative input. The inventory of initial vegetation and scenario BL is the same as the inventory calculated in chapter V (supplement information III, table s3-s13), while the inventory of hemp case (scenario SL, IB, and CP) was modified in order to match the longer cultivation time in the functional unit (chapter IV, supplement information II, table s3-s14).

The LCA framework follows the ISO standard (International Organization for [START_REF] Standardization | Environmental management: life cycle assessment; Principles and Framework[END_REF]International Standard Organization, 1997), and is conducted through the SimaPro software, version 9.1.1. Foreground data were collected from the literature and shown in the inventory tables, and the background data came from the Ecoievent consequential modeling (ecoinvent, 2020). The assessment method is the Environmental Footprint v2.0 based on the European Commission Recommendation (Fazio et al., 2018). The LCA result of scenario BL was taken from chapter V, while for scenario SL, IB, and CP, LCA was conducted according to the new functional unit and expanded inventory.

Dynamic LCA

The comparison of the annual and perennial biopumps on CV-lands also includes the performance of different scenarios on GMTC. Because the temporal boundaries in chapters IV and V are not the same, the time boundary for scenarios SL, IB, CP, and BL was harmonized to begin in the year 2022 and end in the year 2290, i.e., 269 years in total. Fig. VI-1 shows the essential points in the studied time axis. All the methods and assumptions in chapters IV and V were adopted here also.

Uncertainty analysis

The uncertainty analysis of scenarios SL, IB, CP, and BL follows the global sensitivity analysis based on (Bisinella et al., 2016). For scenarios SL, IB, CP, the functional unit is extended from 1 year to 35 years, the inventory was generically expanded accordingly (e.g., N-fertilizer use for 1 year is 107 kg in chapter IV, then it is 3745 kg here). Since the uncertainty results are in percentage, and there is no significant change in the composition of processes, the uncertainty results in chapter IV are inherited.

For black locust, the functional unit is the same as in chapter V, but the initial vegetation aggregated as a negative input herein. Based on the LCA result in chapter V (Fig.

V-7& Fig. V-8
), the magnitude of black locust is much larger than the initial vegetation, thus the uncertainty results from chapter V are also regarded to fit this chapter.

Results and discussion

SOC simulation results

The following sets of simulations were performedresults are presented in Fig. VI-2.

-For hemp: AMG with C/N=17 (as in chapter IV) -For hemp: AMG with C/N=11 (as in chapter IV) -For all scenarios in this chapter: C-tool with C/N=11

The comparison between the SOC results obtained for hemp with both software shows differences (Table VI-2) which are explained here below. The simulation results of the case 'hemp, straw harvested' are close and show the same tendency, the differences observed with respect to the C-tool results are in the order of a maximum of 10%. At the end of simulation years, and for C/N=11, the difference between the two software results, with respect to Ctool results, represents 30% for straw left (Fig. VI-2). The difference in SOC stock could come from the different values of parameters used and simulation approaches (e.g., the consideration of bulk density) (Ledo et al., 2020), which determines the different levels of SOC even with the same input parameters in the software. This explains why when the straw is left on the field, both models show the SOC stabilize the value, but the limits differ significantly. The difference between AMG and C-TOOL shows the potential uncertainty induced by the choice of different SOC models.

The difference between AMG and C-TOOL results (in the same conditions, C/N=11) does not change the rank of the scenarios of interest, i.e., black locust, hemp straw left, initial vegetation, and hemp straw harvested (Fig. VI-2). Concerning the SOC evolution in the function of time, black locust curve presents peaks due to the pulse C inputs in soil from the dead wood during the first and second thinning and harvesting. At the beginning of the first rotation (2022-2031), the growth rate of black locust is low, there is few C inputs into the soil from the biomass, resulting in the decrease of SOC stock, under the level of hemp straw harvested and initial vegetation scenarios. With pulse wood input and a slower decay rate (chapter V, Fig. V-6a), the SOC stock increases rapidly in the year that logging happens, and decreases gradually after that. In the year 2031, after the first thinning, the SOC stock exceeds the SOC stock of hemp straw harvested and the initial vegetation. But the SOC decreases to lower than the initial vegetation after that, and would not exceed till the second thinning (the year 2041, exceed the SOC of hemp straw harvested at the same time). Therefore, when discussing the negative emission of SOC by cultivating biopumps, the studied time period (black locust) and agricultural management (straw left/harvested) should be mentioned.

One of the barriers to expanding the soil stock is SOC saturation. Even with massive C inputs, the soil could not contain infinite SOC, it has a saturation level that depends on soil chemical, physical, and biochemical conditions (Six et al., 2002). Because of the effect of SOC saturation, there is less SOC increase with the same quantity of C input. It is a common issue of considering the soil as a C sink to control global warming. It was estimated that the potential of SOC stock in global agricultural lands would reach saturation in 50-100 years (Stockmann et al., 2013). In hemp straw left and black locust cases, after 35 years (one black locust rotation), the SOC has increased by 79.31% and 80.03% of the total SOC augmentation. When a relatively close target (e.g., reaching climate neutrality in 2050) is considered, inducing C from the atmosphere into the soil through the biopump could be an efficient method. If a relatively long target is considered (e.g., limiting temperature increase by 2100), the C storage result is uncertain and even reversible (C emission). Another important issue is the duration of increased SOC, though the stable SOC could last for thousands years (Thomsen et al., 2008), a large portion of initial and high SOC is in the active pool, which would decrease in decades. For instance, fig. s2 in chapter V (supplement information III) shows the SOC stock goes back to the initial level in the 51 st year after the black locust cultivation. 

C flows

The atmospheric C captured by biopumps (named biogenic here) is further split into several flows (stocks and emissions) according to the processes in scenarios SL, IB, CP, and BL (Fig. respectively). These Sankey representations show the static repartition of the biogenic C as mass balance aver 35 years of cultivation. Hemp is an annual plant, thus the C captured is assumed to be the same every year, while the capture ability of black locust changes every year (Fig. VI-7). With the tree's growth, the annual C capture per tree increases and exceeds the C captured by hemp after seven years of cultivation.

In 35 years of cultivation, hemp could absorb 199.17 t C, while black locust could absorb 355.83t C, which is 1.8 times hemp. From Fig. VI-7, it could be found that aboveground biomass contains most part of the absorbed C, in both hemp and black locust. The share of C captured by belowground biomass of black locust is slightly higher than that of hemp, at around 26% and 16% respectively, since black locust shoot/root ratio is also higher than for hemp. The harvest index (HI) indicates, for the aboveground biomass, the ratio between harvested biomass and left as residues. The scenario SL has the least HI because only 8.127% of aboveground is harvested, while 82.04% in scenario IB and CP, and more than 99% for black locust (only the stump is left, its proportion varies among the first thinning, second thinning, and the harvesting; the lost during logging is no counted here). As the harvested biomass is transformed into products to replace petrochemical products, a higher HI contributes to both storing more biogenic C in the products (negative emission), and replacing more petrochemical products (mitigation). This is one of the reasons why the mitigation potential of scenario IB&CP is higher than that of scenario SL, and that of scenario BL is the highest.

In scenario SL (Fig. VI-3), 85.45% of captured C goes into the residues, and back to the atmosphere in a short time through the decomposition. 6.86% of C contained in the harvested part is used as oil and feed, but all this C would go back to the atmosphere through the loss in manufacturing and product consumption. Therefore, in scenario SL, only 7.7% of captured C is stocked in the form of SOC.

When straw is harvested and used downstream (Fig. , the residues are not the most prominent part, the most C is found in the straw. The biogenic C loss during manufacturing is not significant, but the biomass loss by disposal is. If a product is landfilled, then only part of C would be emitted back to the atmosphere (insulation board, car panel) or even no emission if there is assumed no decomposition (hemp concrete (Pretot et al., 2014)). The biogenic C that is not emitted in 100 years is considered as left in the technosphere as a C sink, therefore, 55.00% and 50.01% of captured C remain in scenarios IB and CP respectively. The C fraction remaining in technosphere in scenario IB is slightly higher than that in scenario CP because 1/3 of car panels are incinerated at the end of life.

In scenario BL (Fig. VI-6), the captured C is mostly contained in the harvested woody biomass (49.71%), then in the second thinned biomass (15.82%), in the foliage (8.95%), in the first thinned woody biomass (4.82%), and the least stored in the soil (20.7%). Besides the C lost during processing, C in the foliage and bark would go back to the atmosphere in a short time through decomposition and incineration respectively. For C in the woody residues, though it decays slowly, the residues are not regarded as a permanent C sink because the decomposition rates after 100 years are 98.56% and 97.25% (chapter V, Fig. V-6a) for above-and belowground residue respectively, and as a comparison, around 20% of biogenic C is decayed after 100 years landfilling (chapter section 2.3). Unlike hemp-based products, incineration is more common than landfilling for woody-based products at the end of life because of the recovered heat. As the biogenic C in the burned woody part is considered all emitted back to the atmosphere immediately, the C remaining fraction in scenario BL is 21.08% (stocked as SOC and tiny part stocked in the landfilling), which is much lower than scenario IB and CP but higher than scenario SL since the SOC due to the higher SOC stock.

We compare the studied scenarios with similar climate change mitigation methods, for example, those of Bastin et al. These authors estimated there are 900 million ha of lands suitable in the world for afforestation and reforestation, which could store 42 Gt C in total (Bastin et al., 2019, with the revised figure from (Veldman et al., 2019)). This amount of C storage requires 2744, 383, 422, and 560 million ha lands under the scenarios SL, IB, CP, and BL, respectively. One concludes that IB, CP, and BL scenarios are the most efficient for inducing negative emissions.

Consequential LCA results

The environmental impacts of scenarios SL, IB, CP, and BL are compared on the base of the normalized results in been done in the corresponding chapters. Although the inventory of hemp scenarios changed, the contribution of each process to environmental impacts remains similar.

Among sixteen environmental impacts in Fig.  scenario SL shows a positive value in seven impacts, scenarios IB and CP are positive in three, scenario BL is positive in three impacts. Scenario BL is positive in ionizing radiation and freshwater eutrophication, both relate to induced energy, compensating for the less energy generation because of the avoided plastic boards incineration.

All three hemp scenarios are positive in ecotoxicity freshwater, land use, and water scarcity due to the emission from the induced feed to compensate for the replacement of silage ryegrass. The induced feed brings the scores in the same size as scenario BL, while the negative scores from the avoided plastic boards cover the positive scores, leading to negative net values in ecotoxicity freshwater and water scarcity and a positive but smaller value in land use. Similarly, within three hemp scenarios, scenario IB&CP has more minor impacts in positive net value than scenario SL because of the higher mitigation effect from avoided conventional insulation boards and car panels. It could be noted that the mitigation effect of three hemp scenarios in ecotoxicity freshwater and water scarcity is far less than that of scenario BL, which could not offset the influence from the induced feed.

Concerning climate change, planting black locust is better than planting hemp on CV-lands. The BL scenario could mitigate about twice as much kg CO2-eq as the CP scenario, which also mitigates twice as much kg CO2-eq as the IB scenario. The net scores of scenario SL are even positive. Comparing the four scenarios in all impacts, scenario BL is better than the other three in eleven impacts (Fig. VI-8), while scenario CP is the best in the remaining five impacts (Fig. VI-9). The order of results is confirmed by the uncertainty analysis conducted in chapter IV and chapter V. Except in non-cancer human health and terrestrial eutrophication, where the ranking of CP and BL can not be concluded. Therefore, considering all environmental impacts, it is hard to judge which biopump is better since black locust performs better in around 2/3 impacts and hemp is better in the rest 1/3.

The mitigation effects that come from the replacement of petrochemical products substantially contribute to the impact scores, especially in scenarios CP and BL. For example, climate mitigation is 246% and 122% of the net value of climate change, in CP and BL respectively. From Fig. VI-10, it could be noticed that the mitigation has a good correlation with the impact scores. 

Dynamic LCA results

The negative emissions come from the captured C during photosynthesis, as biogenic C flows in the soil and technosphere, marked as 'bio' in Fig. We recall here that the bio flows are related to the actual flows from biopump life cycle, while the non-bio flows are the result of emissions from the manufacturing and avoided emissions from avoided processes.

The biogenic flow of the scenario SL is positive during the cultivation time because a considerable part of captured C is emitted back from residue decomposition, as also shown in Fig. VI-3. The methane emission from the residue decomposition plays a crucial role at the beginning due to its high effect on global warming, but its proportion decreases fast as the lifespan of methane in the air is short. Therefore, after the year 2225, the biogenic flow of the scenario SL becomes negative due to the end of emissions from cultivation, and to the persistent SOC as negative emission.

The biogenic flows of scenario IB and CP are similar since they have similar agricultural management (straw harvested), but slightly different because of the loss during the manufacturing and the ways of disposal. The biogenic flows of both scenarios IB and CP are constantly negative, indicating the negative emission in the two scenarios, as also shown in Fig. VI-4, Fig. VI-5. The insulation boards have a longer lifespan than car panels; this delayed emission leads to slightly lower GMTC for IB than for CP. On the other hand, the biogenic GMTC of BL waves along with the tree growth rate. This particular shape is explained by the thinning or harvesting operations which reduce the tree density and thus the amount of C captured, and the increased emissions from residues, periodically. Further, as most wood products are incinerated in the disposal phase, the C storage level is lower and GMTC increases, and becomes higher than GMTC of bio-IB and CP. Bio GMTC of CP and IB remains negative, constant and more negative than those of BL because of the hemp-cement products with a very long lifetime and no decomposition, representing a permanent C sink. Since there is consumption during the cultivation and product manufacture, the emission from that should cause positive GMTC results. However, in Fig. , the non-biogenic GMTC of all scenarios are negative except for the scenario SL, indicating the mitigation effect of non-biogenic flows. The nonbio GMTC of the scenario SL is positive, and corroborates the static LCA result (Fig. . For the other three scenarios, the GMTC performance of the non-biogenic flows fits the ranking observed for climate change in Fig. VI-10. The non-biogenic flow of the scenario BL also waves along with the black locust logging activities, but in the reverse direction than the biogenic flow, as the logged biomass is produced into wood products to avoid the use of conventional materials. As hemp is an annual plant, the biomass could be harvested every year. Then hemp-based products could provide climate mitigation rapidly, by replacing conventional materials. In contrast, the woody biomass can not be harvested until the first thinning (it is only harvested in the 20 and 35 years after plantation). Therefore, the non-biogenic flow in scenario BL is positive before 2042. Though the mitigation of scenario BL is the highest, it will not exceed those of IB and CP until the years 2044 and 2045, respectively. After this first period, IB, CP and BL scenarios show the same ranking of non-bio GMTC till the end of the time boundary, with the same ranking of climate mitigation. Combining the mitigation (non-biogenic flow) and negative emission (biogenic flow) together, Fig. VI-12 shows the total GMTC for the four scenarios. Though the negative emission of scenario BL is smaller than that of scenario IB and CP after the year 2108, due to the highest mitigation effect, scenario BL still contributes to the largest temperature reduction in general. At the very beginning, the negative emissions (bio GMTC) determine the GMTC of scenario BL since manufacturing of harvested biomass starts later. With the increasing C capture capacity of black locust, the negative emission leads the total GMTC to turn negative in the year 2027. It further exceeds (in negative) the scenario IB and CP in the year 2039 and 2042. Since scenarios IB and CP have a similar negative emission effect but CP has a larger mitigation effect, its total GMTC is more negative. The generic trends of the three scenarios are similar, they decrease fast during the cultivation phase since both negative emission and mitigation effects relate to the biomass. In contrast to the steady GMTC of scenario IB and CP, the GMTC of BL increases at the end of cultivation, because there is no more C capture, but more delayed residue emission. It further decreases a bit in the year 2178 as part of cross-laminated timber (produced from black locust roundwood) is recycled and replaces the production of conventional material. Opposite to the trend of the other three, the GMTC of scenario SL decreases after the cultivation is finished, determined by its negative emission.

Conclusions

In order to summarize the outcomes from the static and dynamic analyses (Fig. , the results for scenarios SL, IB, CP, and BL are gathered in the C storage rate in the dynamic analysis is higher, because some C loss (e.g., scraps during the manufacturing) is not regarded as C stock, thus is not counted in the C storage rate estimation in Sankey diagram, while in fact this part of biogenic C does not go back to the atmosphere immediately (treated as landfilled in the dynamic analysis). The SOC of scenario BL has a high increase at the end of cultivation because there is a pulse dead wood input in the soil. However, the SOC would gradually decrease with time later, along with the wood residue decomposition, causing the decrease of C stock. This is not considered in hemp scenarios, because the hemp residues were regarded to be decayed in one year, thus after cultivation, the influence of the hemp on soils stops.

Total SOC increase (with respect to the initial value in CV-land) for the 105 years of cultivation is the highest for scenario BL, followed by scenario SL. For scenario SL, besides the soil, there is practically no other carbon stock (see net C stock at different time horizons in Table . Other scenarios (IB and CP) would decrease the SOC since the straw is harvested. For hemp scenarios (SL, IB, and CP), SOC variation (either positive or negative) represents a very small fraction of the total C captured in the same period but is crucial in scenario BL.

Limitations: The SOC modeling is a challenging task, due to the simplified models implemented in the existent, used software. We are aware of these limitations and consider that our SOC results are rather orders of magnitude and show the tendencies of increasing or decreasing but not precise results. Moreover, the initial SOC for CV-lands was taken as an average value, and not specific to a given land.

To validate those results, experimental data are needed, which is out of the scope of this thesis.

However, the stock should be analyzed for the different time horizons, in a more realistic way, and in relation to the climate goals. The total C stock (SOC+ technosphere) is variable in time and will decrease in the long term tending towards zero. This total stock is the highest for BL in the long term and beyond, but the net stock decreases faster than that of IB and CP in the very long term. IB and CP stock represents about 60% of the CO2 captured in the case of hemp harvested and this stock lasts for longer than in scenario BL since it is the C in the products. According to the accounting principles in static LCA, the net C stock is practically limited to the SOC for BL scenario, there is hardly any C storage in the technosphere. The C stock for IB and CP scenarios comes from the hemp-concrete co-product with 100 years lifetime, and insulation boards and car panels, because the common disposal of these products is landfilling instead of incineration for wood products, preventing the massive C emission in a short time.

Limitation: This study does not analyze all possible bio-based products, nor their combinations or possible share of biomass in various products.

If the range is extrapolated to the whole CV-land in France (Shen et al., 2022), the C stock and GMTC of four scenarios are shown in Table VI-3. The annualized C stock capacity for scenario IB and CP is similar in the short-/ mid-term, while scenario BL is more efficient in the short-term. In the long-term, because there is no more C captured after three rotations, the stock capacity decreases in the order: IB≈CP> BL> SL.

For the GMTC change, the levels of temperature variation seem very important with respect to the targets of 1.5°C or 2°C. But this comparison is not reasonable as the results obtained reflect the difference between the two states (product replacements in the background and foreground) and not the actual absolute impact. What could be concluded from these consequences is that (except for the scenario SL the less favorable in climate change) the selection of biopump needs to involve the target period. Black locust is more efficient for shorts and mid-term, while hemp is a better choice for achieving a long-term aim. a : The ranking of scenarios is visible with colours: from green for the best, to red for the worst. b : The difference with respect to the initial SOC in CV-land

Conclusion

In the context of the urgent need to reduce the pressure on the climate, France has announced the objective to reach climate neutrality in 2050 and will endeavor to contribute at limiting global temperature increase to well below 2°C (with respect to pre-industrial level). To achieve these targets, the GHG emission should be 25%-45% less by 2030 than 2010 level. The reduction of CO2 in the atmosphere implies to induce carbon dioxide removals (CDR). Due to the lack of mature technologies, CDR from the atmosphere is less accessible yet than by the biomass through the photosynthesis way. Furthermore, the harvested biomass is a useful raw material and source of C to feed the technosphere for energy and material production. Energy and material demand is thus pivotal to mitigate climate change, since the biogenic C replaces the fossil C. Besides, the territory for planting biomass is a key parameter since soil could be a C sink.

Inspired by the importance of biomass, this study proposes a strategy for global warming alleviation, consisting in CO2 capture by plants able to induce important C stock in soils (arable lands), then stock the C in anthropogenic products (carbon storage in arable lands and anthropogenic products, CSAAP).

The plants that have these two functions are called 'biopump', as they pump the C from the atmosphere into soils and then technosphere. Besides the C removals and storage, the bio-based product reduce the production of petrochemical-based products, therefore lowering the use of fossil C in the economy. For a successful CSAAP roadmap, the area used for biopump growth does not cross the boundary of overexploitation with consequences such as additional degradation and greater food insecurity. Because of the SOC saturation in soils, the initial SOC in the lands should be low enough to store extra induced C. Lands that do not interfere with food security or other activities, and have a low initial SOC, are called 'carbon vulnerable lands' (CV-lands).

A 4-steps framework was proposed to implement CSAAP in a particular region: i) identification of biopump candidates, ii) selection and ranking of biopumps for the region of interest, iii) identification and selection of target areas suitable for sustainable biopump plantation, iv) assessment of the mitigation potential over time.

According to the French context, the biopump candidates were identified and ranked following five criteria: yield, SOC increase capacity, agricultural management intensity, suitability, and risk of invasion. Among potential candidates, hemp (Cannabis sativa L.) and black locust (Robinia pseudoacacia L.) ranked on the top in herbaceous and woody plants, respectively.

Further, three to four types of land-covers where identified as CV-lands in France, arable and marginal and based on their C content. Based on the characteristics of CV-lands, a case study based on Miscanthus confirmed the relevance of CSAAP as a climate mitigation strategy, with a negative global temperature change (GMTC) during the cultivation plus the time the products are in use. The case study further highlighted the importance of C loss with the biomass residues, either on land, or in technosphere. Moreover, the lifetime of products is of major importance for how long the mitigation is effective.

The two top selected biopumps, i.e., hemp and black locust, were investigated as case studies.

In the hemp study, the difference in agricultural management would determine the SOC change, leaving the straw on the ground could increase more SOC substantially than harvesting it. However, this substantial SOC augmentation cannot compensate for the lower mitigation effect in the technosphere, resulting in a higher temperature in the future, compared to the initial vegetation on CV-lands. With the relatively high and similar C storage rate in the technosphere, hemp-based products with different lifespans do not show a significant difference in future temperature change, but both contribute to a temperature reduction in the studied timespan. For the environmental impacts other than climate change, the mitigation effect from hemp straw-based products is able to offset the emission from manufacturing and disposal, leading the straw harvested scenarios to perform better than the straw left scenario. The results highlight the hemp function as a biopump, and raise the potential problems in ecotoxicity freshwater, land use, water scarcity, when the cultivation is converted from the initial vegetation on the French CV-lands.

When black locust is planted in CV-lands, it increases the SOC efficiently in the first rotation but not in the later rotations due to the saturation of SOC. Because of the high mitigation effect from replacing plastic boards production and incineration, black locust performs better than initial vegetation in all environmental impacts, except in freshwater eutrophication and ionizing radiation. Compared to the initial vegetation, planting black locust contribute to the temperature reduction after six years and forward. However, the mitigation effect is limited in time, after cultivation is stopped and the products are disposed by incineration.

From a dynamic point of view, the captured C is stored in the biomass during the cultivation, and in the bio-based products during the lifetime, which also refers to delayed emission. Black locust shows a higher negative emission than hemp during the cultivation period, while it becomes smaller after that because of the end of life management of products in the two systems. Also, the hemp-based products with a longer lifespan show a larger negative emission than products with a shorter lifespan during the product use phase, indicating the effect of delayed emissions. In the hemp scenario, the mitigation potential of the negative emissions and of the GHG reduction is similar, while GHG mitigation is more important in the black locust scenario. Finally, the carbon flow calculation shown that the SOC stock is much lower than the C stock in products and standing biomass, the climate mitigation effect from SOC (negative emission toward soil) is negligible with respect to the potential of technosphere to store C and mitigate GHG.

The results for climate change show that black locust scenario performs better than hemp in the timespan of the climate goals (during 100 years). The results of other static environmental impacts are highly correlated to the mitigation effect. With the higher mitigation, black locust performs better than hemp in around two-thirds of impacts, while hemp is better in the remaining. Therefore, the selection of biopump cultivation between hemp and black locust in French CV-lands should be based on the tradeoffs among all environmental impacts, and time scale in climate change.

When simulating the SOC change during the cultivation, AMG and C-tool were adopted as recognized models by the research community. However these models have limitations (for example it is impossible to simulate simultaneously the degradation of 2 or more kinds of residues into the same SOC stock). The choice of model would induce uncertainty in SOC results, further increasing the uncertainty of the whole analysis. To reduce this uncertainty, a model that could suit the more general scope of biopump needs to be investigated, or drawing a wide-accepted principle in selecting SOC simulation model. Meanwhile, because CV-lands are not supposed to be heavily exploited arable land, this study focused on monoculture. However, in the aspect of SOC, including cover-crop could raise the SOC increase, and more realistic in the factor.

In addition, the consequential LCA provides a perspective system to answer the consequence of planting biopump instead of the initial vegetation in CV-lands. Because of the complex consequential chains in the background data, it is hard to calculate the uncertainty of the whole biopump system in a mathematical way or a numerical simulation approach (e.g., Monte Carlo method) in the SimaPro, which is the software used in this thesis. This thesis adopted the global sensitivity analysis approach to calculate the uncertainty, the method being a proxy for a complete uncertainty analysis, and requires important time to be spent. Implementation of a sensitivity and uncertainty numerical method in LCA software will be of great help for the LCA practitioners.

In both hemp and black locust LCA studies, the functional units were set as the biomass grown in 1 ha CV-land, thus the product markets were regarded as elastic. However, when extrapolating results from 1 ha to all CV-lands in France, or even the whole world, the vast amount of harvested biomass would shock the markets, making them lose the elasticity. LCA method is not applicable to important changes in the economy, in this case a coupled Integrated Modelling Approach model would be useful. On the other hand, in this work, only several bio-based products have been considered, while in reality, biomass has diverse uses, used for producing only one or two products is impossible in the market perspective.

A more detailed investigation could include the share of the biomass between many other possible products.

Concerning climate change evaluation, the gap between different metrics leads it hard to compare the results and conclusions from different studies. Therefore, more studies using GMTC need to be conducted to build the foundation and provide more information for the decision-makers. Furthermore, since the dynamic estimation methods are still developing, there is no a widely accepted approach for all impacts like in the static LCA. Applying a mature dynamic LCA would help us to comprehensively know the trade-off of biopump strategy for the environment. Having such comprehensive dynamic methods and temporal thresholds for impacts, would be very useful to the LCA community in the longterm.

Finally, as a very important step, experiments on field are necessary in order to validate the biopump capability to stock C in specific sites. Canada, Italy, Germany, USA 0-10, 0-3, 0-5, 0 -15, 3-10, 10-30, 20-25,30-60, 30-80, 60- Italy, Germany, Canada, UK, Sweden 0-10, 0-20, 0 -30, 0-100, 10-20, 10-30, 20-30, 20-40, 30-50, 30-60, 30-80, 50-80, 60-90, 60- 0-10, 0-15, 0-20, 0-30, 0-40, 0-100, 10-20, 10-30, 10-100, 15-30, 20-30, 20-50, 30-45, 30-50, 50-100, 60-90, 90-120, 120 0-10, 0-15, 0-30, 10-20, 10-30, 15-30, 20-30, 30-45, 30-60, 30-100, 45-60, 60-90, 60- S I-3 but subspecies and varieties were also considered in data collection. For example, blueberry was recorded as Vaccinium corymbosum, while Vaccinium angustifolium L, Vaccinium darrowii Camp, Vaccinium virgatum Aiton, Vaccinium elliottii Chapm were also adopted as varieties 54 . F =fraction of biogenic carbon used in the main product (100%, 100%, 70%, 70%, 70%), L = lifetime of the main product (100, 1, 50, 20, 10 years); F'=fraction of biogenic carbon in the by-product (0, 0, 30%, 30%, 30%), L'=lifetime of by-product (no, no, 1, 1, 1 years). F =fraction of biogenic carbon used in the main product (100%, 50%, 70%, 70%), L = lifetime of the main product (1, 5, 5, 10 years); F'=fraction of biogenic carbon in the by-product (0%, 50%, 30%, 30%), L'=lifetime of by-product (no, 1, 1, 1 years).

Biopump candidates and their properties

Results for application casesensitive analysis on miscanthus chosen as biopump

Lifetimes lesser than 5 years could potentially increase the net carbon flow towards atmosphere and determine an increase in global mean temperature as global warming indicator. Two cases are shown in Fig. s I-3 with 2 different fractions of biogenic carbon incorporated in the main product (lifetime of 5 years): 50% and 70%, the rest being transformed in GHG within 1 year. More this fraction is important, more the effect on global warming is benefic (case of F70L5/F'30L'1 versus F50L5/F'50L'1). F100L1; initial SOC of 100 Mg ha -1 noted F100L1/SOC100; temperatures higher by 2° noted F100L1/+2 °C .

The case of F100L1 is considered here because for this scenario with rapid emission of all biogenic carbon, the mitigation potential is uncertain. The simulations for higher initial SOC (100 instead of 42.35 Mg ha -1 ) or for higher temperatures by 2 °C, show that the mitigation potential completely vanishes. 

AMG model

All the inputs of AMG model demands are meteorology, soil, cultivation management, and biomass C input parameters. (Clivot et al., 2019). Meteorology data are provided by Drias in (DRIAS les futurs du climat, 2014), which predicts climate for the whole of France from 2020 to 2100, average values of temperature and potential evapotranspiration (the difference of precipitation and evaporation, for describing the effects of soil moisture) are calculated then to use during 2020 to 2100. For years later than 2100, the average temperature and net precipitation in the last 10 years (2091-2100) are chosen as inputs, shown in fig. 1. The initial SOC and other soil parameters are extracted from Harmonized World Soil Database (Nachtergaele et al., 2012), which are calculated as the arithmetic mean proportionally according to different hectares of each carbon vulnerable land, consisting with group's former study [START_REF] Zhou | Simultaneous Carbon Storage in Arable land and Anthropogenic Products (CSAAP): demonstrating a new concept towards well below 2[END_REF]. SOC simulation is sensitive to the C/N ratio due to its impact on humification [START_REF] Nicolardot | Simulation of C and N mineralisation during crop residue decomposition : A simple dynamic model based on the C : N ratio of the residues Author ( s ): B . Nicolardot[END_REF], while soil C/N ratio does not exist in the same edaphic database. Thus three C/N ratios are conducted in the AMG (11, 17, and 22), which are determined by previous references considering the previous land use and situations in France (Clivot et al., 2019;Conen et al., 2008;Delmas et al., 2015;[START_REF] Yang | Soil fungal diversity in natural grasslands of the Tibetan Plateau: associations with plant diversity and productivity[END_REF]. Soil inputs can be found in table S1.

Hemp (Cannabis sativa L.) is an annual plant, which means it's planted and harvested every year. To match the time scale in dynamic, SOC is simulated for 100 years in 1-year time step, from 2020 to 2120.

In the scenario that straw is harvested, only the button of the straw, also called non-harvestable part. This part is the residue of hemp, providing the aboveground C input. In the scenario that straw is left on the surface, the straw that includes the non-harvestable part, is regarded as residue thus C in the straw is the aboveground input. The belowground C inputs are the same in both scenarios, consisting of C in roots and C in extra-root materials. Biomass inputs are shown in table S2. Inventories of hemp cases are presented here, and all data correspond to the functional unit, which is 1 ha carbon vulnerable land. Data are collected from several sources to be reliable, then the average or median is used. Here the primary references are listed in the table due to the space limitation.

Cultivation

Since biopumps aim to grow in carbon vulnerable land and hemp is a rather easy plant to cultivate, the agricultural management would be less intensive, and try best to protect SOC and emit less greenhouse gas. Therefore, irrigation is avoided and a no-tillage strategy is adopted (Andersson and Björhagen, 2018;[START_REF] González-García | Life cycle environmental analysis of hemp production for non-wood pulp[END_REF]. However, fertilization is necessary to get a good quantity of captured CO2, phosphorus pentoxide, ammonium nitrate, and potassium oxide are used as P, N, and K fertilization, respectively.

Harvesting

After cultivation, hemp is harvested to produce biobased products by combine harvesters. Whether straw is harvested or not, only seed would be harvested in the process, straw would be cut down and left on the surface. In the scenario that straws are harvested, they would spend around 14 days on the field as dew retting, then be baled to the downstream process. In the scenario that straws are left, they are regarded as residues, thus emissions in harvesting are different in two scenarios due to the different amount of residues, table S4 shows the emission when the straw is harvested or left. 

Hemp oil and avoided products

Hemp seed is the first co-product in the straw harvested scenario, while it is the main product if it is the only yield harvested. Animal nutrition for non-food producing birds and food are major markets of hemp seed [START_REF] Opinion | Scientific Opinion on the safety of hemp (Cannabis genus) for use as animal feed[END_REF]. Although 95% of hemp seeds are used for birds, the market for hemp seed oil is increasing more dramatically, at a 35.8% compound annual growth rate (CAGR) from 2018 to , 2018). In contrast, the CAGR of hemp seed in bird feed is less competitive, at a CAGR of 3.8%(MARKET STUDY REPORT, 2020). Thus, following the rule of consequential LCA, 50 kg harvested seeds would back to sow for the next rotation, and the rest would be processed as oil for all three scenarios.

Because hemp contains 𝛿-9-tetrahydrocannabinol (THC) lower than 0.2%, hemp seed could extract oil for the market legally [START_REF] Aladić | Supercritical CO2 extraction of hemp (Cannabis sativa L.) seed oil[END_REF]. From the processing, the meal is derived as a co-product. Hemp meal is nutritious for ruminants as fodder due to the high protein content [START_REF] Mustafa | The nutritive value of hemp meal for ruminants[END_REF]. In this process, oil is extracted as 34% of the seed dry mass [START_REF] Da Porto | Potential Oil Yield, Fatty Acid Composition, and Oxidation Stability of the Hempseed Oil from Four Cannabis sativa L. Cultivars[END_REF][START_REF] Rapa | Hempseed oil quality parameters: Optimization of sustainable methods by miniaturization[END_REF], the left part is the meal. Because of the lack of information about the hemp meal proportion, it refers to the meal proportion of flax since these two plants have similar content in seed and similar usage [START_REF] Deng | Glocalized Solutions for Sustainability in Manufacturing[END_REF]. The protein, carbohydrate, and oil from the meal replace corresponding marginal sources in animal feed (Gomez-Campos et al., 2020). After extracting and refinery, hemp oil could be used as body care products and industrial detergents [START_REF] Garcia | HEMP: A COMPOSITION REVIEW PLUS[END_REF]. At the same time that hemp oil and meal replace corresponding marginal products, the land demand is reduced too, thus the indirect land use change (iLUC) is considered here, detail could be found in the later part (section 2.14). Table S5 depicts the hemp seed processing. 

Retting

The harvested straw need retting to be soft and loose, fiber would partially dissociate from the straw by the degradation of the pectin-rich middle lamella [START_REF] Bleuze | Tracking the dynamics of hemp dew retting under controlled environmental conditions[END_REF]. Here the harvested hemp straws are laid over the field, rotting by dew, which is a traditional and dominant procedure. This process could last around two weeks, and straws would lose 12% of dry mass [START_REF] Bleuze | Hemp harvest time impacts on the dynamics of microbial colonization and hemp stems degradation during dew retting[END_REF][START_REF] Turunen | Life cycle analysis of hemp textile yarn[END_REF]. Possible dust and small shives produced from the retting process and their contribution to adverse health or as an input of carbon and macronutrients to soil are considered negligible (Gomez-Campos et al., 2020). Therefore, the mass loss is assumed to be emissions to the air. Consequently, carbon (CO2, CO, CH4) and nitrogen (N2O, NOx, NH3) emission flow from the decomposition of biomass were estimated in order to model the overall environmental impact of the retting process. Table S6 shows the retting process.

Baling

During the dew retting, straws scattered on the ground, need to be collected and transported to the factory then. In this process, straws are baled and then loaded onto the trailer by the gripper, this step is shown in table S7. (COWI A/S and Utrecht University, 2019) a : the value of avoided product is marked as negative. b : not co-product when straw is left, but the quantity is the same. 

Fats

Fiber extraction

After the retted straw is transported to the plant, fiber and shives will be separated. Commonly fiber and shives represent 30% and 65% of the straw, the rest is dust emitted into the air (de Bruijn et al., 2009;Zampori et al., 2013). In this study, fiber is the main product and would be used to make thermal insulation or car panel in the later processes, while shives are regarded as a co-product. Fiber separation is conducted by a schutcher type decorticator and separator, from this, the fiber is air cleaned to remove any further dust (Norton et al., 2008).

Hemp concrete

Shives extracted from straw are the main co-product during the fiber extraction, and would be used as so-called hemp concrete to increase economic value (Senga Kiessé et al., 2017). Hemp concrete is made by shives mixing with a lime binder, which consists of 75% hydrated binder, 15% hydraulic binder, and 10% pozzolanic binder (Lecompte et al., 2017). Hemp concrete is attractive by its mechanical, thermal, and acoustic properties, thus it is multifunction in construction. Consider the compressive and shear strength of hemp concrete ranging in 0.29 to 1.13MPa and 0.05 to 0.24 MPa, respectively [START_REF] Brzyski | Composite materials based on hemp and flax for low-energy buildings[END_REF][START_REF] Novakova | Use of technical hemp for concrete-Hempcrete[END_REF], cannot meet the standard of the normal concrete (>5MPa). Therefore, it's not appropriate to say the hemp concrete would replace the normal concrete, especially when used to be loading-bearing. Thus hemp concrete aims to apply and replace the material in structure parts that demand less loading-bearing, e.g. gypsum (Pretot et al., 2014). Hereby, gypsum plasterboard is assumed to be replaced because of the similar density(Jiménez Rivero et al., 2016). The end-of-life is not included because there is little emission during the gypsum plasterboards landfilling(ecoinvent, 2020). Norton et al., 2009) During the use stage, which lasts over 100 years, hemp concrete would absorb CO2 through the blinder carbonation. Hydrated binder and hydraulic binder take up 594 and 106.9 g CO2/ kg binder, respectively (Pretot et al., 2014), and release the same amount of H2O. Because the lifespan of hemp concrete is long enough, carbonation could be achieved over the hemp concrete using phase. The marginal product, which is gypsum here, would not absorb CO2 as hemp concrete during the use. At the end of life, the practicable disposal way is landfilling, through this way, hemp concrete is considered that there is no decomposition of the material (Pretot et al., 2014). At the end of life, because of the long lifetime, similar to the time scale set in this study. Plus, landfilling is the most common for architecture materials, while there is no decomposition of the hemp concrete (Pretot et al., 2014), which means there is no emission before the year 2135. Therefore, the disposal of hemp concrete is not considered. Thus, there are no greenhouse gas emissions in fact. The CO2 emission from concrete disposal in table S9 is the C from the shives, originally from hemp. In order to involve the SOC change in the assessment, carbon captured by hemp during cultivation is accounted for in the inventory. After deducting the carbon in the soil, this captured carbon would go to downstream processes, some of them are lost during manufacturing, the rest are kept in corresponding products. At the end of life, C in these products would finally back to the atmosphere, and the consequential LCA is static, the time is not considered, therefore, the C input and output in the system need to be balanced, thus we assume all C in the product, in this section, which is in the concrete, would back to the atmosphere as CO2. Similar actions are conducted in the disposal of the thermal insulation and car panel. All information about hemp concrete is included in table S9.

Thermal insulation manufacture

The extracted fibers are used to be thermal insulation panels in the first case. Fiber is going to mix with the polypropylene(PP) to form a mat, and ammonium sulfate ((NH₄)₂SO₄) is added to increase the fire retardant (Andersson and Björhagen, 2018;[START_REF] Zhang | Manufacturing of hemp/PP composites and study of its residual stress and aging behavior. Carbon monoxide, fossil Carbon monoxide, land transformation Carbon monoxide, land transformation Chloroform Chloroform Dinitrogen monoxide Dinitrogen monoxide Ethane, 1,1-difluoro-, HFC-152a Ethane, 1,1-difluoro[END_REF]. Similar to the insulation manufacture of traditional materials, the mixed mat is formed into a fleece material with several layers put on top of each other and finally pressed with heat to get the insulation (Stapulionienė et al., 2016). In comparison, the traditional insulation made by mineral wool is assumed to be avoided (Uihlein et al., 2008), to achieve the same insulation function (λ=0.038 W m -1 K -1 ), wool insulation would be 33% heavier than hemp insulation due to its higher density (40 kg m -3 )(ecoinvent, 2020). As landfilling is the most common way for mineral wool mat disposal, it is not included because of few emission The end-of-life is not included Glass fibre reinforced plastic, polyamide, injection moulded {RER}| production | Conseq, U a: Because hemp fiber aims to replace the glass fiber. 'Glass fibre {RER}| production | Conseq, U' is used instead of 'Nylon 6-6, glass-filled {RER}| market for nylon 6-6, glass-filled | Conseq, U' in the original process.

Car panel use stage

Compared to the traditional panel, using hemp fiber could reduce around 20% mass (Akampumuza et al., 2017). Thus, during the driving, less fuel would be consumed, the saved fuel could be calculated as follow:

Fuel reduction = f*∆m*distance (2) 
Where Fuel reduction is the amount of saved fuel in L. f is the fuel reduction coefficient, equal to 0.5 here, in L•(100km -1 )•(100kg -1 ) for the gasoline vehicle, ∆m is the mass reduction between the traditional panel and hemp fiber panel in kg. distance is the lifetime of a vehicle, regarded as 20,000 km(La Rosa et al., 2013). 

Disposal

At the end of life, an automobile would be transported to the crusher, where it undergoes compaction, pre-crushing, and crushing operations. After grinding, the fractions of the different materials are sorted and managed according to the fraction. Door panels are not affected by operations taking place at the crushing center (pollution control and dismantling of certain parts), this step is therefore excluded from the scope of the study: no consumption or emission is considered, only the electricity consumption of this step is taken into account. In the same way as the assembly phase, it is considered that the grinding consumptions and emissions do not change significantly if the door panel is bio-based (lighter) or not (Gueudet, 2016a). Nowadays, there is no proper way to recycle the hemp fiber car panel, landfilling and incineration are still the most possible ways at the end of life (Norton, 2008;[START_REF] Zah | Curauá fibers in the automobile industry -a sustainability assessment[END_REF]. According to the France situation, 70% of car panels are disposed of through landfilling while the rest 30% would be incinerated (Gueudet, 2016a). Similar to the hemp insulation disposal, 15.32% of C in the fiber of car panel is emitted as CH4 and CO2, 1.97% and 13.34% respectively, according to the FOD method(IPCC, 2019). Then, CO2 emission from the fiber other than 15.32% during the landfilling is listed to complete the C cycle, detail about hemp car panel disposal is depicted in Table S14. 

Images of hemp-based products

The images of hemp-based products studied in the LCA are collected from literature, shown in Fig. S2. (Gueudet, 2016b;Ip and Miller, 2012;[START_REF] Korjenic | Development and performance evaluation of natural thermal-insulation materials composed of renewable resources[END_REF][START_REF] Paz | Hemp (Cannabis sativa L.) seed oil: Analytical and phytochemical characterization of the unsaponifiable fraction[END_REF].

Planting in the carbon vulnerable land

Marginal lands are separated into four land cover types, namely rapeseed, natural grassland, intensive grassland, and woody moorland, there are 0.2, 0.53, 0.2, and 0.07 ha for these four land cover types in 1 ha carbon vulnerable land respectively, referring to their proportions [START_REF] Zhou | Simultaneous Carbon Storage in Arable land and Anthropogenic Products (CSAAP): demonstrating a new concept towards well below 2[END_REF]. These four types of land cover are considered separately to estimate the avoided emission or sequestration.

For intensive grassland, according to the determined species, perennial ryegrass (Lolium perenne L.) is used for representing the plant in the intensive grassland (Kirwan et al., 2007;PLANTUREUX et al., 2005). Then harvested ryegrass would go silage and use as forage later. The SOC change during the cultivation is estimated by AMG (described in section 1), conditions like soil characteristics and temperature are the same as that in hemp simulation, while carbon inputs are different, which could be found in Table S15. The inventory of intensive grassland is shown in Table S16. For rapeseed (Brassica napus L.), the harvested seeds aim to extract oil, the seed meal produced as a by-product would further feed the livestock. Also, SOC change is estimated by AMG, input is shown in Table S15. If the products from intensive grassland and rapeseed are replaced by hemp, other products would be induced to fill this vacancy (like more soybean would be cultivated to provide protein to compensate the missed protein from ryegrass). This kind of induced demand would raise indirect land use change, consisting of land expansion (which means more land demand) and intensification (which means additional fertilizers due to demand for higher yield)(COWI A/S and Utrecht University, 2019;Tonini et al., 2016).

For natural grassland, heathland (Calluna vulgaris) is the representative (Inglada et al., 2017). The biomass grown in the natural grassland is regarded as no specific usage, in other words, it would decay on-site except 10% of C in the biomass would be sequestered (Pehme et al., 2017) (AMG model cannot be applied here because heathland doesn't exist in the AMG database), detail inventory is described in Table S18. According to the definition of land cover, the determined species in woody moorland are similar to natural grassland (heathland, briars), plus the proportion of woody moorland is the least among carbon vulnerable lands, thus the situation is considered as same as that in natural grassland (Table S19 After the conversion, all biomass is lost immediately from the carbon vulnerable land (Verchot et al., 2006). Tillage is applied to cleaning the field before the first time hemp cultivation, while in propose to less disturb the SOC storage, no-tillage strategy is adopted in the following cultivation till the end of time scale (Amaducci et al., 2015), thus tillage in the first year is negligible in the inventory building because it only happens once. 3 Environmental impact in consequential LCA

Environmental impact categories in consequential LCA

This study chose the Environmental Footprint initiative (EF) methods, which is established and recommended by the European Commission (EC) to assess environmental impacts (Fazio et al., 2018).

To track sources of different carbon flows and highlight the function of SOC but avoid double counting, the EF method is slightly adapted as recommended by European Commission (Schau et al., 2013). The following characterization factors are used: biogenic CO2 =1 kg CO2 eq, biogenic CO= 1.57 kg CO2 eq, biogenic methane= 34 kg CO2 eq, CO2 in air= -1 kg CO2 eq, CO2 stocked in soil or biomass= 0. Under the EF scheme, 19 environmental impact categories are assessed, including three sub-impacts of climate change (fossil, biogenic, and land transformation). European Commission established three different recommendation levels, satisfactory for categories in level I, needs some improvements for level II, and applied with caution for level III (Fazio et al., 2018). For each category, processes are divided into two groups according to their positive or negative impact scores, then a contribution analysis was conducted. Processes with scores summed up to represent at least 80% in their groups are selected [START_REF] Fazio | Guide on Life Cycle Inventory (LCI) data generation for the Environmental Footprint[END_REF], then the corresponding sub-processes and substances were identified under the same rules unless processes cannot be divided. It should be noticed that impact scores from processes and substances could be positive or negative, the contribution of one process or substance might exceed 100%, which means there is at least one another substance with scores reversely. To avoid misinterpretation, absolute values are adopted in contribution analysis. 

C Ethane, 1,1,2-trichloro-1,2,2-trifluoro-, CFC-113 Ethane, 1,1,2-trichloro-1,2,2- trifluoro-, CFC-113 Ethane, 1,1,2-trichloro-1,2,2- trifluoro-, CFC-113 E Ethane, 1,1,2-trifluoro-, HFC-143 Ethane, 1,2-dichloro- Ethane, 1,2-dichloro- E t Ethane, 1,2-dichloro- Ethane, 1,2-dichloro-1,

Uncertainty analysis results

Table S31-S33 show the uncertainty analysis results of three scenarios respectively, the representiveness means the sum of contribution of single-parameter to impact categories. The threshold of representiveness is 90%, which means parameters that are necessary to consist this representiveness have an important influence in this category, could represent the uncertainty of this impact category (CV). Parameters are shown in codenames here (P1, P2, P3…) due to the space, the detail of parameters (e.g. name) are illustrated in the footnote, consistent with table A. S28-30. Another important setting of C-Tool is the soil characteristics. Initial SOC stock and clay proportion are taken from the Harmonized World Soil Database (Nachtergaele et al., 2012) (FAO) according to the CVlands range we defined before (Shen et al., 2022a), 42.35 t ha-1 and 0.0216 g kg-1 respectively. While C/N ratio is not included in the FAO database, 11 is used here as it is a general value for France [START_REF] Dimassi | The impacts of CENTURY model initialization scenarios on soil organic carbon dynamics simulation in French long-term experiments[END_REF]Launay et al., 2021).

Carbon inputs are calculated in two parts, belowground and aboveground. Aboveground carbon inputs include carbon from aerial biomass, woody dust and grated stump. What is called 'aerial biomass' is the set of foliage, seeds and pods, which are produced annually after the year 6 after cultivation (Nicolescu et al., 2018;Stone, 2009;Warne, 2016). Woody dust is the scrap left on-site during the cutting of trees [START_REF] Santi | Massive wood material for sustainable building design: the Massiv-Holz-Mauer wall system[END_REF]. In other studies, stumps and roots were regarded as an integral for belowground (Albers et al., 2019), however, stump would be ground to prevent sprouting in our case [START_REF] Malcolm | Soil nitrogen conditions approach preinvasion levels following restoration of nitrogen-fixing black locust (robinia pseudoacacia) stands in a pine-oak Ecosystem[END_REF], and left on the surface thus the crushed stumps were put as aboveground input, and the coarse root and fine root were the belowground input. Selective thinning and pruning are applied as a management to remove bad growing trees and to ensure the resources like sunshine for the healthy black locust (detailed in section 2.3, chapter V, main paper). In one rotation, there are three cutting periods: first thinning, second thinning, and final logging, and pruning with the second thinning.

Aerial biomass would fall down on the ground every year after the year 6, the quantity of aboveground and belowground biomass during the three cutting periods follow their corresponding growth rate (fig. 6a, 

Meteorology

Mean Temperature in the main paper). Aboveground and belowground carbon inputs are shown in table S2, with different dry mass and corresponding carbon percentage (table S1).

Table s2 shows the C input in C-tool for one rotation, and it is assumed to be the same for the other two rotations. In order to include in LCA the effect of residues decomposition after the cultivation period, simulations of SOC were performed for long term. For this simulation, in the year after cultivation (2126), all C input is 0. The results are represented in (fig. s2). In year 2177, the SOC stock is back to the level in 2022 (42.35 Mg ha -1 ). Aerial biomass c 6.13% [START_REF] Bhat | Maturity indices and dormancy breaking methods of black locust (Rhobinia pseudoacacia) seeds under temperate Kashmir condition[END_REF] 56.00% [START_REF] Rahmonov | The chemical composition of plant litter of black locust (Robinia pseudoacacia L.) and its ecological role in sandy ecosystems[END_REF][START_REF] Rice | Impacts of the exotic, nitrogen-fixing black locust (Robinia pseudoacacia) on nitrogen-cycling in a pine-oak ecosystem[END_REF] 2.13% [START_REF] Rahmonov | The chemical composition of plant litter of black locust (Robinia pseudoacacia L.) and its ecological role in sandy ecosystems[END_REF][START_REF] Rice | Impacts of the exotic, nitrogen-fixing black locust (Robinia pseudoacacia) on nitrogen-cycling in a pine-oak ecosystem[END_REF]) a : including branch, woody dust, stem, and stump. b : including coarse root and fine root. c : including foliage, pod, and seed. 

Life cycle inventory

Inventories of black locust from cultivation till products disposal are presented here, all data are corresponding to the functional unit, which is 1 ha CV-land. To improve the data quality, inventory is built from multi sources, then choosing the average or median value. The main references are listed in the table.

Black locust cultivation

The principle for cultivating black locust on CV-lands (which are marginal lands) is avoiding agricultural managements unless they are necessary. Following this principle, fertilizer and irrigation are not applied because black locust tolerates dry and is a nitrogen-fix species(captures nitrogen and fix it in the soil) (Nicolescu et al., 2020;Seserman et al., 2018). Moreover, insecticide and herbicide are not needed either since black locust resists to fungal diseases, insect pests (Nicolescu et al., 2020;Seserman et al., 2018) and inhibits the growth of weed (Nicolescu et al., 2020). In this study, the main product is the cross laminated timber (CLT) from stem, thus selective thinning and pruning are necessary to promote valuable trees. Removing defective trees with narrow, full, and symmetrical crowns representing about one third of the height, could help produce high proportion of good quality roundwood.

The land is ploughed first, then black locust is cultivated with seedlings, with a density of 2240 seedlings ha -1 , considering the mortality and the defective trees (e.g. forked, badly shaped, wounded, or bent-over) (Keresztesi, 1983;Nicolescu et al., 2018). In fact, seedling planting and sprout are two common methods to cultivate black locust (Nicolescu et al., 2020(Nicolescu et al., , 2018)). Black locust could sprout from stumps and roots, however, stumps would be crushed as mulch on the ground during logging, and after ploughing, roots are destroyed and then decomposed, thus seedling plantingis adopted to cultivate the new generation here (Mazurek and Bejger, 2014). No fertilization, irrigation and pesticide is applied during the cultivation. First thinning is conducted at the year 10, with 50% of stems are cut (Keresztesi, 1983). After 10 years, 50% of forest would be thinned a second time, following a pruning of branches for the rest of the trees (Keresztesi, 1983;Rédei et al., 2012). Finally, all trees would be logged at the end of rotation, which is at the year 35 after seedling planting (Nicolescu et al., 2018). In addition, the cultivation of black locust occupies the CV-lands on which other plants grown initially, thus other products need to be induced to compensate this lack, leading to the indirect land use change (iLUC); the method of evaluating the iLUC is based on (Tonini et al., 2016), with the updated data used in a previous study (Shen et al., 2022a).

Black locust growth

Black locust is a long-live species, could live more than 90 years [START_REF] Lovinska | The structure of Scots pine and Black locust forests in the Northern Steppe of Ukraine[END_REF], while the growth rate peaks at approximately 20 years of age (Nicolescu et al., 2018), the increment rate slows gradually till 35 years of age [START_REF] Adamopoulos | Variation of certain chemical properties within the stemwood of black locust (Robinia pseudoacacia L.)[END_REF]Nicolescu et al., 2018;Vítková et al., 2017). Consider the initial target of planting black locust in the CV-lands is to have the maximum CO2 sequestration, the optimal of rotation is 35 years in this study. After 35 years, black locust could be 22.23 m in height and 30 cm in diameter at breast height (DBH) [START_REF] Adamopoulos | WITHIN-TREE VARIATION IN GROWTH RATE AND CELL DIMENSIONS IN THE WOOD OF BLACK LOCUST (ROBINIA PSEUDOACACIA)[END_REF]Keresztesi, 1983;Nicolescu et al., 2018). The growth rate of height and DBH of the stand tree was simulated as following:

𝐻(𝑡) = 𝑎 * (1 -𝑒 -𝑏 * 𝑡 ) 𝑐 (1) 
2)

The proportion of different parts are assumed to be the same during the whole rotation, like the shoot/root ratio. The only exception is branches, after pruning (at the year 20, after second thinning), 25% of branches are cut (Nicolescu et al., 2020).

3)

For the harvested woody biomass(DM), 70% of weight is roundwood, 25% of weight is branch [START_REF] Laschi | Forest operations in coppice: Environmental assessment of two different logging methods[END_REF], and 5% is bark [START_REF] Wilson | Gate-to-gate life-cycle inventory of softwood plywood production[END_REF], and 1.2% is aerial biomass (foliage+seeds+pods) [START_REF] Addlestone | The establishment and early growth of three leguminous tree species for use in silvopastoral systems of the southeastern USA[END_REF].

4)

The residues on the ground are assumed not to influence the existing black locust growing, both trees after thinning and planted for the next rotation; 5)

Because sprouting is not considered in this study (reason is explained in the section 2.1), root would not sprout after thinning.

The results of height and diameter are shown in fig. s3. There are several different formulas to describe the height (Nicolescu et al., 2018;Rédei et al., 2014Rédei et al., , 2012) ) and diameter (Nicolescu et al., 2018;Rédei et al., 2014Rédei et al., , 2012) ) change of black locust every year, due to the different rotations and final biomass, the results are slight different, while the growth trends are similar. Year Rédei et al., 2014Rédei et al., 2012Rédei et al., 2012Rédei et al., 2012Nicolescu et al., 2018 This study 

CLT manufacture

After debranching and debarking, the roundwood is put on the land to dry in the open air, after several days, the moisture decreases to 15% after opendrying (Żelazna et al., 2019). The rough dried lumber with stickers are then trimmed before sawn into panel in certain size, residues produced during trimming are commonly sold as coproducts, herein would be collected and transported as the ingredients for MDF (section 2.5) [START_REF] Bergman | Environmental impact of manufacturing softwood lumber in northeastern and north central United States[END_REF]. Trimmed lumbers are then sawn into the panel, several panels (commonly odd number, e.g. 3/5/7) are compressed together with a little resin according to different strength requirements [START_REF] Dong | Assessment of energy saving potential by replacing conventional materials by cross laminated timber (CLT)-A case study of office buildings in China[END_REF]. CLT could be used in lots in the construction field. Compare to the conventional construction material like brick, wall build by CLT need extra stone wool to reach the same thermal properties (Takano et al., 2014), which is 0.04 W m -1 K -1 and meets the standard of NF EN 15804 and NF EN 16783(Zieger et al., 2020). In the erection phase, building woth CLT is much easier than with bricks, thus the energy consumption by using CLT is less, around 64 MJ/m 2 (100 mm thick). Also, 30% of time could be saved (which cannot be included in the inventory (Jayalath et al., 2020)). The lifespan of CLT is 50 years (Corradini et al., 2019).

Situation is similar for the demolition phase, while the energy consumption is 90% of that in the erection stage. What's more, during the demolition, there is a loss of 10% by mass (Jayalath et al., 2020), this loss is assumed to be collected and sent to the landfilling. Traditional LCA doesn't consider the carbon capture from air and carbon emitted as biogenic, however, we changed the characterization factor of both to track the carbon flow in this study (section 3). Half of the rest demolished CLT would be incinerated with heat recovery, while the other half is recycled (Guo et al., 2017). The common way to recycle CLT is to chop into wood chips (resin part is ignored since it's only 1% of the CLT, table s9). Herein, recycled CLT would go to the chipping process first, same as the harvested branches from the final logging (fig. 1, main paper). Similar to recycled CLT, scraps from trimming and final sizing in CLT manufacture are assumed to be collected and then recycled as inputs for MDF manufacture. Because these scraps are already chips, the recycling would begin at the washing process (fig. 1, main paper). The inventory for CLT manufacture and till disposal is shown below. 

Carbon vulnerable lands

The cultivation of black locust would replace the original plants on carbon vulnerable lands (CV-lands). Thus, the influence of initial CV-lands is estimated to be a reference scenario to compare to the black locust. The time scale is the same as for the black locust scenario, namely 35 years. As previously stated (Shen et al., 2022), there are four land types identified as CV-lands: intensive grasslands, natural grasslands, rapeseed lands, and woody moorlands.

Intensive grasslands occupies 53% of CV-lands, the dominant plant is perennial ryegrass (Lolium perenne L.) (Kirwan et al., 2007;PLANTUREUX et al., 2005). The cultivation of ryegrass and later silage process are considered here. The silage ryegrass is a kind of mixed feed, which could avoid a certain amount of palm, soybean, and maize as marginal products of oil, protein, and, carbohydrate respectively(Gomez-Campos et al., 2020) (method from Tonini et al., 2016).

In case of rapeseed (Brassica napus L.), after extracting rapeseed oil as the main product, the seed meal is sold as feed. The proportion of rapeseed in CV-lands is 20%.

For these two kinds of land covers, when they are replaced by black locust, more feeds (the marginal products that we calculated) need to be produced to fill their gaps in the market. These extra demands of marginal feeds would lead to more fertilization and land expansion for corresponding crops. This impact is considered as iLUC (table S3).

Heather (Calluna vulgaris) is the representative plant on both natural lands and woody moorlands (20% and 7% of CV-lands) (Inglada et al., 2017). Becauseno specific usage is known, all biomass grown on these two lands are assumed to decay on site. The inventory of CV-lands is built in table S14-18;

Furthermore, the SOC change on CV-lands is estimated by C-Tool, in the same time horizon as the reference scenario. Soil characteristics and temperature inputs are the same as for black locust (all plants growth in the same conditions). Carbon inputs in C-tool are calculated according to the plant considered in simulation, including aboveground and belowground biomass every year (table S19). After estimating the SOC change for four land covers (fig. s5), an arithmetic mean of SOC is computed based on their proportions in the total area of CV-lands (0.53, 0.2, 0.2, 0.07 for intensive grasslands, rapeseed lands, natural grasslands, and woody moorlands respectivelym table S18), depicted in fig. 6b in the main paper.

The biomass residues from the CV-lands with initial vegetation are decomposed totally after the lands conversion to black locust (Verchot et al., 2006), with the tillage applied to cleaning the field before the first black locust seedling planting. s19, which were assumed to be the same during the whole cultivation. (Fazio et al., 2018). To track sources of different carbon flows and highlight the function of SOC but avoiding double counting, the EF method is slightly adapted as recommended by European Commission (Schau et al., 2013).

The characterization factors for CO2 are : biogenic CO2 =1 kg CO2 eq, biogenic CO= 1.57 kg CO2 eq, biogenic methane= 34 kg CO2 eq, CO2 in air= -1 kg CO2 eq, CO2 stocked in soil or biomass= 0.

Under the EF scheme, 19 environmental impact categories are assessed, including three sub-impacts of climate change (fossile, biogenic and land transformation).

European Commission gives three recommendation levels: satisfactory for categories in level I, needs some improvements for level II, and applied with caution for level III (Fazio et al., 2018). 

Dynamic LCA results

For the whole life cycle of black locust scenario (105 years of cultivation), from biogenic sources, we obtain: Fig. S11. C stock fraction in different components, with respect to the carbon absorbed (stock in the standing biomass, soil, products and total (general))

5 Uncertainty analysis

Method

The method called 'Global sensitivity analysis' is used in this study as it could reduce the calculation time significantly comparing to traditional Monte Carlo method, while getting similar results (Bisinella et al., 2016). First, ten parameters are selected for the scenario BL as these parameters influence a lot the climate change impact according to the contribution analysis (fig. s6). Then, each parameter is increased by 10% in a one-at-a-time (OAT) manner while keeping all other parameters fixed at their value. A sensitivity coefficient (SC) is calculated as follow to represent the sensitivity of each parameter:

𝑆𝐶 𝑖 = ∆𝑠𝑐𝑜𝑟𝑒 ∆parameter (5) 
With ∆𝑠𝑐𝑜𝑟𝑒 and ∆parameter are differences before and after OAT of climate change score and parameter respectively, i=1,…n tested parameter.

The 𝑆𝐶 𝑖 calculated here is then used for calculating the analytical variance of the corresponding parameter (𝑉 𝑖 ):

𝑉 𝑖 = 𝑆𝐶 𝑖 2 • 𝑉 𝑖𝑛𝑝𝑢𝑡 (𝑖) (6) 
Where 𝑉 𝑖𝑛𝑝𝑢𝑡 (𝑖) is the variance of each parameter, based on their uncertainty and distribution (table S25). Parameters reaching 90% of the analytical variance (𝑉) are selected to represent the uncertainty of climate change. In this way, the uncertainty of one impact is calculated; the same is applied to the other impacts.

Parameters in uncertainty analysis

The factors follow a normal distribution by default. If data for a certain factor are too few or do not follow normal distribution, but the potential mode is known, then triangular distribution is assumed (Lan et al., 2020). If we only have maximum and minimum value, then uniform distribution is assumed.

plastic boards (P1, P2, P5). In general, P2 represents the highest uncertainty in most impacts (13 of 16), since the yield of woody biomass influences the entire inventory, e.g. the amount of harvested woody materials would determine the amount of CLT and MDF products, further change the amount of avoided brick and plastic board and the disposal process. P6 links to the UF resin products, representing 73% of uncertainty in mineral resource use, because of the mental use in the production (e.g. cadmium, lead). The uncertainty of P7 is significant in respiratory inorganics only because of the high woody dust lost in the air during the logging.

In general, the uncertainty of all impacts is lower than 10% except in mineral resource use (12%). Combined with the uncertainty of scenario REFc, the vary range of the impact results are shown in table s29. Table s29 shows the maximum and minimum scores in each impact the scenario BLc and REFc could be, it could be stated that there are significant differences between scenario BLc and REFc for the sixteen environmental impacts. Planting black locust on CV-lands is beneficial in thirteen environmental impacts. 
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  Fig. II-1 Carbon cycle and carbon pools. Data from[START_REF] Lal | Carbon management in agricultural soils[END_REF].

Fig. II- 2

 2 Fig. II-2 Globally SOC distribution (a) in mass and (b) per 5° latitude, retrieved from~[START_REF] Köchy | Global distribution of soil organic carbon -Part 1: Masses and frequency distributions of SOC stocks for the tropics, permafrost regions, wetlands, and the world[END_REF].
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 3 Fig. II-3 The mechanism of the SOC change by biomass, retrieved from ~(Gross and Harrison, 2019).

  Fig. II-4 C-TOOL model structure(Taghizadeh-Toosi et al., 2014).
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  Fig. II-5 Simplified structure of the thesis

Fig. III- 1

 1 Fig. III-1 Target areas identified as potentially suitable for biopumps implementation in France, without (left) and with (right) intensive grasslands.

  Fig. III-2a as a fraction of the C absorbed i.e. 𝑑𝐶 𝑠𝑡𝑜𝑐𝑘 /𝐶 ̇𝑎𝑖𝑟,𝑝𝑙𝑎𝑛𝑡 , for each couple of parameters (L, F). Positive values indicate the stock formed while negative values indicate stock consumed per year. The decrease in stock every 20 years corresponds to the land preparation phase between 2 rotations (bare soil). One should note the variety of behaviors and the difficulty of qualifying the mitigation potential of each case.
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 1 Fig. represents the effect of biogenic C balance (for 1 ha of land) on GMTC. Negative values indicate a beneficial effect (temperature decrease) and can be considered as targets. This representation clearly indicates that the short-lived products with end-of-life emissions occurring <1-year (e.g., F100L1) have little mitigation capacity, which vanishes after two rotations. On the contrary, the more the end-of-life emissions are postponed (or suppressed), the greater the beneficial effect. Here also a negative GMTC peak is observed, corresponding to the lifespan of the first products manufactured, and postponed by several years due to thermal inertia of Earth (e.g., in 2077 for F70L50/F'30L'1). After this time, the benefit diminishes until circa 80 years when the biopump culture and transformation into products are stopped. Till 2100, all scenarios except F100L1 are negative in GMTC, contributing to mitigating climate change. After 2100, the end-of-life effect is observed with a positive spread of GMTC over time until the last product disappears from the technosphere. Within the time boundary 2020-2120, C in F70L10/F'30L'1 is released to the atmosphere, causing GMTC to rise above 0 K; the same happens in F70L20/F'30L'1 but later. The benefit of suppressing the end-of-life emissions can be countered by a lower utilization fraction F in long-lived products, and trade-off situations between parameters L, L', F, and F' can occur (additional examples are given in supplement information I, fig.s3). Many other parameters influence the C stocks and their evolution in time, therefore detailed analyses are necessary before the practical implementation of a biopump. For example, the effect of initial SOC (100 Mg ha-1 

Fig. IV- 1

 1 Fig. IV-1 Process flow diagram and system boundary considered for the three scenarios assessed. Box indicates processes. Solid lines: induced processes, dotted lines: avoided processes. *Landfilling without CH4 recovery, **30% of car panel is disposed as incineration with power recovery, the rest is disposed as landfilling without CH4 recovery.
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  Fig. IV-3a presents the 100-y SOC (<30 cm) simulated for hemp, with and without straw harvesting, and considering different C/N ratios of the soil. It can be contrasted with Fig. IV-3b, where the SOC evolution related to the conventional CV-land management is presented, both for individual and weighted average French CV-lands. As it can be observed in Fig. IV-3a, hemp does allow, in all but one case (straw harvest, C/N of 11) to increase long-term SOC stocks, in comparison to a given initial level of 42.35 Mg C ha -1 . These represent increases varying between 1.26 (straw left, C/N 11) and 53.68 Mg C ha -1 (straw left, C/N[START_REF] Xiao | Dendroecological Assessment of Korshinsk Peashrub (Caragana Korshinskii Kom.) from the Perspective of Interactions among Growth, Climate, and Topography in the Western Loess Plateau, China[END_REF]. If annualized, it corresponds to 0.0126 and 0.537 Mg C ha -1 year -1 , which corresponds to what was observed in previous studies (e.g., increases of 0.36 -0.4 Mg ha -1 year -1 reported inLi et al., 2012, where straw is left unharvested). Yet, a CSAAP strategy implies harvesting (and using) the hemp straw. Fig. shows that when hemp is grown on CV-lands and fully harvested, a 100-y SOC increase of just 4.68 (straw harvest, C/N 17) -11.56 Mg C ha -1 (straw harvest, C/N 22) is obtained. This is rather small, in comparison to the increase of 27.84 Mg C ha -1 (C/N 17) observed on average CV-land (Fig.. In other words, when considering the SOC evolution that would have otherwise happened over the 100-y period, the hemp CSAAP strategy is rather uncompetitive on French CV-land, leading to a net SOC change of -27.68 Mg C ha -1 (i.e. no additional sequestration). This would be exacerbated with greater proportions of intensive grasslands and rapeseed lands in the CV-land mix.

  Fig. IV-3 100-year SOC stock evolution (a) under different C/N ratio for hemp cultivation on average CV-land, and (b) initial vegetation on CV-lands under C/N 17.

  Fig. IV-4 Life cycle impact assessment results for (a) climate change, (b) non-cancer human health effects, (c)freshwater-and (d) marine eutrophication impacts, with a breakdown per process contribution For tractability reasons, only the most significant processes are depicted. For this reason, the breakdown categories "others (+)" and "others (-)" are introduced, aggregating all remaining positive and negative contributions, respectively.

Fig. IV- 4

 4 Fig. IV-4 also illustrates, for the CP scenario, that the reduction of weight induced by the use of hemp fiber, which implies a decrease in gasoline use, translates into environmental benefits (in dark blue):4.41, 23.71, 55.55, and 31.4% of negative scores, for climate change, non-cancer human health, freshwater-and marine eutrophication impacts, respectively. The energy consumption in the matting process is responsible for positive impacts in these four impacts. At the end-of-life, since one third of car panels are incinerated, the generated heat substituting marginal heat allows for benefits in all four impacts, and especially accounts for 18.19% of negative scores in freshwater eutrophication.

Fig. IV- 5

 5 Fig. IV-5 Dynamic global mean temperature change in biogenic (bio) and non-biogenic (non-bio) flows for scenario SL, scenario IB and scenario CP, and the sensitivity CP sub-scenario where electric mobility is considered from 2040 case ELE with 42% photovoltaic in the electricity mix and case ELE-low with 12% (described in section 3.4.2).

  Fig. IV-6 Sensitivity analysis portraying the relative changes observed, for all impact categories, from the baseline scenarios due to (a) no fertilizer use; and (b) electric car after 2040 (CP scenario only). The black line represents the initial baseline scenarios (i.e., no change). The positive value represents an improvement (%) of the net impact compared to the reference (bold line), and, vice versa.

Fig. IV- 7

 7 Fig. IV-7 Uncertainty analysis of climate change, non-cancer human health, freshwater-and marine eutrophication impacts. The overall system uncertainty is presented on the left hand side, while the contribution of all identified sensitive parameters to this system uncertainty is represented on the right hand side. Red indicates overlap with impossibility to conclude.

Fig. V- 1

 1 Fig. V-1 Process flow diagram showing the key activities considered for (a) black locust cultivation, harvesting (green) and residual biomass management (orange), and (b) manufacture and disposal of cross-laminated timber (CLT; yellow) and medium density fiberboard (MDF; blue).

Fig. V- 3

 3 Fig. V-3 System diagrams showing the boundaries considered in consequential LCA of business as usual (REFc) and black locust (BLc) systems, built on REF and BL scenarios respectively. CV-land: carbon vulnerable land; iLUC: Indirect land use changes; CLT: cross-laminated timber; MDF: medium density fiberboard. Full lines indicate induced processes while dotted lines represent avoided processes.

  animal feed iLUC because of no initial vegetaion

Fig. V- 4

 4 Fig. V-4 Timeline of processes for dynamic LCA.

Fig. V- 5

 5 Fig. V-5 System diagrams of business as usual (REFa) and black locust (BLa) systems, built on REF and BL scenarios respectively.
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  Fig. V-6 Simulated (a) biomass growth and decay for black locust during one rotation, and (b) SOC evolution for black locust and initial vegetation during the cultivation period. Harvestable biomass: stem, branch and bark.

Fig. V- 7

 7 Fig. V-7 Climate change impact for (a) BLc and (b) REFc.Processes with contributions lower than 1% of the total impact (in absolute) were attributed to categories others (+) or (-) (e.g., process A has a contribution of 1 and process B of -1, then the contribution of process A is 1/(abs(1)+abs(-1))=50%).
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  Fig. V-9 GMTC results for all GHG sources from REFc and BLc scenarios, and the consequence of replacing REFc with BLc. Total BLc = Bio BLc + Non bio BLc; Total REFc= Bio REFc + Non bio REFc; Net GMTC = Total BLc -Total REFc. 1 st , 2 nd , 3 rd refer to the rotation number.
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  Fig. V-10 GMTC evolution in REFa (above) and BLa (bottom) scenario with time. 1st, 2nd, 3rd refer to the rotation number. Total BLa = Bio BLa + Non bio BLa; Net BLa = Total BLa+ Palm oil + Feed; Total VGa = Bio VGa + Non bio VGa; Net REFa = Total VGa + Heat + Plastic board + Brick.

  Fig. V-11, plasterboard, PP board), and mineral 0
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  Fig. V-11 Sensitivity analysis of: 100% CLT recycling, CLT avoids concrete, and MDF avoids plasterboard or PP board. The positive percentage means a scenario is better than the initial scenario in this impact.

  Fig. V-7 and Fig. V-8 could be confirmed since they are the same as in Table V-1.

Fig. V- 12

 12 Fig. V-12 Carbon captured over the culture period, and biogenic carbon stocks during the lifetime of the BL scenario.

  Fig. IV-1 and Fig. V-1

Fig. VI- 1

 1 Fig. VI-1 Timeline with important process points of scenarios SL, IB, CP, and BL. 1st, 2nd, 3rd mean the rotation 1, 2, 3.

Fig. VI- 2

 2 Fig. VI-2 SOC evolution in CV-lands during the hemp and black locust cultivation, and for the initial vegetation. Simulations with C-tool for black locust and initial vegetation, and simulations with C-tool and AMG for hemp.

Fig. VI- 3

 3 Fig. VI-3 Sankey diagram of C flows in scenario SL. The C flow of soil is a gain. Unit in t ha -1 . The flow with the red frame is C sink.

Fig. VI- 4

 4 Fig. VI-4 Sankey diagram of C flows in scenario IB. The C flow of soil is a loss. Unit in t ha -1 . The flow with the red frame is C sink.

Fig. VI- 5

 5 Fig. VI-5 Sankey diagram of C flows in scenario CP. The C flow of soil is a loss. Unit in t ha -1 . The flow with the red frame is C sink.

Fig. VI- 6

 6 Fig. VI-6 Sankey diagram of C flows in scenario BL. 1st activities involved in the first thinning; 2nd: activities involved in the second thinning& pruning; H: activities involved in the harvesting; re: recycling; Unit in t ha-1. The flow with * is a C sink. The flow with the red frame is C sink.

  Fig. VI-7 Annual C captured from the atmosphere by hemp and black locust.
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  Fig. shows the mitigation effect due to the replacement of fossil-based products, in the four scenarios. It could be noted that the mitigation effect of three hemp scenarios in ecotoxicity freshwater and water scarcity is far less than that of scenario BL, which could not offset the influence from the induced feed.

Fig. VI- 8

 8 Fig. VI-8 Environmental impacts for which the scenario BL is better than the others.

Fig

  Fig. VI-11 GMTC of scenarios SL, IB, CP, BL for bio and non-bio flows (consequential modeling).

  Fig. VI-12 Total GMTC of scenarios SL, IB, CP, BL.

Fig. s I- 1

 1 Fig. s I-1 Area with SOC < 40 t/ha in France, without (left) and with (right) Intensive Grasslands.

Fig. s I- 2

 2 Fig. s I-2 Net biogenic carbon flows.

Fig. s I- 3

 3 Fig. s I-3 Sensitivity analysis on global mean temperature change (GMTC) following the life time of bio-based products.

Fig. s I- 4

 4 Fig. s I-4 Sensitivity analysis on global mean temperature change (GMTC) for different initial SOC and temperature conditions.

Fig. S1

 S1 Fig. S1 Temperature and P-ETP inputs for AMG model, P-ETP is the difference of precipitation P and potential evapotranspiration ETP. Data from Drias(DRIAS les futurs du climat, 2014).

  [START_REF] González-García | Life cycle environmental analysis of hemp production for non-wood pulp[END_REF] Nicolescu et al., 2018) b :(Clivot et al., 2019) 

Fig. S2

 S2 Fig. S2 Images of hemp based products in this study. Hemp seed oil (a), thermal insulation (b), car panel (c), concrete (d)(Gueudet, 2016b; Ip and Miller, 2012;[START_REF] Korjenic | Development and performance evaluation of natural thermal-insulation materials composed of renewable resources[END_REF][START_REF] Paz | Hemp (Cannabis sativa L.) seed oil: Analytical and phytochemical characterization of the unsaponifiable fraction[END_REF].

Fig. S3

 S3 Fig. S3 Diagram of carbon vulnerable land use.

  photochemical ozone formation respiratory inorganics non-cancer human health effects

Fig. S7

 S7 Fig. S7 Uncertainty analysis of all environmental impacts, in normalized impacts scores.

Fig

  Fig. S2 SOC change in the CV-land after the cultivation period.

Fig

  Fig.S3Black locust growth trend in one rotation(a, height; b, diameter) 

  45 ha a : to estimate the marginal lands for 35 years, we ran the CV-lands scenario 35 times in the SimPro, all processes only happen once is adjusted (e.g. land transformation).

Fig

  Fig. S4 Diagram of initial vegetation use

Fig

  Fig.S5The SOC simulation results for the four types of initial vegetation on CV-lands.

  Fig.S7Biogenic GHG flows (kg year -1 ) for black locust scenario ('carbon dioxide in air' is the CO2 captured, all other substances are emitted)

  The analytical variance of climate change category (𝑉) in each scenario is the sum of 𝑉 𝑖 , and 𝐶𝑉 is used to indicate how uncertain the initial climate change score is.
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Biomass in global warming mitigation

  

	N2O 2.1	Dinitrogen monoxide
	GMTC	Aboveground biomass Global mean temperature change
	ALCA GTP	Attributional life cycle assessment Global Temperature Potential
	BCCS GWP	Biomass with carbon capture and storage Global Warming Potential
	BGB TH	Belowground biomass Time horizon
	C RCP	Carbon Representative Concentration Pathway
	CA RF	Active soil organic carbon Radiative forcing
	CS ROM	Stable soil organic carbon Resistant organic matter
	CO2 SIC	Carbon dioxide Soil inorganic carbon
	CDR SOC	Carbon dioxide removal Soil organic carbon
	CLCA SOM	Consequential life cycle assessment Soil organic matter
	CLT SR	Cross-laminated timber Shoot-to-root ratio
	CV-lands SRC	Carbon vulnerable lands Short rotation coppice
	DM	Dry mass
	DOC	Dissolved organic carbon
	Dy-LCA	Dynamic life cycle assessment
	EF	Environmental Footprint initiative
	FOC	Fresh organic carbon
	FUM	Fresh organic matter
	FU	Functional unit
	HUM	Humified organic matter
	IRF	Impulse response function
	IPCC	Intergovernmental Panel on Climate Change
	GHG	Greenhouse gas
	GMT	Global mean temperature
	LCA	Life cycle assessment
	LU	Land use
	LUC	Land use change
	Methane	CH4
	MDF	Medium density board
	N	Nitrogen
	N-fertilizer	Nitrogen fertilizer

Table II -

 II 1 Review of marginal land selection criteria.

	Ref		Meteorology	Geology						Soil characteristic			Applied	Amount	%
		Temperature Precipitation Slop Flood	SOC Type pH Salinity Moisture	Coarse	Groundwater Fertility Erosion	Depth	location	(M ha)	total
					risk						fragment						land
	(Zhang et	X	X	X		X	X	X							China	59.40	6.2%
	al., 2017)															
	(Albers et	X	X	X	X	X		X	X	X	X	X	X	X	Global	2714	5.3%
	al., 2021b)															
	(Milbrandt			X				X		X	X				Asia-Pacific	4	6.5%
	and														Economic	
	Overend,														Cooperation	
	2009)														countries	
	(Saha and			X			X								Boston,	2660 ha	24%
	Eckelman,														USA	
	2015)															
	(Niblick et			X			X								Pittsburgh,	
	al., 2013)														USA	

Table II -

 II 2 Review of marginal land type.

		Shrubs	Sparse	grassland	Bare	Sparsely	Abandoned	Urban	Degraded	Dump	Strip	Gullied	Dry	Saline	Pastoralism	Desert	Fallow	Wetland	Idle	Contaminated
			forest		area	vegetated	agricultural	land	land		mines	land	land	land			land			land
							land												
	(Zhang et al.,	X	X	X															X
	2017)																		

Table III

 III 

	-1 Semi-quantitative criteria matrix used to score and select the biopumps potentially adapted
	for Francea.					
	Overall criteria	Sub-criteria			Score	
			0	1	2	3
	Yield		<2 t DM ha -1	2~5 t DM ha -1	5~10 t DM ha -1 year -1 >10 t DM
	(harvestable)		year -1	year -1		ha -1 year -1
	SOC		<0 g kg -1	0~0.1 g kg -1	0.1~0.3 g kg -1	>0.3 g kg -1
	increase		or <0 Mg ha -	or 0~0.35 Mg	or 0.35~1 Mg ha -1	or
	potential		1	ha -1		>1 Mg ha -1
	Agricultural	Water	Need	Need irrigation	Could grow without	Survives
	intensity		irrigation	in a certain	irrigation but water	and grow
			regularly	period	input would greatly	with
					enhance yield	rainwater
						only in the
						region of
						origin,
						tolerant to
						drought
		Fertilizer >180 kg N	120-180 kg N	60-120 kg N ha -1	<60 kg N
			ha -1 year -1	ha -1 year -1	year -1	ha -1 year -1
		Pesticides Susceptible	There is at least	There is at least one	Great
			to pest/weed	one pest or	pest or weed problem	resistance
			problem;	weed problem	but not serious;	against
			Pesticides	that would	Pesticides sometimes	pest;
			necessary.	cause a serious	used.	Pesticides
				disease;		seldom
				Pesticides		used.
				typically used.		
	Suitability to		Not currently	Grows in other	Grows in European	Already
	grow in		growing in	continents but	countries with	grows in
	France		France or	with a similar	similar conditions	France
			countries	environment to		
			with similar	France (altitude,		
			conditions.	climate,		
				latitude)		
	Invasion risk		Invasive and	Invasive but can	Judged non-invasive,	
			difficult to	be contained	but no clear	
			control		information.	

Table III -

 III 2 Biopump ranking results a Suitability to grow in France lifetime implies short C stock turnover, but recycling being possible, one feasible compensation is to increase the number of use cycles. Notably, whether bio-based products are used in building or as fastmoving consumer goods, they often replace a fossil-based alternative (supplement information I, table

	Biopump				Criteria				Total
										score
		1)Yield 2)SOC		3) Agricultural intensity		4)Suitability b 5)Invansion	
			increase						risk	
			potential							
				Water Fertilizer Pesticides Total			
					Woody plants				
	Black locust	3	3	3	2	2	2.3	3	3	14.3
	Atriplex	3	3	1	3	3	2.3	3	3	14.3
	Microphylla	3	2	3	3	0	2.0	2	3	14.0
	Olive	3	3	2	1	1	1.3	3	3	13.3
	Araucaria	3	2	1	3	2	2.0	3	3	13.0
	Rhamnoides	2	3	2	2	0	1.3	3	3	12.3
	Blueberry	3	3	0	0	1	0.3	3	3	12.3
	Poplar	3	2	2	3	1	2.0	3	2	12.0
	Alder	2	1	2	3	2	2.3	3	2	10.3
	Willow	3	1	1	2	2	1.7	3	1	9.7
	Acerola	2	2	3	3	2	2.7	1	2	9.7
	Korshinsk peashrub	1	2	3	3	3	3.0	1	2	9.0
	Acacia	3	3	3	3	0	2.0	0	1	9.0
	Guava	3	1	0	0	0	0.0	1	3	8.0
	Mean	2.6	2.2				1.8	2.3	2.4	11.5
	Standard deviation	0.6	0.7				0.8	1.0	0.7	2.1
					Herbaceous plants				
	Switchgrass	3	2	3	2	2	2.3	3	3	13.3
	Hemp	3	2	2	2	2	2.0	3	3	13.0
	Miscanthus	3	1	2	2	2	2.0	3	3	12.0
	Ryegrass	3	3	3	0	3	2.0	3	1	12.0
	White clover	3	3	1	3	1	1.7	3	1	11.7
	White mustard	1	3	1	1	3	1.7	3	3	11.7
	Red clover	2	1	2	3	2	2.3	3	3	11.3
	Giant reed	3	2	1	3	3	2.3	3	1	11.3
	Opuntia ficus-indica	0	3	3	2	1	2.0	3	3	11.0
	Ramie	3	3	1	3	1	1.7	0	3	10.7
	Alfalfa	1	1	2	2	1	1.7	3	3	9.7
	Bahiagrass	3	2	3	3	2	2.7	1	1	9.7
	Bungeana	1	2	2	2	3	2.3	0	2	6.3
	Mean	2.2	2.2				2.1	2.4	2.3	11.1
	Standard deviation	1.0	0.8				0.32	1.1	0.91	1.1
	a: Figures are presented with a maximum of 3 significant digits					
	b:									

Table III -

 III 3 Land cover types in France (2018) on C-poorer lands, detailed for 3 SOC range categories a

	Industrial and	1,450	9.91%	5,290	6.34%	6.24	7.55%
	Commercial Units						
	Road Surfaces	64.1	0.44%	168	0.20%	0.29	0.35%
	Rapeseed lands b	156	1.07%	4,620	5.53%	0.76	0.92%
	Cereal Straw	1,170	8.04%	17,600	21.1%	8.59	10.4%
	Legumes/Protein Crops	79.8	0.55%	1,070	1.29%	0.39	0.48%
	Soybean	126	0.87%	658	0.79%	0	0.00%
	Sunflower	586	4.01%	3,410	4.09%	0.07	0.09%
	Corn/Maize	425	2.91%	5,120	6.14%	3.61	4.36%
	Rice	6.06	0.04%	73.5	0.09%	0	0.00%
	Roots and Tubers	29.4	0.2%	2,000	2.39%	3.01	3.64%
	Intensive Grasslands b	1,020	7.01%	11,800	14.1%	12.7	15.3%
	Orchards	373	2.55%	641	0.77%	0	0.00%
	Vineyards	2,790	19.1%	3,110	3.73%	0.05	0.07%
	Broad-leaved Forests	1,590	10.9%	11,800	14.1%	19.8	23.90%
	Coniferous Forests	1,040	7.11%	4,750	5.68%	7.91	9.56%
	Natural Grasslands b	1,510	10.3%	3,170	3.8%	0.88	1.07%
	Woody Moorlands b	384	2.63%	1,350	1.62%	1.65	1.99%
	Bare Rock	32.2	0.22%	46.2	0.06%	0.21	0.25%
	Beaches, Dunes and	22.6	0.15%	47.6	0.06%	0.69	0.83%
	Sand						
	Glaciers and perpetual	0.84	0.01%	0.46	0.00%	0	0.00%
	Snow						
	Water Bodies	235	1.61%	969	1.16%	2.06	2.49%
	Total	14,600	100%	83,500	100%	82.8	100%
	Land cover type	SOC< 40 tha -1 km 2 %	SOC in 40-50 tha -1 km 2 %	SOC in 50-60 tha -1 km 2 %
	Continuous Urban	39.7	0.27%	47.1	0.06%	0.05	0.06%
	Fabric						
	Discontinuous Urban	1,470	10.1%	5,740	6.88%	13.8	16.70%
	Fabric						

a : Values are rounded to a maximum of 3 significant digits b : chosen as target areas

  , based on (ADEME, 2018) for electricity andKassara et al. (2019) for heat. The heat and electricity mixes after 2050 were considered the same as in 2050 (Supplement information III, table s22-24).

Table V -

 V 1 Uncertainty range of LCA results a .

	Impact category			Score range	
			Scenario BLc	Scenario REFc
		Unit	Lower value	Higher value	Lower value Higher value
	Climate change	t CO2-eq	-2290	-2120	-58.9	-43.2
	Ozone depletion	kg CFC11 eq	-0.0365	-0.0317	0.00459	0.00518
	Ionizing radiation	kBq U-235 eq	9360	10500	1710	1980
	Photochemical ozone formation, HH	kg eq NMVOC	-8710	-7730	449	507
	Respiratory inorganics	disease inc.	-0.43	-0.358	0.0281	0.0324
	Non-cancer human health effects	CTUh	-0.184	-0.163	0.242	0.278
	Cancer human health effects	CTUh	-0.0517	-0.0459	0.0021	0.00231
	Acidification terrestrial and freshwater	mol H+ eq	-4390	-3880	4300	4930
	Freshwater eutrophication	kg P eq	382	432	-14.3	-8.14
	Marine eutrophication	kg N eq	-1400	-1230	837	928
	Terrestrial eutrophication	x10 2 mol N eq	-141	-124	199	229
	Ecotoxicity freshwater	x10 4 CTUe	-399	-354	-109	-91.2
	Land use	x10 5 Pt	261	277	147	165
	Water scarcity	x10 4 m3 depriv.	-879	-780	-50.3	-41.7
	Resource use, energy carriers	x10 5 MJ	-477	-423	2.34	2.93
	Resource use, mineral and metals	kg Sb eq	0.217	0.278	1.39	1.60

a Impact with grey background means scenario REFc is better than BLc, otherwise, BLc is better. Figures are presented with a maximum of 3 significant digits.

Table VI -

 VI 1 Carbon input of hemp for SOC simulation.

		Yield* (DM t/ha)	Aboveground biomass left (DM t/ha)	Belowground biomass left (DM t/ha)	Input to topsoil (t/ha)	Input to subsoil (t/ha)
	Straw left	0.83	4.41	0.89	4.64	0.66
	Straw harvested	9.19	0.47	0.89	0.69	0.66

*DM : dry matter

Table VI -

 VI 

	Model	SOC, Mg ha -1	SOC, Mg ha -1
		Hemp, straw left	Hemp, straw harvested
	AMG, C/N=17	79.58	33.26
	AMG, C/N=11	43.61	33.25
	C-tool, C/N=11	61.68	34.58

2 SOC results obtained at 100 years of cultivation, with AMG and C-tool for hemp scenarios

Table VI -

 VI 4 with 2050, 2100, and 2290 as three milestones. The comparison focuses on climate mitigation, and C sinks in soil and technosphere.Concerning the CO2 captured, black locust culture captures practically twice than hemp, for the same time horizon. However, only a limited part of the C captured is stored in the technosphere in scenario BL, C in the wood products shows a delayed emission rather than storage. Therefore, the C stock rate of scenario BL decreases with the end of the rotation, from 80.92% in 2050 (no harvesting yet), to 51.4%

in 2100 (all biomass in the first rotation is harvested), till 15.21% (all cultivated biomass is harvested, residues are decayed, and biogenic C in the products is emitted). It is higher than the C stock rate of scenario IB and CP in the year 2050, similar in the year 2100, but lower at the end, indicating the importance of involving a temporal factor in selecting biopump. It should be noted that the final C stock rate is different from the estimation in

Table VI -

 VI 3 Results from dynamic LCA extrapolated to the total CV-land area in France, at three time horizons a . The ranking of scenarios is visible with colours: from green for the best, to red for the worst.

	Parameter	Scenario SL	Scenario IB Scenario CP Scenario BL
		2050			
	Total C captured, 2050, Mt	396	396	396	655.2
	Net C storage 2050, Mt	44.4	254.4	242.4	530.4
	Annualized C stock of French carbon budget b %	0.24%	1.37%	1.31%	2.86%
	Bio GMTC 2050, °C	2.30E-04	-7.28E-04	-6.68E-04	-1.38E-03
	Non-bio GMTC 2050, °C	1.22E-04	-3.15E-04	-5.31E-04	-1.06E-03
	Net GMTC 2050, °C	3.52E-04	-1.04E-03	-1.20E-03	-2.44E-03
		2100			
	Total C captured, 2100, Mt	396	396	396	1768.8
	Net C storage 2100, Mt	56.16	681.6	631.2	684
	Annualized C stock of French carbon budget %	0.11%	1.35%	1.25%	1.35%
	Bio GMTC 2100, °C	2.97E-04	-1.64E-03	-1.52E-03	-1.74E-03
	Non-bio GMTC 2100, °C	3.26E-04	-9.02E-04	-1.61E-03	-3.77E-03
	Net GMTC, °C	6.23E-04	-2.54E-03	-3.13E-03	-5.52E-03
		2290			
	Total C captured, 2290, Mt	1435.2	1435.2	1435.2	2560.8
	Net C storage 2290, Mt	46.56	866.4	811.2	388.8
	Annualized C stock of French carbon budget %	0.03%	0.50%	0.47%	0.23%
	Bio GMTC 2290, °C	-8.87E-05	-1.75E-03	-1.65E-03	-8.78E-04
	Non-bio GMTC, °C	3.25E-04	-1.30E-03	-2.12E-03	-7.21E-03
	Net GMTC 2290, °C	2.36E-04	-3.05E-03	-3.77E-03	-8.08E-03

a : b : (The High Council on Climate, 2019)

Table VI -

 VI 4 Selected results from static and dynamic LCA and biogenic flows modelling, for 1ha CV-land a .

	Parameter for 1 ha b	Scenario SL Scenario IB Scenario CP Scenario BL
	SOC change* in 2127, C-tool, Mg ha -1 (t ha -1 )	19.43	-7.85	-7.85	92.03
		Static LCA (one rotation)			
	CO2 captured in 35 y, t ha -1	730	730	730	1305
	Net C stock, at 35 y, t ha -1	15.31	109.55	99.6	75.0
	Climate change: Net t CO2-eq	222	-320	-592	-2202
	Climate change: t CO2-eq, mitigation	-47	-700	-1457	-2643
	Dynamic LCA (three rotations)		
	Net GMTC 2050, K	2.63E-10	-3.18E-10	-3.83E-10	-1.02E-09
	Net GMTC 2100, K	3.92E-10	-9.28E-10	-1.17E-09	-2.30E-09
	Net GMTC 2290, K	-2.85E-11	-1.40E-09	-1.70E-09	-3.37E-09
	Bio GMTC 2050, K	2.50E-10	-1.49E-10	-1.24E-10	-5.76E-10
	Bio GMTC 2100, K	3.58E-10	-4.50E-10	-3.98E-10	-7.26E-10
	Bio GMTC 2290, K	-1.14E-11	-7.03E-10	-6.61E-10	-3.66E-10
	Total CO2 captured until 2127 y, t ha -1	2191	2191	2191	3914
	Net C stock 2050, t ha -1	18.5	106	101	221
	% of stock from the captured at this time	11.20%	64.11%	61.04%	80.92%
	Net C stock 2100, t ha -1	23.4	284	263	285
	% of stock from the captured at this time	5.20%	63.10%	58.50%	51.40%
	Net C stock 2290, t ha -1	19.4	361	338	162
	% of stock from the captured at this time	3.25%	60.38%	56.65%	15.21%

Table S I

 S -1 SOC changes induced by woody biopump candidates. (unless otherwise indicated, SOC data are extracted from the meta-study byLedo et al. a ) 

	No. Name	ΔSOC concentration	ΔSOC stock	Number	Years	Expected	Country	Soil depth (cm)
			[g kg -1 y -1 ]			[Mg ha -1 y -1 ]	of	since	plantation
								measurem	LUC b	duration
								ents	[year]	[year]
			Average Min	Max Average Min	Max	
	Current land use: fruit							
	1	Acerola	0.21	0.21 0.21			1	9	15-40 1	Brazil	0-20
	2	Blueberry*				1.41	0.43 2.26 5		12-50 2,3	USA	0-30
	3	Guava				0.01	-0.88 0.26 11	22.4	15-40 4,5	Brazil, India	0-20, 20-40, 40-60, 60-80, 80-100, 100-150, 150-200
										Spain,
	4	Olive	1.06	-0.17 1.91			81	9.4	150-600 6,7	Italy,	0-5, 0-20, 0-24
										Portugal
	Current land use: short rotation coppice					
	5	Acacia				1.07	-0.26 2.40 10	5	15-50 8,9	Tanzania	0-15
	6	Alder*	0.08	-0.01 0.15			5		40-160 10,11	Germany	0-20
	7	Araucaria				1.15	0.68 1.62 2	30	150-1000 12,13	Brazil	0-20, 20-40
	8	Black locust	0.247	-0.07 0.65 0.003	-0.01 0.02 18	12.4	60-100 14,15	Germany, Italy	0-3, 3-10, 0-10, 10-30, 30-60, 60-100
	9	Poplar	0.20	-0.70 1.06			78	13.8	40-150 16,17

Table S I

 S -2. SOC changes induced by grassy biopump candidates. (unless otherwise indicated, SOC data are extracted from the meta-study byLedo et al. a ) 

	No.	12	Korshinsk pea shrub Name	0.16	ΔSOC concentration	0.38	ΔSOC stock	12	4 Number of	10-50 22,23 China Years Expected	0-20, 20-40, 40-60, 60-80, 80-100 Country Soil depth (cm)
	13 14 a: SOC data taken from Ledo et al. 27 , except for korshinsk pea shrub 28 , bungeana, rhamnoides and microphylla 29 . Rhamnoides 0.25 0.58 5 27 30-40 24 [g kg -1 y -1 ] [Mg ha -1 y -1 ] measurements since Microphylla 0.22 0.50 5 27 LUC b 50-[year] 150 25,26 Average Min Max Average Min Max b: LUC-land use changes Current land use: food	China plantation duration China [year]	0-10, 10-20, 20-40 0-10, 10-20, 20-40
	1		Bahiagrass		0.23						1	6	2-5 30	Germany	0-20
	Current land use: bioenergy								
	2		Giant reed		0.19	-0.15 0.58				6	8	12-25 31,32	Italy	0-15, 10-30, 15-30,
												30-60, 60-100
	3		Miscanthus		0.09	-1.15 1.46	0.25	-10.27 9.08 198	6.7	15-30 33,34	Italy,
												Germany,
												Ireland,
												France,
												USA, UK
												100
		Current land use: animal feed							
		11	Atriplex				0.46	-0.18 1.26 7	6.7	Annual or 12-27 20,21 Australia	0-30, 30-200, 0-100
		Current land use: no definition						

Table S I

 S SOC data taken from Ledo et al.27 , except for hemp49 , alfalfa50 , opuntia ficus-indica51 , red clover, white mustard52 , white clover 53 , bungeana29 . -3 shows binomial names of biopump candidates in Latin, it should be noticed that not only the plants as binomial names recorded in Table

									2-4 46,47	
	Current land use: no definition								
	13	Bungeana	0.16		0.40		5	27	>150 48	China	0-10, 10-20, 20-40
	a: b: LUC: land use changes								
											100
	Current land use: bioproduct								
	5	Ramie	0.45	0.39	0.55		7	9	6-40 37,38	Italy	0-30
	Current land use: crop								
	6	Ryegrass	1.22	-2.00 4.00		9	1	Annual 39 /	Germany	0-30
									6-10 40	
	7	Hemp	0.15	0.14	0.15		6	5	Annual	China	0-15
	8	Alfalfa			0.28		20	6-8	3-20 41,42	USA	0-5
	9	Opuntia ficus-			2.18	0.97	3.38 5	9	10-200 43	Mexico	0-25
		indica								
	10	Red clover	0.05					2	annual 41,45 3-4 44	Lithuanian 0-25
	11	White mustard	0.40					2	Annual	Lithuanian 0-25
	Current land use: crop &forest								
	12	White clover	0.6	0.55	0.65		30	4	Annual/	Zimbabwe 0-15

Table S

 S 

	I-3 Binomial name of biopump candidates.	
	Candidate	Binomial name in Latin
	Woody	
	Acacia	Acacia mangium
	Acerola	Malpighia glabra L.
	Alder	Alnus glutinosa
	Araucaria	Araucaria angustifolia
	Atriplex	Atriplex nummularia
	Black locust	Robinia pseudoacacia
	Blueberry	Vaccinium corymbosum L.
	Guava	Psidium guajava L
	Olive	Olea europaea L.
	Poplar	Populus spp
	Willow	Salix spp.
	Korshinsk peashrub	Caragana korshinskii Kom
	Rhamnoides	Hippophae rhamnoides L
	Microphylla	Caragana microphylla
	Grassy	
	Opuntia ficus-indica	Opuntia ficus-indica (L.) Mill
	Alfalfa	Medicago sativa
	Red clover	Trifolium pratense L.
	Hemp	Cannabis sativa L.
	Switchgrass	Panicum virgatum L.
	White clover	Trifolium repens L.
	Miscanthus	Miscanthus x giganteus
	Ryegrass	Lolium perenne L.
	Giant reed	Arundo donax L.
	White mustard	Sinapis alba L.
	Bahiagrass	Paspalum notatum Flüggé
	Ramie	Boehmeria nivea L.
	Bungeana	Stipa bungeana

Table S I

 S -4 Biopump composition (in g/100g dry mass, unless otherwise specified). The biopumps in bold are those identified as suitable for a CSAAP strategy in

	France No. Name 1 Acacia Microphylla* Woody Rhamnoides* Korshinsk pea shrub 2 Methodology for biopump selection for France Lignocellulosic Lignin 19.3-26.0 42.0 19.0 Cellulose Hemicellulose Total 34.1 6.8 12.0 6.5 Expected composition of the harvested biomass 11.2 16.6 26.4	1.6 11.4 protein 14.9 Crude	59.1 Sugar Ash 0.5 8.8 43.4 4.1	phosphorus: 0.62. calcium: 0.91; Gross energy: 18.6 MJ/kg; Lipid: 5.44; Others 0.26; tartaric: 0.81; Quinic: 26.5; malic: 13.8 ; citric: 2.21; oxalic:	55,56 79 Ref 77,78 76
	2 Grass 3 4 5 6 7 8 9	Acerola* Alder Bahiagrass Araucaria Giant reed Atriplex Miscanthus Ryegrass Switchgrass Black locust Ramie Blueberry* Hemp Alfalfa Guava* Opuntia ficus-indica Red clover Olive White mustard* White clover	21.2-24.8 4.7 27.2-28.5 8.0-34.0 10.5-16.5 10.8 7.0-27.1 0.6-0.7 68.6-76.2 13.1-16.7 32.3-32.4 23.5-34.6 58.3 21.0-42.0 7.0-23.0 30.2.-57.6 15.9-19.2 45.0 27.0 46.5 13.3 0.8 0.5 4.0-40.0-67.0 13.0-26.0 19.0 7.0-20.0-67.2 11.0-23.5 21.3 16.2-22.1 33.2 14.4 13-15.5 36.7 20.6 17.9-27.7 26.1-36.6 17.9-25.0 3.5-15.2	12.8-34.5 31.5-33.5 14.0-34.0 43.3 63.8-69.6 13.8 7.1-8.6 23.4	2.4-9.2 9.7-14.2 4.0-8.0 9.0-26.9 3.4-6.8 20.8 7.3 7.0-16.0 3.6-3.8 90.4 54.0 46.3 21.0 7.7-11.7 11.5 12.0-15.8 23.4-36.9 22.7	0.3-0.6 10.7 3.0-8.0 2.0 9.20 0.2-13.2 >0.1 1.0-6.3 5.10-8.3 12.3	Lipid: 2.64-9.20 Gross energy: 18.3 MJ/kg DM Sodium: 5-6.05; potassium: 2-4.95; Lipid: 3.4 calcium: 0.41 Lipid: 7.3 gross energy: 15 MJ/kg. Acetate: 1.30; Pectin: 1.9; wax: 0.3. Lipid 2.5-3.61; Vitamin B1: 0.02; Vitamin B2: 0.02; Vitamin C: 16 [mg/100g] Iron: 3.32; calcium: 60.07; phosphorus: 160.55; Lipid: 2.2-2.7 vitamin A: 50.13; vitamin C: 0.2; vitamin B3: 0.16; vitamin B6: 0.42; [mg/100g DM] gross energy: 18 MJ/kg. Calcium : 0.05; Phosphorus : 1.11; Gross energy: 20.3 MJ/kg. Gross energy: 17.4MJ/kg	57,58 69,80 59,60 81,82 61,62 83,84 63,64 85,86 87,88 65,66 89,90 88,91 54,67 92,93 94,95 68,69 96,97 98,99 70,71 96,100-102
	10 Plant compositions are given in g/100g DM, otherwise specified. Poplar 22.3 22.0-46.7 16.6 Bungeana 15.4 45.2 26.8				2.1 2.7	72,73 103
	11 *: Composition of fruit or seed. Willow	43.8	31.2	18.0-74.9	16.7		10.2	phosphorus : 0.26; Pentosans: 20.98 calcium : 1.60;	74,75
									gorss energy: 17.8 MJ/kg
							156	

Table S I

 S -5 The yield, SOC change, agricultural intensity, suitability in France, and invasion risk of biopump candidates. Need irrigation regularly; W1: Need irrigation in certain period; W2: Could live without irrigation but water would prompt the yield; W3: Survives with rain water only in region of origin, tolerant to drought. b: P0: Susceptible to get pest/weed problem. Pesticides necessary; P1: There is at least one pest or weed problem would cause a serious disease. Pesticides typically used; P2: There is at least one pest or weed problem but not serious. Pesticides sometimes used; P3: Great resistance against the pest. Pesticides seldom used. c: S0: Not currently growing in France or countries with similar conditions; S1: Grows in countries in other continents but have similar environment to France; S2: Grows in European countries with similar conditions; S3: Already grows in France. d: R0: Invasive and difficult to control; R1: Invasive but can be contained; R2: No information about invasion, judged to be non-invasive /the species in table s3 is not invasive but subspecies or varieties would be. R3: Proved to be non-invasive3 Suitable anthropogenic productsTable S I-6 Non-exhaustive list of studies with examples of bio-based materials and chemicals produced from plant biomass (not only biopumps), with a focus on the parameters affecting the conceptual biomass-to-bioeconomy performance. Biopump species identified in this study are marked with a *. Lifetime are as reported by the studies, unless otherwise specified.

	Biopump candidates Criteria 1)Yield Woody Acacia 12-22.3 104 Acerola 6.7-10.5 110 Alder 5.9 114,116 Araucaria 34.6 114,119 Atriplex 25 123 Black locust 62.6 114,126 Blueberry 14.8 2 Guava 11.2-16.8 133 0.01 2)SOC increase capacity SOC concentration ( g kg-1 y-1) SOC stock (Mg ha-1 y-1) 1.07 0.21 0.08 1.15 0.46 0.65 0.003 1.41 Olive 37 114,137 1.06 Poplar 4.3-10.7 140,141 0.2 Willow 20 145 0.1 Korshinsk peashrub 4.13 22,147 0.16 0.38 Rhamnoides 5-6 149 0.25 0.58 Microphylla 16.53 153 0.22 0.5 Grassy Opuntia ficus-indica 1.56 157 8.7 Alfalfa 3-8.3 159 0.28 Red clover 3 52 0.05 Hemp 6.7 165 0.15 Switchgrass 15 145 0.08 0.4 White clover 7-13.6 171 0.6 Miscanthus 12.15-40 145,173 0.09 0.25 Ryegrass 9.4 173 1.22 Giant reed 30 145 0.19 White mustard 3.42 52 0.4 Bahiagrass 13.49 182 0.23 Ramie 13 184 0.45 Bungeana 3 186 0.16 0.4 evaporation extraction, in car polymerization filtration, Flax Fiber Stalk Beam Fiber not detailed. component with furan, solvent, Hemp* Process chain Stalk Reinforced Fiber Diels-Alder Key Processes involved Plant used parts Potential Final Products Intermediate to finial product Maize Starch extraction, film production Fruit Packaging film Opuntia ficus-indica* Mucilage extraction, mixing with plasticizer, drying. Stem Food packaging films and coatings. Maize Wet milling, fermentation, recovery, blown film extrusion Fruit Carrier bag Polyhydroxyal 3)Agricultural intensity Water a Annual N input (kg ha -1 ) W3 105,106 0 107 W3 111 40 112 W2 117 0 117 W1 120 0 121 W1 124 37 125 W3 127 92 127 W0 130 100-300 131 W0 134 143-571 135 W2 138 120-150 139 W2 142 0 143 W1 146 80-120 146 W3 22,28 0 28 W2 24,150 0-238 150,151 W3 154,155 0 154 W3 157 100 157 W2 123 0 160 W2 162 0 161,163 W2 166-168 60-200 165 W3 170 50-100 145 W1 172 0 161 W2 173-175 40-107.1 145,173,174 I2 175 Pesticides b I0 108 I2 113 I2 105,118 I2 2 I3 115 I2 128 I1 2 I0 115 I1 139 I1 144 I2 18,146 I3 28 I0 150 I0 156 I1 158 I1 161 I2 164 I2 167,169 I2 170 I1 161 W3 177,178 386.9-407.1 173 I3 40 W1 174 40 174 I3 174 W1 179 80-160 180 I3 181 W3 183 0 183 I2 183 W1 184,185 30-72 184,185 I1 184,185 W2 187 0-138 188 I3 187,188 50 Recycle Building landfill recycle 7.5 Incineration/ Automotive Life time (years) End-of-life Type of use / sector of activity 4)Suitability c S0 109 S1 114,115 S3 114 S3 122 S3 122 S3 129 S3 132 S1 115,136 S3 138 S3 129 S3 129 S1 148 S3 152 S2 115,152 S3 115 S3 115 S3 115,152 S3 165 S3 115 S3 115,152 S3 176 S3 177 S3 115 S3 115 S1 69 S0 185 S0 105 polyester, Epoxy, Plastic a Likely Replaced 5)Invasion risk d R1 R2 R2 R3 R3 R3 R3 R3 R3 R2 R1 R2 R3 R3 R3 R3 R3 R3 R3 R1 115 R3 174 R1 R1 174 R2 R3 208,20 R1 183 R3 Few days a Landfill/ composting/ digestion Packaging Petrochemical Polypropylene/ polyethylene 189 Few days a Landfill/ composting/ digestion Packaging Petrochemical Polypropylene/ polyethylene 190 kanoates Few days a Landfill/ incineration/ composting Plastic Petrochemical Polypropylene 191 Residues from maize & rice harvest. Furfural extraction, oxidation, dehydration, Cob, stock, hull. Bottle Terephthalic acid Few days b Gasification/ recycling/ pyrolysis/ incineration Packaging Polyethylene terephthalate 192 additives plywood/ fiberboard formaldehyde/ melamine formaldehyde Eucalyptus Alkalisation, preageing, xanthation, dissolving, ageing, viscose, spinning, desulf, drying Stem, branch Silk, velvet Viscose/ tencel for biopolymer 2 Recycling/ compost /incineration Textile Petrochemical-based textile (PET) a Eucalyptus/ maple wood/ pine*/ poplar* Hydrolysis, isomerization, dehydration Stem Bottle Furfural Few days b Gasification/ recycling/ pyrolysis/ incineration Packaging Polyethylene terephthalate a Sweet chestnut Drying, grinding, suspend in Sawdus t Flame retardants Few days a Chemical Triphenyl phosphate (TPP) a Bamboo Fiber extraction, dissolution with polylactic acid, casting, evaporation. Stem Membrane for desalinatio n, food processing. Fiber 10 Landfill Plastic Petroleum-based polymer † Palm Maleinization, epoxy-carboxyl reaction, copolymerizatio n Fruit Pipe Unsaturated resin 100 Recycling/ landfill Plastic Fossil glycerol Cardoon/ miscanthus*/ switchgrass* Drying, pelletising, hydrolysis, fermentation Above ground Bottle Biopolymer (1,3-propanediol Few days b Gasification/ recycling/ pyrolysis/ incineration Packaging Polyethylene terephthalate a Miscanthus* Stalk Transport pallet Fiber 5 Landfill/ Incineration/ Building Wood † Hemp*/ cotton Fiber extraction, mattress manufacture Stalk/fr uit Pocket spring mattress Fiber 10 Landfill/ incineration/ Hemp* Process chain Hemp* Fiber extraction, Hemp* Blending with epoxy resin. Stalk Composite automotive b Unit in 1000 ha. for a Cattle, sheep, goats, horses, buffaloes; unit in % of total live stock unit. component Fiber 10 Recycle Automotive 2019 93.84 185794.23 Plastic a 2015 94.87 183263.87 curing. 2010 94.99 202221.67 steel mandrel, 2005 95.51 195907.55 fabric onto a Oceania wrapping fiber Stalk Elbow 2019 62.33 304017.76 fitting Fiber 20 Landfill Building 2015 62.5 304689.05 Glass fabrics a 2010 63.26 307475.52 not detailed. Stalk Side panel Fiber 14 Landfill Automotive 2005 65.13 304379.19 Plastic a Europe ethanol 2019 72.22 473703.14 /conversion to 2015 72.37 477310.28 recycling Textile Petrochemical 2010 74.14 480902.05 textile (PET) a 2005 74.6 478999.55 particleboard/ phenol-refining. mold, curing. Northern America product † Ref process 193 , spinning, kitting, dyeing, confection stick, stem, branch landfill/ recycling 194 based textile (PET) † Sorghum Fermentation, salt separation, evaporation and crystallization Grain Food supplement (for Soups, salads) Succinic acid Few days a Food & Beverage Fresh meat extracts Giant reed* Crushing, drying, pelletising, hydrolysis, fermentation Bottle Biopolymer (1,3-propanediol) Few days b Gasification/ recycling/ pyrolysis/ incineration Packaging Petrochemical Polyethylene terephthalate (PET) a Eucalyptus Dissolution, mixing with Pulp Oriented strand board/ Wood adhesives 50 Recycling/ incineration Nanocomposites( adhesives) Urea-formaldehyde, water extraction. stump cellulose, hemicellulose recycle based textile (PET) Poplar* Fe 3+ -assisted acetic acid pretreatment, enzymatic hydrolysis. Sawdus t Ethanol Xylose, lignin Few days a Chemicals Fossil Birch Polyesterificatio n, molding. Bark Mattress, car parts, Polyester thermoset 10 a Incineration/ landfill/ recycling Plastic Polyurethane a Sugarcane Soaking, chemical impregnation, steaming, defibration, screening& Bagasse Paper Few days a Incineration/ recycle Textile Soda,kraft, sulphite a wrapping with fax mat, reinforcement. ester a Flax Fiber extrusion, injection, molding. Stalk Under-engine panels Fiber 7.5 Incineration Automotive Plastic a Kenaf Cleaning, binder addition, molding. Stalk Thermal insulation board Fiber 30 Incineration Building Polystyrene (EPS), extruded polystyrene (XPS), polyurethane (PUR) a Kenaf Grinding, mixing, foaming in Stalk Thermal insulated panels Fiber 10 Landfill Building Mineral, chemical a a: Own evaluation b: Plastic could keep in use with a proper recycling pathway, like adding plasticizer 219 . * Biopumps Table S I-7 Trends of grassland area and ruminant production for different regions 220 Runminant a Grass land b World 2005 73.86 3009449.62 2010 72.32 3019698.47 2015 71.86 3006498.91 2019 72.35 3008311.60 sieving, mixing with binder a: W0: Biomass Beech Viscose Bark, T-shirt <5 a Incineration/ Textile Petrochemical-Pine* Mill, sieve, Branch, T shirt Lignin, <5 a Incineration/ Textile Petrochemical-molding, phenolic, vinyl-Hemp* Defibering, Stalk Wall Shives 100 Recycle/ landfill Building Brick 218
	preliminary
	163

Table S I

 S -8 Examples of carbon distribution during biomass processing (% in the final product, the rest being a residue), and lifetime of the carbon-based products

	Product	Plant	Carbon in product [%] Product lifetime [year] Reference
	Transport pallet	Miscanth	70	5	214
		us			
	Elbow fitting	Hemp	87.8	20	215
	Under-engine panels	Flax	70	7.5	210,216
	Insulated panels	Kenaf	80	10	212,216
	Composite component for	Hemp	100	10	216
	Automotive				
	Reinforced component in Ford car Hemp	100	7.5	216,217
	Wall	Hemp	60	100	218
	Bioenergy	Miscanth	65	short	221
		us			
	Heat	Willow 100	short	

Carbon vulnerable arable land in France

  

Table S1

 S1 Input of AMG, soil characteristics(Nachtergaele et al., 2012).

	2 Life cycle inventory						
		Measured depth	Clay		CaCO3	pH	Bulk density	Coarse fragment %	SOC g/kg concentration	SOC Mg/ ha stock	C/N
	Carbon vulnerable land	30	215.97		26.36	6.6 1.4		6.63	10.79	42.35	11/17/ 22
	Table S2 Input of AMG, biomass.						
		Irrigation	Tillage cm a	Proportion of harvestable part(RP), residue(RS), root(RR), extra-root(RE) b	Root contribution b	Aboveground carbon input Mg/ ha	Belowground carbon input Mg/ ha
				RP	RS	RR		RE	
	Straw harvested	0	0	0.713 0.078	0.127	0.082 0.961	0.47	0.89
	Straw left	0	0	0.064 0.726	0.127	0.082 0.961	4.41	0.89

Table S3

 S3 

	Inventory sheet of hemp cultivation		
	Cultivation				
	Input	Quantity	Unit Source	Process
	Seed for sowing	50	kg	(Ventura and Kiess, 2015)	From hemp yield in table s4
					Sowing {GLO}|
	Sowing	1	ha	(ecoinvent, 2020)	market for |
					Conseq, U
	Fertilizer				
					Phosphate fertiliser,
	P input	50.9	kg	(Ventura and Kiess, 2015)	as P2O5 {GLO}| market for |
					Conseq, U
					Nitrogen fertiliser,
	N input	106.73	kg	(Ventura and Kiess, 2015)	as N {GLO}| market for |
					Conseq, U
					Potassium fertiliser,
	K input	89.87	kg	(Ventura and Kiess, 2015)	as K2O {GLO}| market for |
					Conseq, U
					Fertilising, by
	Fertilizing	1	ha	(ecoinvent, 2020)	broadcaster {GLO}| market for
					| Conseq, U
	CO2 total captured from air	20.87	t	(TNO innovation for life, 2020)	
	Land occupation	1	ha a (ecoinvent, 2020)	Occupation, annual crop, non-irrigated
	Output				
	Emission to air				
	N2O direct, from fertilization	1.68	kg	(Hergoualc'h et al., 2019)	
	N2O indirect Volatilization	0.18	kg	(Hergoualc'h et al., 2019)	
	NOx-N (NO2)	0.74	kg	(Nemecek and Kägi, 2007)	
	NH3	2.59	kg	(Nemecek and Kägi, 2007)	
				(European	
	NMVOC	0.46	kg	Environment Agency,	
				2019)	
	Discharge to water				
	NO3 -	40	kg	(Nemecek and Kägi, 2007)	
	PO4 3-	1.56	kg	(Nemecek and Kägi, 2007)	
	N2O indirect, leaching from fertilization	0.39	kg	(Hergoualc'h et al., 2019)	

Table S4

 S4 

	2026(RESEARCH AND MARKET			
	Inventory sheet of hemp harvesting		
	Hemp harvesting, straw harvested			
	Input	Quantity	Unit Source	Process
					Combine
	Harvesting	1	ha	(ecoinvent, 2020)	harvesting {GLO}| market for |
					Conseq, U
	Output				
	Straw	11.69	t	(Ventura and Kiess, 2015)	
	Seed	0.98	t	(Ventura and Kiess, 2015)	
	Emission to air				
	CO2 from degradation	4.81	t	(TNO innovation for life, 2020)	
	N2O direct, from residue &root, straw harvested	0.37	kg	(Hergoualc'h et al., 2019)	
	N2O indirect, from the nitrogen leaching	0.09	kg	(Hergoualc'h et al., 2019)	
	Emission to soil				
					Carbon dioxide, to
	SOC change	0.17	t	(Clivot et al., 2019)	soil or biomass
					stock
	Hemp harvesting, straw left				
	Input	Quantity	Unit Source	Process
					Combine
	Harvesting	1	ha	(ecoinvent, 2020)	harvesting {GLO}| market for |
					Conseq, U
	Output				
	Seed	0.98	t	(Ventura and Kiess, 2015)	
	Emission to air				
	CO2 from degradation	18.08	t	(TNO innovation for life, 2020)	
	N2O direct, from residue &root, straw harvested	1.21	kg	(Hergoualc'h et al., 2019)	
	N2O indirect, from the niteogen leaching	0.28	kg	(Hergoualc'h et al., 2019)	
	Emission to soil				
					Carbon dioxide, to
	SOC change	1.35	t	(Clivot et al., 2019)	soil or biomass
					stock

Table S5

 S5 

	Inventory sheet of hemp oil extracting		
	Seeds after harvesting				
	Input	Quantity	Unit Source	Process
	Harvested seeds	975	kg		
	Output				
	Seeds for resowing	50	kg	(Ventura and Kiess, 2015)	
	Seeds for oil extraction	925	kg		
	Oil extraction				
	Input	Quantity	Unit Source	Process
					"Rape oil, crude
	Oil extraction, input-seeds	925	kg	(ecoinvent, 2020)	{CH}| rape oil mill operation | Conseq,
					U"
	Output				
	Hemp oil, crude	308.33	kg	(Rapa et al., 2019)	
	Hemp meal	616.67	kg	(Deng et al., 2011)	
	Oil refinery, operation				
	Input	Quantity	Unit Source	Process
					Palm oil, refined
	Oil refinery operation, input-hemp oil, crude	308.33	kg	(ecoinvent, 2020)	{GLO}| palm oil refinery operation |
					Conseq, U
	Output				
	Hemp oil, refined	296	kg		
	Hemp seed oil market				
	Input	Quantity	Unit Source	Process
	Oil refinery market, input-hemp oil, refined	296	kg	(ecoinvent, 2020)	Palm oil, refined {GLO}| market for | Conseq, U
	Output				
	Hemp oil, refined	296	kg		
	Hemp seed oil market				
	Input	Quantity	Unit Source	Process
	Hemp oil, refined	296	kg		
	Output				
					All C in within the
	CO2, biogenic	1431.72	kg		oil would emit back
					to the atmosphere
	Co-products fate a				
	Co-product	Quantity	Unit Source	Process
	Hemp meal	616.67	kg		
	Marginal products				
					Maize grain {GLO}|
	Carbohydrate	-159.41	kg	(Tonini et al., 2016)	market for | Conseq,
					U
					Soybean meal
	Protein	-97.87	kg	(Tonini et al., 2016)	{GLO}| market for |
					Conseq, U

Table S6

 S6 

	Inventory sheet of hemp retting		
	Retting			
	Input	Quantity	Unit Source	Process
	Straw	11.69	t	
	Output			
	Retted straw	8.44	t	
	Emission to air			
	CO2	788.88	kg	(Gomez-Campos et al., 2020)
	CO	1.75	kg	(Gomez-Campos et al., 2020)
	CH4	6.6	kg	(Gomez-Campos et al., 2020)
	N2O	0.14	kg	(Gomez-Campos et al., 2020)
	NH3	0.61	kg	(Gomez-Campos et al., 2020)
	H2O	2250.18	kg	(Bleuze et al., 2020)

Table S7

 S7 

	Inventory sheet of hemp baling			
	Retting				
	Input	Quantity	Unit Source	Process
	Baling	12.06	P a	(ecoinvent, 2020)	Baling {RoW}| processing | Conseq, U
	Bale loading	12.06	P	(ecoinvent, 2020)	Bale loading {RoW}| processing | Conseq, U
	Output				
	Baled straw	8.44	t		
	a : 700kg /P				
	Table S8 Inventory sheet of hemp fiber extraction		
	Fiber extraction				
	Input	Quantity	Unit Source	Process
	Retted straw	8.44	t		
	Electricity	1816.43	kwh (Norton et al., 2008)	
	Output				
	Fiber	2.53	t	(Norton et al., 2009)	
	Shives	5.48	t	(Norton et al., 2009)	
	Emission to air				
	Dust	0.42	t	(	

Table S9

 S9 

	Inventory sheet of hemp concrete manufacture
	Hemp concrete manufacture						
	Input	Quantity Unit Source		Process
	Water Table S12 Inventory sheet of hemp car panel manufacture 15.15 t (Ip and Miller, 2012) Drying	Tap water {Europe without Switzerland}| market for | Conseq, U
	Lime binder Input		Quantity Unit	Source	Process
	Hydrated binder Fiber Natural gas	7.58	2.53 20.73	t	Lime, hydrated, packed {RER}| market for lime, hydrated, packed | Drying, natural gas Conseq, U (Islam, 2008) (Ip and Miller, 2012) m 3 t {GLO}| market for |
	Hydraulic binder Output	1.52		t		(Ip and Miller, 2012)	Lime, hydraulic {RER}| market for Conseq, U lime, hydraulic | Conseq, U
	Pozzolanic binder Dry fiber Water evaporated Matting	1.01	2.21 0.32	t	t t	(Ip and Miller, 2012)	Cement, pozzolana and fly ash 36-55%,non-US {Europe without Switzerland}| market for cement, pozzolana and fly ash 36-55% |
	Input		Quantity Unit	Source	Conseq, U Process
	Shivs	5.48		t				Spinning, bast fibre
	Electricity Matting, input-dry fiber	336.63 2.21	kwh	t	(Ip and Miller, (Deng, 2014) Electricity, low voltage {FR}| {GLO}| market for | 2012) market for | Conseq, U Conseq, U
	Output Output						
	Hemp concrete Fiber mat	60.61 2.21	m 3	t		
	Hemp concrete use Mixing						
	Input Input	Quantity Unit Source Quantity Unit	Source	Process Process
	Hemp concrete Fiber mat	60.61 2.21	m 3	t		
	Output CO2 absorbtion Polypropylene (PP) resin Output	-4.67	3.35	t	t	(Boland et al., 2016) (Pretot et al., 2014)	Polypropylene resin, at plant/RNA
	H2O replaced Reinforced mat Thermal compression molding 1.91	5.56	kg	t	(Pretot et al., 2014)
	Hemp concrete end of life Input		Quantity Unit	Source	Process
	Input Hemp concrete Output Thermoforming, input-mixed Quantity Unit Source 60.61 m 3 mat 5.56 t	Process Thermoforming, with (Pervaiz and Sain, calendering {GLO}| 2003) market for | Conseq, U
	CO2 from hemp concrete Output	8.2		t			
	Co-products fate Car panel		5,33		t		
	Co-product Hemp concrete Fiber waste	Quantity Unit Source 60.61 m 3 0.08 t	Waste wood, untreated Process (Boland et al., {FR}| market for waste 2016) wood, untreated | Conseq,
	Marginal product							U
	Gypsum plasterboard PP resin waste	-48.59 0.15	t	t	(ecoinvent, 2020) (Boland et al., Gypsum plaster (CaSO4 beta hemihydrates) DE S Waste polypropylene {FR}| market for waste 2016) polypropylene | Conseq, U
	Marginal product						
	Glass fiber car panel a		-6.61		t		(Sepe et al., 2018)

Table S13

 S13 

	Inventory sheet of hemp car panel use stage	
	Drying				
	Input	Quantity Unit Source	Process
	Car panel	5.33	t		
	Output a				
					Petrol, 5% ethanol by
	Fuel reduction (gasoline)	-12530.38	L	(La Rosa et al., 2013)	volume from biomass {GLO}| market for |
					Conseq, U

a : negative value means avoided

Table S14

 S14 

					Electricity, medium
	Electricity for grinding	354.45	kwh (Gueudet, 2016a)	voltage {FR}| market for |
					Conseq, U
	Output			
	Landfilling	3.55	t	(Gueudet, 2016a)
	Incineration	1.78	t	(Gueudet, 2016a)
	Landfilling			
	Input	Quantity Unit Source	Process
	Car panel	3.55	t	
	Output			
					Waste fibreboard {CH}|
	Landfilling, car panel	3.57	t		market for waste
					fibreboard | Conseq, U
	Emission to air			
	CO2 from fiber in the car panel	2.08	t		Compensated CO2 emission
	Incineration			
	Input	Quantity Unit Source	Process
	Car panel	1.78	t	
	Output			
					Waste wood, untreated
	Incineration fiber in the car panel 0.7	t		{FR}| market for waste wood, untreated | Conseq,
					U
					Waste polypropylene
	Incineration PP in the car panel	1.06	t		{FR}| market for waste
					polypropylene | Conseq, U
	Inventory sheet of hemp car panel disposal	
	Disposal			
	Input	Quantity Unit Source	Process
	Car panel	5.33	t	
					Electricity, medium
	Electricity for compaction	10.66	kwh (Gueudet, 2016a)	voltage {FR}| market for |
					Conseq, U
					Electricity, medium
	Electricity for pre-grinding	8	kwh (Gueudet, 2016a)	voltage {FR}| market for |
					Conseq, U

  ), except the NMVOC emission(European Environment Agency, 2019). FigureS3depicts the situation of carbon vulnerable lands, while table S14-19 detail in math. The 'avoided carbon sequestration or emission' means the carbon change due to the avoided activities (e.g. silage for ryegrass), it's hard to predict the carbon change is negative or positive before analyzing, both sequestration and emission could be possible, results could be found in the result part in the main paper or detail in appendix B ('Cvulnerable vegetation' in stack graph, sunburst figureandcontribution table). Inventory data in table S16-19 are based on 1 ha of carbon vulnerable land, in fact, what happened in these tables would be avoided, that's why the value in table S21 is negative, which means values in table S16-19 would be reversed in the LCA calculation.

Table S16

 S16 

	Table S15 Input of AMG, ryegrass and rapeseed (Clivot et al., 2019). Irrigation Tillage cm Proportion of harvestable part(RP), residue(RS), root(RR), extra-root(RE) RP RS RR RE Ryegrass 0 30 0.417 0.083 0.303 0.197 0.953 Root contribution Output Ryegrass silage 20.6 t (ecoinvent, 2020) b: silage process is modified by using mineral fertilizer, consequential inputs and Aboveground carbon input Mg/ ha 0.68 emissions are shown in the inventory; Worrall and Clay, 2014) CO2 0.91 t (Tonini et al., Carbon dioxide, biogenic 2016) 65% water content iLUC -1 ha (COWI A/S and Utrecht University, 2019) Emission to air NH3 69.92 kg (Hamelin et al., 2012) From urea NH3 4.97 kg (Hamelin et al., 2012) From mineral fertilizer like (NH₄)₂HPO₄ or 5Ca(NO3)2 NH4•NO3 NO 7.64 kg (Hamelin et al., 2012) From fertilizer NO 1.51 kg (Hamelin et al., 2012) From residue NOx 14 kg (Hamelin et al., 2012) N2 74.96 kg (Hamelin et al., 2012) N2O 4.31 kg (Hamelin et al., 2012) From fertilizer &residue N2O 1.58 kg (Hamelin et al., 2012) From N mineralized because of soil carbon loss CO2 11.28 t (Hamelin et al., 2012) From residue, considered the SOC increased. CO2 0.43 t (Hamelin et al., 2012) From urea CO2 1.23 t (ecoinvent, 2020) a: plant cultivation and land occupation are included in the process; Agency, 2019) From carbon loss during the silage Table S17 Inventory sheet of rapeseed. Input Quantity Unit Source Emission to water (Decau et al., CO 25.9 kg (Tonini et al., Carbon monoxide, biogenic 2016) Process Oil extraction a,b 822 kg (ecoinvent, 2020) Rape oil, crude {Europe without Nitrate 31 kg 2004; Hussain et al., 2019) CH4 1.63 kg (Tonini et al., Methane, biogenic 2016) Switzerland}| rape oil mill operation | Conseq, U Output Crude rapeseed oil 822 (ecoinvent, Emission to soil SOC change 0.37 t N2O 2.34 kg (Tonini et al., Dinitrogen monoxide 2016) (Pehme et al., 2017) Carbon dioxide, to soil or biomass stock NOx 1.37 kg (Tonini et al., Nitrogen oxides 2016) kg 2020) SOC change 1.18 t (Clivot et al., 2019) Carbon dioxide, to soil or biomass stock iLUC -1 ha (COWI A/S and Utrecht University, 2019) Indirect land use change Marginal product Crude palm oil 822 kg (ecoinvent, 2020) Palm oil, crude {RoW}| palm oil mill operation | Conseq, U Use of rapeseed Input Quantity Unit Source Process Crude rapeseed oil 822 kg Output CO2, biogenic 3814.93 kg All C in rapeseed oil would emit back to the atmosphere. Table S19 Inventory sheet of woody moorland. Input Quantity Unit Source NH3 1.58 kg (Tonini et al., Ammonia 2016) Process CO2 captured 3.72 t Emissions to water (Vogtländer et al., 2014; NO3 -29.86 kg (Tonini et al., Nitrate 2016) Worrall and Clay, 2014) Land occupation 1 ha a PO4 3-0.29 kg (Tonini et al., Phosphate 2016) (ecoinvent, Occupation, grassland, natural (non-use) 2020) Table S21 C-vulnerable plantation. Output Input Quantity Unit Source Process Emission to air N2O 0.51 kg (Pehme et al., Marginal land left as marginal, -0.53 ha intensive grasslands 2017) NOx 1.28 kg (Pehme et al., Marginal land left as marginal, -0.2 ha rapeseed 2017) NH3 0.39 kg (Pehme et al., Marginal land left as marginal, -0.2 ha natural grassland 2017) NMVOC 19.33 kg (European Environment Marginal land left as marginal, woody moorlands -0.07 ha	Belowground carbon input Mg/ ha 2.77
	Rapeseed	0	Inventory sheet of intensive grassland. Quantity Unit Source 8 t (ecoinvent, 2020) 27 0.191 0.574 0.142 0.36 kg b: the avoided protein because of the rapeseed meal is included in the process; Silage Input Process Silage process a, b Ryegrass silage {CH}| catch crop 0.093 0.920 3.12 NMVOC (Vogtländer et (Hamelin et al., 2012) Emission to water Nitrate 149.5 kg (Hamelin et al., 2012) N-leaching Phosphorus 0.032 kg (Hamelin et al., 2012) P-leaching Use of ryegrass silage CO2 3.35 al., 2014; t Worrall and Table S18 Inventory sheet of natural grassland. Input Quantity Unit Source Clay, 2014) Process CO2 captured 3.72 t Emission to water (Vogtländer et al., 2014; Nitrate 31 (Hussain et al., kg 2019) Worrall and Clay, 2014) Emission to soil growing, ryegrass, August-April, organic fertiliser 80 kg N, three cuts | Conseq, U; 8 t/ha is the amount of ryegrass that would go through the Input Quantity Unit Source Process Land occupation 1 ha a (ecoinvent, 2020) Occupation, grassland, natural (non-use) SOC change 0.37 t (Pehme et al., Carbon dioxide, to soil or biomass stock 2017) Ryegrass 20.6 t Output silage silage. N fertilizer 222 kg (Hamelin et al., 2012) Nitrogen fertiliser, as N {GLO}| market for | Conseq, U P fertilizer 53.47 kg (Hamelin et al., 2012) Phosphate fertiliser, as P2O5 {GLO}| market for | Conseq, U K fertilizer 18.69 kg (Hamelin et al., 2012) Potassium sulfate, as K2O {GLO}| market for | Conseq, U Lime 542.05 kg (Hamelin et al., 2012) Lime, packed {CH}| lime production, milled, packed | Conseq, U CO2 in air 12.32 t CO2 captured from harvestable part CO2 in air 12.58 t CO2 captured from above+ belowground residue Output CO2, biogenic 11 t All carbon in the silage would emit Emission to air N2O 0.51 kg Table S20 Indirect land use change (for 1 ha). (Pehme et al., 2017) Input Quantity Unit Source Process back to the atmosphere Marginal products Carbohydrate -2.4 t (Tonini et al., 2016) NOx 1.28 kg (Pehme et al., 2017) P input 59.14 (Tonini et al., Phosphate fertiliser, as P2O5 {GLO}| kg 2016) market for | Conseq, U Maize grain {GLO}| market for | Conseq, U Protein -0.49 t (Tonini et al., 2016) NH3 0.39 kg (Pehme et al., 2017) N input 21.84 (Tonini et al., Nitrogen fertiliser, as N {GLO}| market kg 2016) for | Conseq, U Soybean meal {GLO}| market for | Conseq, U Fats -34.53 kg (Tonini et al., 2016) NMVOC 3.8 kg (European Environment K input 31.22 (Tonini et al., Potassium fertiliser, as K2O {GLO}| kg 2016) market for | Conseq, U Palm oil, refined {GLO}| market for | Agency, 2019) Output Conseq, U a: plant cultivation and land occupation are included in the process; CO2 3.35 al., 2014; t (Vogtländer et Emissions to air	1.17

Table S22

 S22 

	Table S23 Abbreviation of substance in contribution analysis. Substance Abbreviation Substance Climate change Ozone Depletion Carbon dioxide, biogenic CO2, bio Methane, bromochlorodifluoro-, Halon 1211 Carbon dioxide, fossil CO2, fossile Methane, bromotrifluoro-, Halon 1301 Gold, Au 4.9E-5%, in ore Au-4,9E Climate change -biogenic Gold, Au 6.7E-4%, in ore Au-6,7E Carbon dioxide, in air Gold, Au 7.1E-4%, in ore Au-7,1E Carbon dioxide, biogenic Climate change -land use and transform Carbon dioxide, land transformation CO2, LUC Retting, input-straw Retting Nitrogen fertiliser, as N {GLO}| market for | Conseq, U N-fertilizer Abbreviation CBrClF2 CBrF3 CO2, air CO2, bio Baling, input-retted straw Baling Phosphate fertiliser, as P2O5 {GLO}| market for | Conseq, U Silicone Silicone Heat, district or industrial, natural gas {RoW}| market for heat, district or industrial, Heat {RAS} Matting, input-dry fiber Matting Lime, hydraulic {RER}| market for lime, hydraulic | Conseq, U Hydraulic Injection moulding {RER}| processing | Moulding Marginal land left as C-natural grass marginal, natural grassland Conseq, U P-fertilizer Fiber extraction, input-baled straw F-extract Emission from residue Decay natural gas | Conseq, U Managanese Managanese Glass cullet, sorted {GLO}| market for | Conseq, U Glass Lime, hydrated, packed Heat, district or Mixing (car panel), input-fiber mat Mixing {RER}| market for lime, hydrated, packed | Conseq, U Hydrated industrial, other than natural gas {RoW}| Heat {RoW} Marginal land left as marginal, woody moorlands C-moorland
	Carbon dioxide, in air Dinitrogen monoxide Carbon dioxide, land transformation Methane, land transformation Table S24 Abbreviation of process in contribution analysis of scenario SL. CO2, air Ethane, 1,1,2-trichloro-1,2,2-trifluoro-, CFC-113 N2O Photochemical ozone formation, HH CO2, LUC Nitrogen monoxide CH4, LUC Concrete manufacture, input-shives Con-manufacture Combine harvesting {GLO}| market for | Conseq, U Harvestor C2Cl3F3 NO Concrete use stage, input-hemp concrete Con-use Avoid meal, input -seed wet Av-meal CO2 emission from shives in Urea Electricity, medium voltage Electricity Cement, pozzolana and fly market for | Conseq, U Urea {RoW}| market for | Conseq, U {ROW} Glass wool Glass wool Heat, district or industrial, natural gas {RoW}| market for heat, district or industrial, Heat {ROW} Car panel manufacture, input-reinfored mat CP-manufacture ash 36-55%,non-US {Europe without Switzerland}| market for cement, pozzolana and fly ash 36-55% | Conseq, U Cement Electricity, high voltage {IN}| market group for electricity, high voltage | Conseq, U Electricity, medium voltage Electricity H U {IN} {RoW}| market for | Conseq, Electricity M {RoW}
	Environmental impacts Impact category Climate change Ozone depletion Ionising radiation, HH Photochemical ozone formation, HH Respiratory inorganics Non-cancer human health effects Cancer human health effects Acidification terrestrial and freshwater Eutrophication freshwater Eutrophication marine Eutrophication terrestrial Ecotoxicity freshwater Land use Water scarcity Resource use, energy carriers Resource use, mineral and metals Climate change -fossil Climate change -biogenic Climate change -land use and transform kg CO2 eq Unit kg CO2 eq kg CFC11 eq kBq U-235 eq II Recommendation level I I kg NMVOC eq II disease inc. I CTUh III CTUh III mol H+ eq II kg P eq kg N eq mol N eq II CTUe Pt m3 depriv. III MJ III kg Sb eq III kg CO2 eq I kg CO2 eq I I 3.2 Environmental impact results Nitrogen oxides NOx Nitrogen oxides Land use Ecotoxicity freshwater Occupation, permanent crop Lop, per Chromium Occupation, annual crop, non-irrigated, intensive Lop, no-in Copper Occupation, grassland, natural (non-use) Lop, nat Zinc, water Occupation, annual crop Lop,an Zinc, soil Occupation, annual crop, non-irrigated Lop, an-non Zinc, air Transformation, from annual crop Ltrans, fa Acetochlor Transformation, to annual crop, non-irrigated, intensive Ltrans, ta-non Atrazine Transformation, to annual crop Ltrans, ta Chlorpyrifos Resource use, energy carriers Diflubenzuron Gas, natural/m3 Natural gas Antimony, air Oil, crude Crude oil Antimony, water Coal, brown Coal, brown Vanadium Coal, hard Coal, hard Arsenic Uranium U Nickel Resource use, mineral and metals Climate change -fossil Cadmium Cd Carbon dioxide, fossil Gold Au Dinitrogen monoxide Marginal land left as marginal, rapeseed C-rapeseed NOx Cr Cu Zn, w Zn, s Zn, a Acetochlor Atrazine Chlorpyrifos Diflubenzuron Sb, a Sb, w V As Ni CO2, fossile N2O Marginal land left as marginal, natural grassland C-natural grass Marginal land left as marginal, woody moorlands C-moorland CO2 emmision from seed oil Seed end Table S25 Abbreviation of process in contribution analysis of scenario IB. Process Abbreviation Sub-process Abbreviation C-vulnerable plantation CV-land Ryegrass silage Silage Hemp cultivation Cultivation Induced forage, input-silaged ryegrass In-feed Residue degradation &hemp harvesting Harvesting Use of forage Forage use Hemp oil, crude | mill operation Mill iLUC iLUC Hemp seed oil, refinery operation Refinery Rape oil, crude {FR seed}| rape oil mill operation | Conseq, U Rape mill Hemp seed market&use M&Use CO2 captured Photosynthesis Avoided-palm oil from seed Av-oil Hemp cultivation Cultivation Sub-process Abbreviation CO2 captured during using Carbonation Stone wool factory {GLO}| market for stone wool factory | Conseq, U Wool CO2 emission from shives in concrete, input-hemp concrete Con-end Heat, district or industrial, other than natural gas {RER}| market group for | Conseq, U Heat {RER} hemihydrates) DE S Gypsum Kraft paper, bleached {GLO}| market for | Conseq, U Kraft Thermoforming, with calendering {RER}| thermoforming, with calendering | Conseq, U Thermoforming Steam, in chemical industry {GLO}| market for | Conseq, U Steam Core board {GLO}| market for | Conseq, U Core board Polyethylene, low density, granulate {GLO}| market for | Conseq, U Polyethylene Electricity, medium voltage {RER}| market group for | Conseq, U Electricity {RER} Waste plastic, mixture {RER}| market group for waste plastic, mixture | Conseq, U Waste Packaging box factory {RER}| construction | Conseq, U Heat {EU} Heat {EU} Electricity, medium voltage {RAS}| market group for | Conseq, U Electricity {RAS} Avoided -gypsum plasterboard Av-gypsum Palm oil, refined market Palm oil Conseq, U input-fiber Dry Switzerland}| market for | Water Dry (hemp car panel), Tap water {Europe without {GLO}| market for | Conseq, U Kraft marginal, rapeseed C-rapeseed Marginal land left as Kraft paper, bleached Packaging Retting, input-straw Retting {GLO}| market for | Conseq, U N-fertilizer straw Baling {GLO}| market for | Conseq, U P-fertilizer Fiber extraction, input-baled straw F-extract Emission from residue Concrete manufacture, input-shives Con-manufacture Combine harvesting {GLO}| market for | Conseq, U Concrete use stage, input-hemp concrete Con-use Avoid meal, input -seed wet, method 2 CO2 emission from shives in concrete, input-hemp concrete Con-end Palm oil, refined market Mazie Conseq, U grasslands {GLO}| market for | PE marginal, intensive C-intensive density, granulate Marginal land left as Polyethylene, low Av-meal Polypropylene resin, at plant/RNA PP resin panel PP-Incineration Incineration PP in the car Harvestor Propylene, at plant/kg/RNA Propene panel F-Incineration Incineration fiber in the car Decay {GLO}| market for | Conseq, U {GLO} Fiber in car panel, landfilling F-Landfilling Packaging Packaging box factory Baling, input-retted Phosphate fertiliser, as P2O5 {RER}| construction | Conseq, U Packaging {RER} in landfilling CO2-fiber Compansated CO2 emission Packaging box factory Gypsum plaster (CaSO4 beta Hemp seed market&use, input-refined oil M&Use CO2 captured Photosynthesis Avoided-palm oil from seed Av-oil Hemp cultivation Nitrogen fertiliser, as N EUR-flat pallet {GLO}| market for | Conseq, U Flat production | Conseq, U G-fiber Glass fibre {RER}| Cultivation plastic, mixture | Conseq, U market for | Conseq, U Board {RoW}| market for waste Plastic Core board {GLO}| Waste plastic, mixture III Ammonia NH3 Nitrogen monoxide NO grasslands ash 36-55% | Conseq, U oil Conseq, U Conseq, U calendering | Conseq, U III Phosphate P Eutrophication marine Eutrophication terrestrial Nitrate NO 3-Marginal land left as marginal, intensive C-intensive without Switzerland}| market for cement, pozzolana and fly Cement Hemp seed oil, refinery operation, input-crude Refinery Rape oil, crude {FR seed}| rape oil mill operation | Rape mill volume from biomass {CH}| production | Petrol thermoforming, with Thermoforming{RER} calendering {RER}| II Phosphorus PO4 3-Sulfur dioxide SO2 Avoid meal Av-Meal 36-55%,non-US {Europe wet Petrol, 5% ethanol by Thermoforming, with II Methane, land transformation CH4, LUC Nitrogen oxides NOx Ionising radiation, HH NMVOC, non-methane volatile organic compounds, unspecified origin NMVOC Carbon-14 C-14 Hexane C6H14 Radon-222 Rn-222 Ethene C2H6 Uranium-234 U-234 Formaldehyde CH2O Respiratory inorganics Propene C3H6 Ammonia NH3 Non-cancer human health effects Particulates, < 2.5 um PM2.5 Zinc, soil Zn, s Sulfur dioxide SO2 Lead Pb Cancer human health effects Mercury Hg Chromium, water Cr, w Zinc, air Zn, a Chromium, air Cr, a Arsenic As Chromium, soil Cr, s Acidification terrestrial and freshwater Chromium VI Cr 6+ Ammonia NH3 Eutrophication freshwater Nitrogen oxides NOx Process Abbreviation Sub-process Abbreviation C-vulnerable plantation CV-land Ryegrass silage Silage Hemp cultivation Cultivation Induced forage In-forage Residue degradation &hemp harvesting Harvesting Use of forage Forage use Hemp oil, crude | mill operation Mill iLUC iLUC Hemp seed oil, refinery operation Refinery Rape oil, crude rape oil mill operation Rape mill Hemp seed market&use M&Use CO2 captured Photosynthesis Avoided-palm oil from seed Av-oil Nitrogen fertiliser, as N N-fertilizer Emission from residue Decay Tap water Water Palm oil, refined market Palm oil Phosphate fertiliser, as P2O5 P-fertilizer Combine harvesting Harvestor concrete, input-hemp concrete Con-end Palm oil, refined market Mazie Avoided -gypsum plasterboard Av-gypsum Palm oil, refined market Palm oil Mixing (insulation), input-fiber Mixing Tap water {Europe without Switzerland}| market for | Conseq, U Water Insulation manufacture (thermocompression), input-mixed mat I-Avoided-wool thermal insulation Av-insulation Lime, hydraulic {RER}| market for lime, hydraulic | Conseq, U Landfilling-thermal insulation Landfilling Lime, hydrated, packed {RER}| market for lime, hydrated, packed | Conseq, U Hydrated Cement, pozzolana and fly ash Residue degradation &hemp harvesting, straw harvested Harvesting Use of forage Forage use Hemp oil, crude | mill operation, input -seed Mill iLUC iLUC from fermentation, at market for | Conseq, U calendering | Conseq, U service station {CH}| Ethanol thermoforming, with Thermoforming{RoW} calendering {RoW}| in 99.7% solution state, Thermoforming, with Ethanol, without water, Hydraulic Hemp cultivation Cultivation Induced forage, input-silaged ryegrass, method 2 In-forage Sub-process Abbreviation processing | Conseq, U Spin{ROW} Spinning, bast fibre {RoW}| manufacture Electricity, low voltage {FR}| market for | Conseq, U Electricity {FR} natural gas | Conseq, U CO2-fiber CO2-fiber C-rapeseed C-rapeseed Fiber Fiber C-natural grass C-natural grass C-intensive C-intensive C-moorland C-moorland Table S26 Abbreviation of process in contribution analysis of scenario CP. Process Abbreviation Sub-process Abbreviation C-vulnerable plantation CV-land Ryegrass silage Silage Car panel use, input-car panel Using CO2 captured during using Carbonation CO2 emission from shives in Electricity, high voltage {RoW}| market for | Conseq, U Electricity, medium voltage Electricity H {RAS}| market group for | Electricity M {RAS} {RoW} Conseq, U Avoided -glass fiber car panel Av-CP concrete, input-hemp concrete Con-end Disposal, input-car panel Disposal Gypsum plaster (CaSO4 beta hemihydrates) DE S Electricity, high voltage {RAS}| market group for | Conseq, U Electricity, medium voltage Electricity H {RER}| market group for | Electricity M {RER} {RAS} Conseq, U Gypsum Spinning, bast fibre {IN}| processing | Conseq, U Spin{IN} Electricity, low voltage {FR}| market for | Conseq, U Electricity L {FR}

  Table S27 GHG list considered in dynamic LCA.

	Hemp-insulation	Hemp-car panel	Hemp, straw left	I
	Carbon dioxide	Carbon dioxide	Carbon dioxide	C
	Carbon dioxide, biogenic	Carbon dioxide, biogenic	Carbon dioxide, biogenic	C
	Carbon dioxide, fossil	Carbon dioxide, fossil	Carbon dioxide, fossil	C
	Carbon dioxide, in air	Carbon dioxide, in air	Carbon dioxide, in air	C
	Carbon dioxide, land transformation	Carbon dioxide, land transformation	Carbon dioxide, land transformation	C
	Carbon dioxide, to soil or biomass stock	Carbon dioxide, to soil or biomass stock	Carbon dioxide, to soil or biomass stock	C s
	Carbon monoxide	Carbon monoxide	Carbon monoxide	C
	Carbon monoxide, biogenic	Carbon monoxide, biogenic	Carbon monoxide, biogenic	C
	Carbon monoxide, fossil	Carbon monoxide, fossil	Carbon monoxide, fossil	C
	Carbon monoxide, land transformation	Carbon monoxide, land transformation	Carbon monoxide, land transformation	C
	Chloroform	Chloroform	Chloroform	D
	Dinitrogen monoxide	Dinitrogen monoxide	Dinitrogen monoxide	E
	Ethane, 1,1-difluoro-, HFC-152a	Ethane, 1,1-difluoro-, HFC-152a	Ethane, 1,1-difluoro-, HFC-152a E
	Ethane, 1,1,1-trichloro-, HCFC-140	Ethane, 1,1,1-trichloro-, HCFC-140	Ethane, 1,1,1-trichloro-, HCFC-140	E
	Ethane, 1,1,1,2-tetrafluoro-, HFC-134a	134a Ethane, 1,1,1,2-tetrafluoro-, HFC-	HFC-134a Ethane, 1,1,1,2-tetrafluoro-,	E

Table S31

 S31 Parameters in orange background could represent the uncertainty of impact category in row. P1 Hemp Yield; P2 Intensive grassland; P3 Induced maize; P4 Induced soybean; P5 Induced palm oi; P6 N-fertilizer use; P7 Avoided maize; P8 Avoided soybean; P9 Avoided palm oil; P10 Allocmetric of hemp (above residue+belowground); P11 land expansion area (in iLUC) Parameters in orange background could represent the uncertainty of impact category in row.

	Table S32 Uncertainty analysis of scenario IB	
	Uncertainty analysis of scenario SL Impact category * P1 Table S33 Uncertainty analysis of scenario CP Impact category * P1 Climate change 42% Ozone depletion 0% Ionising radiation, HH 1% Photochemical ozone formation, HH 10% 13% 34% 23% 0% 12% 0% 4% 0% P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 P12 Representiveness Uncertainty P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 Representiveness Uncertainty 1% 7% 30% 0% 14% 0% 5% 0% 1% 0% 92% 33.76% 2% 47% 1% 0% 49% 0% 0% 0% 0% 0% 96% 11.05% 28% 15% 15% 0% 37% 0% 2% 0% 0% 0% 96% -12.20% 0% 4% 92% -7.15% Respiratory inorganics 4% 80% 8% 0% 0% 7% 0% 0% 0% 0% 0% 95% -2.71% Non-cancer human health effects 3% 86% 1% 9% 0% 0% 0% 1% 0% 0% 0% 94% Climate change 52% 0% 1% 3% 0% 1% 2% 0% 1% 0% 1% 39% 90% -10.22% Ozone depletion 30% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 69% 99% Impact category * P1 P2 P3 P4 P5 P6 Representiven Uncertain P7 P8 P9 P10 P11 P12 P13 P14 ess ty -9.37% Ionising radiation, HH 2% 1% 0% 0% 0% 1% 0% 0% 18% 0% 0% 77% 95% Climate change 24% 0% 0% 1% 0% 0% 1% 0% 0% 0% 0% 0% 17% 56% 98% -13.07% -26.02% Photochemical ozone formation, HH 29% 1% 1% 1% 0% 0% 1% 0% 0% 0% 0% 67% 96% Ozone depletion 19% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 26% 55% 100% -11.33% -7.88% Respiratory inorganics 34% 22% 2% 0% 0% 2% 0% 0% 0% 0% 0% 40% 96% Ionising radiation, HH 5% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 44% 52% 95% -22.85% -3.45% Non-cancer human health effects 1% 81% 1% 8% 0% 0% 1% 0% 0% 0% 0% 8% 97% -2.56% Photochemical ozone 11% 0% 0% 100% -14.56% 0% 0% 0% 0% 0% 0% 0% 0% 0% 28% 62% formation, HH -2.60% Cancer human health effects 6% 2% 54% 14% 0% 21% 0% 2% 0% 0% 0% 95% Cancer human health effects 42% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 58% 100% -6.93% Respiratory inorganics 4% 1% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 42% 53% 95% -13.21% -4.44% Acidification terrestrial and 1% 83% 10% 0% 0% 6% 0% 0% 0% 0% 0% 93% -2.68% Acidification terrestrial and freshwater 27% 23% 3% 0% 0% 2% 0% 0% 0% 0% 0% 45% 95% -3.39% Eutrophication freshwater 30% 0% 4% 0% 0% 1% 1% 0% 0% 0% 0% 64% 94% -17.06% Non-cancer human health 12% 3% 0% 96% -6.62% 0% 0% 0% 0% 0% 0% 0% 0% 0% 23% 61% effects freshwater Eutrophication freshwater 3% 2% 78% 3% 0% 12% 0% 1% 0% 0% 0% 90% Eutrophication marine 33% 4% 19% 7% 0% 0% 1% 0% 0% 0% 0% 36% 95% -5.02% Cancer human health effects 19% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 16% 64% 100% -10.42% 5.00% Eutrophication marine 15% 9% 50% 20% 0% 1% 0% 3% 0% 0% 2% 94% -4.77% Eutrophication terrestrial 1% 88% 5% 0% 0% 5% 0% 0% 0% 0% 0% 94% -2.54% Ecotoxicity freshwater 13% 16% 6% 57% 0% 0% 0% 9% 0% 0% 0% 94% 9.54% Land use 16% 9% 50% 22% 0% 0% 0% 4% 0% 0% 0% 96% 2.66% Water scarcity 0% 16% 83% 0% 0% 0% 0% 0% 0% 0% 0% 99% 5.97% Resource use, energy carriers 0% 0% 64% 5% 0% 29% 0% 1% 0% 0% 0% 93% 7.50% Resource use, mineral and metals 0% 22% 3% 0% 0% 75% 0% 0% 0% 0% 1% 96% -44.99% Eutrophication terrestrial 23% 38% 2% 0% 0% 2% 0% 0% 0% 0% 0% 35% 95% -2.90% Ecotoxicity freshwater 30% 12% 4% 45% 0% 0% 0% 0% 0% 0% 0% 9% 96% Acidification terrestrial and 8% 1% 0% 91% -11.39% 0% 0% 0% 0% 0% 0% 0% 0% 0% 34% 57% freshwater 22.30% Land use 8% 9% 53% 23% 0% 0% 0% 0% 0% 0% 0% 7% 92% Eutrophication freshwater 6% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 31% 62% 93% -27.14% 2.45% Water scarcity 0% 14% 73% 0% 0% 0% 0% 0% 0% 0% 0% 13% 100% Eutrophication marine 12% 0% 1% 0% 0% 0% 0% 0% 0% 0% 0% 0% 29% 58% 99% -11.49% 6.20% Resource use, energy carriers 45% 0% 0% 0% 0% 0% 0% 0% 2% 0% 0% 52% 97% Eutrophication terrestrial 10% 4% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 29% 57% 96% -7.06% -7.81% Resource use, mineral and metals 15% 11% 1% 0% 0% 38% 0% 0% 0% 0% 0% 35% 99% Ecotoxicity freshwater 5% 11% 4% 41% 0% 0% 0% 0% 0% 0% 0% 0% 28% 11% 91% 9.58% -11.30% Land use 0% 1% 5% 2% 0% 0% 0% 0% 0% 0% 0% 0% 66% 25% 91% 6.23% * : Parameters in orange background could represent the uncertainty of impact category in row. Water scarcity 1% 2% 10% 0% 0% 0% 0% 0% 0% 0% 0% 0% 40% 48% 97% 22.25% P1 Hemp Yield; P2 Intensive grassland; P3 Induced maize; P4 Induced soybean; P5 Induced palm oil; P6 N-fertilizer use; P7 Amount of hydrated lime; P8 landfilling; Resource use, energy carriers 9% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 36% 55% 91% -16.93%
	P9 Density of gypsum; P10 Allocmetric of hemp (above residue+belowground); P11 CO2 absorbed by lime; P12 Density of avoided insulation. Resource use, mineral and metals 19% 12% 1% 0% 0% 40% 0% 0% 0% 0% 0% 0% 1% 27% 98%	-10.31%
	P1 Hemp Yield; P2 Intensive grassland; P3 Induced maize; P4 Induced soybean; P5 Induced palm oil; P6 N-fertilizer use; P7 Amount of hydrated lime; P8
	Amount of car panel go into incineration; P9 Density of gypsum; P10 Allocmetric of hemp (above residue+belowground); P11 CO2 absorbed by lime; P12
	Electricity consumption in matting; P13 PP amount in hemp car panel; P14 Amount of glass in avoided glass car panel.	

* : * :

Table S1

 S1 Characteristics of different parts of black locust.

		Moisture%	Carbon%	Nitrogen%
			48.17%(De Vries et	
	Aboveground Woody	36.67%(González-	al., 2014; "wood, black locust	0.57%("wood, black locust
	biomass a	García et al., 2011; Manzone, 2015)	(Robinia pseudoacacia),"	(Robinia pseudoacacia),"
			1998)	1998)
	Root b	36.67%(Rahmonov, 2009)	46.40%(Rahmonov, 2009)	2.19%(Rahmonov, 2009)

Table S2

 S2 Carbon input for C-Tool from one black locust cultivating rotation

	Year	Aerial biomass residue a	Aboveground wood residue	Belowground
	1	0.00	0.00	0.00
	2	0.00	0.00	0.00
	3	0.00	0.00	0.00
	4	0.00	0.00	0.00
	5	0.00	0.00	0.00
	6	0.05	0.00	0.00
	7	0.10	0.00	0.00
	8	0.16	0.00	0.00
	9	0.25	0.00	0.00
	10 b	0.84	0.48	4.65
	11	0.25	0.00	0.00
	12	0.33	0.00	0.00
	13	0.43	0.00	0.00
	14	0.54	0.00	0.00
	15	0.67	0.00	0.00
	16	0.81	0.00	0.00
	17	0.96	0.00	0.00
	18	1.13	0.00	0.00
	19	1.31	0.00	0.00
	20 c	2.68	1.18	19.23
	21	0.78	0.00	0.00
	22	0.88	0.00	0.00
	23	0.98	0.00	0.00
	24	1.08	0.00	0.00
	25	1.19	0.00	0.00
	26	1.29	0.00	0.00
	27	1.40	0.00	0.00
	28	1.52	0.00	0.00
	29	1.63	0.00	0.00
	30	1.75	0.00	0.00
	31	1.86	0.00	0.00
	32	1.98	0.00	0.00
	33	2.10	0.00	0.00
	34	2.22	0.00	0.00
	35 d	2.34	3.30	65.24

a : foliage+seeds+pods. b : first thinning. c : second thinning +pruning; d : harvesting.

Table S3

 S3 

	Inventory sheet of black locust cultivation			
	Cultivation				
	Input	Quantity	Unit	Source	Process
	Seedling	2240	p	(Nicolescu et al., 2018)	Tree seedling, for planting {GLO}| market for tree seedling | Conseq, U
	Ploughing	1	ha	al., 2018) (Nicolescu et	Tillage, ploughing {GLO}| market for | Conseq, U
	CO2 total captured from air	1304.69	t		
	Land occupation	350000	m2 a	1 rotation=35 years	Occupation, forest, extensive
	iLUC	7.87	ha	(Shen et al., 2022a)	
	Output				
	Table S4 Inventory sheet of first thinning				
	First thinning				
	Input	Quantity	Unit	Source	Process
	Harvested biomass	41.24	t		
		2.70	hr	2020) (ecoinvent,	Loader operation, large
	Logging	6.48	hr	(ecoinvent, 2020)	Skidding, skidder {RER}| skidding, skidder | Conseq, U
		6.89	hr	(ecoinvent, 2020)	Wood chipping, chipper, mobile, diesel, at forest road {GLO}| market for | Conseq, U
	Stump grinding	1.35	t		
	Output				
	Emission to air				
	CO2 from residue decomposition	19.95	t		
	CH4 from residue decomposition	0.24	t	(Ros et al., 2013)	
	N2O from residue decomposition	5.03	kg	(Nemecek and Kagi, 2007)	

Table S5

 S5 OutputEmissions from the decomposition of grated stumps are merged in tableS4-6TableS8Inventory sheet of bark incineration

	Inventory sheet of second thinning CO2 from residue decomposition	323.18		t		
	Second thinning CH4 from residue decomposition Bark incineration	3.66		t		
	Input N2O from residue decomposition Input	Quantity 77.01 Quantity	Unit kg Unit	Source Source	Process Process
	Harvested biomass Dust from logging Bark (total from three cuttings)	173.00 4.82 37.68	t	t t		
	Logging Stump grinding Output Emission to air CO2 from residue decomposition CH4 from residue decomposition N2O from residue decomposition Dust from logging Table S6 Inventory sheet of final logging Final logging Input Table S7 Inventory sheet of grinding stumps Incineration Grinding stumps Input Output Stumps (total from three cuttings) Emission to air Grinding CO2 Sulphur dioxide (SO2) Nitrogen oxides (NOX) Non-methane volatile organic compounds (NMVOC) Methane (CH4) Carbon monoxide (CO)	11.31 27.16 28.89 3.00 99.18 1.13 23.60 1.29 Quantity 1774.06 0.044 Quantity 11.91 0.001 30.50 377.55 0.92 0.04 39.23 0.08 2.47 1.50 43.58	hr hr hr t t t kg t Unit kwh p Unit t p t kwh kg kg kg kg kg kg kg	Source (ecoinvent, 2020) (ecoinvent, 2020) Source (ecoinvent, 2020) (ecoinvent, 2020) (Nielsen et al., 2010) (ecoinvent, 2020) (Nielsen et al., 2010) (ecoinvent, 2020) (Nielsen et al., 2010) (ecoinvent, 2020) (Nielsen et al., 2010) (Nielsen et al., 2010) (Nielsen et al.,	Loader operation, large Skidding, skidder {RER}| skidding, skidder | Conseq, U Wood chipping, chipper, mobile, diesel, at forest road {GLO}| market for | Conseq, U Electricity, low voltage {FR}| market for | Conseq, U Furnace, wood chips, with silo, 50kW {CH}| production | Conseq, U Process Chipper, stationary, electric {GLO}| market for | Conseq, U Electricity, medium voltage {CH}| market for | Conseq, U Lubricating oil {RER}| market for lubricating oil | Conseq, U Steel, low-alloyed, hot rolled {GLO}| market for | Conseq, U Process
	Harvested biomass	551.16		t	2010)	
	Nitrous oxide (N2O)	36.05 387.41	g	hr	(ecoinvent, (Nielsen et al., 2020) 2010)	Loader operation, large
	TSP Logging Cd	86.53 4.84 92.04 0.13	kg hr g hr	(ecoinvent, (Nielsen et al., 2020) 2010) (ecoinvent, (Nielsen et al., 2020) 2010)	Skidding, skidder {RER}| skidding, skidder | Conseq, U Wood chipping, chipper, mobile, diesel, at forest road {GLO}| market for | Conseq, U
	Hg	46.19 0.19	g	hr	(ecoinvent, (Nielsen et al., 2020) 2010)	Delimbing/sorting, excavator-based processor {RER}| delimbing, with excavator-based processor | Conseq, U
	Stump grinding Zn	7.56 1.11	g	t	(Nielsen et al.,	
	Output PCDD/-F Emission to air	6.78	µg	2010) (Nielsen et al., 2010)	

  OutputTableS11Inventory of end of life of CLT.

	PAH (BaP) ∑PAH Table S9 Inventory CLT manufacture Open-dry Table S10 Inventory of the CLT use Erection Demolition Steam refinery Input Drying Table S13 Inventory of MDF disposal Chipping Input Input Input Washed branch Output Input Naphthalene Ash Marginal product Avoided heat Stem Open-dry Output Emission to air Water Trimming Input Roundwood after drying Trimming CLT Nail Energy saved from demolition Steam Emission to air MDF Water Energy saved from construction Output Operation Input Extra insulation Scrap, collection an transporatation, DM Output Disposal Input Biomass loss CLT going to the incineration Biomass going to the recycling Disposal of the extra insulation Paraffin Aluminium sulfate Pressed mat Input Sizing &sanding, input-Pressed mat Energy consumption Methanol Output Mat forming &thermal compression Input Resin disposal Output Resinating Input Refined biomass Ureal formaldehyde resin Biomass after drying Energy consumption, hot oil Woody part disposal, DM Energy consumption, electricity Output	6.30 321.55 Quantity 20423.28 Quantity Quantity Quantity 555.02 Quantity 1.12 954.69 363282.94 368.50 3158.05 1263.96 1263.96 92.85 Quantity 275.65 2914.23 196.59 0.85 -144246.19 872644.87 437.52 157.17 -160273.55 Quantity 28.05 16.64 Quantity 16.64 74.08 955.37 2538.8 28.05 1.91 0.38 437.52 Quantity 34015.12 8.40 Quantity 40.98 Quantity 555.02 42.25 437.52 418021.27 335.85 0.18 20601.90 3.21	mg mg Unit m 3 Unit Unit Unit t Unit g kg MJ t m2a m2 m2 t Unit t kwh t MJ t MJ t t MJ Unit t t Unit t t tkm t t t t Unit kg MJ kg Unit t Unit t t t MJ t t MJ t	(Nielsen et al., 2010) Source (Rivela et al., 2007) (Nielsen et al., Source Source Source Source 2010) (Nielsen et al., 2010) (Nielsen et al., 2010) (ecoinvent, 2020) (ecoinvent, 2020) Drying, natural gas {GLO}| market for | Conseq, U Process Process Process Process Process Heat, district or industrial, natural gas {FR}| heat and power co-generation, natural gas, conventional power plant, 100MW electrical | Conseq, U Occupation, industrial area (ecoinvent, 2020) Transformation, from unknown (ecoinvent, 2020) Transformation, to industrial area (Corradini et al., 2019; Żelazna et al., 2019) Source Process (Corradini et al., 2019; ecoinvent, 2020) Electricity, medium voltage {FR}| market for | Conseq, U (Santi et al., Metal working, average for aluminium product (Guo et al., 2017) (Rivela et al., Process steam from natural gas, heat plant, 2007) consumption mix, at plant, MJ FR S 2016) manufacturing {GLO}| market for | Conseq, U (Corradini et al., 2019; Guo et al., 2017) Electricity, low voltage {FR}| market for | Conseq, U Source Process (Takano et al., 2014) Stone wool {GLO}| market for stone wool | Conseq, U (Jayalath et al., 2020) Source Process Waste wood, untreated {CH}| treatment of, municipal incineration with fly ash extraction | Conseq, U incineration with fly ash extraction | Conseq, U (ecoinvent, 2020) Transport, freight, lorry, unspecified {RER}| market for transport, freight, lorry, unspecified | Conseq, U Waste mineral wool {Europe without Switzerland}| market for waste mineral wool | Conseq, U (Wilson, 2010b) U aluminium solution state {RoW}| production | Conseq, Source Process Aluminium sulfate, without water, in 4.33% al., 2017) Paraffin {RER}| production | Conseq, U (Piekarski et Waste polyurethane {CH}| treatment of, municipal (Kouchaki-Penchah et al., 2016) Electricity, low voltage {FR}| market for | Conseq, U Source Process Waste polyurethane {CH}| treatment of, municipal incineration with fly ash extraction | Conseq, U Source Process (Wilson, 2010a) Urea formaldehyde resin {RER}| market for urea formaldehyde resin | Conseq, U (Kouchaki-Penchah et al., 2016) (ecoinvent, Waste wood, untreated {CH}| treatment of, municipal 2020) incineration with fly ash extraction | Conseq, U Heat, district or industrial, natural gas {Europe without Switzerland}| market for heat, district or industrial, (ecoinvent, Waste wood, untreated {GLO}| treatment of waste 2020) wood, untreated, open burning | Conseq, U natural gas | Conseq, U (Rivela et al., 2006) Electricity, low voltage {FR}| market for | Conseq, U Waste wood, untreated {GLO}| treatment of waste (ecoinvent, wood, untreated, open dump, wet infiltration class 2020) (500mm) | Conseq, U
	Disposal of nails Energy consumption Energy consumption, electricity Output Scrap, collection an transporatation, DM Output Sawing Input Trimmed roundwood Electricity Diesel Scrap collection& transporation, 1 t DM Input Scrap, collection an transportation, DM Output Waste resin Output Collection Marginal product Transportation Drying Emission to air Formaldehyde PVC panel	0.00023 0.85 12696.96 137159.81 9.34 Quantity 264.62 4948.42 6800.77 Quantity 1.96 0.38 0.0349 0.0287 0.06 849.34	p t MJ MJ t t Unit t kwh MJ Unit t kwh tkm t t	(ecoinvent, 2020) Scrap aluminium {Europe without Switzerland}| Planing mill {RER}| production | Conseq, U market for scrap aluminium | Conseq, U (Kouchaki-Penchah et al., Electricity, low voltage {FR}| market for | Conseq, U (Rivela et al., Electricity, low voltage {FR}| market for | Conseq, U 2006) 2016) (Kouchaki-Source Process (ecoinvent, 2020) Electricity, medium voltage {FR}| market for | Conseq, U (ecoinvent, 2020) Diesel, burned in building machine {GLO}| market for | Conseq, U Source Penchah et al., 2016) Hazardous waste, for incineration {Europe without Switzerland}| market for hazardous waste, for Process (ecoinvent, 2020) incineration | Conseq, U Electricity, medium voltage {FR}| market for | Conseq, U 2020) for transport, freight, lorry, unspecified | Conseq, U (ecoinvent, Transport, freight, lorry, unspecified {RER}| market Polyvinylchloride, bulk polymerised {GLO}| market for | Conseq, U
	Lubricant oil Input Resinated biomass	24.80 Quantity 599.56	kg Unit t	Source (ecoinvent, 2020)	Lubricating oil {RER}| market for lubricating Process oil | Conseq, U

Table S14

 S14 Inventory sheet of intensive grassland.Ryegrass silage {CH}| catch crop growing, ryegrass, August-April, organic fertiliser 80 kg N, three cuts | Conseq, U; 8 t/ha is the amount of ryegrass that would go through the silage. : plant cultivation and land occupation are included in the process; b: the avoided protein because of the rapeseed meal is included in the process; TableS16Inventory sheet of natural grassland.

	Marginal land left as marginal, intensive grasslands	-18.55	ha		
	Silage Input N fertilizer Input Table S17 Inventory sheet of woody moorland. Quantity 222 Quantity Marginal land left as marginal, rapeseed Input Quantity Marginal land left as marginal, natural grassland P fertilizer 53.47 K fertilizer 18.69 Lime 542.05 CO2 in air 12.32 CO2 in air 12.58 Output Ryegrass silage 20.6 iLUC -1 Emission to air NH3 69.92 NH3 4.97 NO 7.64 NO 1.51 NOx 14 N2 74.96 Table S18 C-vulnerable plantation a . Output Crude rapeseed oil 822 SOC change 1.18 iLUC -1 Marginal product Crude palm oil 822 Input Quantity Crude rapeseed oil 822 Output CO2, biogenic 3814.93 Emission to soil SOC change 0.37 SOC change 0.37 Emission to soil Nitrate 31 Nitrate 31 Emission to water Emission to water Use of rapeseed N2O 0.51 NOx 1.28 NH3 0.39 NMVOC 3.8 CO2 3.35 CO2 3.35 NMVOC 19.33 NH3 0.39 NOx 1.28 N2O 0.51 Emission to air Table S15 Inventory sheet of rapeseed. Input Quantity Oil extraction a,b 822 Emission to air Output CO2 captured 3.72 Land occupation 1 Output Land occupation 1 CO2 captured 3.72 Marginal land left as marginal, woody moorlands	Unit kg Unit -7 Unit -7 kg kg kg t t t ha kg kg kg kg kg kg kg t ha kg Unit kg kg t t kg kg kg kg kg kg t t kg kg kg kg Unit kg t ha a ha a t -2.	Source (Hamelin et al., 2012) Source ha (Vogtländer et Source ha (Hamelin et al., 2012) (Hamelin et al., 2012) (Hamelin et al., 2012) (ecoinvent, 2020) (COWI A/S and Utrecht University, 2019) (Hamelin et al., 2012) (Hamelin et al., 2012) (Hamelin et al., 2012) (Hamelin et al., 2012) (Hamelin et al., 2012) al., 2012) (Hamelin et (ecoinvent, 2020) (Clivot et al., 2019) (COWI A/S and Utrecht University, 2019) (ecoinvent, 2020) Source 2017) 2017) (Pehme et al., (Pehme et al., (Decau et al., et al., 2019) al., 2019) (Hussain et 2004; Hussain Clay, 2014) (Pehme et al., (Pehme et al., (European Clay, 2014) Worrall and et al., 2014; Worrall and (Vogtländer et al., 2014; Agency, 2019) (Vogtländer Environment Agency, 2019) (European Environment 2017) (Pehme et al., 2017) 2017) (Pehme et al., 2017) 2017) (Pehme et al., 2017) (Pehme et al., Source 2020) (ecoinvent, al., 2014; Clay, 2014) 2020) (ecoinvent, 2020) Clay, 2014) (ecoinvent, Worrall and et al., 2014; Worrall and (Vogtländer	Process Process Nitrogen fertiliser, as N {GLO}| market for | Conseq, Process U Phosphate fertiliser, as P2O5 {GLO}| market for | Conseq, U Potassium sulfate, as K2O {GLO}| market for | Conseq, U Lime, packed {CH}| lime production, milled, packed | Conseq, U CO2 captured from above+ belowground residue 65% water content (Shen et al., 2022a) From urea From mineral fertilizer like (NH₄)₂HPO₄ or 5Ca(NO3)2 NH4•NO3 From fertilizer From residue Carbon dioxide, to soil or biomass stock Indirect land use change (Shen et al., 2022a) Palm oil, crude {RoW}| palm oil mill operation | Conseq, U atmosphere. Carbon dioxide, to soil or biomass stock Carbon dioxide, to soil or biomass stock All C in rapeseed oil would emit back to the Process CO2 captured from harvestable part Process oil mill operation | Conseq, U Rape oil, crude {Europe without Switzerland}| rape Occupation, grassland, natural (non-use) Occupation, grassland, natural (non-use)
	Silage process a, b Input	8	t Quantity	2020) (ecoinvent, Unit	Source	Process

a

Table S19

 S19 Carbon inputs to C-tool. Aboveground carbon input Mg/ ha Belowground carbon input Mg/ ha

	3 Consequential LCA		
	3.1		
	Intensive grasslands	0.68	2.77
	Rapeseed lands		3.12	1.17
	Natural grasslands	1.07	0.0076
	Woody moorlands	1.07	0.0076
		60	
		55	
		50	
	ha-1)	45	
	(Mg	40	
	stock	35	
	C		Average
		30	Rapeseed lands
		25	Intensive grasslands
			Natural grasslands/ woody moorlands
		20	
				Year

Environmental impact categories in consequential LCA

  This study chose the Environmental Footprint initiative (EF) method, which is established and recommended by the European Commission (EC) to assess environmental impacts

Table S20

 S20 

	Methane, land transformation	Methane, tetrafluoro-, CFC-14
	Methane, monochloro-, R-40	Methane, trichlorofluoro-, CFC-11
	Methane, tetrachloro-, CFC-10	Methane, trifluoro-, HFC-23
	Methane, tetrafluoro-, CFC-14	Nitrogen fluoride
	Methane, trichlorofluoro-, CFC-11	Sulfur hexafluoride
	Methane, trifluoro-, HFC-23		
	Nitrogen fluoride		
	Sulfur hexafluoride		
	4.2		
	Environmental impacts.		
	Impact category	Unit	Recommendation level
	Climate change	kg CO2 eq	I
	Ozone depletion	kg CFC11 eq	I
	Ionising radiation, HH	kBq U-235 eq	II
	Photochemical ozone formation, HH	kg NMVOC eq	II
	Respiratory inorganics	disease inc.	I
	Non-cancer human health effects	CTUh	III
	Cancer human health effects	CTUh	III
	Acidification terrestrial and freshwater	mol H+ eq	II
	Eutrophication freshwater	kg P eq	II
	Eutrophication marine	kg N eq	II
	Eutrophication terrestrial	mol N eq	II
	Ecotoxicity freshwater	CTUe	III
	Land use	Pt	III
	Water scarcity	m3 depriv.	III
	Resource use, energy carriers	MJ	III
	Resource use, mineral and metals	kg Sb eq	III
	Climate change -fossil	kg CO2 eq	I
	Climate change -biogenic	kg CO2 eq	I

Electricity and heat mix in the futureTable s22 .

 s22 Electricity mix in the future(Kassara et al., 2019) 

	Electricity, (TWh)	Gas	Other thermal	Nuclear	Photovoltaic	Onshore wind	Offshore wind	EnR(renewable energy)	Coal	Total
	2020	0.6	13.2	422	18	33.5	0	79.5	12.7	579.5
		0.10%	2.28%	72.82%	3.11%	5.78%	0.00%	13.72%	2.19%	100.00%
	2030	3.5	13.2	301.2	47	90	27	90	0	571.9
		0.61%	2.31%	52.67%	8.22%	15.74%	4.72%	15.74%	0.00%	100.00%
	2040	8.7	6.6	215.5	69.2	149.5	27	116.2	0	592.7
		1.47%	1.11%	36.36%	11.68%	25.22%	4.56%	19.61%	0.00%	100.00%
	2050	15.1	0	54.5	115.2	205.8	30.6	127.2	0	548.4
		2.75%	0.00%	9.94%	21.01%	37.53%	5.58%	23.19%	0.00%	100.00%

Table s23 .

 s23 Heat mix in the future(ADEME, 2018) 

		14.63% 25.61%	9.76%	14.63%	25.61%	9.76%	0.00%	100.00%
	2040	1.2	2.8	0.5	0.8	1.5	1.1	0	7.9
		15.19% 35.44%	6.33%	10.13%	18.99%	13.92%	0.00%	100.00%
	2045	1.2	3.5	0.3	0.4	0.7	1.5	0	7.6
		15.79% 46.05%	3.95%	5.26%	9.21%	19.74%	0.00%	100.00%
	2050	1.1	4.2	0	0	0	2	0	7.3
		15.07% 57.53%	0.00%	0.00%	0.00%	27.40%	0.00%	100.00%
	*: detailed in table s24.								
	District heat, (Mtoe) Others* Fuelwood (cogeneration) Fuelwood (heat only) Gas (cogeneration) Gas (heat only) Geothermal Coal and heating oil Total
	2030	1.3	1.3	1.1	1.2	2.1	0.4	0	7.4
		17.57% 17.57%	14.86%	16.22%	28.38%	5.41%	0.00%	100.00%
	2035	1.2	2.1	0.8	1.2	2.1	0.8	0	8.2

Table s24 .

 s24 Heat mix of 'others' in the future(ADEME, 2018) 

	Methanisation	Household waste incineration	Residual heat	Solar energy thermal	Heat pumps
	8.33%	50.00%	16.67%	16.67%	8.33%

Table S27

 S27 Uncertainty analysis results of the scenario BLc Quantity of avoided PVC; P2: woody biomass yield; P5: Recycling/incineration ratio in CLT disposal; P6: used UF resin amount; P7: Dust emitted during logging; P10: the CH4 use in heat generation (the heat avoided by the heat generated from bark incineration), tableS25COV: coefficient of variation.

	Impact category			Parameter		Total	COV
	Climate change	P1-50%	P2-28%	P3-21%		99%	±3.86%
	Ozone depletion	P1-23%	P2-51%	P6-11%	P10-9%	94%	±7.11%
	Ionizing radiation, HH	P2-72%	P5-5%	P6-17%		95%	±5.80%
	Photochemical ozone formation, HH P1-17%	P2-71%	P5-12%		100%	±5.98%
	Respiratory inorganics	P1-27%	P2-30%	P5-19%	P7-24%	99%	±9.18%
	Non-cancer human health effects	P1-13%	P2-72%	P5-13%		98%	±5.92%
	Cancer human health effects	P1-18%	P2-70%	P5-12%		100%	±5.99%
	Acidification terrestrial and freshwater	P1-20%	P2-68%	P5-10%		99%	±6.18%
	Freshwater eutrophication	P1-17%	P2-66%	P5-16%		98%	±6.10%
	Marine eutrophication	P1-19%	P2-70%	P5-11%		100%	±6.27%
	Terrestrial eutrophication	P1-20%	P2-68%	P5-11%		100%	±6.22%
	Ecotoxicity freshwater	P1-18%	P2-70%	P5-12%		100%	±5.97%
	Land use	P1-76%	P5-14%			90%	±3.01%
	Water scarcity	P1-17%	P2-71%	P5-12%		100%	±5.94%
	Resource use, energy carriers	P1-18%	P2-71%	P5-11%		100%	±5.94%
	Resource use, mineral and metals	P1-23%	P6-74%			97%	±12.41%
	*P1:						

Table S28

 S28 Uncertainty analysis results of the scenario REFc

	Impact category				Parameter			Total	COV
	Climate change	P5-14%		P6-64%		P7-6%	P9-6%	90%	±15.35%
	Ozone depletion	P1-9%	P3-9%	P5-28%	P7-33%		P9-12%	92%	±6.1%
	Ionizing radiation, HH	P1-37%		P3-7%		P7-43%	P9-4%	90%	±7.23%
	Photochemical ozone formation, HH P1-25%		P5-13%		P6-9%	P7-46%	93%	±6.03%
	Respiratory inorganics	P1-43%			P7-47%			90%	±7.08%
	Non-cancer human health effects	P1-42%		P7-48%				92%	±6.84%
	Cancer human health effects	P2-7%		P3-15%	P5-11%	P7-42%	P8-17%	92%	±4.71%
	Acidification terrestrial and freshwater	P1-42%		P7-48%				90%	±6.87%
	Freshwater eutrophication	P1-7%		P5-78%		P7-5%		90%	±27.33%
	Marine eutrophication	P1-17%		P3-6%		P5-16%	P7-50%	90%	±5.15%
	Terrestrial eutrophication	P1-42%		P7-48%				90%	±6.89%
	Ecotoxicity freshwater	P1-33%		P6-26%		P7-32%		91%	±9.08%
	Land use	P1-28%		P3-14%		P5-36	P6-16%	94%	±5.96%
	Water scarcity	P1-30%		P5-35%		P7-29%		94%	±9.40%
	Resource use, energy carriers	P5-67%		P6-5%		P7-6%	P9-13%	91%	±11.29%
	Resource use, mineral and metals	P1-37%		P7-43%		P9-10%		91%	±7.12%
	COV: coefficient of variation.							
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,进行相应的生命周期评估 (LCA) 以评估在新价值链中引 入生物泵对环境的影响。 大麻和刺槐被认为可以连续种植 100

This represents 0.19-0.41% of France's annual CO2 emissions, and up to 13% if all produced biomass is stored in the technosphere over 100-years.

Supplement information

Supplement information I provided provides tables and figures related to this chapter.

Chapter IV. Biopump: annual plants Context

According to the research results from the previous chapter, hemp (Cannabis sativa L.) is selected as example for the annual biopumps. Hemp is already cultivated on French territory. After harvesting, we assumed three scenarios with different anthropogenic bio-based products: i)

Scenario SL: only hemp seeds are harvested to extract oil, while straws are left on the fields. Hemp oil would be consumed immediately (one year lifetime). ii) Scenario IB: both hemp seeds and straws are harvested. Hemp seeds are used as the same as in scenario SL, and straws are manufactured into thermal insulations, with 40 years lifetime; iii) Scenario CP: both hemp seeds and straw are harvested. Seeds are used as the same as in scenario SL. Here the straw is used to produce car panels, with a lifetime of 12 years.

Hemp will be cultivated on French CV-lands that are converted from identified lands in the previous chapter, therefore in all scenarios, land use change needs to be considered. Consequential LCA and dynamic LCA for climate change impact are used to evaluate the scenarios. Thus, this chapter aims to investigate the following issues:

1) How does the SOC change during hemp cultivation on French CV-lands; 2) How much cultivating hemp in 1 ha French CV-lands could mitigate the climate change; 3) Which are the environmental impacts of such scenarios; 4) How the temporality of these scenarios will affect the climate change;

The logic of exploring the answers are: simulating the SOC change during the cultivation by AMG model-> building the inventory of scenarios, including the results from SOC simulation-> estimating the climate change and other environmental impacts of three scenarios through consequential LCA-> building the inventory with temporal characteristics, based on the GHG emission results from consequential LCA and SOC simulation-> estimating the climate change dynamically in GMTC metric under the time boundary.

The content of this chapter is submitted for publication as: Shen Z., Tiruta-Barna L., Hamelin L., From hemp grown on carbon vulnerable lands to long-lasting biobased products: uncovering trade-offs between overall environmental impacts, sequestration in soils and dynamic influence on global temperature . submitted to Science of the total environmental

Chapter V. Biopump: perennial plants

Context

At present, afforestation is considered as the only large-scale operational carbon capture and storage method (Terlouw et al., 2021). According to the potential biopumps ranked in chapter III, black locust (Robinia pseudoacacia L.) is selected on behalf of perennial plants which could be cultivated on French CV-lands. The whole life cycle of black locust, from seedling to products disposal, is investigated. Due to the specific quality of the different woody parts, different products are envisioned. Woody parts like branch have less strength than roundwood, and are suitable to be chipped to produce medium density board (MDF, 12 years lifetime), while bark is incinerated. The roundwood is widely used in the building industry, mainly as furniture or in structure. In this case study, roundwood is converted to be crosslaminated timber (CLT) for exterior walls, which could be used for 50 years. At the end of life, some products can be recycled, for example scraps from roundwood processing and part of CLT at the end of life are recycled to MDF, prolonging the C stocked in the technosphere. Also, incineration is another common approach in the disposal of wood-based products, generating heat to reuse.

The content of this chapter could answer the questions below:

1) to propose a value chain, from tree (black locust) plantation and harvesting, to wood-based product manufacturing and end of life, compatible with the biopump strategy, 2) to evaluate the C sinks and negative C emissions induced, 3) to investigate the environmental consequences of replacing current land cover and fossil-based products by the black locust and the related products, and particularly the global warming mitigation potential, 4) to investigate the effect on global mean temperature change

The main steps conducted are: modeling the black locust growth and the residue decay with time-> simulating the SOC change during cultivation on French CV-lands-> estimating environmental impacts of black locust from cradle-to-grave-> building the inventory with temporal characteristics based on the consequential LCA results-> estimating the GMTC change within time boundary.

This study provided an integrated and comprehensive framework for proposing and analyzing mitigation solutions for global warming, which could be applied to other cases.

Supplement information

Supplementary information III contains : documented LCA inventory, details on modeling approaches, results.

Chapter VI. Biopump: annual or perennial plants? 

Thermal insulation disposal

To this day and recent future, compared to innovative methods like composting and recycling, landfilling is still the most common and commercial way for disposing of insulation removed from refurbishment or demolition (Norton et al., 2008). Table S11 describes the end life of hemp insulation, because there is no hemp fiber disposal way in the database yet, here using the wood disposal process for fiber as a proxy (Gueudet, 2016a).

CH4 and CO2 are the major emissions due to the landfilling, which vary on factors like landfill management and depth, IPCC described a First Order Decay (FOD) method to estimate the CH4 in the landfilling, and then CO2 is computed according to the CH4/ CO2 ratio(IPCC, 2019). Based on the FOD method, 15.88% of C in the fiber in the insulation would be emitted, including 12.9% CH4 and 87.1% CO2(appendix C). However, as the reason we put CO2 emission in the hemp concrete inventory sheet (table S9), we deem all C would back to the atmosphere anyhow, thus in the inventory list, we regard the C in the fiber of insulation other than 15.88% is all emitted as CO2. 

Car panel manufacture

Compared with traditional materials like wool or glass fiber, grass fiber has similar characteristics in insulation and strength but is lighter in weight. Thus, grass fiber is commonly used in the vehicle industry now to reduce the vehicle weight, to achieve less fuel consumption, both economically and environmentally friendly. Here, hemp fiber is one of the novel grass fibers that aims to produce the side panel in the car.

The first step is drying, the extracted fiber contains 12.75% moisture, would be dried under 80°C for 24h [START_REF] Islam | The Influence of Fibre Processing and Treatments on Hemp Fibre / Epoxy and Hemp Fibre / PLA Composites[END_REF][START_REF] Walker | Mechanical properties and durability of hemp-lime concretes[END_REF]. The energy consumption is evaluated by the formula below:

Here, Q is the energy consumption in MJ, m is the water mass in kg, cv is the heat capacity in 4.18 kJ/ (kg/K), Tf is the final temperature in °C, Ti is the initial temperature in °C, equal to the ambient temperature 25 °C, Hv is the latent heat of vaporization, 2256 kJ/kg.

After drying, the fiber should be fabricated into a randomly oriented mat according to the mold shape, here the energy consumption of making a hemp mat is not found, so use the consumption of similar grass flax instead (Deng, 2014). Then polypropylene (PP) resin is added to reinforce the fiber [START_REF] Boland | Life Cycle Impacts of Natural Fiber Composites for Automotive Applications: Effects of Renewable Energy Content and Lightweighting[END_REF]. Finally, the reinforced mat is heated at 205°C at 10 min, compressed in 1.4 mPa (Pervaiz and Sain, 2003). The hemp car panel is designed to replace the car panel made by glass fiber [START_REF] Lee | Hemp Fiber Reinforced Sheet Molding Compounds for Automotive Applications[END_REF][START_REF] Sepe | Influence of chemical treatments on mechanical properties of hemp fiber reinforced composites[END_REF], to reduce the weight of automobiles, thereby benefiting the fuel economy. For two panels with the same function, the panel made by hemp fiber could be 20% lighter than that made by glass fiber (Gueudet, 2016a), in other words, the marginal glass panel would be 20% heavier than hemp panel. Then the quantity of fuel reduction is shown in the next section (Table S13), and the inventory of car panel manufacture is 3shown below (table S12). Similar to gypsum plasterboards and wool mineral boards, the disposal of glass fiber panels is ignored since there is few emission. The method called 'Global sensitivity analysis' is used in this study as it could reduce the temporal and spatial scale significantly compared to traditional uncertainty methods like Monte Carlo, while getting the same results (Bisinella et al., 2016).

First, 11, 12, and 14 parameters are selected for the three scenarios as these parameters influence a lot the climate change results according to the contribution analysis (appendix B). Then, each parameter is increased by 10% in a one-at-a-time (OAT) manner while keeping all other parameters fixed at their value. A sensitivity coefficient (SC) is calculated as follow to represent the sensitivity of each parameter:

With ∆score and ∆parameter are differences before and after OAT of climate change score and parameter respectively, i=1,…n tested parameter. The SC i calculated here is then used for calculating the analytical variance of the corresponding parameter (V i ), which is shown below:

Where V input (i) is the variance of each parameter, based on their uncertainty and distribution (table A. s21-23). The default distribution of parameters is the normal distribution, while if value data points of parameters are too few or do not follow the normal distribution, but the potential mode is known, then triangle distribution is assumed (Lan et al., 2020). If we only have a maximum and minimum value, then uniform distribution is assumed. The analytical variance of climate change category (V) in each scenario is the sum of V i , and CV is used to indicate how uncertain the initial climate change score is.

(5)

Parameters required to reach 90% of the analytical variance (V) are selected to represent the uncertainty of climate change. So far, the uncertainty of one impact is calculated, the same way is followed by other impacts.

Parameters in uncertainty analysis

Supplyment Information III. for Chapter V 𝐷𝐵𝐻(𝑡) = (𝑝 1 + 𝑝 2 * 𝑡) * 𝐻(𝑡)/100 (2) where 𝐻 is the height at year 𝑡 in meters; 𝑎, 𝑏, and 𝑐 are empirical parameters equal to 25.5, 0.07, and 1.5214 respectively. DBH is in cm; 𝑝 1 and 𝑝 2 are also empirical parameters equal to 85.9 and 1.4 respectively. To derive these, the known values of 𝐻( 35) (22 m;[START_REF] Adamopoulos | WITHIN-TREE VARIATION IN GROWTH RATE AND CELL DIMENSIONS IN THE WOOD OF BLACK LOCUST (ROBINIA PSEUDOACACIA)[END_REF]Nicolescu et al., 2018) and 𝐷𝐵𝐻(35) (30 cm; Nicolescu et al., 2018;Vítková et al., 2017) were used. The values of both 𝑝 1 and 𝑝 2 fit those that have been used in previous works (Nicolescu et al., 2018;Rédei et al., 2014Rédei et al., , 2012)).

To determine how much CO2 would be captured every year and how much GHG would be emitted every year due to the plant growing and logging, especially the emission due to the selective thinning and logging, the growth of tree is modeled. Stem of tree is neither cone nor cylinder. Thus the volume of single stem is calculated as follows (Food and Agriculture Organization of the United Nations, 2005). The result is confirmed by other wood volume estimation equations (Rédei et al., 2014;[START_REF] Tabari | Soil Carbon Sequestration Potential of Eldar Pine and Black Locust Afforestation in a Semi-Arid Zone of Iran[END_REF], and measurement results [START_REF] Motta | The rise and fall of the black locust (Robinia pseudoacacia L.) in the "Siro Negri" Forest Reserve (Lombardy, Italy): Lessons learned and future uncertainties[END_REF]Nicolescu et al., 2020).

Where 𝑉 (m 3 ) is the estimated volume of wood in the year 𝑡. The merchantable height is calculated as the height of the whole tree subtracted the height of stump, as stump is left on the ground. The height of stump (𝑆𝑡𝑝ℎ𝑡) is estimated by equation 2 [START_REF] Boston | A Comparison of Felling Techniques on Stump Height and Log Damage with Economic Interpretations[END_REF]:

𝐷𝐵𝐻(𝑡) is the diameter at the breast height in the year 35, it should be noticed that the unit in this equation is inch, thus the unit should be converted. To expand the volume of the single tree to the biomass per hectare, the volume of the single tree multiplies the number of tree per hectare, considering the wood density and moisture (Adamopoulos et al., 2007;[START_REF] Manzone | Energy and moisture losses during poplar and black locust logwood storage[END_REF]. At the first, second and final logging, amount of black locust per hectare is 2240, 1120, and 560 respectively (Keresztesi, 1983;[START_REF] Motta | The rise and fall of the black locust (Robinia pseudoacacia L.) in the "Siro Negri" Forest Reserve (Lombardy, Italy): Lessons learned and future uncertainties[END_REF]. After that, the weight of branches and barks are added according to their weight ratio to the stem (25% and 5% respectively) [START_REF] Laschi | Forest operations in coppice: Environmental assessment of two different logging methods[END_REF][START_REF] Mirabella | Forestry operations in the alpine context. Life cycle assessment to support the integrated assessment of forest wood short supply chain[END_REF][START_REF] Wilson | Gate-to-gate life-cycle inventory of softwood plywood production[END_REF], it is assumed that all woody parts of the tree have the same moisture content [START_REF] Vangeel | Reductive catalytic fractionation of black locust bark[END_REF].

As aforementioned in section 1, aerial biomass (foliage+pods+seeds) would fall down annually, since the year 6 till the end of the rotation. The moisture and composition differ slightly to the woody part(table S1), the emission from aerial biomass decomposition is accumulated from the year 6 till year 10, the year 11 till 20, and the year 21 till 35, corresponding to the inventory sheet of the first thinning, second thinning, and final logging respectively.

Following the approach described above, there are several assumptions listed for simulating the growth:

1)

The whole tree is assumed to grow in the same rate;

Logging

Black locust logging happens at the year of 10, 20, and 35 after seedling planting, for first thinning, second thinning, and final logging respectively, plus pruning is conducted right after the second thinning. The logging machine and loading process are included, data come from the ecoinvent(ecoinvent, 2020). Biomass from thinning and pruning is considered to be chipped as the ingredient for MDF, since they are not totally mature to be good quality wood. Black locust harvested from the final logging would be delimbed, branches are going to the chipper for MDF producing, and the stem is going to CLT manufacture. In all cases, bark would be incinerated (Silva et al., 2013), emission and avoided heat could be found in table S8. The wood harvesting produces 30 % of biomass loss which are left to decompose in forest, as aboveground carbon input (table S1&2), the rest loses in the air, regarded as PM 10 in the inventory (Wilson, 2010a).

After cutting, stumps are left on the ground, would be crushed as mulch over the surface to prevent sprouting, because seedling planting is the only considered way to grow black locust in our case (table S7). 

MDF manufacture

MDF is obtained from woody chips mixed with resin. There is no specific requirement for chips, thus lots of stuff could be used to make MDF. In this study, there are five main sources of woody chips, which are biomass from first and second thinning, branches from final logging, scraps from CLT manufacture, and recycled CLT. The logged biomass (including biomass from first thinning, second thinning, and final logging) and recycled CLT, need to be chopped into chips first, while scraps are considered as chips since they come from trimming and sizing. After chopping, chips need to be washed to remove dirt. Although chips from recycled CLT and scraps have went through the open-dry process, thus the moisture content is less than that of fresh logged biomass, after washing process, the moisture of chips from all sources is considered as the same. Clean chips would be refined by steam to soften the fiber. After that, the soften chips are mixed with resin and other additive, like Al2(SO4)3 and paraffin, for improving the resistance to water and material strength, respectively. The resinated biomass need to be dried. The dried biomass is matted and compressed in a thermal process, and cut into desired size. Scraps during manufacture are not regarded as recyclable, but collected and treated as landfilling.

MDF is a widely used in construction, like wall or roof or furniture, herein we considered MDF would replace the PVC panel as ceiling materials (Onyeaju et al., 2012;Takano et al., 2014). After 12 years of use (Couret et al., 2017), MDF would be incinerated with heat recovery (ecoinvent, 2020), the lost mass because of demolition or transportation is considered as open-dump as the same in the CLT disposal (biomass loss), and carbon in the woody part is emitted as CH4 and CO2 (IPCC, 2019). 

Uncertainty analysis results

The contribution analysis in section 3.2 identified ten parameters that play a key role in environmental impacts for the uncertainty analysis (table S25). The uncertainty results are presented in (table S27). The parameter column includes parameters representing the uncertainty in this impact, with corresponding uncertainty contributions. The values in the total column mean adding up these parameters together could represent the uncertainty in particular impact in which level (at least >90%). The coefficient of variance (COV) indicates how uncertain the impact result is. Six parameters are of significant contribution (P1, P2, P5, P6, P7, P10). It is concluded that climate mitigation from the plastic boards replacement is the largest negative score contributor in the static LCA. Consistent with this conclusion, most parameters are relative to the amount of avoided